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Preface

Infrastructure Development Company Limited (IDCOL), a
non-banking financial institution, has been playing a vital
role in meeting the financing needs of medium to large-
scale infrastructure,  renewable energy (RE) and energy ef-
ficiency projects in Bangladesh since its inception in 1997.
It started RE activities with Solar Home System (SHS) pro-
gramme in 2003 to provide access to electricity in the off-
grid areas of Bangladesh. The programme eventually
emerged as the largest off-grid renewable energy solution
in the world. The company also undertook National Do-
mestic Biogas and Manure Programme (NDBMP) in 2006.
Encouraged by the successes of these programmes, IDCOL
also started financing projects like solar irrigation pumps,
solar PV micro-grid, solar-diesel hybrid power system for
telecom BTS, biomass gasification, biogas-based power
plant, improved cook stove, environment friendly auto
brick kilns, etc. Considering the growing importance of RE, it intended to support research
& development (R&D) activities to improve the existing technologies and exploring other
viable options in the context of Bangladesh. 

Meanwhile, the company received a fund of USD 1.0 million from the World Bank’s Rural
Electrification and Renewable Energy Development Project (REREDP) to support the ini-
tiative. For financing from the fund, 13 R&D proposals by local entities (universities, re-
search institutes, NGOs, individuals etc.) were selected through various evaluation
processes, guided by an Evaluation Committee comprised of highly regarded scientists,
engineers and academics from the country’s energy sector as well as senior bureaucrats.
These proposals covered a wide range of RE technologies like powering boats, rickshaw
vans, irrigation pumps and off-grid cold storage system. It also covered improving biogas
production efficiency. The main objective is to contribute to achieving the country’s vision
of providing electricity to all and accelerate economic development through a low carbon
strategy. This initiative is a step towards achieving the country’s target to generate 10 per-
cent of total electricity through using renewable sources by 2021, 15 percent by 2030 and
20 percent by 2041. It is also expected to help explore the potential of developing local
resources like own human resources, experts and new technologies, which are the pre-
requisites for green development of the country.

This book contains the final reports of the 13 R&D projects divided into 13 chapters. The
research-based publication could be a valuable asset for IDCOL itself, its stakeholders,
practitioners and entrepreneurs as various technologies were thoroughly studied, experi-
mented and piloted under the initiative. It is expected that the book will also be a very
useful resource for the policymakers, researchers and development partners as well as the
students who are interested in these areas.

Finally, I appreciate the World Bank for providing IDCOL with the financing, the re-
searchers for their sincere effort and hard work, and respected members of the Evaluation
Committee for their extensive due diligence. I would like to express my sincere gratitude
to the honourable members of the IDCOL Board of Directors for their kind patronisation.
Last but not the least, I also thank the editors, associates and my colleagues at the IDCOL
for their valuable contribution towards production of the book. 

Abdul Baki
CEO, IDCOL and
Additional Secretary (WB Wing), Economic Relations Division
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We would like to pay a special tribute to Professor Dr. Jamilur Reza Choudhury, who was
Chairman of the IDCOL’s R&D Evaluation Committee, for his invaluable guidance in the
selection and evaluation process of the research projects. He supported the projects at
every bit and without his advice it was almost impossible to accomplish the task. Prof.
Choudhury was also the Chairman of the Advisory Committee of IDCOL Green Tower be-
fore his demise on 28 April 2020, well before publishing this book. However, we express
our profound shock at his death and pray for salvation of the departed soul.
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Professor Dr. Jamilur Reza Choudhury

Professor Dr. Jamilur Reza Choudhury, fondly called JRC by
his friends, is an internationally recognised civil engineer,
educationist, researcher, administrator and a leader. He is
the most eminent personality in engineering community of
Bangladesh who played a cardinal role in infrastructure de-
velopment of Bangladesh.

Prof. Choudhury earned his Bachelor of Science Degree
(Civil Engineering) from Bangladesh University of Engineer-
ing and Technology (BUET) in 1963. Upon graduation from
BUET (First Class First with Honours), he became a lecturer
in the Civil Engineering Department at BUET that same
year. He earned a Master’s of Science in Engineering De-
gree (advanced structural engineering) in 1965 and a PhD in structural engineering in
1968, both at the University of Southampton. JRC developed a simplified method for analy-
sis of shear walls in tall buildings (commonly known as “Coull and Choudhurys Method”)
which has been widely used all over the world during his PhD from the Southampton as
a part of his research. The method is now a part of many text books in the field and taught
to designers in different countries.

He was awarded the honorary degree of Doctor of Engineering (Honoris Causa) by the
Manchester University on 20 October 2010 — the first person of Bangladesh origin to re-
ceive this honor from a British University.

He was a former adviser to the caretaker government of Bangladesh in 1996. 

At the national level, JRC led the experts’ panels of Bangabandhu Bridge, Padma Multi-
purpose Bridge, Dhaka Elevated Expressway, Karnaphuli Tunnel and many other devel-
opment projects. His contribution to the IT sector in Bangladesh is also noteworthy.

He was awarded ‘Ekushe Padak’ by the Government of Bangladesh in Science and Tech-
nology Category in 2017 and was appointed as a National Professor in 2018. JRC was the
Vice-Chancellor of University of Asia Pacific before his demise. 
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Dr. Jamilur Reza Choudhury

Siddique Zobair

Mr. Siddique Zobair is a career bureaucrat who
worked with the Government of Bangladesh for 34
years at different capacities and retired in January,
2020 as an Additional Secretary/Member of Sustain-
able and Renewable Energy Development Authority
(SREDA). Now, he serves as a panel expert of power
sector in the Ministry of Power, Energy and Mineral
Resources of Bangladesh. While in SREDA, he ac-
tively worked with the Government, international or-
ganisations, financial institutions, civil society,
academia and NGOs to identify necessary interven-
tions and prepare relevant laws, rules and policies to
promote and develop renewable energy and energy
efficiency activities in the country. Mr. Zobair obtained his Master’s Degree in
Petroleum Management from University of Alberta, Canada. He is also a certified
Energy Management Specialist.

Professor Dr. A.K.M. Sadrul Islam

Prof. Dr. A.K.M. Sadrul Islam obtained his PhD in Me-
chanical Engineering from London University, UK in
1988. He served at BUET and Islamic University of
Technology (IUT) for 36 years as a Professor and Head
of Department from 1980 to 2016. He also attained
many scholastic awards/fellowships like visiting Pro-
fessor, University of Malaysia, INSPIRE Exploratory
Grant, U.K., a British Commonwealth visiting re-
search fellow at Loughborough University, U.K. and
guest Professor at Saga University, Japan. Prof. Islam
is a fellow of Institution of Engineers, Bangladesh
(IEB) and was the Chair of Mechanical Engineering
Division of IEB for two terms. He is also a fellow of
Bangladesh Society of Mechanical Engineers (BSME)
and now acting as the Secretary General of the society. He is also a member of
the Asian Fluid Mechanics Committee and was a member of World Renewable
Energy Network.
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Dr. Taifur Ahmed Chowdhury

Prof. Dr. Taifur Ahmed Chowdhury is a former Head of De-
partment of Electrical & Electronics Engineering at BUET.
He retired in 2019. After being awarded PhD in Power En-
gineering, he joined Yokogawa, Japan. He rendered con-
sultancy services for EPC tender participation of Chittagong
Urea Fertilizer Factory. Later, he joined Bangladesh Chem-
ical Industries Corporation (BCIC) and carried over Polash
Fertilizer Factory Construction, Erection & Commissioning.
Thereafter, he executed site selection of Jamuna Fertilizer
Factory and was the member secretary of the Karnaphuli
Fertilizer Factory (KAFCO) contract. Subsequently, Dr.
Chowdhury joined Bangladesh University of Engineering
and Technology (BUET). During his long service at BUET,
he rendered consultancy and advisory services for promo-
tion of industrial captive generation and, grid electricity generation and transmission. He
is also rendering consultancy services for the Rooppur Nuclear Power Plant.

Note: Prof. Dr. Taifur Ahmed Chowdhury died on 11 April of 2021 at around 8:45am at BSMMU. He was
admitted there being COVID-19 positive. 

Mohammad Hossain

Mr. Mohammad Hossain, for the past 29 years of his career,
has been serving in different organisations in diverse high-
profile posts. He joined the Power Cell as an Assistant Di-
rector in 1996. Consequently, he served as the Deputy
Director and Director of Power Cell and played a notewor-
thy role in enhancing the capacity of the Power and Energy
Division. At present, he has been serving as the Director
General of the Power Cell since 2013. Mr. Hossain gradu-
ated from the Bangladesh University of Engineering & Tech-
nology (BUET) and received an MBA from IBA, University
of Dhaka. Later, he received a post-graduate diploma in In-
stitutional and Human Resource Development (IHRD) from
Denmark. He took part in various higher training in the
power sector at home and abroad. He has presented papers
in various seminars, workshops at national and international
levels which are highly appreciated.
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Dr. Taifur Ahmed Chowdhury

Mohammad Hossain

Md. Anwar Hossain

Mr. Md. Anwar Hossain, a career civil servant, is a Joint Sec-
retary of the Government of Bangladesh and currently work-
ing on a project titled Sustainable LDC Graduation of
Bangladesh. He worked with various multilateral organisa-
tions including the UN, the World Bank and AIIB during his
long tenure in the Economic Relations Division (ERD) of
Bangladesh. He primarily worked in the energy sector and
promoted for clean renewable energy. He was one of the
key proponents for continuous R&D to increase efficiency
and develop innovative financial models for easy access to
affordable renewable energy products and services. Grad-
uated from Williams College, USA in Development Eco-
nomics, Mr. Hossain participated in many national, regional
and international training programmes. He has professional
skills and interests in economic diplomacy, development cooperation, negotiations, public
finance, and public policy. He is also a member of CIPS, UK.

Syeda Masuma Khanam

Ms. Syeda Masuma Khanam is working as Deputy Secretary
in the Economic Relations Division of Bangladesh. She ob-
tained Master’s Degree in Environmental Sciences from
Graduate School of Life and Environmental Sciences, Uni-
versity of Tsukuba, Japan. She also did MSS and Honours in
Anthropology from the University of Dhaka. Having strong
analytical ability and communication skills, she is an expe-
rienced person in the field and secretariat level on training
management. As a trainer included in the Resource Persons
Pool of the Ministry of Public Administration, she regularly
conducts sessions on 'Anthropological Background of
Bangladesh', 'Gender Issues' and 'Business Process Re-En-
gineering for Effective Service Delivery' in Bangladesh Pub-
lic Administration Training Centre.

Finally, a very special thanks to Mollah Amzad Hossan, Editor, Energy & Power, Meer
Saiful Islam, Associate Editor, The Financial Express, graphic consultant Monirul Islam and
graphic artist Md. Uzzal Hossain who have made their efforts to improve the contents of
the book, reminding us of our human fallibility. 
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2. Design Theory of a Sailing Boat

The subject of powering a boat is an important issue and the critical point is to start de-
signing a boat. This section will explain the design theory of a regular sailing boat and de-
scribe the elements of a boat which will help estimate the power requirement of a boat
with considerable accuracy. This will help minimize the power requirement as well as
capital cost and improve the energy economy. To understand the power requirement, we
need to start from resistance that a boat faces during its movement. “The motion of a ship
through water requires energy to overcome resistance, i.e. the force working against the
movement. As the resistance of a full-scale ship cannot be measured directly, the knowl-
edge about the resistance of ships comes from model tests. The total resistance on calm
water can be divided into three main components — frictional resistance, residual resistance
and air resistance. The frictional resistance depends on the size of the wetted area. It rep-
resents often about 70-90% of the total resistance for low-speed ships (bulk carriers and
tankers), and sometimes less than 40% for high-speed ships (containers and passenger
ships). Residual resistance comprises wave resistance that refers to the energy loss caused
by waves created by the vessel and viscous pressure resistance. This residual resistance
normally represents 10-25% of the total resistance for low-speed ships and up to 40-60%
for high-speed ships. Air resistance normally represents about 2% of the total resistance,
however, for loaded container ships in head wind, the air resistance can be as much as
10%. Resistance also increases because of sea, wind and current. The resistance when
navigating in head-sea could perhaps increase by as much as 50-100% of the total ship
resistance in calm weather”. Source: Wärtsilä Encyclopedia of Marine Technology.

To estimate the power requirement of a boat, we need to find these resistances of a boat.
The resistance of a boat in classical theory is divided into the following two parts [1]:

2.1 Frictional resistance and 

2.2 Residuary resistance
a. Wave-making resistance
b. Eddy-making resistance
c. Air resistance

The generalized expression of these resistances is given by the following equation:

R=1/2 C.ρ.A_s.V2

The co-efficient C varies according to the resistance type of the boat. For frictional resist-
ance, it is defined by Cf and for residual resistance, it is defined by Cr. ρ defines the density
of water, V defines the speed of boat and A¬¬s defines the wetted surface area. To estimate
the total resistance of boat, we need to know the dimension of the boat. Figure 2.1 shows
the schematic outline of a boat. It shows the basic parameters of a boat, and those are
listed in table 2.1.

3

1. Introduction 

Solar PV is widely used in Bangladesh because of its continuously declining price in the
world market and a soft loan scheme introduced by Infrastructure Development Company
Limited (IDCOL) of Bangladesh. People in the rural areas are now convinced that the solar
PV system helps improve their lives. Keeping this impulse in mind, United International
University (UIU) has developed and completed a comprehensive research on Solar PV-
based electric motor-driven ferry boat for the rural areas of Bangladesh. 

The solar-powered boat may contribute to enhance the standard of living of rural people
by providing them with a better commuting means. Electric boat has some proven advan-
tages over engine-driven boat. DC motor has better torque efficiency than that of the gaso-
line or diesel engine. The DC motors are clean, less noisy and small in size as compared
to the regular engine. While making a cost comparison between the diesel engine-driven
ferry boat and a solar ferry boat, it is to be kept in mind that the initial cost for the solar
boat is slightly higher than the diesel engine-driven boats. But when the cost of fuel, interest
rate and depreciation on the investment is considered, solar boat is the less expensive op-
tion. Its additional advantage is that it does not require reliable supply of diesel. The in-
vestment analysis shows that the payback period will be three years. In this report, a
complete study and implementation of solar PV-based electric motor-driven boat for rural
areas of Bangladesh is presented which will cover both technical and financial aspects.

2
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To estimate the power requirement of a boat, we need to find these resistances of a boat.
The resistance of a boat in classical theory is divided into the following two parts [1]:

2.1 Frictional resistance and 

2.2 Residuary resistance
a. Wave-making resistance
b. Eddy-making resistance
c. Air resistance

The generalized expression of these resistances is given by the following equation:

R=1/2 C.ρ.A_s.V2

The co-efficient C varies according to the resistance type of the boat. For frictional resist-
ance, it is defined by Cf and for residual resistance, it is defined by Cr. ρ defines the density
of water, V defines the speed of boat and A¬¬s defines the wetted surface area. To estimate
the total resistance of boat, we need to know the dimension of the boat. Figure 2.1 shows
the schematic outline of a boat. It shows the basic parameters of a boat, and those are
listed in table 2.1.

3

1. Introduction 

Solar PV is widely used in Bangladesh because of its continuously declining price in the
world market and a soft loan scheme introduced by Infrastructure Development Company
Limited (IDCOL) of Bangladesh. People in the rural areas are now convinced that the solar
PV system helps improve their lives. Keeping this impulse in mind, United International
University (UIU) has developed and completed a comprehensive research on Solar PV-
based electric motor-driven ferry boat for the rural areas of Bangladesh. 

The solar-powered boat may contribute to enhance the standard of living of rural people
by providing them with a better commuting means. Electric boat has some proven advan-
tages over engine-driven boat. DC motor has better torque efficiency than that of the gaso-
line or diesel engine. The DC motors are clean, less noisy and small in size as compared
to the regular engine. While making a cost comparison between the diesel engine-driven
ferry boat and a solar ferry boat, it is to be kept in mind that the initial cost for the solar
boat is slightly higher than the diesel engine-driven boats. But when the cost of fuel, interest
rate and depreciation on the investment is considered, solar boat is the less expensive op-
tion. Its additional advantage is that it does not require reliable supply of diesel. The in-
vestment analysis shows that the payback period will be three years. In this report, a
complete study and implementation of solar PV-based electric motor-driven boat for rural
areas of Bangladesh is presented which will cover both technical and financial aspects.
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To find the resistance of the boat, we need to know the wetted surface of the boat As,
which can be calculated using the following equation:

AS = 1.7 × Lwl × D + Cb × Lwl × Bwl ,    ………Mumford’s formula [1].

Where Cb is the block coefficient. Block coefficient is the ratio of the volume of the un-
derwater body to the rectangular volume bounded by the Lwl, Bwl and D (see Figure 2.1
and table 2.1). According to the theory of Buoyancy, underwater volume can be found
from weight of the displaced water. Here, summation of boat weight and its load is equal
to the weight of the displaced water. Boat weight can be determined from its dimension,
and density of wood in wet condition. Hence, block coefficient increases with increasing
load. Generally, its value is from 0.5 to 0.85. Now, we are going to discuss about the fric-
tional resistance and residuary resistance.

2.1 Frictional Resistance

Frictional resistance can be written as Rf =1/2 Cf.ρ.As.V2. Here, Cf can be defined by the
following equation:

Rn is the Reynold number and is defined by the following equation: 

Rn = (V.L)/v

Here, V is the velocity of the boat, L is the length of the boat (figure 2.1), and v is the Kine-
matic viscosity, which is defined by viscosity, μ and density r with the following relation,
v = μ/r.

The typical value of Kinematic viscosity for fresh water is 1.139x10-6 m2/S at 15⁰C [1].
Using the above mentioned two equations, we can calculate the frictional resistance of
the boat. 

2.2 Residuary Resistance

Residuary resistance comprises of wave-making resistance, air resistance and eddy-making
resistance. Since our boat is very small as compared to any ocean-going vessel, we can
easily ignore air resistance and eddy-making resistance. The remaining component of the
residuary resistance is the wave making resistance. Wave making resistance is caused by
the waves generated from the motion of the boat. This resistance is defined by the boat
parameters, such as length, beam, and speed of the boat. Froude number is used to cal-
culate the coefficient of wave-making resistance. This is a dimensionless number of speed
and length ratio and is expressed by the following equation:

Fn = (0.164VK)/√(Lm).

Here, speed is in knots and length of the boat is in metre. For 3-4 knot speed, the Froude
number for a 6-metre long boat will be from 0.20 to 0.267.

5

Cf =     
0.075

(logRn -2)2

4

Table 2.1: Parameters of a regular sailing boat of Figure 2.1

Symbol Meaning

L : Overall length of a boat
LwL : Length of water-line of a boat

D : Draught
B : Beam of a boat
BwL : Base of a boat in water-line plane
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Similar to the regular wooden boat, we fabricated our first boat. The photograph of which
is shown in Figure 3.1. 

The dimension of the fabricated boat can be seen in the table 3.1 and shown in the dia-
gram of Figure 3.2. 

7

However, calculation of the wave-making coefficient is too much complex for the theo-
retical or empirical calculation. This is because of the mathematical model around the
boat is complex due to air and fluid boundary. Hence, model test in the towing tank and
expansion of Froude expansion is the best way to estimate this wave-making coefficient,
CW, which is complex to determine.  If the wavelength of the generated wave by the boat
itself is small compared to the boat length, it can be ignored safely [2]. Since a small ferry
boat in Bangladesh generates waves with small crest, this energy is very small compared
to the frictional energy. Figure 2.2 shows two waves generated by the same size boat. At
the high speed, wave generates with longer wavelength. At the slow speed, waves with
smaller wavelength is produced. 

We have discussed about the main components of boat resistances — frictional resistance
and wave-making resistance. From these resistances, the power requirements can be found
by using the following equation:  Power = velocity of the boat x total resistance of the
boat.

We have applied this complex theory of power requirements in our regular ferry boat. This
power calculation for the ferry boat is shown in next chapter.

3. Development of Solar Boat

3.1: Determination of Power Requirement for the Developed Boat

In this project, we have developed five ferry boats based on regular wooden boats of our
country. The regular boats are made of wood and rowed by human power. It can take 15-
20 people. These ferry boats are 20-25 feet long and 5-6 feet wide at the centre. These
types of boats weigh around 400 kilograms and are retrofitted with small engines. 
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easily maintain more or less constant speed. But the presence of brushes in the field may
create problem, because wear and tear warrants frequent changes of them. 

iii. Brushless DC motor: For the reasons mentioned above, we finally tested brushless DC
motor. Its performance was found to be satisfactory. Both the terminal characteristics and
speed regulation of brushless DC motor suit the boat’s loading pattern. We tested brushless
DC motor of different ratings. Load tests were carried out over different rated brushless
DC motors.

Following are the advantages of brushless DC motor over DC shunt motor:
�high efficiency
�less noisy
�lasts 2 to 3 times longer
�zero dust residues
�no arcing

Comparing all these parameters, a BLDC motor has been selected with specifications
showed in table 3.3.
3.3: Determination of Energy Requirement to Propel the Motor

To determine the energy requirement of the proposed BLDC motor, we need to estimate
the operating hours of the motor. In this view, data has been collected from different ferry
terminals of Bangladesh. A sketch from those terminals shows that usually the ferry boats
stay at the terminals to get passengers. They do not operate continuously. Their waiting
time is around 40 minutes in an hour. (Data collected from Toke ferry terminal, Kapashia,
and Kholamura terminal, Buriganga). Hence, if the total operating time (from 7 am to 4
pm) of the boat is around 9 hours, the motor will be used around 3 hours. Energy require-
ment to operate this motor for continuous 3 hours is (1000 W x 3600 sec x 3) 10.8 MJ. 

3.4: Selection of Solar Panel and Its Specification

Energy requirement to propel the boat for continuous 3 hours requires 10.8 MJ as men-
tioned in the previous section. Moreover, we are considering half-day autonomy in the
system. This means that the boat will run from solar energy on the first day. On the second
day, it will run half of its operating hour from the stored energy. Hence, a sum of
(10.8+ 5.4) 16.2 MJ energy has to be harvested by a solar panel in a single day. We have
taken seven sunshine hours (7 am to 2 pm) in a single day with 80% effective time. How-
ever, a solar panel does not produce energy with 100% efficiency for a long period of

9

In the previous section, a detailed formula of power requirement to propel a boat has been
described. Using the dimension of the boat, the power requirement has been calculated.
In the calculation process, different parameters are determined at the intermediate steps.
The parameters are tabulated in table 3.2. 

The selection of motor power depends mainly on the power requirement of the boat. From
the calculation of motor power, it is found 450 W for wave free water surface. According
to Wärtsilä Encyclopedia of Marine Technology, for wavy surface, we need to double this
power. Hence, we have selected 1000 W motor power, which is sufficient enough to use
in the river. We planned to use solar panels to gather the required power. And, power ob-
tained from the solar panel will be used to drive a motor, which will ultimately be con-
nected with the propeller of our boat. Since solar energy is time dependent and also varies
throughout the day, an energy storing element, such as battery, is required for backup dur-
ing non-availability period. The following section describes the choice of different com-
ponents of solar boat and their specification based on the decided power requirement.

3.2: Selection of Motor and Its Specification

In this step, we will determine the type (AC or DC) and size of the motor, which will meet
the power requirement to propel the boat. To choose a suitable motor, we considered three
types of motors which are available in our country and not costly. The prices of these mo-
tors are around BDT 10,000, which may play an important role in cost-benefit analysis of
the solar boat system.

(i) Induction motor,
(ii) DC shunt motor, and
(iii) Brushless DC motor.

i. Induction motor: It requires an inverter to convert battery’s DC voltage into AC input
supply voltage for the motor. Moreover, a motor driver is required to control its speed. The
overall cost of the system and maintenance issue of the electronic controller in the field
prohibits its use in the solar boat. 
ii. DC shunt motor: The terminal characteristic of a DC shunt motor is such that we can
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3.5: Selection of Battery and Its Specification

A simple calculation shows that a 1kW motor with 48V will draw around 20A current at
full load condition. During gloomy weather, the boat may run from stored energy of a bat-
tery. For the best use of a battery, the usual practice is to discharge the battery at its 10%
of the total capacity. Hence, a 48V 200A-h battery pack is required to drive a 48V 20A
motor. Moreover, during non-operational state of the boat, a panel will charge the battery.
Since the panel, which has been selected to propel the boat, will charge this battery pack
during non-operational state. The thumb rule is to charge a battery at its 10% of the rated
value. To keep a safe margin and harvest maximum solar energy 200A-h battery has been
selected. Four 12V 200A-h battery has been selected to achieve 48V and 200A-h. These
batteries will store (48 x 200 x 3600) 34.56 MJ of energy. However, at half-day autonomy,
the boat will consume 5.4 MJ of energy, which is only 15.625% of the stored energy. This
value is well above the Depth of Discharge (DoD) of the battery, which is 70% for a regular
lead acid battery. 

The table 3.5 listed the basic electrical components of the solar boat:

3.5: Determination of propeller, shaft, and radar 

About the other components of the system, a regular wooden ferry boat has been taken to
retrofit with the solar PV system, an electric motor with controller, batteries with charge
controller, a propeller and radar. Electrical components have already been discussed. Now
mechanical components will be discussed. 

Propeller
Regular two or three blade propellers are used in our country boat with shallow diesel en-
gine. There is no scientific data of the propeller size of these boat. To acquire some scien-
tific data, different propellers have been used in this research. Figure 3.4 shows the
propellers those were used in this boat to check for the best result. Available four different
sizes of propellers — 7, 8, 10, and 12 inch — have been used.

11

Figure 3.4 Different kinds of propellers considered for the solar boat

time. Cloud, temperature and other conditions dictate this efficiency. We are considering
80% efficiency in this point. Hence, the overall efficiency will be (0.8 x 0.8) 64% at the
lowest. Considering this overall efficiency, we require a panel, which will  produce
16.12 MJ of energy with 64% overall efficiency in a single day. Hence, selection of 1 kW
solar panel is sufficient enough in our choice after considering half-day autonomy in the
system.

Next, we will select the type of the solar panel. Two types of solar panels are available in
the market — Mono crystalline and Poly crystalline. Mono crystalline solar panels are more
expensive compared to the poly crystalline solar panel. This will create a financial burden
in the system of the ferry boat. Hence, Poly crystalline solar panel has been considered to
harvest solar energy from the Sun. Poly crystalline solar panels are 25 years limited war-
ranty of 80% output power [3]. The use of these panels is viable in the solar boat. Solar
panel of 24V has been used. Each panel has the open circuit voltage of 37.8V and 8.98A.
A series-parallel combination has been made to achicve 48V and 1kW output. Two panels
are connected in series to get 48V and two similar series circuits are made parallel to get
1kW of output power. The circuit diagram is shown in Figure 3.3 and the panel properties
are listed in table 3.4.
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4. Test Run of Solar Boat

A prototype of a solar boat has been built using a brushless DC motor, poly-crystalline
solar panel, lead acid battery pack, and aluminium propeller driven with a U-coupling
shaft. An MPPT controller has been used in the system for efficient charging of the battery. 

4.1 The Test Site
The well-known “Dhanmondi” lake located at the heart of the capital city was chosen as
the test site. The lake is recently developed as a recreation spot for the nature lovers. The
main attraction of the site is to sail manual boat by the visitors. Our solar boat has naturally
added as an additional object of attraction for the visitors there. We carried out experiments
with lots of inquisitiveness from the ordinary people and everybody appreciated our pur-
pose of the research. 

Figure 4.1 shows the fully functional solar boat at Dhanmondi lake. The boat with a 1kW
solar panel and 48V 200A-h battery packs was put on a test run. 

4.2 Test Conditions 
After completing assembly of the boat, some trial run was conducted only on battery —
without fitting solar panel to charge the batteries. The batteries were charged offline from
the laboratory and used as the source of energy for the motor used in the boat. Once we
found smooth operation of the boat by using the battery, we fitted solar panel and the
charge controller. Data was collected under different load conditions. The effects of the
variation of wind speed and water current of the lake have been ignored. 

4.3 Test Results 
When the boat was operated with a set of charged batteries only (without solar panel), the
voltage dropped very fast and the boat could not be run for a long time. But after con-
necting the solar panel and batteries of designed configurations, the voltage of batteries
remained almost constant. In the lake, a fixed distance is marked. The boat was running

13

Figure. 4.1: Boat at Dhanmondi lake

Shaft
A steel shaft has been made to transfer the power from the motor to the propeller. The
shaft has been carefully made to avoid leaking of water to the boat which may reduce the
efficiency of the boat by increasing the draft of the boat. Moreover, water leakage inside
the boat will increase the damage of the electrical components. Hence, a care has been
taken to make this  shaft. A U-joint has been utilized in this shaft to reduce the vibration
and stress in between the motor and the propeller. Figure 3.5 shows the developed shaft
and propeller in the fabricated boat. 

Radar
Steel radar has been attached with the boat to maneuver boat in the water. It is a conven-
tional one to easily install in the boat. This is shown in following figure. The radar is 1.5
square feet in size, which is suitable to steer the boat. A half-inch diameter steel rod has
been attached with the radar to steer it. The total system is fabricated using conventional
technique. This is shown in Figure 3.6.

12

Figure: 3.5: Shaft and propeller arrangement in the fabricated solar boat
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the laboratory and used as the source of energy for the motor used in the boat. Once we
found smooth operation of the boat by using the battery, we fitted solar panel and the
charge controller. Data was collected under different load conditions. The effects of the
variation of wind speed and water current of the lake have been ignored. 

4.3 Test Results 
When the boat was operated with a set of charged batteries only (without solar panel), the
voltage dropped very fast and the boat could not be run for a long time. But after con-
necting the solar panel and batteries of designed configurations, the voltage of batteries
remained almost constant. In the lake, a fixed distance is marked. The boat was running
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Figure. 4.1: Boat at Dhanmondi lake

Shaft
A steel shaft has been made to transfer the power from the motor to the propeller. The
shaft has been carefully made to avoid leaking of water to the boat which may reduce the
efficiency of the boat by increasing the draft of the boat. Moreover, water leakage inside
the boat will increase the damage of the electrical components. Hence, a care has been
taken to make this  shaft. A U-joint has been utilized in this shaft to reduce the vibration
and stress in between the motor and the propeller. Figure 3.5 shows the developed shaft
and propeller in the fabricated boat. 

Radar
Steel radar has been attached with the boat to maneuver boat in the water. It is a conven-
tional one to easily install in the boat. This is shown in following figure. The radar is 1.5
square feet in size, which is suitable to steer the boat. A half-inch diameter steel rod has
been attached with the radar to steer it. The total system is fabricated using conventional
technique. This is shown in Figure 3.6.
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Figure: 3.5: Shaft and propeller arrangement in the fabricated solar boat
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To get more realistic data, the boat with solar panels installed was taken to Buriganga river
and placed near Kholamura ferry terminal. There was wave current created from other
vessels and other garbage. A photograph of this terminal is shown in Figure 4.3. Another
boat was placed at Patuakhali launch terminal as shown in figure 4.4. The difference be-
tween two sites is the river current. There is an effect of tide at Patuakhali. The data of
motor current in high tide is shown in Figure 4.5.
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Figure 4.3: Solar boat near Kholamura ferry terminal

Figure 4.4: Solar boat near Patuakhali launch terminal

continuously to and from the two ends of the distance throughout the day. Data was col-
lected as the boat crossed the two ends of the distance and the averages of all the data
over every hour are calculated. The weight on the solar boat including its own weight was
maintained at 1100 kg. As a sample, two sets of average data were shown in the Table
4.1. Initially a 500 Watt motor has been used. To get more comprehensive data, a 1000-
Watt motor, as per design, has been used with four different propellers as mentioned in
the previous chapter. 

The result (Figure 4.2) of boat speed and power showed as function of the propeller size.
Figure 4.2 indicates that 7-inch diameter propeller consumes much less power compared
to the larger diameter propellers. Only sacrifices a small value of speed. However, the
speed was above the designed value, 4 knots. To get more effective technical data, solar
panels (1 kWp) were installed in the boat. During the whole day trip with solar panels, no
current drained out from the batteries of the boat. The boat ran well with 1200 kg payload.
At the end of the day, the battery voltage was found 51.4V, which confirms well charged
battery condition.
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Annual maintenance cost of the proposed and fabricated (accidental cost not included)
solar boat is BDT 3,000. So the total operating cost of the boat is (16,730+27,860+3,000)
BDT 47,590. In comparison, a regular shallow engine-driven boat has an operating cost
other than the maintenance cost. Daily fuel (diesel) is necessary for this boat, which makes
a big difference in cost analysis. A shallow engine boat requires 4 litres of diesel per day
to operate. However, the estimation has been made after collecting data from the Khola-
mura boat terminal at Keraniganj in Dhaka.

Cost analysis of regular shallow engine-driven boat shown in the table 5.2:

The total cost of fuel in a year has been estimated (4 litres/day x 70 BDT/ litre x 300 days/
year) at BDT 84,000. Annual maintenance cost of this (accidental cost not included) boat
is BDT 3,000. So, the total operating cost of the boat is (5,000+10,000++84,000+3,000)
BDT 102,000.

An analysis of income of the ferry boat has been done based on the data of Kholamura
boat terminal. This is shown in table 5.3.

Since the trip time and waiting time of the engine-driven boat suits in the solar-powered
boat concept, we have used the same trip time and the waiting time for the solar boat as
shown in table 5.3. 

Now considering a salary of BDT 15,000 per month for the boatman, an annual salary of
BDT 180,000 will be spent. So, the net income from the solar boat will be BDT 132,410
and from engine boat BDT 78,000.00. The income difference will be BDT 54,410. More-
over, we have not considered the carbon penalty here for the engine-driven boat. How-
ever, CO2 emission factor of diesel combustion is 2.640 kg/litre [4]. So, it can be said that
a boat of similar size emits about 2.26 tonnes of CO2 each year. 

If the solar PV-based ferry boat can replace around 100,000 of diesel engine-driven ferry
boat of similar type, it will reduce 226,000 tonnes of CO2 per year. 
A summary of this comparative analysis is shown in Figure 5.1.
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From this figure we can see that at rated current (25A) the motor or propeller speed is 1350
rpm. The boat speed in this condition is around 4 knots. 

5. Cost-benefit analysis
A detail cost-benefit analysis of this solar boat has been done as compared to a regular
shallow engine-driven boat. A regular ferry boat, which is usually used in riverine
Bangladesh, is used in this analysis. The boat is 22 feet long and 6 feet wide, which has
already been mentioned. It is capable of carrying 15-20 persons. To make a realistic analy-
sis, a regular ferry terminal near Dhaka city has been taken under consideration. Data of
this ferry terminal has been collected, which includes number of trips throughout the day,
waiting time of boat after each trip, trip time, average number of persons in each trip, fare
for each person, average fuel cost per day for the shallow engine driven boat.

Cost analysis of the proposed solar boat has been shown in the table 5.1:
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The comparison is based on the capital investment, the cost of investment in terms of de-
preciation and interest on loan and the maintenance and fuel cost. The travel time and
waiting time at different part of the day are considered. The result shows that in case the
solar powered boat, a boatman can earn 67% more than that of a diesel powered boat.

6. Conclusion

A complete design of converting a conventional country ferry boat into a solar boat is
elaborated in this report. As per the design, all the components of the boat are retrofitted.
When the boat runs in a lake on experimental basis, its performance was found to be sat-
isfactory. It is seen from the results that a solar boat with battery back up can be operated
like a regular ferry boat throughout the day without sacrificing speed of the boat although
the sun’s insolation varied time to time. However, in the river area like Patuakhali, the
data collected was more realistic, where river current and tidal effects are stronger than
the lake. These ferry boats will be useful in the rivers where river current is not high like
the estuary or the mouth of the river. The cost-benefit analysis shows a good turnover on
the investment. The investment return time is around two years.

During the research, the team had to face a lot of political and social difficulties — boats
were damaged, sunk, equipment stolen, and various social problems like forbidding data
collection, running the boat etc. Hence, the team considered that a social study should
be conducted before launching this type of project in the off-grid rural areas. 
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Energy Crisis & Solar Cell
An ever growing demand for energy is one of the greatest challenges of the economic
growth and climate change of our era. Fossil fuels like coal, petroleum and natural gas
are the finite resources, but dominate the energy supplies worldwide. An energy crisis can
be traced back to 1970’s oil embargo; it has never ceased since [1]. According to the US
Energy Information Administration (EIA), until 2014, at least 80 percent of total U.S. energy
consumption still relied on three fossil fuel sources [2]. At the same time, over combustion
of fossil fuels causes an unbearable burden on environment; it is the main “culprit” causing
global warming. It was responsible for the majority of energy-related greenhouse gas emis-
sions on a carbon dioxide equivalent basis in 2013 (Figure 2) [3]. The total energy con-
sumption keeps increasing, especially with the rising energy demand of developing
countries such as China and India. The tremendous pollution and severe hazy weather
associated with the use of fossil fuels have occurred in many areas of these countries. Dis-
covering sustainable and environment-friendly energy sources becomes obligatory.

Different alternative sources of energy available are wind, nuclear, solar etc. Among them,
solar energy alone has the potential to fulfill the next generation’s green energy demands.
Nuclear energy poses safety threats due to radioactivity leakage and disposal of nuclear
waste. Solar energy due to its non-pollutant and inexhaustible nature may be the answer
to the energy problems in the coming centuries. The prospect of using renewable energy
mainly based on wind, water and solar would replace the traditional fuels for electricity
generation, and the solar is highlighted for its abundant energy supply. Solar will be the
major energy source in the years to come because of its massive potential and long-term
advantages. Solar energy should be used not only to reduce the use of fossil fuels but also
to decrease the price of fossil fuels. Solar energy will be more affordable in future with
new scientific developments in solar cells that will bring down the cost and increase the
efficiency of the solar cells. 

23

Introduction

The deployments of natural dye as photo sensitizer of Dye Sensitized Solar Cell (DSSC) is
exorbitantly emphasized by researchers around the globe for their eco-friendly aspect,
high extinction co-efficient, economic and ease of availability, abundance in supply, non-
toxicity, and can be applied without further purification. To satisfy the existing problems
of synthetic sensitizer, natural dyes have been used as sensitizer from locally available
sources in Bangladesh under a research project. 

Institute of Polymer & Radiation Technology, Atomic Energy Research Establishment
(AERE), Bangladesh Atomic Energy Commission, conducted the research with support from
the Infrastructure Development Company Limited (IDCOL) and the World Bank.
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Development of Solar Cell: Photovoltaic Generation 
The systems to harvest incident sun light and convert it into electrical energy are photo-
voltaic devices, so-called solar cells, in which the photocurrent is generated through
charge separation and collection of free electron and hole under solar irradiation. The
portfolio of solar cells consists of a number of established and emerging technologies, em-
ploys different semi-conductive and photosensitive materials, and involves three genera-
tions of which the updated best research-cell efficiencies are plotted in the figure below.

Solar cells based on silicon, that come in wafer-like monocrystalline, polycrystalline and
amorphous forms, are categorized as the first generation. They are usually doped with
phosphorus and boron in a P-N junction to achieve high-efficient charge separation of
electron-hole pairs. These solar cells demonstrate a good performance with more than
20% of the power conversion efficiency (PCE) as well as high stability, which currently
dominate the markets, accounting for around 80% of the global share. Multi-junction cells,
also named tandem cells, cooperating with concentrated solar power systems, raise the
best laboratory-reported PCE above 40% to date. The cost of the first-generation solar cells
keeps falling with the development of manufacturing techniques and the surge in produc-
tion volumes of silicon wafers [7]. However, they are rigid, and usually lose some effi-
ciency under higher temperature or imperfect illumination angle, which restrain their
applications. 

The second-generation solar cells, thin film solar cells, are composed of amorphous silicon,
cadmium telluride (CdTe), and copper indium gallium diselenide (CIGS), and have out-
standing performance, as high as 20% PCE. They are made from layers of semi-conductive
materials with only a few micrometers thick that can make devices flexible and reduce
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The figure below displays the yearly energy supply potentials from the major renewable
sources and the total reserves of the finite resources [4]. The solar beats all other renewable
and fossil-based energy resources combined, of which the annual energy potential was
1575 ~ 49387 exajoules (EJ, 1 EJ = 278 TWh) as stated in 2000 World Energy Assessment,
several times larger than the total world energy consumption which was 559.8 EJ in 2012
[5-6]. Solar power is highly appealing for electricity generation because it is sustainable
and free of by-product contamination. 

24

Emission values are presented in unit of million metric tonnes (MMT) of carbon dioxide equivalent [3]
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photoanode and the cathode, serving as mediators for hole transport and dye regenera-
tion.

DSSC is a mimic of natural photosynthesis to convert sunlight into electricity. The operation
principle of DSSCs differs from the conventional P-N junction based solar cells. Briefly,
the photosynthesis processes take place in the chloroplast where solar energy is absorbed
by the pigments (such as chlorophylls (Chls)) in the photosystems (PSs) and converted into
electrons in the reaction centres (RCs) to trigger a series of chemical reactions [32]. In
DSSCs, the dye moleculessimilar to the Chls in green leaves are excited by absorbing vis-
ible light. In contrast to conventional P-N junction solar cells, the charge separation occurs
at the sensitizer/TiO2 interface by injecting electrons from the excited dye molecules into
the TiO2 layer to generate electrons in analogue to the function of RCs, and then followed
by electron diffusion in the TiO2 network, finally flowing to the cathode through the ex-
ternal circuit as photocurrent. DSSCs utilize separate media for charge generation (occurs
within the dye) and charge transport (occurs in the TiO2 matrix), which greatly reduces
the possibility of charge recombination [33]. Concurrently, the oxidized dye is reduced to
its ground state by the oxidation of I¯ into I3¯, then I3¯ will be reduced at the cathode by
accepting electrons from the electron flow from photoanode to complete the whole re-
generation process. Overall, this system converts solar energy into electricity without any
net consumption of chemicals, thus the DSSC can continuous supply power. 

Advantages and Disadvantages of DSSC

Advantages
The fundamental advantage of DSSC system is the spatial separation of the electron and
hole-transporting components. This design hugely suppresses the charge recombination
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the production cost. However, this technique is still limited by vacuum processes and high
temperature treatments in manufacturing, and also restricted by resource scarcity [8].

The emerging solar cells employing organic dye [9-12],quantum dots [13-16],conductive
polymers [17-20] and perovskite materials [21-24]with new photovoltaic mechanisms are
assigned into the third-generation solar cells, which are currently under laboratory inves-
tigations. Among this generation, dye sensitized solar cells (DSSCs) have many advantages
over traditional silicon-based counterparts, such as low cost, mechanical robustness, and
ability to operate under imperfect irradiation conditions. More importantly, the hybrid
structure of DSSCs separates the charge transport from charge separation which reduces
the efficiency loss by electron recombination. The structure and working principle of
DSSCs will be discussed in details in the following section. Recently, perovskite solar cells
evolving from DSSCs became competitive promising with an unprecedented growth in
PCE from 3.8% to more than 20% in less than 5 years.

The perovskite thin film can also be used as top coating in tandem cells and improve the
performance of the original solar cells with much lower extra cost [25-26]. Overall, the
third-generation solar cells are promising for commercialization because of their low-cost,
readily available source materials and low energy expenditure in fabrication. However,
the reproducibility and the long-term stability of these solar cells are still the major con-
cerns.

Dye Sensitized Solar Cells 
The integral architecture of DSSCs was first proposed by Grätzel and O`Regan in 1991
[9]. Since then improvement in device designs along with the surge in new materials for
light absorbing sensitizers (i.e. dye molecules) and redox electrolytes have further im-
proved their performance. Based on the NREL statistics, the highest lab-recorded efficiency
of DSSCs to date is about 12%. Even though their efficiencies are still lower than the first-
and second-generation cells, the fabrication of DSSCs is cost-effective by utilizing inex-
pensive and abundant wide-bandgap semi-conductive materials in the photoanodes, such
as Titania (TiO2) and Zinc oxide (ZnO). However, these materials are inert to visible light,
and thus need to be hybridized with electron transfer dye molecules that have large ab-
sorption coefficient in visible range. Some emerging solar cells have adopted a hybrid
structure of DSSCs, such as quantum dots sensitized solar cells [27-28]and perovskite sen-
sitized solar cells [29-30]. Quantum dots, perovskite crystals or the photosynthetic pig-
ment-protein complexes as discussed in this dissertation are employed as novel
light-absorbing sensitizers to replace the organic dye, and their fundamental properties
involving photon capture, energy transfer and charge separation processes can be ad-
dressed straightforwardly based on the platform of DSSC.

Structure & Operation Principle 
The traditional DSSC is constructed in a sandwich configuration [31]. A wide bandgap
semiconductor layer (typically a mesoporous film made of sintered TiO2 nanoparticles) is
sensitized with a visible light absorbing organic dye and forms the core of the device which
is deposited on a fluorine doped tin oxide (FTO) coated glass as photoanode. A platinized
FTO coated glass is applied as cathode (i.e. counter electrode). An electrolyte usually con-
taining iodine/triiodine (I¯/I3¯) redox species in organic solvent is filled in between the

26
26 27



photoanode and the cathode, serving as mediators for hole transport and dye regenera-
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tion band. Traditional silicon cells are very fragile, and then require protection cautions,
typically by encasing solar cell in a glass box with a metal backing for strength. The pro-
tection systems suffer noticeable decreases in PCE as the cells heat up internally. In con-
trast, built with only a thin layer of conductive plastic, DSSCs normally allow radiating
away heat much easier, and therefore work at lower internal temperatures [35].

Disadvantages
Several key barriers remain to a widespread use of DSSCs as a prevailing photovoltaic
technology. These include issues of low efficiency compared to traditional semiconductor
cells, problems with scaling the devices to the module level, and long-term stability is-
sues.

Though the dye molecules are highly efficient at converting the absorbed photons into
the electrons in the semiconducting material (TiO2), only photons ultimately produce the
current. The photon absorption rate depends upon the solar flux spectrum and upon the
absorption spectrum range of photo electrodes. Therefore, the maximum possible pho-
tocurrent is determined by the overlap between these two spectra. Compared to silicon,
in general the current used dyes have poor performance in the red part of the spectrum.
These factors are the limitation of the current about 20 mA/cm2, in contrast, a traditional
silicon-based solar cell could go up to about 35 mA/cm2. When exposed to ultra violet
radiation, the performance of the DSSC degrades. In the future, including UV stabilizers,
UV absorbing luminescent chromophores and antioxidants may help protect and improve
PCE.

The major disadvantage to the DSSC design is the liquid electrolyte, which has temperature
stability and sealing problems. The liquid electrolyte can freeze at low temperatures, which
further lead to power production and potentially ending physical damage. The liquid might
expand at higher temperatures, and then result in a series sealing problem. Therefore, re-
placing the liquid electrolyte with a solid state material attracts a lot of attentions. In 2012,
an all-solid-state DSSCs have been reported with 10.2% efficiency [36]. 

A third major drawback is volatile organic compounds in the electrolyte solution, which
must be sealed carefully. Otherwise these hazardous elements will harm the environment
and human health. For the flexible DSSC, the solvents might permeate plastics substrate.
This will preclude large-scale outdoor application and further integration into flexible sur-
face or structure.
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and allows efficient charge collection through microns-thick material. Thus, impure starting
materials and a simple cell processing without any clean room steps are permitted. More-
over, the prospect of very low fabrication cost as well as the compatibility with flexible
substrates facilitates the variety of appearances to commercial market. Furthermore, the
efficiency of DSSC has dramatically improved (11%) with the addition of various additives
to the hole-transporting material. However, in order to become an economically viable
and commercially feasible technology, DSSCs need to be capable of maintaining non-de-
grading performance in operating conditions over several years, preferentially tens of years.
The problem of long-term stability of DSSCs still remains unsolved. Modifying TiO2 film
surface structure and slowing the photo-chemical degradation of dye could improve the
stability of DSSCs.

The DSSC has a number of attractive features: (1) It is simple to make using conventional
roll-printing techniques. (2) It is semi-transparent. (3) Most of the materials used are low-
cost. 

Currently DSSCs are very efficient third-generation solar cells. Compared to the traditional
low-cost commercial silicon panels operate between 14% and 17%, other thin-film solar
technologies belonged to the new generation of solar cell are typically between 5% and
13%. In "low density" applications like rooftop solar collectors, the DSSC attracted a lot
of attentions as a replacement for existing technologies, due to its mechanical robustness
and light weight.

Moreover, the process of injecting an electron directly into the TiO2 is another advantage,
compared with a traditional cell, where the electron is "promoted" within the original crys-
tal. Given low rates of production, in theory, there is a recombination between the high-
energy electrons and its own hole by giving off a photon generally without no current
generated. Even if this is not a universal case, for an electron, it is still fairly easy to hit a
hole left.

Talking about the injection process in the DSSC, there is only an extra electron, instead of
an implanting hole in the TiO2. It is energetically possible that the electron will recombine
back into the dye. Fortunately, compared to the rate that the dye regains the electrons from
the electrolyte, the recombination rate is quite slow. It is also possible to have the recom-
bination from the species in the electrolyte to TiO2. Considering for optimized devices,
this reaction in the photo electrode portion is still rather slow [33]. On the contrary, it is
extremely fast for electron transfer between counter electrodes to the species in the elec-
trolyte.

As a result of the pre-discussed favorable "differential kinetics", DSSCs can work even in
dim conditions. For example, DSSCs are able to work under cloudy skies indoor light and
non-direct sunlight, whereas traditional solar cells would suffer a "cutout" at some lower
limit of illumination. Especially when charge carrier mobility is very low which leads to a
huge recombination happened, the cutoff is so low. At this time DSSCs are even being
proposed for indoor use, for example small devices using the lights in the house [34].

Similar to most thin-film technologies, a practical advantage is that mechanical robustness
of DSSC does not directly leads to higher PCE in higher temperatures. In the semiconduc-
tor, increasing temperature will “mechanically” promote more electrons into the conduc-
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phyllin—sodium copper salt in water. They have reported that the amount of dye incorpo-
ration is highly dependent on the microstructure of the film [42].

Shinde & Bhosale (2008) have prepared nanocrystalline titanium dioxide thin films by
chemical vapour deposition technique at 400°C substrate temperature. They have reported
that TiO2 thin films sensitized with brown orange dye exhibits 0.17% efficiency [43].

Lee et al (2008) have prepared dye-sensitized solar cells using multi-wall carbon nan-
otubes. They have reported that more electrons were injected into the TiO2 electrode due
to the presence of carbon nanotubes and the electron recombination reaction was faster
in these dye sensitized solar cells [44].

Patil et al (2009) have prepared nanocrystalline TiO2 thin films by simple successive ionic
layer adsorption and reaction (SILAR) method on glass and fluorine-doped tin oxide (FTO)
glass substrates. They have reported that SILAR method is a suitable method for the prepa-
ration of large area, mesoporous and nano grained TiO2 electrodes for photo electrochem-
ical cells [45].

The photo-electrochemical activity of the electrode of carbon nanotubes (CNTs) attached
TiO2 nanoparticles has been investigated by Hsieh et al (2009). They have used chemi-
cal-wet impregnation method to deposit TiO2 particles onto the carbon nano tube surface
[46].

Sanchez & Rincon (2009) have prepared multi wall carbon nanotube/TiO2 composite films
by two different techniques, screen-printing and sol-gel dip coating method. They have
reported that dip coated films are more crystalline and compact in nature than the screen-
printed films [47].

A novel electrodeposited TiO2 nanotube array electrode has been sensitized using CdS
nanoparticles by Chen et al (2006). Highly ordered nanotube array was self-assembled by
them using the anodization process without the use of any templates [48]. 

Ma et al (2008) have synthesized a novel organic cyanine dye and sensitized TiO2 thin
films successfully with the dye. Upon adsorption on TiO2 electrode, the absorption spectra
of the cyanine dye got broadened relative to its respective spectra in acetonitrile and
ethanol mixture solution [49].

Kumara et al (2006) have used shisonin, malonylshisonin and cholorophyll natural dyes
extracted from shiso leaves to sensitize TiO2 based solar cells. This is the first successful
example of synergistic sensitization by dye cocktail extracted from a single natural resource 
[50].

Roy et al (2008) have prepared solar cells sensitized with rose bengal dye and obtained
an efficiency of 2.09% [51].

Wongcharee et al (2007) have fabricated dye sensitized solar cells using natural dyes ex-
tracted from rosella, blue pea and a mixture of the extracts. The efficiency of dye sensitized
solar cell sensitized with rosella extract was 0.70% and high when compared with the ef-
ficiency of blue pea extract and mixture of blue pea and rosella extract [52].

Whereas, Liu et al (2008) have reported higher efficiency by mixing xanthophyll and
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Literature Review

Dye sensitized solar cells (or Grätzel cells) were developed by Michael Grätzel and Brian
O'Regan in 1991 [6]. In contrast to the all-solid conventional semiconductor solar cells,
the dye-sensitized solar cell is a photo electrochemical cell; i.e., it uses a liquid electrolyte
or other ion-conducting phase as a charge transport medium. Unlike a silicon solar cell,
the task of light absorption and charge carrier transport are separated in a DSSC. Light is
absorbed by a sensitizer, which is anchored to the surface of a wide band-gap semicon-
ductor, such as titanium dioxide. Charge separation takes place at the interface via photo-
induced electron injection from the dye into the conduction band of the semiconductor.
Carriers are transported in the conduction band of the semiconductor to the charge col-
lector.

Review of Recent Works
Verma et al (2005) have prepared nanocrystalline TiO2 thin films by sol-gel spin coating
method. They have reported about the influence of aging of the sol and annealing tem-
perature on the structural, optical and electrochemical properties of the sol-gel derived
TiO2 films [37].

Kuznetsova et al (2007) have prepared nanocrystalline TiO2 thin films by sol-gel spin coat-
ing and dip coating method using polyethylene glycol as an additive. They have reported
about the effect of several parameters such as PEG concentration, withdrawal speed and
method of heat treatment on the film morphology [38].

Saini et al (2007) have prepared nanocrystalline TiO2 thin films on glass and silica sub-
strates by sol-gel dip coating method. They have reported that the as-deposited films are
found to be amorphous and also contain hydroxyl and organic functional groups. Films
heated above 100°C do not contain hydroxyl and organic functional groups. They have
also reported that the density as well as refractive index of the films increases with increase
in annealing temperature [39].

Lee et al (2007) have fabricated dye sensitized solar cells using TiO2 coated multi-wall
carbon nano tubes (TiO2-CNTs) by sol—gel method. They have reported that the carbon
nano tubes have excellent electrical conductivity and good chemical stability and the
TiO2-CNTs cell with 0.1wt% of carbon nano tube content showed ~50% increase in con-
version efficiency [40]. 

Lee et al (2008) have modified the CdS/TiO2 quantum-dot sensitized solar cells by using
single-walled carbon nanotubes (SWCNTs). They have reported that the presence of
SWCNT layers on an ITO electrode increased the short-circuit current under the irradiation
condition and also reduced the charge recombination process under the dark condition.
The power conversion efficiency of CdS/TiO2 on ITO increased by 50% when used with
single wall carbon nanotubes and this has been attributed to the improved charge-collect-
ing efficiency and reduced recombination [41].

Nanocrystalline TiO2 films have been prepared by reactive sputtering on SnO2: F coated
glass substrates using different sputtering pressures by Hossain et al (2008) for the fabrica-
tion of dye-sensitized solar cells. The films were sensitized with a dye solution of chloro-
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that the conversion efficiency of the solar cell fabricated using the mixture of red-cabbage
and curcumin is 0.6% [61].

Hao et al (2006) have prepared dye-sensitized solar cells using natural dyes extracted from
black rice, capsicum, erythrina variegata flower and rosa xanthina. Out of the extracts of
fruit, leaves and flowers chosen, the black rice extract exhibited the best photosensitization
effect, which was due to the better interaction between the carbonyl and hydroxyl groups
of anthocyanin molecule in black rice extract with the surface of porous TiO2 film. Dye
sensitized solar cells fabricated using nanocrystalline TiO2 particles sensitized with com-
mercially available ruthenium based dyes have achieved a significant energy conversion
efficiency up to 11% [62]. 

Due to high cost of ruthenium complexes and the scarce availability of the noble metals,
investigation on low cost, readily available dyes as efficient sensitizers for dye sensitized
solar cells has been expedited but still remains a scientific challenge (Tennakone et al
1997 [63], Senadeera et al 2005 [64], Yamazaki 2007 [58]). Twenty natural dyes, extracted
from natural materials such as flowers, leaves, fruits, traditional Chinese medicines, and
beverages, were used as sensitizers to fabricate dye-sensitized solar cells. The photo elec-
trochemical performance of the dye sensitized solar cells based on these dyes showed
that the open circuit voltage (Voc) varied from 0.337 to 0.689 V, and the short circuit pho-
tocurrent density (Jsc) ranged from 0.14 to 2.69 mAcm2.  Specifically, a high Voc of 0.686V
was obtained for the solar cell which was sensitized using the dye extracted from man-
gosteen pericarp (Zhou et al 2011) [65]. 

Solar cells were prepared using TiO2 and ZnO nanostructured, mesoporous films sensitized
with annatto, bixin, and norbixin dyes extracted from achiote seeds (Bixaorellana L) by
Gomez-Ortiz et al (2010). Best results were obtained for bixin-sensitized TiO2 solar cell
with efficiency up to 0.53% [66]. 

Zhang et al (2008) have prepared solar cells sensitized using natural betalain pigments
extracted from red beet root. The betanin-sensitized film when employed in a dye-sensi-
tized solar cell gave a maximum photocurrent of 2.42 mA/cm2 and open-circuit photo-
voltage of 0.44V in the presence of methoxypropionitrile containing I /I3 redox mediator
[67].

Sandquist & McHale et al (2011) extracted betanin pigments from beet root using improved
separation techniques and obtained efficiency as high as 2.7%. This is the highest effi-
ciency recorded for a dye sensitized solar cell containing a single unmodified natural dye
sensitizer. They have also suggested ways to extend the lifetime of these solar cells [68].

Saelim et al (2011) have used natural bentonite clay semiconductor as a potential electrode
for dye-sensitized solar cell. They have prepared solar cells using dyes extracted from red
cabbage, rosella, and blue pea. The results showed that the clay semiconductor provided
a higher surface area but a slightly lower efficiency than the pure TiO2. The best natural
sensitizer was found to be the dye extracted from red cabbage [69].

Raturi & Fepuleai (2010) have used anthocyanin dye extracted from hibiscus flowers for
solar cell applications [70].

Patrocínio et al (2009) investigated the stability of the devices based on natural dyes ex-
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cholorophyll natural pigments obtained from different plants. This indicates that the mixed
pigment shows synergistic effect in the energy transfer of the mesoporous TiO2 solar cells
[53].

Chang et al (2010) have used spinach extract, ipomoea leaf extract and their mixed extracts
as natural dyes for the fabrication of dye-sensitized solar cells. They have investigated the
influence of temperature of natural dye and the influence of pH value of the dye solution
on the absorption spectra of the prepared natural dye solutions, and the influence of these
two factors on the photoelectric conversion efficiency of dye sensitized solar cells. The
efficiency of the dye sensitized solar cell sensitized with ipomoea leaf extract was 0.318%
for the dye with pH value of 1.0 [54].

Adje et al (2008) have prepared water-extracts from Delonixregia plant. They have re-
ported that the extract is in reddish colour due to the presence of anthocyanin and when
compared with other anthocyanins, cyanidin-3-glucoside is the major anthocyanin in these
extracts. The solar cell constructed using the Eugenia Jambolana sensitized TiO2 photo-
electrode exhibited a short-circuit photocurrent of 1.49 mA and a power conversion effi-
ciency of 0.5% [55].

Penta methyl cyanine derivative, trimethylcyanine derivative and their mixtures have been
used as sensitizers in nanocrystalline TiO2 solar cells by Guo et al (2005). They have re-
ported a photo electric conversion yield of 3.4% [56].

Calogero & DiMarco et al (2008) have prepared dye-sensitized TiO2 solar cells in which
TiO2 electrode was sensitized using red Sicilian orange juice (Citrus Sinensis) and the pur-
ple extract of eggplant peels (Solanum Melongena). The best solar energy conversion ef-
ficiency =0.66% was obtained for TiO2 sensitized using red orange juice dye [57].

Dye-sensitized solar cells have been assembled by using natural carotenoids, crocetin and
crocin (crocetin-di-gentiobioside), as sensitizers and their photo electrochemical properties
have been investigated by Yamazaki et al (2007). Crocetin sensitized cell exhibited the
best photo electrochemical performance among the two carotenoids; the photoelectric
conversion efficiency of dye sensitized solar cells sensitized with crocetin is 0.56% which
is three times more than that of crocin whose efficiency was 0.16% [58].

A novel organic cyanine dye containing tri-phenyl amineeb enzothiadiazole dye has been
synthesized and used to sensitize TiO2 by Ma et al (2008).The efficiency of the cyanine
dye sensitized solar cell was 7.62% with JSC = 22.10mA cm-2, VOC = 0.54V and fill factor
= 0.48 under irradiation with 75mWcm-2 white light from xenon flash lamp [59].

Yang et al (2008) have prepared rough and mesoporous TiO2 spheres using triblock
copolymers as templates at different temperatures. It was found that the chain length and
initial temperature strongly influenced the nucleation, growth and conglomeration of the
initial TiO2 particles, and they have also reported that changing the experimental condi-
tions led to the production of TiO2 spheres with different morphologies and surface rough-
ness. The amorphous phase of the cauliflower like structure of as synthesized TiO2 particles
was converted into a pure anatase phase after calcination at 450°C for 30 min, with little
change in the morphology [60]. 

Various dye-sensitized solar cells have been prepared using natural dyes, such as the dye
of red-cabbage, curcumin and red-perilla by Furukawa et al (2009). They have reported
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that the conversion efficiency of the solar cell fabricated using the mixture of red-cabbage
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electrode for enhanced light harvesting and reduced electron recombination is being ex-
tensively researched as well [90-101].

Research Methodology
A systematic study was performed for preparing properties of nanocrystalline TiO2 thin
films and fabrication of natural dye sensitized TiO2 based solar cells. Semiconductor layer
deposition onto ITO glass was optimized. Besides, Rutile (TiO2crystal) was extracted from
the sand of Cox’s bazar sea beach. Various cell fabrication parameters were analyzed and
optimized successfully. Sensitizers were extracted from several sources. Targeted pigments
were isolated for enhancing electron conversion performance. Several dye extraction pa-
rameters like solvent types, solvent pH were optimized. Photovoltaic output for dye load-
ing condition onto photoanode surface was also explored. Various techniques for dye
preservation were accessed.

Extraction, Purification & Characterization of Natural Dye

Extraction of Natural Dye

1. Curcuma Longa
Firstly, turmeric was washed carefully and peeled off. Raw and dry turmeric was employed
separately as sensitizer sources. Peeled turmeric was crushed by mortar pestle using var-
ious solvent such as acetone, ethanol and methanol separately. Then the extract was fil-
trated and used as raw sensitizer source. For preparing dry sensitizer, turmeric was finely
sliced and kept for complete drying in absence of sun light. This dried turmeric was then
weighted and immersed in different solvents separately to investigate the effect of dye ex-
tracting solvent types. Ratio between turmeric to solvent was 1:10. After 1 to 1.5 hours,
these solvent extracts were filtered and collected for application. Dried turmeric dissolved
in methanol exhibited the best output amongst all solvent. So this entity was considered
for noticing the impact of solvent pH variation. Effect of pH (3.5, 4, 5.3, 6.7, 10.6 and
11.6) on dye extraction was investigated by adjusting the pH using requisite amount of
acetic acid and NaOH respectively.

35

Curcuma Longa

tracted from mulberry, blue berry and jaboticaba’s skin. Dye sensitized solar cells prepared
with aqueous mulberry extract presented the highest PMAX value = 1.6mWcm2 with Jsc =
6.14mAcm2 and VOC = 0.49V. Also they have continuously evaluated the stability of the
photo electrochemical parameters of 16cm2 active area device sensitized by mulberry
dye. The cell remained stable even after 36 weeks with a fairly good efficiency. Therefore,
mulberry dye opens up a perspective of commercial feasibility for inexpensive and envi-
ronmentally friendly dye sensitized solar cells [71].

Chang & Lo (2010) have used dyes extracted from pomegranate leaves and mulberry fruits
in 11μm thick TiO2 film dye-sensitized solar cells. According to experimental results, the
conversion efficiency of the dye sensitized solar cells prepared by chlorophyll dyes from
pomegranate leaf extract was found to be 0.597%, with open-circuit voltage VOC of 0.56
V, short-circuit current density JSC of 2.05mA/cm2, and fill factor (FF) of 0.52. The conver-
sion efficiency of the dye sensitized solar cells prepared using anthocyanin dye from mul-
berry extract was found to be 0.548%, with VOC of 0.555 V and JSC of 1.89 mA/cm2 and
FF of 0.53. The conversion efficiency was observed to be 0.722% for chlorophyll and an-
thocyanin dye mixture sensitized solar cells, with VOC of 0.53 V, JSC of 2.8 mA/cm2 and FF
of 0.49 [72].

T S Senthil et al (2011) have prepared nanocrystalline TiO2 thin films of anatase phase.
They have fabricated TiO2 based solar cells sensitized with natural dye extracted from Eu-
genia Jambolana and Delonix Regia and have reported an efficiency of 0.55% and 0.317
% respectively [73].

Thambidurai et al (2013) have prepared ZnO nanorods and sensitized the nano rods with
dye extracted from beetroot and onion leaves and obtained an efficiency of 0.55% [74].

Al-Bat’hi et al (2013) have constructed dye sensitized solar cells by using Lawsonia inermis
leaves, rhus fruits, and curcuma longa roots as natural sensitizers for anatase nanocrys-
talline TiO2 thin films coated on ITO glass plates. The orange-red lawsone, red purple an-
thocyanin and yellow curcumin were the main components in the natural dye obtained
from these natural products. The photovoltaic properties of the cell have been studied and
the best overall solar energy conversion efficiency of 1.5% was obtained for red purple
rhus extract which showed a current density JSC = 0.9 mA/cm2 [75].

Abdou et al (2013) used dye extracted from rosella, remazole Red RB-133 and mero-
cyanin-like dye based on 7-methyl coumarin to act as sensitizers in dye-sensitized solar
cells. Dye sensitized solar cells were fabricated using TiO2 based photo electrodes and
their conversion efficiency was 0.27%, 0.14% and 0.001% for the anthocyanin, RR and
coumarin dyes, respectively. The stability results favor selecting anthocyanin as a promis-
ing sensitizer candidate in dye sensitized solar cell based on natural products [76].

To obtain maximum electron conversion performance, dye sensitized solar cell research
community around the globe are continually trying to optimize the several working pa-
rameters. For example, semiconductor layer thickness onto TCO [77-79] and its annealing
condition [80-82] have dramatic impact on photovoltaic response which had explored
by several academicians. Additionally, the quality of sensitizer directly controls the photon
harvesting ability. So several dye extraction parameters from natural sources are also ex-
tensively being researched [83-89]. Surface modification of semiconductor layer of photo
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Carissa Carandas:10 ml solvent. Then the dye was collected by squeezing the pulp using
a cloth.

3. Syzygium Cumini (Jamun fruit)
In this study, Jamun fruit dye was used. For dye extraction, the Jamun fruits were washed
properly with clean water to remove dust and dirt particles hence removing impurities.
The Jamun fruits were dried and then crushed in a clean dry mortar using a clean dry
pestle as is shown in the picture. The seeds were removed from the pulp during the crush-
ing and care was taken while crushing the fruits to prevent spillage of the juices from the
Jamun fruits.

The pulp was then taken in a clean dry beaker and soaked in solvent for extraction of the
dye for 1 hour in a dark, dry place. In this study, three different solvents (methanol, ethanol
and acetone) were used besides raw dye. In each of the three solvent cases after an hour
and for the raw dye, the pulp was then filtered using a clean piece of cloth to separate the
liquid from the pulp completely by squeezing the cloth as hard as possible. The extracted
liquid dye was then filtered using a “Whatman Filter” before using the dye for staining the
TiO2 electrodes.

4.Lagerstroemia Speciosa
Sensitizer was extracted from petals of Lagerstroemia Speciosa flower. Petals were sepa-
rated, cleaned and dried at 50°C for 20 min. Then the petals were immersed into various
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Rubus Fruticosus Crushed blackberry for dye extraction

Crushed jamun fruit pulps in different solvent

2. Carissa Carandas
For dye extraction, the Crissa Carandas were washed properly with clean water to remove
all dirt particles. After removing impurities, those were crushed in a clean dry mortar using
a pestle. Necessary care was taken while crushing the fruits so that the juice is not spilled
out of the mortar. The seeds are removed from the pulp. In this study, the dye was extracted
by soaking the crushed Crissa Carandas in four different solvents — ethanol, methanol, ace-
tone and isopropanol for 24 hours. The mixing proportion for the solvent and fruit was 1g
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Extraction of turmeric dye using different solvents

Preserved dye

Carissa Carandas
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5. Punicagranatum L.
Pomegranate fruits were collected from local market and washed with water and kept
them for a while in room temperature to remove the surface water. Then fruits were peeled
and seeds were separated and squeezed. Then extracted juice/ dyes were filtered using
nylon strainer and whatman filter paper. Water was added with juice at 1:9, 2:8, 3:7, 4:6,
5:5, 6:4, 7:3, 8:2, 9:1. Also water: methanol and water: ethanol mixed with juice at 2:3
and 3:2 ratios. Then dye solution stored in dark bottle covered with aluminum foil paper
and kept in refrigerator at 4°C.

Purification of Natural Dye

Thin layer chromatography (TLC)
Thin layer chromatography (TLC) is a method for analysing mixtures by separating the
compounds in the mixture. TLC can be used to help determine the number of components
in amixture, the identity of compounds, and the purity of a compound. By observing the
appearance of a product or the disappearance of a reactant, it can also be used to monitor
the progress of areaction.

TLC consists of three steps - spotting, development, and visualization. First, the sample to
be analysed is dissolved in a volatile (easily evaporated) solvent to produce a very dilute
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Punicagranatum L.

Effect of solvents’ pH

solvents. Acetone, isopropanol, ethanol, methanol employed separately to observe the ef-
fect of diverse polarity having protic and aprotic solvents. Petal to solvent ration was 1:10.
For concentration variation materials to solvent ratios were kept as 1:2, 1:4, 1:6, 1:8, 1:10,
1:12, 1:15 and 1:20. After 1.5 hours, these solvents’ extracts were filtered and collected
for application. Petals dissolved in ethanol (1:10) was exhibited best output amongst all
solvents. So this entity was considered for evaluating the impact of solvent pH variation.
Effect of pH (3.3, 4.8, 5.3, 6.7, 10.3 and 11.6) on dye extraction was investigated by ad-
justing the pH using requisite amount of acetic acid and NaOH respectively.
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Crushed jamun fruit pulps in different solvent

Lagerstroemia Speciosa
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Preparation of TLC plate
5g of silica gel and 7.5g of calcium sulphate was weighted and mixed very well in a mortar
pestle. 10 mL of water was added into the mixture and grinded to make slurry for 5 min-
utes. Then the slurry was applied, using a dropper, onto the glass sheet which was previ-
ously cleaned with acetone. It was ensured that there is no bubble on the glass after
applying the slurry. The glass sheet was allowed to dry at room temperature and then ac-
tivated by heating at 120°C in an oven for 30 minutes. 

Dye Extraction
Amaranthus Gangeticus Linn
For the purification of natural dye, Amaranthus Gangeticus Linn (red amaranth) dye was
used. For dye extraction, firstly it was washed properly with clean water to remove dust
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Fabricated TLC plate in AERE laboratory

(about 1%) solution. Spotting consists of using a micro pipette to transfer a small amount
of this dilute solution to one end of a TLC plate, in this case a thin layer of powdered silica
gel that has been coated onto a plastic sheet. The spotting solvent quickly evaporates and
leaves behind a small spot of the material.

Development consists of placing the bottom of the TLC plate into a shallow pool of a de-
velopment solvent, which then travels up the plate by capillary action. As the solvent trav-
els up the plate, it moves over the original spot. A competition is set up between the silica
gel plate and the development solvent for the spotted material. The very polar silica gel
tries to hold the spot in its original place and the solvent tries to move the spot along with
it as it travels up the plate. The outcome depends upon a balance among three polarities
— that of the plate, the development solvent and the spot material. If the development sol-
vent is polar enough, the spot will move some distance from its original location. Different
components in the original spot, having different polarities, will move different distances
from the original spot location and show up as separate spots. When the solvent has trav-
eled almost to the top of the plate, the plate is removed, the solvent front marked with a
pencil, and the solvent allowed to evaporate.

Visualization of coloured compounds is simple — the spots can be directly observed after
development. Because most compounds are colourless, however, a visualization method
is needed. The silica gel on the TLC plate is impregnated with a fluorescent material that
glows under ultraviolet (UV) light. A spot will interfere with the fluorescence and appear
as a dark spot on a glowing background. While under the UV light, the spots can be out-
lined with a pencil to mark their locations.

Retention factor (Rf)
Rf value is calculated for identifying the spots. It is the ratio of the distance travelled by
the solute to the distance travelled by the solvent front. Its value is always between 0 and
1, but ideal value ranges from 0.3 to 0.8. Rf value is constant for every compound in a
particular combination of stationary and mobile phase.
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separately by adding more solvent at the top. Distillation or evaporation of the solvent
from the different fractions gives the pure components.

Liquid-liquid Separation
Lal shak (red amaranth) was collected from local market and washed in tap water. Then it
was cut into small pieces and kept into a beaker. 50 ml water was added with 150g lal
shak into the beaker. Then the beaker was covered with aluminum foil paper and put in
a water bath at 60°C for 1 hour. After that it was allowed to cool down at room tempera-
ture. Then the liquid part was poured on a clean white cloth and separated from the solid
part by squeezing the cloth and collected into another beaker. Then chloroform was added
with the liquid part at 1:1 ratio into a separating funnel. It was shacked for 10 minutes to
mix chloroform and the juice very well. Then the funnel was kept in rest using a stand.
After sometime, it was noticed that there were two layers into the funnel.
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and dirt particles from it and then dried for few minutes at room temperature. After that it
was crushed in a mortar pestle with small amount of acetone. The resulting paste was then
kept in a clean white cloth and filtered by squeezing the cloth as hard as possible.

Column Chromatography
Crude dye is purified into different separated pigment by using column chromatography.
Column chromatography is one of the most useful methods for the separation and purifi-
cation of both solids and liquids. This is a solid — liquid technique in which the stationary
phase is a solid and mobile phase is a liquid. The principle of column chromatography is
based on differential adsorption of substance by the adsorbent.

The adsorbent is made into slurry with a suitable liquid and placed in a cylindrical tube
that is plugged at the bottom by a piece of glass wool or porous disc. The mixture to be
separated is dissolved in a suitable solvent and introduced at the top of the column and is
allowed to pass through the column. As the mixture moves down through the column, the
components are adsorbed at different regions depending on their ability for adsorption.
The component with greater adsorption power will be adsorbed at the top and the other
will be adsorbed at the bottom. The different components can be desorbed and collected
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Curcumin possess a maximum absorption band from 350 to 500nm under visible range.
It has peak values at 440, 448 and 456nm for acetone, ethanol and methanol respectively.
The intensity of absorption and absorbance increases simultaneously as we go from ace-
tone to methanol. Curcumin remains as keto and enol form in solvent as tautomer. It has
two feruloyl parts which contain phenolic group and conjugated double bond [42]. There
is an electrostatic interaction between polar solvent and polar chromophore (solute) in
curcumin molecule [43-44]. Polar solvent forms hydrogen bond with solute [45]. It tends
to stabilize both ground state excited state. The first excited state of curcumin was highly
polar due to intermolecular charge transfer from the phenyl ring towards the carbonyl
moiety [46]. The energy gap between ground state and excited state is greater due to the
presence of polar solvent. It causes n→ᴨ* transition which occurs at lower energy and
ᴨ→ᴨ* transition which occurs at higher energy. ᴨ→ᴨ* transition is responsible for the ab-
sorption band in the visible range. The maximum absorption is due to the electronic dipole
allows electron delocalization through the whole molecule in enolic form which causes
energy decrease in ᴨ→ᴨ* transition that means it shifts ᴨ→ᴨ* transition to longer wave-
length. So the absorption band appears at the lower energy than in ketone form in which
there is no interaction between two feruloyl parts (figure 8) [47].  Acetone is aprotic where
ethanol and methanol are protic. Electron exchange efficiency order of fabricated solar
cell was recorded as methanol>ethanol>acetone (table 1). Alteration of photovoltaic re-
sponse liable for different polarity and viscosity for engaged solvents. Viscosity of solvents
controls the mass transfer curcumin molecule onto photo electrode by diffusion and thus
alters dye adsorption%. Polarity essentially controls amphiphilicity of the dye molecule
through micro phase separation of curcumin from turmeric root and diffusion of curcumin
onto TiO2 surface of photo electrode. Methanol (0.507 cP) was accounted as more profi-
cient by this way as compared to ethanol (0.983 cP) and acetone (0.036 cP) [7]. 

Characterization of Carissa Carandas using UV spectroscopy 
It is found that dyes extracted by water of room temperature and boiling water both have
absorption peak at 680nm (Fig. A & B) corresponds to the energy of 1.83 eV and another
higher absorption peak is 520nm corresponds to the energy of 2.39 eV. Again, dyes ex-
tracted by ethanol, methanol, and acetone have absorption peak at around 665nm (Figures
C, D, & E) corresponds to the energy of 1.87 eV and another higher absorption peak at
around 430nm correspond to the energy of 2.89 eV. The energy associated with the longer
wavelengths corresponds to lower energies are not sufficient to overcome the band-gap
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UV-visible spectroscopy
Ultraviolet-visible spectroscopy refers to absorption spectroscopy or reflectance spec-
troscopy in the ultraviolet-visible spectral region. Absorption spectroscopy refers to spec-
troscopic techniques that measure the absorption of radiation. Ultraviolet and visible
(UV-Vis) absorption spectroscopy is the measurement of the attenuation of a beam of light
after it passes through a sample or after reflection from a sample surface. Ultraviolet (UV)
light is electromagnetic radiation with a wavelength shorter than that of visible light, but
longer than X-rays, in the range 10nm to 400nm. The visible spectrum is the portion of
the electromagnetic spectrum that is visible to (and can be detected by) the human eye,
in the range of 390 to 750nm. This means that UV spectrophotometry uses light in the vis-
ible and nearby (near-UV and near-infrared (NIR)) ranges. Absorbance is directly propor-
tional to the path length, b, and the concentration, c, of the absorbing species. Beer's Law
states that

A = ebc

where e is a constant of proportionality, called the absorptivity.

UV-visible spectroscopy is a method of determining which wavelength (colours) of visible
light a sample absorbs or emit. This application requires at least a portion of spectrum for
characterization of optical or the electrical properties of materials. In this experiment, we
use T- 60 UV-visible spectrometer (PG electronics, UK) for the purpose of measuring ab-
sorbance.

The process is described below:
1. The sample solutions should be homogeneous and stable. So before we run the samples,
the solutions should be filtered.

2. Then the sample solution is put into a vial which is specially used for the UV-visible
spectrometer. The standard volume of the vial is about 3ml.

3. After starting the computer and spectrometer, the sample is put in the spectrometer and
the absorbance is recorded in computer.
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Moreover, in acidic condition, the fabricated cell efficiency was also improved. On the
other hand, alkaline condition of dye solvent has adverse impact on both of dye stability
and cell efficiency. 

Process Flow Chart of Drying
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of P25 (3.1eV) which has been used on photoanode as semiconductor oxide. So, it can
be assumed that extracted dyes having absorption peak of longer wavelengths will not be
a good sensitizer.

On the other hand, the energy associated with the absorption peak (430nm) of ethanol,
methanol, and acetone extracted dyes were near similar to the band gap energy of Degussa
P25. So, mostly the energy associated with second absorption peaks are responsible for
the transition of electron from the highest occupied molecular orbital (HOMO) to the low-
est unoccupied molecular orbital (LUMO). Though ethanol, methanol, and acetone ex-
tracts showed almost same absorption peaks but from the table it was found that acetone
extract showed maximum cell efficiency which suggested that the pigment which respon-
sible for the peak around 430nm in acetone extract have higher electron splitting ability
compared to the pigments of ethanol and methanol extract.

Extraction of Pure Rutile (TiO2) From Native Natural Resource
(e.g. Sand of Cox’s Bazar sea beach)
Sand was collected from Cox’s Bazar sea beach and raw TiO2 was separated by the nuclear
minerals department of BAEC. Purification of the extracted TiO2 was carried out in our
laboratory using various attempts. Then the studies were conducted to optimize different
working process parameters like annealing temperature, time, etc. Still now optimization
process is under process but promising results were already noticed. Hopefully, all physical
and chemical properties of extracted rutile in our lab will be attained as like as commer-
cially available within near future.

Development of Suitable Techniques for Preservation of Natural Dye
Natural dyes are readily prone to microbial attack, photo catalytic degradation, hydrolysis
etc. Additionally, determination of per unit volume of dye is also rushed for smooth work-
ing. So, optimum preservation process is one of the most significant issues for natural dye
related work. In fact, preservation of natural dye is also a challenging task as well. For pre-
serving natural dye solvent pH and drying process was employed. 

Effect of pH was noticed for both acidic and alkaline condition. For acidic condition, dyes
were stable up to 5-7 days in ambient environment. Quality of dye was also unchanged.
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Varied thicknesses of TiO2 coating were appeared for different doctoral blade techniques
and binder amounts variation using 3, 4 and 5mL citric acid (0.1M) solution. The thickness
of TiO2 layer was measured by surface profilometer, Decta 150, USA.

Dye Extraction
Firstly, turmeric was washed carefully and peeled off. Raw and dry turmeric was employed
separately as sensitizer sources. Peeled turmeric was crushed using mortar pestle using
various solvent such as acetone, ethanol and methanol separately. Then the extract was
filtrated and used as raw sensitizer source. For preparing dry sensitizer, turmeric was finely
sliced and kept for complete drying in absence of sun light. This dried turmeric was then
weighted and immersed in different solvents separately to investigate the effect of dye ex-
tracting solvent types. Ratio between turmeric to solvent was 1:10. After 1 to 1.5 hours,
these solvents extracts were filtered and collected for application. Dried turmeric dissolved
in methanol was exhibited best output amongst all solvent. So this entity was considered
for noticing the impact of solvent pH variation. Effect of pH (3.5, 4, 5.3, 6.7, 10.6 and
11.6) on dye extraction was investigated by adjusting the pH using requisite amount of
acetic acid and NaOH respectively.

Cell Preparation
The annealed TiO2 film (about 10cm2) was immersed in 15ml dye for one hour. Photo an-
odes were impregnated into dye solution for 30, 60, 90 and 120 minutes respectively to
access optimal dye loading period. Then the film was dried in an oven at 60°C for 10 min-
utes. Another carbon coated (candle tip) ITO glass was engaged for counter electrode.
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Micro probe ultra sonicator machine

Among the above two processes, drying action degrade the dye molecules i.e. reduces
the electron conversion performance. So, acidic pH was proficient option for preserving
dye. 

Optimization of Various Process Parameters

2.1. Materials 
Citric acid (C6H8O7), Acetic acid (CH3COOH), Sodium hydroxide (NaOH), TiO2 (Degussa
P25), Triton X 100 (C8H17C6H4(OCH2CH2)nOH), Polyethylene glycol (PEG), Titanium IV
Isopropoxide, Acetone (C3H6O), Ethanol (C2H6O), Methanol (CH4O), Potassium iodide
(KI), Iodine (I2) were procured from Merck, Germany. Indium doped tin oxide (ITO) glass
and meso porous TiO2 (Degussa P25) collected from Dyesol, Australia. All chemicals were
analytical grade and used without any further purification.

Methods
TiO2 film fabrication
ITO Electrodes were immersed into sodium dodecyl sulphate (SDS) for cleaning. ITO
glasses were the sonicated using microprobe sonicator. TiO2 nano-crystalline semicon-
ductor film was deposited onto ITO glass surface according to our previous work [77].
Briefly, requisite amount of Degussa P25, citric acid, PEG, and Triton X-100 and Titanium
IV Isopropoxide were mixed homogeneously to prepare nanocrystalline TiO2 semicon-
ductor slurry. The prepared slurry was deposited onto the ITO glass surface by doctoral
blade technique employing glass rod and annealed at 450°C in a muffle furnace. Thick-
nesses of the deposited films were ranging from 12 to 15 µm. Prepared slurry was deposited
onto the FTO glass surface by doctoral blade technique employing glass rod and NT cutter
blade and sintered at 450°C in a muffle furnace. To observe the effect of annealing TiO2
coated films were annealed for 1 hour at 350, 400, 450, 500 and 550°C respectively.
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marked by keeping 25000x magnifications. EDS spectra were kept within the area of 2
mm for identifying the specific elements like Ti and O and their proportion. 

For taking EDS spectrum, parameters setting such as energy level, magnification, spec-
trometer take-off angle, live time, amp time and spatial resolution were kept as 20kV, 10,
33.1, 50s, 7.68µs and 123.9eV respectively. Functional groups liable for bonding between
TiO2 and dye molecules were determined using PerkinElmer Spectrum II FTIR spectropho-
tometer, UK. 

The fabricated DSSC was illuminated under 100 mW/cm2 radiation from a handmade
solar simulator for assessing the photovoltaic response. The overall solar energy to elec-
tricity conversion efficiency of a solar cell is defined as the ratio of the maximum output
of the cell divided by the power of the incident light. It can be calculated by using the

51

SEM machine

FTIR machine 

Potassium iodide and iodine was mixed in ethylene glycol for preparing electrolyte solu-
tion. Photoanode and counter electrode were then combined together and electrolyte so-
lution was added drop wise between the arrangements to regenerates the dye molecules. 

Characterization & Measurement
Physical and optical phenomena of dye i.e. turmeric extract in different solvents was cal-
culated by the absorption spectra using UV-Visible Spectrometer (T-60 UV-Visible Spec-
trometer, PG Electronics, UK). Surface morphology and elementary composition of
annealed TiO2 surface and dye molecule distribution onto TiO2 thin film was observed
employing scanning electron microscope (SEM) with energy dispersive X-ray spectropho-
tometer (EDS) (Model No. EVO 18, Carl Zeiss, Germany). SEM photographs were ear-
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SEM machine

FTIR machine 

Potassium iodide and iodine was mixed in ethylene glycol for preparing electrolyte solu-
tion. Photoanode and counter electrode were then combined together and electrolyte so-
lution was added drop wise between the arrangements to regenerates the dye molecules. 

Characterization & Measurement
Physical and optical phenomena of dye i.e. turmeric extract in different solvents was cal-
culated by the absorption spectra using UV-Visible Spectrometer (T-60 UV-Visible Spec-
trometer, PG Electronics, UK). Surface morphology and elementary composition of
annealed TiO2 surface and dye molecule distribution onto TiO2 thin film was observed
employing scanning electron microscope (SEM) with energy dispersive X-ray spectropho-
tometer (EDS) (Model No. EVO 18, Carl Zeiss, Germany). SEM photographs were ear-
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equation [32] given below:         

Efficiency,
η = (Voc×Jsc×FF)/Pin …………….. (Eq. 1)

Where, Voc = open circuit voltage, Isc = short circuit current, FF= fill factor =
(Vmax×Jmax)/(Voc×Jsc) and   Pin = input power. 

The determination of the optical energy gap of dye absorbed by TiO2 surface is considered
by using formula of Eq. 2 [102]. Where h is the Planck’s constant, v is the frequency, λ is
the wavelength and c is the speed. The numerical values of the symbols are h = 6.63 x
10-34 Js, c = 3.0 x 108 m/s, 1eV = 1.60 x 10-19 J and E stands for photon energy or optical
energy gap.

E= hv= hc/λ…………………… (Eq. 2)

The absorption coefficient determines how far into a material, light of a particular wave-
length can penetrate before it is absorbed [102]. The absorption coefficient of the respec-
tive wavelengths is obtained by the division of the absorbance with the wavelength shown
in (2) using K Boltzmann constant.

Absorption coefficient= 4πk/λ……………….(Eq. 3)

Dye adsorption% was determined from the dye concentration difference by using formula
of Eq. 4. Where Co is the initial concentration and C is the concentration after certain pe-
riod.

Dye adsorption%= (Co-C)/Co×100………………… (Eq. 4)
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Operation of digital wall watch by our fabricated DSSC

Optimization of Dye Extraction Parameters & Its Loading onto Photo-Anode
on The Performance Of Natural Dssc

Results & Discussion
Surface morphology and energy dispersive spectroscopy (EDS) of TiO2 electrode
SEM photographs of figure 9 depict the distribution of dye molecule (b) of TiO2 thin films
annealed at 450°C (a). Images are signifying the formation of nanosized smooth grains all
over the surface with meso-sized pores. The nucleation and conjoining of small particles
leads formation of such type porous structure [103]. The meso-sized holes of the TiO2 film
lead higher adsorption of dye molecules and also favour the penetration of electrolyte into
the TiO2 film. Therefore, photo b (fig. 9) expressing almost pore free surface after one hour
impregnation of TiO2 thin film into turmeric dye solution. 

Figure 10 (a) and 10 (b) depicts the EDS spectrum of TiO2 film before and after dye ad-
sorption respectively. Here, Y and X axis denotes the counts (number of X-ray received
and processed by the detector) and energy level of those counts respectively. 
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In case of oxygen, all parameters of table 1 is higher for dye adsorbed TiO2 film as com-
pared to dye free TiO2 film except atomic number effect Z. Reverse scenario appeared for
titanium, without R, A and F value. Within the examined area (2mm), in case of dye ad-
sorbed TiO2 film, the weight of oxygen is increased by 2.4%. In contrast, the proportion
of titanium is decreased by 2.04%. This is also confirmed from the fluctuation of net in-
tensity of titanium (62.7 to 64) and oxygen (6.8 to 7.4).

The adsorption of turmeric dye molecules onto the TiO2 surface increases the sample den-
sity. X-ray spatial resolution (R) mostly relies on density of the sample [107]. So the value
of R is higher for dye adsorbed TiO2 film for oxygen and titanium simultaneously. 

Dye molecule imparts more oxygen onto the TiO2 surface. Consequently, X-ray beam en-
ergy will be more absorbed by additionally bounded oxygen electron to its nucleus. The
absorption and fluorescence of X-ray was amplified for dye molecule adsorbed TiO2 film
due to increment of density, which is also endorsed the Beer’s law as well [105]. 

FT-IR Characterization
Figure 11 depicts the IR spectra of (I) TiO2 and (II) dye adsorbed TiO2. Binding between
TiO2 and curcumin molecule depicts in figure 5. Two broad bands at 657.96 and 547.13
cm-1 attributed to Ti-O stretching and Ti-O-Ti bridging stretch modes [107]. C-O stretching
appeared at 1124.2, 1326.8 and 1407 cm-1 for alkoxy, phenol and alcohol respectively
[108]. Stretching of titanium carboxylate appeared at 1632.5 and 1636.3 cm-1 [109]. The
conjugation of carbonyl bond (C=O) with two aromatic rings was accompanied by a small
shoulder at 1716 cm−1 for Keto-enol tautomerism of curcumin compound (figure 6). Two
broad bands at 3424.8 and 3447.8 cm-1 are for H bonded —OH, for H2O uptake [107]
and vibration of free hydroxyl group of phenol (Ar-OH) and alcohol (R-OH) [110].

UV-visible Spectroscopy 
Figure 12: UV-visible absorption spectra of turmeric extract using acetone, ethanol and
methanol
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In both cases, the spectrum indicates the emitted X-rays within K and L series which signify
the presence of intermediate elements onto TiO2 film surface. For both TiO2 film and
turmeric dye adsorbed TiO2 film, oxygen showed Kα1 line where titanium exhibited Lα,
Kα and Kβ1 line respectively. The K-shell electron is nearer to the nucleus and more snugly
bound since the binding energy for a K-shell electron is greater than that of an L-shell elec-
tron [104]. 

Consequently, sufficient energy of incident beam to excite the K-shell is also capable of
exciting the L-shell as well. Thus, for each cases Kα, Kβ and Lα line appeared simultane-
ously in the spectrums. The count (X axis) of Kβ is approximately one tenth of Kα. X-rays
of K and L series direct the presence of dye molecule as minor component. The existence
of turmeric dye molecule upturns the oxygen content. Therefore, the dye adsorbed TiO2
film exhibited higher counts of oxygen and lower counts of titanium [105].

EDS weigh% can be clarified smoothly by using eZAF smart quant results. ZAF terms a
procedure in which corrections for atomic number effects, x-ray absorption and x-ray flu-
orescence are considered separately from pertinent physical models [106]. Effect of dye
molecule adsorption is recorded in table 1 for TiO2 electrode before and after dye adsorp-
tion by ZAF. 
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tends to stabilize both ground state excited state. The first excited state of curcumin was
highly polar due to intermolecular charge transfer from the phenyl ring towards the car-
bonyl moiety [115]. The energy gap between ground state and excited state is greater due
to the presence of polar solvent. It causes n→ᴨ* transition which occurs at lower energy
and ᴨ→ᴨ* transition which  occurs at higher energy. ᴨ→ᴨ* transition is responsible for the
absorption band in the visible range. The maximum absorption is due to the electronic
dipole allows electron delocalization through the whole molecule in enolic form which
causes energy decrease in ᴨ→ᴨ* transition that means it shifts ᴨ→ᴨ* transition to longer
wavelength. So the absorption band appears at the lower energy than in ketone form in
which there is no interaction between two feruloyl parts (figure 6) [116].  Acetone is aprotic
where ethanol and methanol are protic. Electron exchange efficiency order of fabricated
solar cell was recorded as methanol>ethanol>acetone (table 1). Alteration of photo voltaic
response liable for different polarity and viscosity for engaged solvents. Viscosity of solvents
controls the mass transfer curcumin molecule onto photo electrode by diffusion and thus
alters dye adsorption%. Polarity essentially controls amphiphilicity of the dye molecule
through micro phase separation of curcumin from turmeric root and diffusion of curcumin
onto TiO2 surface of photo electrode. Methanol (0.507 cP) was accounted as more profi-
cient by this way as compared to ethanol (0.983 cP) and acetone (0.036cP) [102]. 

Effect of dye extracting solvent and nature of sensitizer on photovoltaic parameters
The calculated photovoltaic parameters are tabulated in table 2 for dissolved dry and raw
turmeric root in acetone, ethanol and methanol solvents. Sensitization of TiO2 film carried
out in solvent dye for 60 minutes. Curcumin dye in methanol was more proficient than
others. Electron conversion efficiency was observed as methanol>ethanol>acetone. Dry
turmeric extract exhibited about 60% better capability of photon to electron conversion
performance.  
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Curcumin possess a maximum absorption band from 350 to 500nm under visible range.
It has peaks values at 440, 448 and 456 nm for acetone, ethanol and methanol respec-
tively. 

The intensity of absorption and absorbance increases simultaneously as we go from ace-
tone to methanol. Curcumin remains as keto and enol form in solvent as tautomer. It has
two feruloyl parts which contain phenolic group and conjugated double bond [111]. There
is an electrostatic interaction between polar solvent and polar chromophore (solute) in
curcumin molecule [112-113]. Polar solvent forms hydrogen bond with solute [114]. It
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vestigation (Table 2 and table 3). So, requisite amount of acetic acid was used for obtaining
acidic pH 3.5, 4 and 5.3. The inherent pH of methanol was recorded as 6.7. For alkaline
pH 10.6 and 11.6 required quantity of NaOH was added.

Turmeric consists of curcumonids which have poor stability in light. Vanillin, vanillic acid,
ferulic aldehyde and ferulic acid are common degraded product of methanolic extracts of
turmeric after sunlight exposer [110]. For pH 3.5, 4, 5.3, 6.7, 10.6, and 11.6 the �max were
yielded as 423, 424, 426, 446, 453 and 467nm respectively. In the pH range 3.5-5.3, the
majority of diferuloylmethane species are in the neutral form which leads lower water sol-
ubility and solutions were seemed yellow [117]. Therefore, in acidic pH, the �max values
were lower. Curcumonids decomposes hastily at neutral or basic condition (pH>7). During
alkaline degradation of curcumonids, ferulic acid and feruloylmethane are formed initially.
Feruloylmethane is capable of forming a brownish-yellow condensation product readily.
So, for neutral or basic pH, the values of �max were higher [48].

�max controls the optical energy gap and absorption co-efficient (Eq. 2 and Eq. 3). Optical
energy gap indicates the gap between HOMO and LUMO. Typically, HOMO and LUMO
expresses the ability to donate and accept electrons. At alkaline pH, �max values were
greater i.e. narrower HOMO to LUMO gap found. But for instability of curcumonoids, in-
ferior photovoltaic response yielded. Accordingly, at basic condition due to higher value
of �max, absorption co-efficient was lower. Though lower absorption co-efficient consid-
ered for more photon absorption rather than penetration, but for sunlight instability worse
photo electrochemical output observed [102, 117]. 

Change in absorbance noticed at different pH values, though the turmeric to solvent ratio
was 1:10 for each case. Absorbance variation corresponds to the alteration of polarity
methanol due to addition of acetic acid. Acetic acid makes the methanol more polar which
boost the micro-phase separation of curcumonids from turmeric root [102]. In case of
acidic pH 3.5, 4 and 5.3 the �max values were almost same. Due to polarity variation, ab-
sorbance value increases gradually as we go from 5.3 to 3.5. The fabricated solar cell ef-
ficiencies were 0.191, 0.234, and 0.287% for pH 5.3, 4 and 3.5 respectively. Higher
absorbance value resembles higher curcumonids yield which assists in higher photon har-
vesting from sunlight.
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For dry turmeric, VOC were 37.14, 14.4 and 23.2%; JSC were 17.5, 2 and 36.9%; FF were
23.5, 44.8 and 20.5%; and η% were 60, 58.3 and 56.25% more than raw turmeric for
acetone, ethanol and methanol respectively. In case of raw turmeric, water content and
other compounds co-exists with curcuminoids. But in case of specific solvent extract of
dry turmeric, only favourable polar compound exists in the solution. So, per unit volume
of dry turmeric extract contains more curcuminoids percentage. Thus, overall better pho-
tovoltaic response appeared for dry turmeric than the raw turmeric. 

For solvent polarity variation, the intensity of absorption and absorbance increases simul-
taneously as we go from acetone to methanol. Methanol has more capability of micro
phase separation of curcumin from turmeric root for its higher polarity than ethanol and
acetone respectively. So, maximum absorption wavelength noticed at 440, 448 and
456nm for acetone, ethanol and methanol respectively.  Both amphiphilicity and diffusion
rate of curcumin was higher than other solvents as methanol has maximum polarity and
lower viscosity. So, dye of methanol exhibited 37.5% and 25% greater photon conversion
efficiency than acetone and ethanol respectively. Optical energy gap and absorption co-
efficient are inversely proportional to �max [Eq. 3] [102]. Optical energy gap and absorption
co-efficient% were 3.7% & 1.8% and 3.8% & 2.1% greater for acetone and ethanol re-
spectively as compared to methanol. For higher value of �max absorption co-efficient is
lower. So photon will be more absorbed onto dye adsorbed photoanode rather than pen-
etration. The higher value of �max is also responsible for narrower gap between HOMO
and LUMO which deliberate quicker excitation and subsequent injection process [102].
Closer gap between HOMO and LUMO expedite the quicker recombination of electron
as well. 

Effect of solvent pH on maximum absorption wavelength (�max), Optical band gap,
absorption co-efficient photo electrochemical response 
Effect of pH on dye extraction is presented in table 4 in terms of various optical and photo
electrochemical parameters. Dry turmeric and methanol exhibited best result in this in-
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Methanol is a polar protic solvent which leads accepting of proton from phenolic group
of curcumin at neutral pH and make the majority of dye molecules unstable after more
than 1 hour [110]. Additionally, more amount of chemisorbed dye hinder the electron
transfers from conduction band of TiO2 surface to electrolyte. Moreover, TiO2 is a prom-
ising catalyst for photo catalytic degradation of dye molecules [118]. Consequently, after
one hour impregnation the apparent photovoltaic response down turns for instability of
dye molecules. Table 5 depicts, maximum dye uptake % attain within one hour impreg-
nation period. Therefore, it is a time saving production process through faster anchoring
of sensitizer onto semiconductor surface by which drawbacks behind the dye stability will
be satisfied.  

Optimization of Photo Electrode Thickness & Annealing Temperature
on Natural Dye Sensitized Solar Cell

Effect of binder amount variation on TiO2 film thickness 
Effect of binder amount and coater types on TiO2 film thicknesses are depicted in figure
16. Addition of more amount of binder makes the slurry more dilute. 

For both types of coating application system, film thicknesses gradually decreased with
increment of binder amount in the slurry. Overall, higher film thickness appeared for NT
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For pH 3.5, 4, 5.3, 6.7, 10.6, and 11.6 VOC calculated as 533, 590, 550, 568, 527, and
730mV respectively. The value of VOC did not follow any successive order with acidity or
alkalinity. Roughly, it can be assumed that higher VOC appeared at alkaline condition in
most cases. Maximum VOC = 730 mV recorded for pH 11.6. 

Instead, JSC values raises with increased acidity level. For pH 3.5, the JSC values were
23.75, 32.25, 45.83, 60.67 and 78.25% greater than pH 4, 5.3, 6.7, 10.6 and 11.6 corre-
spondingly. Dye solution having pH 3.5 showed maximum electron turnover ability as JSC

value observed 1.2mA/cm2. Higher JSC value in lower pH corresponds to stability of cur-
cumonoids in acidic pH [118]. At neutral basic condition proton removed from curcum-
onids which leads degradation of dye molecules. Contrariwise, higher acidity introduces
conjugated diene structure that corresponds to prolong lifespan of curcumonids. Therefore,
curcumonids exhibited inferior photo electrochemical response at higher pH and vice-
versa [110]. 

Effect of dye loading period on photovoltaic response
Optimal photovoltaic response yielded for methanol. So, nano-structured TiO2 films were
impregnated into dye solution of methanol for observing dye adsorption%. Curcumonids
are adsorbed onto photoanode film surface by chemical sorption intends to introduce a
path between LUMO level and conduction band of TiO2 film via stronger electronic pair-
ing [28]. Photovoltaic parameters were noted for impregnation time 30, 60, 90 and 120
minutes respectively (table 4). 

At impregnation period 60 minutes, fabricated cell exhibited 37.5% better efficiency than
30 minutes dye loading. That indicates impregnation time and dye uptake onto porous
photo anode were directly dependent up to one hour. For 90 and 120 minutes lower cell
efficiency observed as 0.09% and 0.07 % separately. 

Dye uptake% was 4.47, 27.54, 11.84 and 13.53% for 30, 60, 90 and 120 minutes of im-
pregnation period respectively (table 5). Interestingly, better photovoltaic outcomes ob-
served within one hour. For 4.47% dye molecule adsorption%, η was 0.10% during 30
minutes immersion time. For 90 and 120 minutes, more adsorption% was recorded than
30 minutes but cell efficiency was decreased. 
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of sensitizer onto semiconductor surface by which drawbacks behind the dye stability will
be satisfied.  

Optimization of Photo Electrode Thickness & Annealing Temperature
on Natural Dye Sensitized Solar Cell

Effect of binder amount variation on TiO2 film thickness 
Effect of binder amount and coater types on TiO2 film thicknesses are depicted in figure
16. Addition of more amount of binder makes the slurry more dilute. 

For both types of coating application system, film thicknesses gradually decreased with
increment of binder amount in the slurry. Overall, higher film thickness appeared for NT
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For pH 3.5, 4, 5.3, 6.7, 10.6, and 11.6 VOC calculated as 533, 590, 550, 568, 527, and
730mV respectively. The value of VOC did not follow any successive order with acidity or
alkalinity. Roughly, it can be assumed that higher VOC appeared at alkaline condition in
most cases. Maximum VOC = 730 mV recorded for pH 11.6. 

Instead, JSC values raises with increased acidity level. For pH 3.5, the JSC values were
23.75, 32.25, 45.83, 60.67 and 78.25% greater than pH 4, 5.3, 6.7, 10.6 and 11.6 corre-
spondingly. Dye solution having pH 3.5 showed maximum electron turnover ability as JSC

value observed 1.2mA/cm2. Higher JSC value in lower pH corresponds to stability of cur-
cumonoids in acidic pH [118]. At neutral basic condition proton removed from curcum-
onids which leads degradation of dye molecules. Contrariwise, higher acidity introduces
conjugated diene structure that corresponds to prolong lifespan of curcumonids. Therefore,
curcumonids exhibited inferior photo electrochemical response at higher pH and vice-
versa [110]. 

Effect of dye loading period on photovoltaic response
Optimal photovoltaic response yielded for methanol. So, nano-structured TiO2 films were
impregnated into dye solution of methanol for observing dye adsorption%. Curcumonids
are adsorbed onto photoanode film surface by chemical sorption intends to introduce a
path between LUMO level and conduction band of TiO2 film via stronger electronic pair-
ing [28]. Photovoltaic parameters were noted for impregnation time 30, 60, 90 and 120
minutes respectively (table 4). 

At impregnation period 60 minutes, fabricated cell exhibited 37.5% better efficiency than
30 minutes dye loading. That indicates impregnation time and dye uptake onto porous
photo anode were directly dependent up to one hour. For 90 and 120 minutes lower cell
efficiency observed as 0.09% and 0.07 % separately. 

Dye uptake% was 4.47, 27.54, 11.84 and 13.53% for 30, 60, 90 and 120 minutes of im-
pregnation period respectively (table 5). Interestingly, better photovoltaic outcomes ob-
served within one hour. For 4.47% dye molecule adsorption%, η was 0.10% during 30
minutes immersion time. For 90 and 120 minutes, more adsorption% was recorded than
30 minutes but cell efficiency was decreased. 
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forthrightly boost inside surface zone and thusly influence dye adsorption aptitudes. Con-
sequently, a thicker terminal can absorb more photons i.e. improves the era of photo ex-
cited electron under light which prompts a higher Jsc value. However, if the film thickness
is larger than the light infiltration distance, the quantity of photons worthwhile for electron
photograph era will achieve a point of confinement and, in this way, Jsc can't be further
expanded. Rather, thickness increment beyond the light infiltration depth yields more re-
combination focuses which bring about a higher electron loss and therefore falling of Jsc.
On the other hand, diffusion length increased with increasing thickness. Electron has to
diffuse to the conductive slide by overcoming this large diffusion length. It increases the
possibility of recombination of electron with I3-, thus increasing the electron transfer re-
sistance and decreasing the electron lifetime in the TiO2 film [121, 122].

Effect of annealing temperature on photovoltaic response 
Table 6 shows the effect of annealing temperature on photovoltaic characteristics. As com-
pared to 350°C for 400, 450, 500 and 550°C temperature, JSC increased 21, 53, 37 and
34%; η% increased 3.7, 35.8, 1.2 and 2.4%; and FF decreased 11.11, 24.14, 33.33 and
33.33% respectively. It is beheld that with the increment of temperature, JSC also increased
abruptly up to 450°C then started to lessen for 500°C and 550°C [119]. 
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cutter blade than glass rod. For 3, 4 and 5 ml citric acid, film thicknesses were found as
11, 7 and 5 µm for glass rod and 23, 21, and 17 µm for NT cutter blade respectively.

Surface morphology of sintered TiO2 film for thickness variation
Figure 17 represents inverted microscopic photographs of TiO2 electrode employing 10x
magnification for different thicknesses using glass rod (R1, R2, R3) and NT cutter blade
(B1, B2, B3). After annealing, TiO2 film surface got more crack and roughness due to higher
thickness [118, 119].

In figure 17 the cracks appeared onto the TiO2 film surfaces were directly proportional to
the thickness. Smoothest and cracks free surfaces appeared Titanium electrode R3 that
had lowest thickness 5µm. 

Effect of TiO2 film thickness on photovoltaic response
A1, B1, C1 and D1 (Figure 18) indicates the effects of binder amount (3, 4 and 5ml) and
TiO2 film thicknesses (5-21 µm) for different coating application (blade and rod) on VOC,
JSC, FF and η. In case of glass rod, the order of the overall photovoltaic response was
recorded for electrode thicknesses 11µm> 5 µm> 7µm. And in case of NT cutter blade,
the overall photovoltaic response was recorded for electrode coating thicknesses 17µm>
21 µm> 23µm. It is noted that for both cases (glass rod and NT cutter blade) with increasing
film thickness, overall photovoltaic characteristics increase abruptly, reach in a peak point
and then start to wane [120]. Best results were observed for TiO2 film thicknesses ranging
11µm to 17µm. Inferior upshot yielded at lower and higher TiO2 electrode simultaneously
i.e. medium thickness was best which bolstering different relevant previous [118, 121]
studies. For a given porosity and pore measure, an increase of TiO2 coating thickness will
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Assembly of DSSC

Operation of Digital Watch

Improvement in the photo electrochemical properties of the fabricated cell sintered at high
temperature can be attributed to the (1) increase in the crystallinity which is favourable in
anchoring geometry of dyes leading to the electron faster injection [123], (2) increase in
grain size resulting in the improvement of the light scattering and the decrement in the in-
terconnection among particles [124], (3) intensification in transparency (reflection loss) of
conducting glass and (4) whole removal of organic surfactant from the pores. Overall pho-
tovoltaic properties significantly decreased at more than 500°C. This might have caused
from the lessening in conductivity of the substrate due to the degradation of conductive
film [119]. 

Solar cell module was designed by connecting the developed individual DSSC by series
and parallel connections. Various electronic devices such as hygrometer, digital watch,
scientific calculator, etc were operated with the designed module in lab scale. 

64
64 65



65

Assembly of DSSC

Operation of Digital Watch

Improvement in the photo electrochemical properties of the fabricated cell sintered at high
temperature can be attributed to the (1) increase in the crystallinity which is favourable in
anchoring geometry of dyes leading to the electron faster injection [123], (2) increase in
grain size resulting in the improvement of the light scattering and the decrement in the in-
terconnection among particles [124], (3) intensification in transparency (reflection loss) of
conducting glass and (4) whole removal of organic surfactant from the pores. Overall pho-
tovoltaic properties significantly decreased at more than 500°C. This might have caused
from the lessening in conductivity of the substrate due to the degradation of conductive
film [119]. 

Solar cell module was designed by connecting the developed individual DSSC by series
and parallel connections. Various electronic devices such as hygrometer, digital watch,
scientific calculator, etc were operated with the designed module in lab scale. 

64
64 65



Problem Identification & Solving

After optimization of different working parameters, following problems were noticed. Sev-
eral attempts were assumed and carried out to satisfy the arisen problems as follows:

Deposition & Surface Modification of Semiconductor Layer of Photoanode 
Preparation of uniform, smooth, crack-free crystalline semiconductor film of targeted thick-
ness is highly desirable for proficient electron conversion. The quality of layer is greatly
relies on its deposition methods such as screen print, doctor blade techniques, spray py-
rolysis, sol gel, electro-deposition, hydrolysis, spin coating, sputtering, hydrolysis, etc.
Among those, the doctor blade technique is simple and the layer was deposited by this
technique. But thickness controlling is a problematic option in this process. We have suc-
cessfully overcome this problem. Additionally, various techniques are also under exam-
ined. To upturn the light harvesting and reduced electron recombination rate, surface
modification of semiconductor layer was carried out. Application of various types of block-
ing layer, washing with several acid, co-adsorbent and additives are habitually used as
surface modification of semiconductor layer.  Though these actions blocking layer and
acid has positive impact on electron turnover, but these process has detrimental impact
on ITO resistance. Various types of surface modification techniques are under experiment
for maximum electron turnover from sunlight. 

Band Gap Engineering of Semiconductor 
Attaining the favourable semiconductor band gap and HOMO to LUMO has keen impact
on electron flow. In this regards, doping of various types for metals and semiconductors
are rush. Fabricated products were characterized by UV spectrum. Selection of other op-
timum possible ways for band gap engineering is under investigation. Proper characteri-
zation machinery will greatly help carry out this study more smoothly. 

Dye Loading 
Dye loading onto photoanode is directly control by photoanode impregnation time, dye
adsorption%, dye stability, etc. The dye loading onto semiconductor layer was optimized
successfully. Promising output yielded from dye loading study. Some of the natural pig-
ments were prone to degradation and that’s why unstable after one hour. So, optimization
of dye loading greatly affected the electron turnover efficiency. Dye loading action was
boosted by addition of graphite, MWCNT, graphite along with semiconductor for better
dye uptake %. 

Harvesting of Maximum Photon from Sunlight 
Intense absorption in visible range, profound electron turnover from incident photon, pro-
long excited lifetime of the electron, faster adsorption onto semiconductor surface and
electron transfer via firmer grafting of dye molecules with semiconductor oxide with
favourable anchorage, rapid regeneration by electrolyte, narrower gap between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
attenuated optical energy gap, lower absorption co-efficient etc. are habitually presumed
as key qualities of an ideal sensitizer for DSSCs. In this project, several attempts were car-
ried out for maximum electron turnover. Promising outputs has been noticed by which
various electronic devices can be operated in lab scale.

Selection of Counter Electrode Catalyst
Counter electrode catalyst has a great impact on electron flow. In this project, comparison
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of the various counter electrode catalyst were successfully carried out. MWCNT, graphite
& MWCNT, candle nip was mostly proficient. 

Cell Assembly
Sealing, series resistance and short circuit are the mostly common problematic issues for
cell assembly 
�Electrolyte acts as electron regenerator. The liquid electrolyte of KI and I2 is usually
prone to rapid dry. So, Instability of liquid electrolyte is a key problem. To overcome this
problem, the uses of proper sealant like UV glue, resin, hot glue gun, sealant film, quasi
solid electrolyte etc. are recommended. Among the attempts, one was carried out with
hot glue gun. Alongside, all possible ways are under examination. 

�When two or more cells are arranged with variable resistance, lower photovoltaic out-
puts are noticed due to series resistance. To overcome the series resistance, the uses of sil-
ver paste, copper wire etc. are recommended. After using silver paste, better output was
noticed. Optimization of removing series resistance is under experiment. 

�Anode and cathode are usually attached with binder clip. So, due to short circuit, lower
electron flow yielded. Therefore, the uses of spacer between anode and cathode are rec-
ommended. This issue is also under process.
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of the various counter electrode catalyst were successfully carried out. MWCNT, graphite
& MWCNT, candle nip was mostly proficient. 

Cell Assembly
Sealing, series resistance and short circuit are the mostly common problematic issues for
cell assembly 
�Electrolyte acts as electron regenerator. The liquid electrolyte of KI and I2 is usually
prone to rapid dry. So, Instability of liquid electrolyte is a key problem. To overcome this
problem, the uses of proper sealant like UV glue, resin, hot glue gun, sealant film, quasi
solid electrolyte etc. are recommended. Among the attempts, one was carried out with
hot glue gun. Alongside, all possible ways are under examination. 

�When two or more cells are arranged with variable resistance, lower photovoltaic out-
puts are noticed due to series resistance. To overcome the series resistance, the uses of sil-
ver paste, copper wire etc. are recommended. After using silver paste, better output was
noticed. Optimization of removing series resistance is under experiment. 

�Anode and cathode are usually attached with binder clip. So, due to short circuit, lower
electron flow yielded. Therefore, the uses of spacer between anode and cathode are rec-
ommended. This issue is also under process.
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Introduction
Nanotechnology has the opportunity to contribute in several ways to solve the local as
well as global energy crisis. A promising area for the application of nanotechnology is the
‘hydrogen economy’. Hydrogen (H2) can be a good alternate fuel of the future as a non-
polluting source of energy [1-3]. It is a high energy and highly efficient fuel to produce
electricity without polluting the environment. H2 can be produced from various domestic
feedstock including coal, biomass, natural gas, petroleum fuels and water. However, H2

produced by splitting of water under ultraviolet—visible light (solar light) irradiation can
be a secure, inexhaustible and truly emission-free fuel that can be used for power gener-
ation in stationary power plants and in next generation vehicles.

Photocatalytic decomposition of water into H2 and O2 under the irradiation of ultraviolet
(UV) and visible (vis) light has been regarded as one of the promising routes for H2 pro-
duction. In 1972, Fujishima and Honda [3] discovered that the titania (TiO2) photoelec-
trode can decompose water into H2 and O2 and since then, production of H2 via water
splitting has been considered as a very interesting and challenging research field [4]. In
the past decade, extensive studies were performed on a wide range of semiconducting
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able development, the most effective route is the active development and utilization of
clean and renewable energy sources, among which solar energy is very promising. Re-
cently, photocatalysis technology is expected to be a promising candidate to solve the en-
ergy crisis and environmental pollution nationally and globally. Over the past decades,
photocatalysts were extensively investigated theoretically and experimentally to explore
their intrinsic nature and realistic performance [18-20]. Photocatalysis has drawn particular
interest in producing hydrogen from water using solar energy [21]. Apart from the clean
energy generation, photocatalysis has several promising applications in the environmental
field. Some of the applications include degradation of volatile organic compounds (VOC)
for water treatment [22], germicide and antimicrobial action [23-25], de-coloration of in-
dustrial dyes [26-28], nitrogen fixation in agriculture [29], and removal of NOx/SOx air
pollutants [30-33].These applications motivated researchers to develop/fabricate a variety
of materials systems which are suitable for specific applications. Among useful ferro-
electrics for photo-induced applications, the multiferroic BiFeO3 (BFO) is the most prom-
ising candidate because of its relatively small band gap (Eg ≈ 2.6−2.8 eV) in comparison
to other classical ferroelectric oxides like BaTiO3, PbZrTiO3, or LiNbO3 (Eg > 3eV).  The
use of a wider part of the sunlight spectrum along with a large polarization value (P ≈ 100
μC/cm2) of BFO, [34] ensuring a more efficient separation of the photogenerated charge
carriers. BFO could potentially become an alternative to the widely investigated photo-
catalytic material TiO2 which suffers from its large band gap, allowing one to use only
∼4% of the solar spectrum [35]. It has been demonstrated that using different BFO particles,
from nanosized to core-shells structures, can indeed be beneficial for enhancing the pho-
tocatalytic activity. Due to smaller band gap[36] these nanosized particles might have
larger absorption of sunlight. Moreover, the particle morphology is also a contributing pa-
rameter as it has been shown on micrometer-sized BFO particles [37] because of the more
efficient photo absorption of {111}-cubic like facets [38].

The perovskite-type bismuth ferrite BiFeO3 (BFO) has also attracted much interest since
long ago because of its multiferroic properties. In multiferroic materials, at least two order
parameters of (anti)ferroelectricity, (anti) ferromagnetism, and ferroelasticity are observed
in the same phase. Because the spins in this material take the form of a long wavelength
(62 nm), the linear magneto-electric effect averages to zero and only the quadratic effect
has been observed, exhibiting a weak magnetism at room temperature [39]. The multifer-
roic BiFeO3 is ferroelectric below TC ~ 1103 K and antiferromagnetic below TN~ 643 K
[40]. The BiFeO3 have rhombohedrally distorted perovskite ABO3 (A = Bi, B = Fe) structure
with space group R3c and lattice parameters a = 5.58 Å and c = 13.87 Å [41-43]. For
these properties, BFO is one of the prime candidates for room temperature magnetoelectric
applications [44]. BFO is also found to exhibit improved magnetic properties when the
particle size is reduced down to nanoscale [45]. It is reported that the ferroelectric and
magnetic properties of BFO could be due to the ‘A’ site Bi ions and the ‘B’ site Fe ions re-
spectively [46]. In addition to this, any imbalance in the stoichiometric ratio between Bi,
Fe and O ions also influences its multiferroic properties [47]. The investigation on the
origin of magnetism in BFO could reveal interesting insights into their magnetic phenom-
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ena. BFO demonstrates enhanced magnetic properties through (i) the suppression of its
cycloidal antiferromagnetic spin structures and (ii) the formation of antiferromagnetic /fer-
romagnetic core/shell structures [48]. The magnetic property that occurs due to one of
these origins would also influence other properties of BFO. 

Notably, the preparation of single phase bulk BFO is challenging due to the formation of
different impurity phases [49]. Recently, investigations have shown that the linear effect
can be recovered by epitaxial constraint, and/or a rare-earth substituent [50]. The synthesis
of very pure, single-phase BFO is difficult because the kinetic and thermodynamic prop-
erties of the Bi2O3—Fe2O3 system result in there being a very narrow sintering window in
which to obtain very pure, single-phase BiFeO3 [51].It has been observed that simultane-
ous substitution of Gd and Ti in place of Bi and Fe respectively in bulk BFO ceramics, im-
proved their morphological, ferroelectric, and magnetic properties at room temperature
(RT) [50, 52]. In these specific investigations [50,52], the undoped, Gd doped and also
Gd-Ti co-doped B0.9Gd0.1Fe0.9Ti0.1O3 materials were prepared by conventional solid state
reaction technique at a high sintering temperature i.e. at 850°C. Therefore, it was difficult
to obtain a single phase; rather some secondary phases such as Bi2Fe4O9 and Bi25FeO39
were formed during the synthesis. 

There are two main methods for the preparation of pure BiFeO3 materials: solid-state syn-
theses and wet chemical methods (such as sol—gel and hydrothermal). Solid-state syntheses
from oxides usually result in multiphase, bismuth—iron-oxide systems, and hence, addi-
tional processing to separate the pure phase is necessary [53, 54]. Nanosized BFO powder
can also be obtained by combustion synthesis, but this method also cannot produce the
pure phase [55, 56] in contrast to the soft chemical route [57] and synthesis from a fer-
rioxalate [58] or polymeric precursor [59]. However, using these synthesis routes, the pure
phase can only be achieved after calcinations at 400°C or higher temperatures. Sol—gel
syntheses [60] of BFO powder also require an annealing at around 600°C as a final step,
and a post treatment similar to the case of solid-state syntheses in order to eliminate any
impurity phases. In recent years, the sol—gel method has also been adopted for the prepa-
ration of thin films [61, 62] although these pure-phase BFO thin films are also produced
by pulsed-laser deposition onto single-crystal SrTiO3 [63, 64].

Notably, hydrothermal synthesis is, in general, a cheap and simple method, with the main
advantage over other methods being the significantly lower temperature needed during
the preparation procedure than in the case of solid-state or sol—gel synthesis techniques.
However, in all the hydrothermal syntheses of BFO reported in the literature, different ad-
ditional mineralizers containing metal cations were used for the precipitation of the solu-
tion [65—66]. For example, Chen et al. [67] used KOH as a mineralizer and found that
pure BFO without the presence of the other bismuth-iron oxide compounds can be
achieved only with a 4M concentration of KOH, and at temperatures 420°C. Jiang et al.
[68] also used KOH for the synthesis of large BFO crystals; however, even if BFO pure-
phase large crystals were synthesized, the K+ cations were incorporated into the structure.
Nanosized BFO was synthesized with hydrothermal processing where KOH was used to
increase the pH, but KNO3 was used as an additional mineralizer [69]. Komareni et al
[70] showed that a microwave hydrothermal synthesis was much more successful than a
conventional hydrothermal treatment for the synthesis of pure BFO starting from a
stoichiometric mixture of bismuth and iron nitrate salts and KOH. On the other hand, Han
et al. [71] tuned the stoichiometry and morphology of bismuth iron oxide compounds by
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changing the concentration of the NaOH as a mineralizer and adjusting the pH during
the hydrothermal processing. A controllable hydrothermal synthesis of various bismuth
ferrite compounds using an appropriate concentration of KOH was also achieved by the
addition of K+, Na+, and Li+ ions [72]. However, although hydrothermal synthesis appears
to be a successful method for the preparation of BFO with different morphologies, the use
of mineralizers in the process leads to the introduction of metal cations from the mineral-
izer into the BFO structure. As a result, it is necessary to apply additional purification steps
in order to obtain pure BiFeO3.Previously, many other reports show that the formation of
BFO by hydrothermal process by adding other mineralizer like PEG (for reducing particle
size) [73], urea (for phase purity) [74], PVA (for reducing particle size) [75].In the present
investigation, it is intended to prepare BFO and 10% Gd doped Bi0.9Gd0.1FeO3 using hy-
drothermal synthesis process at different reaction temperatures ranging from 120°C to
200°C [76] without mixing any other additional mineralizer except KOH. We tried to op-
timize the reaction temperature for which good crystallinity as well as improved properties
can be observed. Gd was chosen as a doping element because the effective magnetic mo-
ment of Gd3+ is large (8.0μB) and the coupling between Gd3+ and Fe3+ can produce im-
proved magnetism. For the comparison, BFO bulk polycrystalline sample was prepared
by using conventional solid state reaction (SSR) technique.

1.1 Synthesis of BiFeO3 by Hydrothermal Process

In order to produce BiFeO3 nanoparticles, 2mmol bismuth nitrate pentahydrate
[Bi(NO3)3.5H2O] and ferric nitrate nona-hydrate [Fe(NO3)3.9H2O] in stoichiometric pro-
portions was dissolved in 50mL of 8M KOH solution and stirred it for 4h. The mixture was
placed into an autoclave (Figure 1) and heated at different reaction temperatures, for ex-
ample 120°C,140°C,160°C, 180°C and 200°C etc. around 6h. After heating, the as-syn-
thesized products were isolated by centrifugation, the centrifuged products were washed
several times with pure water and ethanol, and dried at a reasonable temperature for ap-
proximately 12h. 

The reaction is represented by the following equation:

Bi(NO3)3.5H2O + Fe(NO3)3.9H2O + 6KOH                  BiFeO3 + 6KNO3 + 17H2O
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The Gd doped BFO was also produced using similar procedure. The product powder ma-
terials were characterized using different techniques.

1.2 Characterization of BiFeO3 Nanoparticles

1.2.1. Structural Characterization
The structural characterization of the synthesized materials was studied at room temper-
ature by X-ray diffraction (XRD) using CuKα(λ=1.5218 Å) radiation. The multiferroic
BiFeO3 (referred to as BFO) was synthesized by hydrothermal process at reaction temper-
atures 120°C to 200°C. For the comparison, BFO bulk polycrystalline sample was also
prepared via conventional solid state reaction. The formation of secondary phases during
the solid-state synthesis of bulk BFO was almost unavoidable as reported in a number of
previous investigations [77-80]. The final distribution of these secondary phases [81] was
influenced greatly by the specific reaction pathway though the latent mechanism behind
this formation which is still unknown. The XRD patterns of bulk BFO prepared by solid
state reaction technique and BFO materials synthesized by hydrothermal process at reac-
tion temperatures 120°C - 200°C are shown in figure 2.
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Figure 1: Autoclave Used for the Synthesis of Nanoparticles

It is seen from the figure 2 that perovskite structure doesn’t form in hydrothermal process
below 160°C reaction temperature. Hence, structural analysis as well as magnetic and
optical properties were carried out for samples prepared up to reaction temperature 160°C.

The Rietveld refinement of all the samples was carried out using the FULLPROF package
[82].The Rietveld refined XRD patterns of the BFO samples under scrutiny are depicted in
figure 3.The structural parameters obtained with the help of the refinement as well as
phases present are (in wt%) obtained from XRD studies of BFO which are listed in table
1. The Fe-O-Fe bond angles are also obtained from the refinement and shown in table 2.
We observed that all the diffraction peaks matched well with the rhombohedral structure
of pure BFO (R3c space group). In bulk BFO prepared by solid state reaction technique,
beside major phase, the impurity phase Bi2Fe4O9 (1.62%) and Bi25FeO40 (0.10%) are pres-
ent is shown in figure 3. But in case of hydrothermally prepared BFO materials at reaction
temperatures 160°C, 180°C and 200°C, the patterns clearly indicate the absence of any

85
84 85



The Gd doped BFO was also produced using similar procedure. The product powder ma-
terials were characterized using different techniques.

1.2 Characterization of BiFeO3 Nanoparticles

1.2.1. Structural Characterization
The structural characterization of the synthesized materials was studied at room temper-
ature by X-ray diffraction (XRD) using CuKα(λ=1.5218 Å) radiation. The multiferroic
BiFeO3 (referred to as BFO) was synthesized by hydrothermal process at reaction temper-
atures 120°C to 200°C. For the comparison, BFO bulk polycrystalline sample was also
prepared via conventional solid state reaction. The formation of secondary phases during
the solid-state synthesis of bulk BFO was almost unavoidable as reported in a number of
previous investigations [77-80]. The final distribution of these secondary phases [81] was
influenced greatly by the specific reaction pathway though the latent mechanism behind
this formation which is still unknown. The XRD patterns of bulk BFO prepared by solid
state reaction technique and BFO materials synthesized by hydrothermal process at reac-
tion temperatures 120°C - 200°C are shown in figure 2.

84

Figure 1: Autoclave Used for the Synthesis of Nanoparticles

It is seen from the figure 2 that perovskite structure doesn’t form in hydrothermal process
below 160°C reaction temperature. Hence, structural analysis as well as magnetic and
optical properties were carried out for samples prepared up to reaction temperature 160°C.

The Rietveld refinement of all the samples was carried out using the FULLPROF package
[82].The Rietveld refined XRD patterns of the BFO samples under scrutiny are depicted in
figure 3.The structural parameters obtained with the help of the refinement as well as
phases present are (in wt%) obtained from XRD studies of BFO which are listed in table
1. The Fe-O-Fe bond angles are also obtained from the refinement and shown in table 2.
We observed that all the diffraction peaks matched well with the rhombohedral structure
of pure BFO (R3c space group). In bulk BFO prepared by solid state reaction technique,
beside major phase, the impurity phase Bi2Fe4O9 (1.62%) and Bi25FeO40 (0.10%) are pres-
ent is shown in figure 3. But in case of hydrothermally prepared BFO materials at reaction
temperatures 160°C, 180°C and 200°C, the patterns clearly indicate the absence of any

85
84 85



kind of impurity phases. This is also illustrated in Figure 3 from the difference between
the observed and calculated XRD patterns of the samples obtained from Rietveld refine-
ment. We note that highest match occurs between these two patterns for hydrothermally
prepared BFO samples which indicates very negligible impurities present in these materi-
als. The atomic coordinates of the samples have also been listed in the table 1.
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We also observed that Fe-O-Fe bond angle decreases for the hydrothermally prepared
BFO samples when compared to the bulk BFO which is shown in table 2. We observed
that the Fe-O-Fe bond angle of BFO bulk synthesized by SSR technique and BFO, BGFO
nanoparticles at 200°C, 180°C and 160°C reaction temperatures are 160.8753°,
158.6353°, 158.3842°, 152.8377°, 158.2871°, 158.1202°, 155.6665° respectively. In
the case of undoped BFO, the Fe-O-Fe bond angle is smaller for nanoparticles compared
to that of bulk materials. On the contrary, due to the substitution by Gd, the Fe-O-Fe bond
angle is larger for BGFO nanoparticles, compared to BFO nanoparticles prepared by HT
process at 160°C reaction temperature. The changes in Fe-O-Fe bond angle are probably
associated with the effective ionic radii of host and dopant ions and they also attributed
to the different oxidation states of dopant Gd content and host Bi site [83].
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The Rietveld refined XRD patterns of the BGFO samples under scrutiny are depicted in
figure 4.The structural parameters obtained with the help of the refinement as well as
phases present are (in wt%) obtained from XRD studies of BGFO being listed in table 3.
The bond angles are also obtained from the refinement and shown in table 2. We observed
that the major phases for hydrothermally prepared BGFO materials at reaction tempera-
tures 180°C and 200°C are rhombohedrally distorted perovskite structure with R3C space
group. Some impurity phases are also present for these two samples. But in case of BGFO,
nanoparticles prepared by HT method at 160°C reaction temperature, 15.80% of the
phases are rhombohedral structure and rest of the structure is highly distorted cubic
(Bi25FeO40(I23)) and Orthorhombic (Bi2Fe4O9(pbam)) structure. The atomic coordinates
of the samples have also been listed in the table 3. The structural analysis clearly indicates
that the lowest reaction temperature for obtaining pure BFO phase is 160°C and incorpo-
ration of Gd in BFO actually deteriorates the phase purity at such a low temperature. 
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1.2.2. Morphological Studies 
The surface morphology and the particle size of the synthesized samples were investigated
by using field emission electron microscopy (FESEM). The surface morphology and their
corresponding histogram of BFO sample produced by solid state reaction technique and
BFO materials synthesized by hydrothermal method at 200°C, 180°C and 160°C reaction
temperatures are shown in figure 5.

According to figure 5(a), the average grain size of bulk BFO materials is around 1-2 µm.
FESEM image in figure 5 (b-d) and their corresponding histograms show that the average
particle sizes of BFO samples synthesized for the reaction temperature 200°C, 180°C and
160°C in hydrothermal process are ranging from 10nm to 80nm, 10nm to 50nm and 10nm
to 30nm respectively.

We can see from this investigation, the average particle size of BFO is small in hydrother-
mal technique than that of the solid state reaction technique.

However, the particle size of BFO in hydrothermal method decreases with the falling tem-
perature and the size of the particle was smallest at reaction temperature 160°C. In hy-
drothermal process, the competition between nucleation and growth rate determines the
size of the products [84].  The particle size will be small on condition that the rate of nu-
cleation is greater than that of the growth. Hence, it is expected that in our experiment,
the nucleation rate increases with the decreasing reaction temperature so that the average
particle sizes were significantly reduced at lowest reaction temperature i.e. at 160°C. 
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The average particle sizes for 10% Gd doped BFO samples having composition
Bi0.9Gd0.1FeO3 (BGFO) prepared by hydrothermal process at reaction temperatures
200°C, 180°C and 160°C is around 15-40nm, 10-50nm and 10-30nm, respectively as
shown in figure 6 (a-c).We can see that the average particle size of Gd doped BFO
nanoparticles at different reaction temperatures is also notably smaller but the phase purity
was decreased as we observed from XRD measurements.

1.2.3. Magnetic Characterization
The magnetic measurements of BiFeO3 and Bi0.9Gd0.1FeO3 were performed at room tem-
perature with applied magnetic field up to ±13 kOe by using a Vibrating Sample Magne-
tometer (VSM). The room temperature M-H loops of BiFeO3 (BFO) bulk samples prepared
by solid state reaction (SSR) technique and nanoparticles synthesized by hydrothermal
(HT) method at 200°C,180°C,160°C reaction temperatures are displayed in figure 7. 
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The enlarged view of the hysteresis loop of BFO samples are also shown in figure 7 (Inset).
The obtained magnetization for bulk BFO prepared SSR technique changes linearly with
magnetic field which demonstrates its antiferromagnetic nature shown in the inset of figure
7 [85]. But the hydrothermally prepared BFO samples, shown in the inset of figure 7,
shows weak ferromagnetic nature. As we know that BFO has a G-type antiferromagnetic
ordering with a residual magnetic moment caused by its canted spin structure. The direc-
tion of the small moment superimposes a spiral spin arrangement with a wavelength of
62nm, thereby producing a helimagnetic order and a vanishing magnetization in the bulk
[86].But when the BFO crystal size is smaller than 62nm, BFO shows weak ferromagnetic
behavior due to the incomplete rotation of the spin along antiferromagnetic axis [87].In
this experiment, BFO material synthesized by HT process at 160°C reaction temperature
shows very high saturation (almost 10 times) than that of the other materials under the
scrutiny in figure 7, agreeing with the size dependent magnetic behavior BFO nanoparti-
cles [87]. 
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The remanent magnetization (Mr) is defined as Mr Mr1 )׀ = — Mr2 ׀( /2, where Mr1 and Mr2
are the magnetization with positive and negative points of intersection with H = 0,
respectively [88]. The coercive field (Hc) is given by Hc Hc1)׀ = — Hc2)2/׀, where Hc1 and
Hc2 are the left and right coercive fields respectively. The quantification of the exchange
bias field (Heb) found from the loop asymmetry along the field axis was performed using
Heb= −(Hc1+Hc2)/2 where Hc1 and Hc2 are the left and right coercive fields, respectively
[89,90]. The calculated values of Mr ,Hc and Heb are summarized in table: 4. 

It is noted from the table 4 that the M-H hysteresis loop of bulk BFO synthesized by SSR
technique exhibits a small loop at the centre of the hysteresis with a coercivity 127 Oe
and remanent magnetization 0.0011 emu/gm. The BFO material synthesized by
hydrothermal process at 160°C reaction temperature exhibits most enhanced remanent
magnetization which is around 0.1350 emu/gm. Thus, magnetic properties of BFO
nanoparticles prepared by HT process are improved than that of the bulk BFO synthesized
by SSR technique.
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The room temperature M-H hysteresis loops of Bi0.9Gd0.1FeO3 nanoparticles synthesized
by hydrothermal (HT) method at 200°C, 180°C, 160°C reaction temperatures are shown
in figure 8. The enlarged view of the loops is also shown in the inset of figure 8. It is notable
from figure 8 that like BFO nanoparticles Gd doped BFO nanoparticles prepared at 160°C
temperature show improved magnetization than the other Bi0.9Gd0.1FeO3 materials with
different reaction temperatures.

From the table 5, it is noted that the remanent magnetization of hydrothermally prepared
Bi0.9Gd0.1FeO3 material at 160°C reaction temperature is higher than the other
Bi0.9Gd0.1FeO3 materials with 200°C, 180°C reaction temperatures. This established the
fact that 160°C reaction temperatures show improved magnetization for both case of
hydrothermally prepared BFO and BGFO nanoparticles.

The comparison between the bulk BFO prepared by SSR technique, BFO nanoparticle
synthesized by HR method at 160°C reaction temperature and BGFO synthesized by HR
method at 160°C reaction temperature are shown in figure 9. It is notable from figure 9
that the magnetization of BFO nanoparticle synthesized by HR method at 160°C reaction
temperature shows improved magnetization than that of the bulk BFO and the Gd doped
BFO. In the case of bismuth based multiferroics, the structural distortion which is the
evidence from the XRD modulates the Fe-O-Fe bond angles and FeO6 octahedra
contributes in the Dzyaloshinksii-Moriya (DM) interaction due to reduced sized of the
particle. The Rietveld refinement XRD data (Table 2) clearly reveals that the Fe-O-Fe bond
angle is minimum for BFO nanoparticle synthesized by HR method at 160°C reaction
temperature among the samples under investigation. The smaller bond angle may be one
of the reasons for displaying improved magnetic behavior of BFO nanoparticles. This
improved magnetic behaviour suggests that for hydrothermally prepared nanoparticles,
the substitution of rare earth element like Gd in BFO materials does not improve the
magnetic properties like bulk materials [17, 41, 52].

94

1.2.4. Optical Characterization

1.2.4.1. Absorbance and Band Gap Estimation

The absorbance spectra of synthesized samples were investigated with an aim to probing
their optical properties as illustrated in figure 10. The BFO bulk samples prepared by solid
state reaction (SSR) technique, BFO nanoparticles synthesized by hydrothermal process
(HT) at 160°C reaction temperature and 10% Gd doped BFO (BGFO) nanoparticles
produced by hydrothermal process at same reaction temperature show absorption edges
at 696nm, 626nm, 643nm respectively. This indicates that these materials can absorb light
with wavelength from visible to IR region[91]. Due to the visible region absorption, these
materials can be used as a photocatalyst in producing H2 via water splitting [92]. 

The direct band gap energies of the synthesized samples were estimated from their Diffuse
Reflectance Spectra (DRS) graphs by applying Kubelka-Munk (KM) function, F(R)= (1-
R)2/2R,where R is the diffuse reflectance as shown in figure 11.
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Using this method, the band gap energy of the BFO bulk prepared by SSR technique, BFO
nanoparticles synthesized by HT process at 160°C reaction temperature and BGFO
nanoparticles produced by HT process at 160°C reaction temperature was estimated to
be 2.4 eV, 2.1 eV, 2.3 eV respectively. The band gap of bulk BFO is larger than that of
BFO and BGFO nanoparticles. In this case, band gap is decreasing with decreasing particle
size. This decrease in band gap with decreasing particle size is contrary to the more com-
monly observed increase in band gap with reduce particle size [93].It is believed that the
decrease in the band gap value can be due to the existence of defect-induced energy levels
between the conduction and valence bands, more specifically energy levels close to the
conduction band. These shallow levels can reduce the effective band gap for smaller par-
ticles if their density is high. The presence of non-uniform microstrain in the particles mod-
ifies the energy levels, thereby influencing the absorption band edge [94]. In general, the
microstrain in nanocrystallites is caused by several factors like non-uniform lattice distor-
tions, dislocations, antiphase domain boundaries, grain surface relaxation, etc. In BiFeO3,
the most common defects such as oxygen vacancies are major contributions to the mi-
crostrain. These oxygen vacancies reportedly lower than the adjacent Fe 3d levels, result-
ing in the sub-bandgap defect states [95]. Another contribution to the microstrain comes
from the unsaturated bonds on the surface of the nanoparticles, which create deep and
shallow levels within the band gap [96]. The observed decrease in band gap is also asso-
ciated with the structural change (reduction in rhombohedral distortion) for particle sizes
below 30nm. The decreasing trend in c (c/a ratio) with crystallite size of BFO samples is
attributed to the reduction in rhombohedral distortion of perovskite structure [97].
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The estimated band gap energy for BGFO nanoparticles synthesized by HT method are
higher than that of BFO nanoparticles produced by HT method due to may be the decrease
in amount of secondary phases present in BFO nanoparticles [98]. It should be noted that
the structural changes of XRD patterns have an influence over the electronic structure of
BFO and BGFO nanoparticles prepared by HT method. Bond angle can be altered in the
system by this type of structural changes. The modified band gap energy of the nanostruc-
ture may be liable for the change of absorption edge position as we observed in the ab-
sorption spectra in figure 11 [99]. Due to the lower band gap of hydrothermally
synthesized BFO nanoparticles at reaction temperature 160°C, we were interested to con-
duct their photocatalytic experiments. 

1.2.4.2. Photocatalytic Activity Test

Recent studies suggested that BFO exhibit efficient visible-light photocatalytic activity for
water splitting and degradation of organic pollutants due to its small band gap [100]. The
photocatalytic activities of as-prepared BFO and Gd-doped BFO samples were evaluated
by photodegradation of Rhodamine-B (RhB) in aqueous solutions under visible light irra-
diation (λ≥420nm) using 500 W Xe lamp accompanied with a cutoff filter. Figure 12 shows
the illumination of Rhodamine B (RhB) under visible light irradiation.

In a typical reaction, 100 mL of RhB (5 mg/L) solution, previously adjusted to a fixed pH
value with diluted HCl and NaOH, was added to a glass flask containing 80 mg of the
photocatalyst. After the elapse of a period of time, a small quantity of the solution was
taken and the concentration of RhB was determined by measuring the absorbance at
553nm using a UV-vis spectrophotometer. Each time before the absorption measurement,
the sample solution was filtered to separate the catalyst powder from the solution. 
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Figure 13 (d) displays the photodegradation efficiencies of RhB over the obtained samples
as a function of illumination time. In all cases (as shown in figure 13(a-c)), the absorbance
peak intensity of RhB solution at 555nm apparently decreased as the reaction time in-
creased, indicating intense decomposition of RhB under visible-light irradiation with the
presence of different materials as photocatalyst. When no photocatalyst was added, the
change of RhB concentration was negligible during whole irradiation time, suggested that
RhB is a stable pollutant. With an addition of pure BFO or Gd doped BFO, the RhB degra-
dation took place upon the visible light irradiation. After 4h, 56%, 72%, 60% were de-
composed for BFO bulk prepared by SSR technique, BFO nanoparticles synthesized by
HT process at 160°C reaction temperature and BGFO nanoparticles produced by HT
process at 160°C reaction temperature respectively. It is notable that the photodegradation
rate increases for the hydrothermally prepared samples. Interestingly, the BFO nanoparti-
cles synthesized by HT process at 160°C reaction temperature under visible light exhibits
the best result than the other two samples.

The photocatalytic activity is affected by many factors, which can cooperate with each
other and enhance the photocatalytic activity. Among them, the particle size and surface
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area are the most important factors. However, from the FESEM results, an obvious differ-
ence was found between the bulk BFO prepared by SSR technique and nanosized BFO
and BGFO samples produced by HT process Moreover, the adsorption rates of all the cat-
alysts were checked to be close to each other, implying that it is also not the main reason
for the enhanced photocatalytic activity. Another important fact is the band gap. It has
been reported that the band gap of some bismuth photocatalysts decreased with doping
[101], which might increase the photocatalytic activity. The absorption of Gd doped BFO
nanoparticles exhibited a blue shift and thus a decreased band gap which justifies the
aforementioned fact. For instance, as shown in Figure 11 compared with the pure BFO
bulk materials, the band gap of BGFO decreases from about 2.4 to 2.3 eV. It is expected
that BFO nanoparticles synthesized by HT process at 160°C reaction temperature exhibits
best photocatalytic activity due to the smaller band gap than other two samples.

1.2.4.3. Photocatalytic Hydrogen (H2) Generation

BFO has been used as a photocatalytic material. Liu and his group have observed the
photo-induced oxidization ability of BFO nanowires [102] and significant photocatalytic
pollutant decomposition properties of BFO nanoparticles [103], suggesting that BFO might
be a promising material as for both photocatalysis and photoelectrolysis of water.

The applicability of BFO as a potential candidate for photocatalytic water splitting for hy-
drogen generation was examined for bulk BFO synthesized by SSR technique and BFO
nanoparticle prepared by HT method at 160°C reaction temperature. The results (Figure
14) show that BFO nanoparticle prepared by HT method at 160°C reaction temperature
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Bismuth ferrite has two crystalline structures: (i) Perovskite and (ii) sillenite. Perovskite phase
bismuth ferrite, BiFeO3 with general formula ABO3 (A=Bi, B=Fe), belongs to cubic crystals
of R3c space group [134] and the JCPDS Card no. is 86-1518 [135]. With rhombohedrally
distorted structure, BiFeO3 has simultaneous ferroelectric and ferromagnetic ordering at
room temperature [136, 137]. In addition, as was mentioned earlier with relatively narrow
band gap ~2.2 eV [138], BiFeO3 is also an important visible-light photocatalyst for the
degradation of organic pollutants and water splitting [139, 140]. 

Meanwhile, sillenite-phase Bi25FeO40 having the general formula BiMO20±x (M = Fe, Pb,
Ni, Al and x=1, 2, 3,…..) with space group I23 and JCPDS Card no. 46-0416 [141]. Com-
pared to perovskite BiFeO3,there has been seldom research focus on the optical properties
of Bi25FeO40 in previous studies.  Recently, in optical and photocatalytic related applica-
tions, Bi25FeO40has attracted great interest of research due to its narrow band gap (~1.8
eV) and high absorption ability of visible-light compared to BiFeO3 [142, 143]. It should be
noted that, Bi25FeO40 is a superparamagnetic material, providing the photocatalyst with an
extra advantage for feasible separation and recovery [142]. 

There are some reasons for which magnetic, optical and photocatalytic properties of bismuth
ferrite get suppressed. Firstly, the macroscopic magnetization of bismuth ferrite is canceled
due to its spiral modulated spin structure (SSMSS) and linear magnetoelectric effect is in-
hibited as a result [144]. This problem can be solved by reducing the particle size below
62nm or changing its perovskite structure to sillenite structure [145]. In addition, bismuth
ferrite has narrow band gap but not suitable for photocatalytic process due to rapid recom-
bination of e- and h+ during photocatalysis reaction since the photocatalytic performance
of a catalyst is inversely affected by recombination of the photogenerated electron-hole (e-

-h+) pairs.

Notably, reduced graphene oxide (rGO), the recent member of the mutlti-dimentional car-
bon nanomaterial family, has attracted significant attention in multi disciplinary field having
the advantage of large surface area, excellent conductivity, strong mechanical strength, and
good electron acceptor [146]. On account of its outstanding properties, rGO has been fre-
quently used as an ideal support to integrate with a large number of functional nanomaterials
to form unique nanocomposites with improved performances in the fields of photocatalysts.
It also is important to note that, different applications of this type of material depends on
properties such as magnetic, catalytic, energy and absorptive of the particles and these are
closely co-related [147, 148]. Therefore, many efforts have been devoted to incorporating
rGO into bismuth ferrite-based composites materials. Hence, rGO may be chosen as a
unique material to form composite with bismuth ferrite to observe enhanced magnetic, op-
tical as well as photocatalytic properties [149, 150]. 

In the present investigation, bismuth ferrite-rGO nanocomposite were synthesized and their
structural as well as magnetic, optical and photocatalytic properties were investigated. The
rare-earth Gd doped bismuth ferrite-rGO nanocomposites were also prepared to investigate
the above-mentioned properties. Previously, rigorous investigations have been carried out
by doping bismuth ferrite with different rare earth materials (Gd, Sm etc.) in order to enhance
their photocatalytic and magnetic properties using different techniques [151-153]. However,
such effects of rare-earth doping have not been studied widely for the hydrothermal tech-
nique, especially in the case of nanocomposites of bismuth ferrite. In particular, there is no
report so far on the effect of Gd3+ doping in bismuth ferrite-rGO nanocomposites to the best
of our knowledge. So, in the present study, Gd was chosen as a doping element to investi-
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generates more than two times the hydrogen than that of the bulk BFO synthesized by SSR
technique as well as commercially available TiO2. The possible reason for BFO nanopar-
ticles are more efficient photocatalyst than that of the bulk BFO due to the higher surface
area of nanosized BFO [103]. Because of the small band gap, BFO nanoparticles show a
significant degradation ability under visible light irradiation. Hence, it can be concluded
that BFO nanoparticle prepared by HT method at 160°C reaction temperature can be used
as an effective photocatalyst to generate H2 from water under solar light illumination.

2. Synthesis of BiFeO3 —Reduced Graphene Oxide Nanocomposites for Hydrogen Produc-
tion

2.1. Introduction
The decrease of fossil fuel reserves against the continuously increasing energy demand and
the environmental pollution due to growing population across the world are two major
problems in the 21st century. To resolve these problems, scientists are interested in innovative
research in the broad arena of nanotechnology since it has the opportunity to contribute in
several ways to solve the energy crisis as well to reduce the environmental pollution [104-
106].A promising area of nanotechnology is development and efficient use of photocatalysis.
Over the past decades, photocatalysts were extensively investigated theoretically and ex-
perimentally to explore their intrinsic nature and realistic performance [107-109]. Using
novel photocatalyst, hydrogen (H2)can be produced by splitting of water under ultraviolet—
visible light (solar light) irradiation. The produced H2 can be a secure, inexhaustible and
carbon emission-free fuel that can be used for power generation in stationary power plants
and in next generation vehicles [110]. Apart from the clean energy generation, photocatal-
ysis has several promising applications in the environmental purification field. Some of the
applications include degradation of volatile organic compounds (VOC) for water treatment
[111], germicide and antimicrobial action [112-114], de-coloration of industrial dyes [115-
117], nitrogen fixation in agriculture [118], and removal of NOx/SOx air pollutants [119-
122]. In the past decade, extensive studies were performed on a wide range of
semiconducting materials based photocatalyst, including modified TiO2 [123], SrTiO3 [124]
and a hybrid of metal oxides and metals, such as ZnO/(La,Sr) CoO3 [125] and CdS/TiO2/Pt
[126] to improve their photocatalytic activity for water splitting and environmental purifi-
cations under UV-visible light irradiation. But these materials suffer from their large band
gap (∼3.2eV), allowing one to use only ∼4% of the solar spectrum [127]. 

Recently, bismuth ferrite (BiFeO3), the most studied multiferroic material, has attracted a
great interest for solar application due to its narrow band gap and the bulk photovoltaic ef-
fect [128, 129]. Comparing with other photocatalyst, BiFeO3 has a narrower band gap of
2.1-2.7 eV, which allows the photocatalytic activity under visible light to become prominent.
This is particularly important because visible-light energy occupies about 48% of the total
solar energy. Bulk photovoltaic effect existing in materials without a centre of symmetry
such as ferroelectric materials has many unique features such as charge-carrier separation
in a homogeneous medium, large photovoltage and a photocurrent proportional to the po-
larization magnitude [128-132]. The depolarization of electric field existing in bismuth fer-
rite-based materials may reduce the recombination of the photogenerated charged carriers
during the transmission process [129-133]; which can further increase the quantum effi-
ciency of photocatalysts. Thus, bismuth ferrite-based material can serve as a promising pho-
tocatalyst either for hydrogen generation from water splitting or for degradation of organic
pollutants.
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The steps required in the synthesis procedure are depicted in Figure 15. Initially graphite
oxide was prepared using modified Hummer’s method. Graphite oxide was sonicated for
1h in de-ionized (DI) water to prepare graphene oxide (GO). In order to obtain suspension
I, 10 mg GO and 1 mg ascorbic acid was dispersed in 10 ml DI water. On the other hand,
1 mmol Bi(NO3)3.5H2O and 1 mmol Fe(NO3)3.9H2O were dissolved in 50 ml DI water
and stirred for 4h to get solution II. Then suspension I and solution II were mixed and then
again stirred for 1h. Then the mixture was transferred into a teflon autoclave and placed
in an oven at required temperature for 6h. Following the hydrothermal reduction process,
the as synthesized samples were washed several times with DI water and ethanol and
dried at 100°C for 10h. To separately prepare bismuth ferrite nanoparticles, the above syn-
thesis procedure was carried out omitting suspension I.

2.3. Characterization BiFeO3 — Reduced Graphene Oxide Nanocomposites

2.3.1 Structural Characterizations
The structural properties of synthesized nanocomposites were analyzed with powder X-
ray diffraction (XRD) method using CuKα (λ=1.5418Å) radiation.

2.3.1.1 XRD Analysis of Bismuth Ferrite-rGO Nanocomposites

The XRD patterns of the bismuth ferrite-reduced graphene oxide (rGO) nanocomposites
are given in Figure 16. The pattern of graphene oxide (GO) in Figure 16(a) contains the
characteristic (002) peak [166], confirming formation of GO from graphite. To compare
with the bismuth ferrite-rGO composites, we separately prepared only bismuth ferrite par-
ticles. 
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gate the effect of rare-earth substitution in bismuth ferrite-rGO nanocomposites.

There are several types of synthetic routes for the synthesis of nanocomposites, among which
are impregnations, the polymeric precursor, CVD, ball milling and sol—gel synthesis [154-
158]. More than one method can be combined in different stages of the formation of
nanocomposites, such as solvothermal and hydrothermal co-precipitation, or they can be
combined with the reduction of metal through the use of a reducing agent [159, 160].
Among various wet-chemical techniques for the preparation of graphene based nanocom-
posites, the hydrothermal method of synthesis is very attractive, since in this technique the
slow reaction kinetics allow good structural engineering of the final product. Another im-
portant advantage of this method over other methods is that significantly lower temperature
is needed during the preparation process [161-164].  

In this present investigation, nanocomposites were synthesized in two major steps. Initially,
Graphene Oxide was prepared using modified Hummer’s method through the oxidation of
natural graphite flakes [165].  After that, nanocomposites were synthesized by hydrothermal
method and their structural, morphological, optical and photocatalytic properties were in-
vestigated. Investigation of crystal structure and surface morphology were done using X-
Ray Diffraction (XRD) technique and Field Emission Scanning Electron Microscope (FESEM),
respectively. Magnetic properties of the fabricated nanocomposites were carried out using
Vibrating Sample Magnetometer (VSM).  Optical properties and photocatalytic activity of
the synthesized samples were investigated by an experimental setup which involved xenon
lamp, magnetic stirrer, lux meter, centrifuge machine and UV-vis spectrometer. Finally, H2
was produced using synthesized nanocomposites through a multiple-steps process. The H2
system involved Schelnk reactor tube, xenon lamp as a solar irradiator and gas chromatog-
rapher.   

2.2 Synthesis of BiFeO3 — Reduced Graphene Oxide Nanocomposites
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Figure 16 (b), (d) and (f) display the XRD patterns of bismuth ferrite samples synthesized
hydrothermally at 160ºC, 180ºC and 200ºC reaction temperatures, respectively. Interest-
ingly, the pattern remains same for all three cases matching well with the peaks of per-
ovskite type structure (space group R3c) BiFeO3 (JCPDS Card No. 86-1518). This is
consistent with the results in [167, 168] where temperature above 150ºC is reported to
be required for obtaining pure BiFeO3 through hydrothermal process. However, when
composites were formed incorporating graphene into bismuth ferrite, different character-
istics were observed. It is seen that at 160ºC and 180ºC, the peaks of the formed composite
matched with sillenite type Bi25FeO40 structure (JCPDS Card No. 46-0416) instead of
BiFeO3 as shown in Figure 16 (c) and (d), respectively. For a further increment of the re-
action temperature to 200ºC, the perovskite type phase of the composite was obtained as
shown in figure 16 (e). Hence, it may be inferred that while formation of composite with
rGO, bismuth ferrites went through a phase transition above 180ºC under the reaction
conditions for this investigation. A possible reasoning behind such phenomenon may be
explicated from the formation process of BFO phase under hydrothermal condition which
can be described as [167]-

Bi3+ + Fe3+ + OH- Bi(OH)3 + Fe(OH)3… … … (6.1)

Bi(OH)3 + Fe(OH)3 BiFeO3… … … (6.2)

First, amorphous precipitations are formed in an alkaline environment as in Equation 6.1,
followed by formation of BFO under hydrothermal conditions as in Equation 6.2. Such
dissolution and crystallization mechanism has been considered as the reaction pathway
in phase formation during hydrothermal synthesis [169]. The reaction temperature and al-
kalinity of the environment are two key factors in the hydrothermal formation of BFO ma-
terials [167]. With the addition of GO, the reaction environment was changed significantly
due to the high content of acidic oxygen containing functionality, which caused decrement
in alkalinity of the solution. This in turn, suppressed Fe(OH)3 precipitation, resulting in
formation of Bi-rich Bi25FeO40 phase in the Bi25FeO40-rGO composite [170]. Such a be-
haviour was observed at 160°C and 180°C reaction temperatures. 

Notably, when the temperature was increased to 200°C, the XRD patterns of the composite
matched with that of BiFeO3. Since composition of 1:1 ratio of Bi and Fe was formed here
instead of Bi25FeO40 with low Fe content, we may infer that suppression of Fe(OH)3 pre-
cipitation no longer occurred. This means that at 200°C, the alkalinity of the solution was
not reduced unlike the cases at lower temperatures. This may be explained from the re-
duction mechanism of GO by thermal deoxygenation [171], which states that increase in
temperature facilitates removal of oxygen-containing functional groups from GO. In par-
ticular, Jeong et al. [172] reported that most of the oxygen-containing groups can be re-
moved by annealing at 200°C. Thus, we anticipate that compared to 160°C and 180°C,
higher amount of oxygen was released into the system at 200°C. Increase of oxygen with
ability to donate lone pair electrons meant the system turned into more basic. Again, we
know that the partial pressure of oxygen present in the system also increases with temper-
ature, which results in higher activity. Thus, the overall effect was higher alkalinity of the
solution at 200°C compared to that of lower temperatures under investigation. Such alka-
line environment induced Fe(OH)3 precipitation in this case and BiFeO3 phase could be
formed to eventually result in BiFeO3-rGO composites.
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Figure 17 shows XRD patterns of undoped (figure 17(a) and 17 (c)) and Gd doped (figure
17(b) and (d)) nanocomposites at 180°C and 200°C reaction temperatures. In Gd doped
nanocomposite, sillenite phase was formed along with gadolinium hydroxide [Gd(OH)3]
as an impurity phase indicated by asterisk (*). This happened because when the hydroxyl
concentration is high in precursor solution, Gd(OH)3 can be easily formed, which hardly
dissolves during the hydrothermal treatment [173]. The XRD analysis of Gd doped bismuth
ferrite-rGO nanocomposites clearly indicates that, Gd doping in bismuth ferrite-rGO
nanocomposites deteriorate the phase purity of both sillenite and perovskite structures. To
improve the phase purity of the Gd-doped nanocomposites further investigations may be
carried out in future. 

2.3.2 Morphological Study

2.3.2.1 Morphological Study of GO

The field emission electron microscopy (FESEM) imaging was carried out to investigate
the surface morphology and particle size distribution of the synthesized samples. The
FESEM image of figure 18 demonstrated sheet-like structure of GO. This image revealed
that the GO material consists of randomly aggregated, thin, crumpled sheets. 

2.3.2.2 Morphological Study of Bismuth Ferrite-rGO Nanocomposites

The surface morphology and particle size distribution of the synthesized bismuth ferrite-
rGO nanocomposites are shown in figure 19.
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Thus, the XRD analysis of bismuth ferrite-rGO nanocomposites clearly reveal that till
180°C, sillenite Bi25FeO40 forms composites with rGO and at 200°C, perovskite BiFeO3
phase is present in synthesized composites.

2.3.1.2 XRD Analysis of Gd Bismuth Ferrite-rGO Nanocomposites

In section 2.3.1.1, it is seen that both sillenite and perovskite phase of bismuth ferrite can
be formed during synthesis of nanocomposites by varying solely the reaction temperature.
Now to study Gd doping effect on structure of the composites XRD analysis has also been
performed.
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Thus, the XRD analysis of bismuth ferrite-rGO nanocomposites clearly reveal that till
180°C, sillenite Bi25FeO40 forms composites with rGO and at 200°C, perovskite BiFeO3
phase is present in synthesized composites.

2.3.1.2 XRD Analysis of Gd Bismuth Ferrite-rGO Nanocomposites

In section 2.3.1.1, it is seen that both sillenite and perovskite phase of bismuth ferrite can
be formed during synthesis of nanocomposites by varying solely the reaction temperature.
Now to study Gd doping effect on structure of the composites XRD analysis has also been
performed.
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plies that incorporation of graphene has reduced the particle size of the composites. This
phenomenon may be explained from the formation mechanism of bismuth ferrite in hy-
drothermal process. At the early stage of hydrothermal treatment, a large number of spher-
ical bismuth ferrite nanocrystallites nucleate and grow into fine seed particles. Extended
reaction time then leads to the growth of bismuth ferrite nuclei at the cost of the finer seed
particles. This time, dependent transformation follows the Ostwald ripening process. [174,
175]. Given the extremely large aspect ratios of the graphene nanosheets, the dispersion
of rGO in the amorphous precursors of bismuth ferrite gives rise to the formation of inter-
penetrating networks of graphene throughout the mixture of bismuth ferrite and rGO. In
the nucleation process, a large number of nuclei are absorbed on the surface of the rGO
nanosheets as a result of the large surface energy of rGO. The following growth of the bis-
muth ferrite nuclei by consuming finer seed particles is further limited by the graphene
networks due to their steric blocking of the transportation of the seed particles [176]. The
size of the final Bismuth ferrite particles in nanocomposites significantly reduced compared
to pure Bismuth ferrite.

It might be noted here that the particle size of the nanocomposites is much lower than
that of the cycloid spin structure of bismuth ferrite and this might be helpful to observe an
improve magnetic behavior of the composites. Furthermore, such a small size of the par-
ticles with narrow distribution may also be helpful to apply them in energy related appli-
cations as will be discussed later on.

2.3.2.3 Morphological Study of Gd Doped Bismuth Ferrite-rGO Nanocomposites 

Figure 20 shows the FESEM images of Gd doped nanocomposites synthesized at reaction
temperatures 180°C and 200°C. Figure 20(a) and 20(c) and their corresponding his-
tograms, 20(b) and 20(d), shows the average particle size of Gd doped sillenite and per-
ovskite structure nanocomposites which ranges from 25nm to 75nm and 25nm to 85nm,
respectively.
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It is visible from these FESEM images that the nanoparticles are roughly spherical, uni-
formly distributed and not highly agglomerated. FESEM images of 19 (a) and 19 (e) and
their corresponding histogram, 19 (b) and 19 (f), show that the average particle size of
pure BiFeO3 sample synthesized at 180°C and 200°C ranges from 30nm to 100nm and
40nm to 110nm respectively. Moreover, figures 19 (c) and 19 (g) and their corresponding
histograms, 19 (d) and 19(h), show that the particle size of composites synthesized at
180°C and 200°C is ranging from 10nm to 35nm and 20nm to 60nm, respectively. The
particle size in nanocomposites notably decreased compared to their pure form. This im-
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Figure 21 shows the EDX spectrum and mass percentage of all synthesized composites.
The EDX spectrum confirms the presence of expected amounts of Bi, Fe, O, Gd and C in
the synthesized nanocomposites. We have not observed any other peaks in EDS profile
thereby indicating the high purity of the nanocomposites. The EDS spectra were taken at
three different positions and the average atomic rations of Bi, Fe,O and C were found very
close to nominal composition, within the instrumental accuracy.  

2.3.4 Magnetic Characterization

Magnetic hysteresis measurements were carried out under applied filed in the range of
±20 kOe using vibrating sample magnetometer (VSM). 

M-H curves for BiFeO3, Bi25FeO40-rGO and BiFeO3-rGO synthesized at 180ºC and
200ºC measured at room temperature are shown in figure 22. The nearly linear magnetic
field induced magnetization in case of BiFeO3 at 180ºC and 200ºC indicates the presence
of its antiferromagnetic nature. For rhombohedral R3c perovskite structure of BiFeO3 the
Goodenough-Kanamori rules predict that the superexchange interaction between two Fe3+

ions are antiferromagnetic and originates G-type spiral modulated spin stricture (SMSS)
[178]. The figure shows that the saturation magnetization (Ms) for pure BiFeO3at 180ºC
and 200ºC is 0.197emu/g and 0.002emu/g (noted that actual saturation was not observed
in all cases, however, we termed it as saturation magnetization considering the moderate
applied field values).  Interestingly, when bismuth ferrite formed nanocomposites with
rGO at 180ºC and 200ºC, Ms values increased to about 9.5 emu/g and 0.6 emu/g, re-
spectively. The enhanced magnetization could be attributed to the following reasons: (i)
Suppression of spin cycloid structure [179] could have occurred in bismuth ferrite while
nanocomposite was formed with graphene, leading to release of the latent magnetization,
(ii) There was considerable decrease in particle size from BiFeO3 to BiFeO3-rGO and
Bi25FeO40-rGO nanocomposites, thus the surface-to-volume ratio was increased. The in-
creased surface-to-volume ratio means that spin canting at the surface of nanoparticles
was increased [180]. Darbandi et al. [181] reported similar increment in canting angle
with increase in surface-to-volume ratio. Increase in tilt angle increases the Dzyaloshinky-
Moriya interaction [182, 183] which is responsible for the spin canting. The increased
spin canting could be a possible reason of enhanced magnetization both in sillenite and

111

It is interesting to note that Gd3+ doping had no obvious influence on product morphology,
but it might have affected the crystalline size of the final product, that is, the crystalline
size increased with the addition of dopant, which is quite different from that of the BiFeO3
prepared by sol-gel method [177]. 

From figure 19 and figure 20 it is seen that lower particle sizes are found in Bi25FeO40-
rGO nanocomposites compared with pure bismuth ferrite and other composites probably
for the lower reaction temperature and interpenetrating graphene networks. 

2.3.3 EDX Studies of the Synthesized Nanocomposites 

Energy dispersive X-ray (EDX) spectroscopy identifies the particular elements and their rel-
ative proportions (atomic %) those present in the samples.

110
110 111



Figure 21 shows the EDX spectrum and mass percentage of all synthesized composites.
The EDX spectrum confirms the presence of expected amounts of Bi, Fe, O, Gd and C in
the synthesized nanocomposites. We have not observed any other peaks in EDS profile
thereby indicating the high purity of the nanocomposites. The EDS spectra were taken at
three different positions and the average atomic rations of Bi, Fe,O and C were found very
close to nominal composition, within the instrumental accuracy.  

2.3.4 Magnetic Characterization

Magnetic hysteresis measurements were carried out under applied filed in the range of
±20 kOe using vibrating sample magnetometer (VSM). 

M-H curves for BiFeO3, Bi25FeO40-rGO and BiFeO3-rGO synthesized at 180ºC and
200ºC measured at room temperature are shown in figure 22. The nearly linear magnetic
field induced magnetization in case of BiFeO3 at 180ºC and 200ºC indicates the presence
of its antiferromagnetic nature. For rhombohedral R3c perovskite structure of BiFeO3 the
Goodenough-Kanamori rules predict that the superexchange interaction between two Fe3+

ions are antiferromagnetic and originates G-type spiral modulated spin stricture (SMSS)
[178]. The figure shows that the saturation magnetization (Ms) for pure BiFeO3at 180ºC
and 200ºC is 0.197emu/g and 0.002emu/g (noted that actual saturation was not observed
in all cases, however, we termed it as saturation magnetization considering the moderate
applied field values).  Interestingly, when bismuth ferrite formed nanocomposites with
rGO at 180ºC and 200ºC, Ms values increased to about 9.5 emu/g and 0.6 emu/g, re-
spectively. The enhanced magnetization could be attributed to the following reasons: (i)
Suppression of spin cycloid structure [179] could have occurred in bismuth ferrite while
nanocomposite was formed with graphene, leading to release of the latent magnetization,
(ii) There was considerable decrease in particle size from BiFeO3 to BiFeO3-rGO and
Bi25FeO40-rGO nanocomposites, thus the surface-to-volume ratio was increased. The in-
creased surface-to-volume ratio means that spin canting at the surface of nanoparticles
was increased [180]. Darbandi et al. [181] reported similar increment in canting angle
with increase in surface-to-volume ratio. Increase in tilt angle increases the Dzyaloshinky-
Moriya interaction [182, 183] which is responsible for the spin canting. The increased
spin canting could be a possible reason of enhanced magnetization both in sillenite and

111

It is interesting to note that Gd3+ doping had no obvious influence on product morphology,
but it might have affected the crystalline size of the final product, that is, the crystalline
size increased with the addition of dopant, which is quite different from that of the BiFeO3
prepared by sol-gel method [177]. 

From figure 19 and figure 20 it is seen that lower particle sizes are found in Bi25FeO40-
rGO nanocomposites compared with pure bismuth ferrite and other composites probably
for the lower reaction temperature and interpenetrating graphene networks. 

2.3.3 EDX Studies of the Synthesized Nanocomposites 

Energy dispersive X-ray (EDX) spectroscopy identifies the particular elements and their rel-
ative proportions (atomic %) those present in the samples.

110
110 111



Figure 24 shows the absorption spectra of all samples. These absorption spectra of all sam-
ples show a strong transition in the 450nm to 650nm range due to electronic transition
involving charge transfer from valence band O 2p states to conduction band Fe 3d sates
[186]. It is also seen that all nanocomposites show enhanced absorption compared with
pure bismuth ferrite because of the addition of GO [187]. Which means, synthesized
nanocomposites can absorb considerable amount of visible light, suggesting their potential
applications as visible-light-driven photocatlysts.  Moreover, compared with the pure
BiFeO3and Gd doped nanocomposites, the perovskite and sillenite structure nanocom-
posites without doping Gd shows higher absorption. This difference was mainly due to
their smaller size particle and larger specific area [188].

2.3.5.2 Band Gap Estimation

To estimate the bandgap, diffuse reflectance spectroscopy (DRS) was carried using the
same spectrometer. In DRS, scattered radiation is collected excluding secularly (normally)
reflected light matching closely with the Kubelka-Munk (KM) function [189]. Initially, the
samples were pressed with 2 g of Barium Sulphate (BaSO4) salt into a thin translucent disc,
as the BaSO4 salt has no significant light reflection in visible light region and also trans-
parent in near ultraviolet to the infrared wavelengths region. Then using this as the refer-
ence, the absorbance profiles of the samples were obtained. A UV cut-off filter was used
to remove any irradiation below 420nm ensuring illumination by visible-light only.  The
KM function is given by, 

F(R)= (1-R)2/2R… … …. …. … … … … …. … (6.3)
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perovskite structure nanocomposites. The highest magnetization was found in sillenite
structure nanocomposite as shown in figure 22 (a). This enormous change in magnetization
occurred may be due to the structural change of bismuth ferrite after the addition of GO.

The M-H curves of the Gd doped nanocomposites at 180ºC and 200ºC reaction temper-
atures are shown in figure 23. From figure 22 (a) and 23 it can be seen that the Ms value
of sillenite structure decreases from 9.5emu/g to 5.7emu/g due to the Gd doping. It is prob-
ably associated with the increase in particle size, which is the evidence from FESEM analy-
sis. If the particle size increase, the Dzyaloshinky-Moriya interaction will decrease which
is responsible for the spin canting. The magnetization may also decrease with Gd substi-
tutions as these substitutions break the magnetic superexchange interaction among Fe3+

[184, 185] despite the fact that Gd has a large magnetic moment.

In addition, from figure 22(b) and 23 it is seen that, the saturation magnetization value,
Ms increase in Gd doped perovskite nanocomposite compared with pure BiFeO3 and
BiFeO3-rGO nanocomposites. The possible reasoning behind this enhanced magnetization
is the presence of significant amount of sillenite phase of bismuth ferrite and some other
impurities as shown in XRD analysis. 

2.3.5 Optical Characterization

To study the optical properties of the synthesized nanocomposites, UV-visible spectroscopy
was performed for all samples. Samples in powder form were used to perform these spec-
troscopic experiments. 

2.3.5.1 Absorption Spectra Study
The absorption spectra were measured from the wavelength range 300nm to 800nm at
room temperature using a UV-visible spectrophotometer. 
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The Eg values with particles size of all synthesized samples are enlisted in Table 6. The es-
timated band gaps for pure BiFeO3 synthesized at 180ºC and 200ºC are 2eV and 2.1eV
respectively. It can be seen from figure 25 and 26 that all nanocomposites show lower
band gap compared with their pure BiFeO3 synthesized at the same temperature. The pos-
sible reasoning, behind the decrease in band gap of the nanocomposites may be for en-
hancecoupling between bismuth ferrite nanoparticles and rGO. This coupling is mediated
by the OH groups adsorbed on the surface of the rGO [191]. A similar decrease in band
gap due to addition of GO was observed earlier [176] for BiFeO3—graphene nanohybrids.
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The band gap energies of the samples were calculated by using the following relation,

F(R) * hv = A(hv - Eg)2… … …. … … …. … (6.4) 

where, hv, A, Eg and R denote the energy, proportionality constant, bandgap energy and
reflectance. The [F(R)hv]2 vs.hv plots for the synthesized samples are shown in figures 25
and 26 to estimate the band gap of the synthesized samples. Here the intersection of the
tangent line with [F(R)hv]2 = 0 represents the optical band gap energy Eg [190].
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2.3.6.1 Photocatalytic Degradation Spectra 

Figure 27 (a-d) shows the time—dependent photodegradation of RhB under visible light ir-
radiation for BiFeO3 at 180ºC, Bi25FeO40-rGO at 180ºC, BiFeO3at 200ºC and BiFeO3-
rGO at 200ºC, respectively. In all the cases, (as shown in figure 27 (a-d)), the absorption
peak intensity of the RhB solution at 555nm apparently decreased as the reaction time
kept increasing, indicating the decomposition of RhB under visible-light irradiation with
the presence of materials as photocatalyst. From these absorbance versus wavelength spec-
tra, photodegradation rate was estimated as described below.  

2.3.6.2 Photocatalytic Performances

The photocatalytic performance of BiFeO3at 180ºC and 200ºC and their corresponding
nanocomposite with rGO for the degradation of RhB are shown in figure 28, along with
results in blank case (without catalyst) for the comparison. In figure, C is the concentration
of RhB at an internal time and C0 is the initial concentration. 
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Another important reason for this decrement in band gap in nanocomposites is the ap-
pearance of shallow levels between the valance band and conduction band due to the
smaller particle size in nanocomposites [186]. These shallow levels can reduce the effec-
tive bandgap for the smaller particles, if their density is high. In addition, Eg of Bi25FeO40-
rGO nanocomposites shown in figure 25 is 1.65 eV. Compared to some other sillenite
materials Bi25GaO39, Bi24Ga2O39, Bi12GeO20, Bi12TiO20, Bi12SiO20, Bi25GaO39 and
Bi24AlO39[192, 193, 194, 195], and pure Bi25FeO40 [196], synthesized Bi25FeO40-rGO
nanocomposites have lower energy gap indicating the photoabsorption of Bi25FeO40-rGO
moves to high wavelength. From figure 25 it is also seen that, the band gap of sillenite
type Bi25FeO40-rGO is lower than that of perovskite BiFeO3-rGO nanocomposites. There-
fore, sillenite type Bi25FeO40-rGO nanocomposites may be applied to water treatment as
well as hydrogen (H2) generation via water splitting as a promising photocatalyst. In ad-
dition, from Table 6 and figure 26 it is seen that the band gap increased because of doping
of Gd in nanocomposites. A similar increase in the band gap was observed earlier in Yt-
trium doped BiFeO3 nanoparticles [197] and also supported by the first-principle calcu-
lations [198]. We anticipate that bandgap increase in synthesized nanocomposites due to
increasing the particles’ size following the same mechanism. 

2.3.6 Photocatalytic Activity Test

The photocatalytic activities of as-prepared samples are related with a number of contri-
butions such as (i) reduced particles size i.e. smaller particles size gives large surface to
volume ratio and improves the photocatalytic properties [199], (ii) higher light absorption
ability [192] and (ii) narrow band gap [174]. According to these properties, the synthesized
Bi25FeO40-rGO and BiFeO3-rGO composites are the best samples for testing the photo-
catalytic activities since they satisfy the above-mentioned properties greatly. In this present
investigation, we will compare the photocatalytic properties between sillenite Bi25FeO40-
rGO and perovskite BiFeO3-rGO nanocomposites prepared by using exactly same method. 

The photocatalytic activities of the samples were evaluated at room temperature from
degradation of RhB in an aqueous solution under visible-light irradiation from a 500 W
Xenon lamp. A UV cut-off filter was used to remove any irradiation below 420nm ensuring
illumination only visible-light. The dye concentration was 10 mg/L with a catalyst of 0.8
g/L. Before irradiation, the solution mixture was kept in dark place and stirred for 1h to
achieve absorption-desorption equilibrium. The degradation of the dye in terms of optical
absorbance of the solution was measured using a UV-visible spectrometer. Prior to the ab-
sorbance measurement, the photocatalyst particles were removed using centrifugations
for 10 min at 5000 rpm. As for the stability test, the remaining photocatalyst powders after
photocatalytic degradation of RhB were collected by centrifugation, washed with distilled
water to remove the residual RhB, and then dried before another photocatalytic reaction.
This whole process was recycled three times.
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pure BiFeO3 (180ºC). The enhanced photocatalytic activity of Bi25FeO40-rGO (180ºC)
nanocomposites can be attributed to special crystal structure of sillenite phase bismuth
ferrite. Sillenite compounds can be regarded as the stabilized γ-Bi2O3 by adding M (M =
Group II—VIII elements) ions [200, 201]. So there are cations and oxygen vacancies in the
crystal structure of Bi25FeO40, inheriting from γ-Bi2O3. The oxygen vacancies in the semi-
conductor can act as trap centres of the photogenerated electrons and thus suppress the
recombination of electron—hole pairs [202], which is of great benefit to the photo-degra-
dation. On the other side, the addition of Fe ions into γ-Bi2O3 leads to the hybrid states in
the conduction band and the valence band[203], which broads the bands and favours a
fair mobility of photo-generated charges, improving the photo-catalytic activity.

2.3.6.3 Kinetics of Photocatalytic Degradation 

To further examine the kinetics of the degradation reaction of photocatalytic degradation,
Langmuir-Hinshelwood (L-H) model was applied. L-H model can be express by the fol-
lowing equation,

where C0 and C are the concentration of RhB at different irradiation time of t0 and t,
respectively, and k is the pseudo-first rate constant of photodegradation [204].
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In absence of photocatalyst, less than 3% RhB was degraded when kept exposed to visible
light for 4h (240 min), indicating that the self-photosensitization of RhB could be absolutely
low. On the other hand, the pure BiFeO3(180ºC) and BiFeO3(200ºC) photocatalyst could
decompose 63% and 60% after 4h irradiation time, respectively. After 4h visible light ir-
radiation time, 87% and 78% of RhB were decomposed for the Bi25FeO40-rGO (180ºC)
and BiFeO3-rGO (200ºC) nanocomposites, respectively. According to figure 28, the order
of photocatalytic efficiency is Bi25FeO40-rGO > BiFeO3-rGO > BiFeO3 (180ºC) > BiFeO3
(200ºC). So, when the nanocomposites were used as photocatalyst, a significant increase
of RhB photodegradation efficiency was observed.

In addition, from above discussion, it is obvious that both perovskite and sillenite phase
bismuth ferrite — rGO nanocomposites shows enhanced photodegradation efficiency com-
pared with their pure form synthesized at same temperature. A decrease in band gap of
the bismuth ferrite - rGO nanocomposites may be the primary reason for the higher pho-
tocatalytic response to visible light. In addition to band gap engineering and the coupling
between bismuth ferrite and rGO, the higher performance could also be attributed to the
increase interaction between RhB and rGO. Due to the very large п-conjugation plan of
rGO, RhB could strongly absorb on the surface on the rGO via п-п stacking [199]. Another
important reason to the improved photocatalytic efficiency is the suppression of electron
hole recombination. In bismuth ferrite-rGO nanocomposites, photogenerated electrons
are transferred to the rGO sheets. Such a feasible transfer of the photogenerated electron
from the bismuth ferrite nanoparticles to rGO surface could effectively inhibit the recom-
bination of electron hole, resulting in enhanced photocatalytic activity.  

From figure 28 it is also seen that the sillenite type Bi25FeO40-rGO (180ºC) nanocompos-
ites yielded the highest RhB degradation efficiency, which was about 1.5 times that of the
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For sillenite type Bi25FeO40-rGO nanocomposite after 3rd cycle the degradation efficiency
decreased by 2%, whereas in case of perovskite BiFeO3-rGO, after 3rd cycle this degrada-
tion efficiency decreased by 12%, meaning that sillenite Bi25FeO40-rGO nanocomposites
has good catalytic stability than BiFeO3-rGO. This result indicates that photocatalyst based
on Bi25FeO40-rGO nanocomposites could be reused completely for water treatment and
other related purposes.

2.3.6.5 Photocatalytic Mechanism

The photocatalytic process usually involves three steps: (1) the absorption of photons with
energy larger than the band gap of a photocatalyst, (2) the generation, separation, migration
or recombination of photogenerated electron—hole pairs, and (3) the redox reactions on
the photocatalyst surface [192]. As discussed above, sillenite type Bi25FeO40-rGO
nanocomposites exhibited higher photocatalytic activities than that of the other samples.
The enhanced photocatalytic activities of the Bi25FeO40-rGO would closely related to the
following aspects: (i) the increase in light absorption and synergistic effect in Bi25FeO40-
rGO nanocomposites, (ii) the decrease of charge carrier recombination, (iii) the promotion
of surface redox reactions. 

It is seen that sillenite type Bi25FeO40-rGO nanocomposites show narrow band gap indi-
cating higher light absorption ability. Moreover, under visible irradiation, Bi25FeO40 and
rGO can be excited to create free electron and holes. These photogenerated free electrons
in Bi25FeO40-rGO can easily move towards the surface of rGO sheets. The conjugated
sp2-hybridized structure of rGO composite provides an abundance of delocalized elec-
trons to enhance the transport of photogenerated electrons [205]. Accordingly, the super-
oxide anion radicals are formed in rGO sheets by a reaction between photoinduced
electrons and adsorbed oxygen, while the hydroxyl radicals are formed in the Bi25FeO40
surface by a reaction between photogenerated holes and water [187]. Hence, RhB mole-
cules were degraded by serials reactions with holes, superoxide anion radical and hydroxyl
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From the liner fitting curves of ln(C0/Ct ) verses irradiation time t as shown in figure 4.14,
the RhB degradation rate constant k were calculated to be 3.68×10-2, 2.8305×10-1,
5.9×10-1, 2.44×10-1 and 4.45×10-1 min-1 for the blank, BiFeO3 (180ºC), Bi25FeO40-rGO
(180ºC), BiFeO3 (200ºC), and BiFeO3-rGO (200ºC) nanocomposites, respectively. Among
them, the Bi25FeO40-rGO (180ºC) exhibited the highest k value, which is 1.5 times that
of BiFeO3 (180ºC) and a small difference of k vale in sillenite and perovskite structure
nanocomposites is also notable. The photocatalytic experiments reveal that the addition
of rGO to form nanocomposites significantly enhanced the photocatalytic activity of Bis-
muth ferrite. It is also seen that sillenite structure nanocomposites shows improve photo-
catalytic activity than perovskite structure due to its special structure as discussed in section
2.3.6.2. 

2.3.6.4 Stability and Reusability of the Catalyst

To estimate the photocatalytic efficiency, the stability and recyclability’s of a photocatalyst
is also very important from the point of view of its practical application. To evaluate the
stability and reusability of nanocomposites, sillenite Bi25FeO40-rGO (180ºC) and per-
ovskite BiFeO3-rGO (200ºC) nanocomposites were recycled 3 runs for the photodegra-
dation of RhB under the same reaction condition, as depicted in figure 30.
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The photocatalytic hydrogen generation experiment has been carried out in a Schelnk-
type photochemical reactor as shown in figure 32. In a typical experiment, 20 mg of pho-
tocatalyst is weighted and kept into the reactor with 30 ml water. The solution is mixed
via magnetic stirring while the system is purged with argon gas for 30 minutes to remove
any dissolved oxygen before illumination of the photocatalyst. A 500W Xenon lamp was
used for photo-illumination.

The volume versus time graph of hydrogen generation using P25 [207], pure BiFeO3at
180ºC, sillenite structure Bi25FeO40-rGO, and perovskite structure BiFeO3-rGO are shown
in figure 4.18. Under visible light irradiation, the pure BiFeO3 (180 ºC) and P25 could
generate 11.6 mL/g and 10 mL/g of H2 respectively after 4h irradiation. When nanocom-
posites were used as photocatalyst, a significant increase in H2 generation was observed.
After 4h, 35 mL/g and 30 mL/g of H2 were generated for Bi25FeO40-rGO and BiFeO3-rGO
nanocomposites, respectively. The Bi25FeO40-rGO nanocomposites generated the highest
amount of H2, which was about 3.5 times that of P25. This improved H2 production from
Bi25FeO40-rGO may be occurring due to these following aspects: (i) narrow band gap, (ii)
more electron-hole pair generation and (iii) higher surface area of nanocomposites [208].
Hence it can be concluded that sillenite type Bi25FeO40-rGO nanocomposites prepared
by hydrothermal method at 180ºC reaction temperature can be used as an effective pho-
tocatalyst to generate H2 from water under solar light illumination.
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radical [170]. The photocatalytic mechanism could be summarized as follows:

Bi25 FeO40 + hv → Bi25FeO40 (h+e)… … … … … … … …   6.6

Bi25FeO40(e) + graphine → Bi25FeO40 + graphene(e)… … 6.7

graphene(e) + O2 → O2
- + graphene … … … … …. … … .. .6.8

Bi25FeO40 (h) + OH- → Bi25FeO40 + OH… … … . .. . … … .. .6.9

Bi25FeO40 (h) + OH + O2
- + RhB → degradation produc… ..6.10

2.3.7 Photocatalytic Hydrogen (H2) Generation

It is well known that TiO2 is one of the mostly investigated materials for photocatalytic
hydrogen generation from water splitting due to its good chemical stability and easy avail-
ability. But the photo-efficiency of water splitting of TiO2— based photocatalyst is greatly
limited due to its large band gap (3.2eV), which restrict the absorption of visible light [206].
Comparing with TiO2-based photocatalysts, in the present work, the synthesized nanocom-
posites has a narrower band gap of 1.65 - 2.1 eV, which allows the photocatalytic activity
under visible light to become prominent. Therefore, bismuth ferrite-based material and
their nanocomposites formed with rGO can serve as a promising photocatalyst either for
hydrogen generation from water splitting or for degradation of organic pollutants in the
future. The applicability of the synthesized samples as a potential candidate for photocat-
alytic water splitting for hydrogen generation were examined for pure BiFeO3, sillenite
type Bi25FeO40-rGO, and perovskite type BiFeO3-rGO nanocomposites.
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Figure 32: A slurry-type photochemical reactor
used in H2 generation
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Figure 32: A slurry-type photochemical reactor
used in H2 generation
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Summary

(i) BiFeO3 multiferroic nanoparticles

Bismuth ferrite, BiFeO3 (BFO) and 10% Gd doped BFO having composition
Bi0.9Gd0.1FeO3(BGFO) materials were synthesized by using hydrothermal (HT) process
at120°C,140°C,160°C, 180°C and 200°C reaction temperatures. For comparison, BFO
bulk polycrystalline sample was also prepared by using conventional solid state reaction
(SSR) technique.The structural, morphological, magnetic, optical and electrical properties
of synthesized materials were investigated using the relevant characterization techniques.
The outcomes of this investigation are summarized as:

The XRD pattern has confirmed the formation of rhombohedrally distorted perovskite struc-
ture for BFO bulk prepared by using conventional solid state reaction (SSR) technique and
BFO,BGFO nanoparticles synthesized by using hydrothermal (HT) process for the partic-
ular reaction temperatures. The perovskite structure was not formed in hydrothermal
process at 120°C, 140°C for BFO and 160°C for BGFO samples. In addition, it was seen
from XRD pattern that some impurity phases were also appeared in the bulk BFO and
BGFO samples. Interestingly, the impurity phases were suppressed in the BFO samples
synthesized by HT process. To analyze the phase purity of the samples, Rietveld refinement
was carried out. The Rietveld refinement revealed that all the diffraction peaks matched
well with the rhombohedral structure (wt. 100%) for the hydrothermally prepared BFOat
160°C reaction temperature. The Fe-O-Fe bond angle was also found to lower for this par-
ticular sample. The structural analysis clearly indicated that the lowest reaction tempera-
ture for obtaining pure BFO phase was 160°C and substitution of Gd in BFO actually
deteriorate the phase purity as well as structure at such a low temperature.

The Field Emission Scanning Electron Microscopy (FESEM) images and their respective
histograms demonstrated that the particle size of BFO in hydrothermal method decreases
with the decreasing temperature. The average particle size of Gd doped BFO nanoparticles
at different reaction temperatures was also found to be notably smaller, but the phase
purity decreased as observed from XRD measurements.  

The EDX spectra confirmed the presence of all the constituent elements of BFO and BGFO
samples.

The magnetization measurements were carried out using a VSM and improved magneti-
zation was observed for hydrothermally prepared BFO samples than that of the bulk BFO
sample prepared by SSR technique. BFO sample synthesized by HT process at 160°C re-
action temperature exhibited a very high saturation (almost 100 times) than that of the
other BFO samples as well as BGFO samples. This improved magnetic behaviour suggests
that if BFO nanoparticles are synthesized at such a low temperature, the substitution of
rare earth element like Gd does not cause any further improvement in their magnetic be-
haviour.

The band gap energy of the selected samples was estimated from their diffuse reflectance
graphs by applying Kubelka-Munk function. The estimated band gap energy for BFO
nanoparticles prepared at 160°C reaction temperature is smaller than their bulk counter-
parts as well as Gd substituted BGFO materials. The smaller bandgap of BFO nanoparticles
indicates a possibility of utilizing more visible light for photocatalysis. 
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It is well known that the visible-light response and separation of photogenerated electron-
hole pair are the two key factors for the photocatalytic performance under solar light irra-
diation. The principle of photocatalytic water splitting to generate hydrogen on a
semiconductor photocatalyst is schematically illustrated in Figure 34 [210, 211, 212]. In-
cident light excites the intrinsic ionization over the band gap of n-type semiconducting
material, which leads to the formation of electrons and holes in the semiconductor, Eq.
(4.11). The holes split water molecules into O2 and H+, Eq. (4.12). Simultaneously, the
electrons generated in Eq. (4.13) reduce the H+ into H2. The efficiency of water splitting
is generally determined by the band gap, band structure and the electron transferring
process.

2hv → 2e- + 2h+…………………… ……………… (4.11)

2h+ + H2O (liquid) → 1/2 O2 (gas) + 2H+………….. (4.12)

2H++2e- → H2 (gas)………………………………… (4.13)
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On the other hand, perovskite structure nanocompositesdisplayed weak ferromagnetic na-
ture with saturation magnetization of 0.6 emu/g. 

Furthermore, due to addition of Gd, there was increase in magnetization for perovskite
nanocomposites and decrease in sillenite nanocomposites. It can be anticipated that, this
enhanced magnetization in perovskite nanocompositesis due the presence of significant
amount of other impurities as shown in XRD analysis. In addition, the lower magnetization
in sillenite nanocomposites may be for the increase in particle size due to Gd substitu-
tion.

�The band gap energy of the all samples was estimated from their diffuse reflectance
spectra by applying Kubelka-Munk function. The estimated band gap energy for sillenite
type Bi25FeO40-rGO nano composites prepared at 180°C reaction temperature is smaller
than perovskite type nano composites as well as Gd substituted bismuth ferrite-rGO
nanocomposites. The smaller bandgap of Bi25FeO40-rGO nanocomposites indicates a pos-
sibility of utilizing these as a highly efficient photocatalyst for visible light photocatalytic
applications. 

�In photocatalytic experiments, the photodegradation rate was found reasonably higher
for both structure bismuth ferrite-rGO nano composites compared with pure bismuth fer-
rite. It is also important to note that sillenite phase nanocomposite shows higher efficiency
than perovskite phase nanocomposites due to their improved morphology and lower
bandgap.

�The stability and recyclability test revealed that sillenite phase nanocomposites are more
stable than perovskite phase nanocomposites.

�Bi25FeO40-rGO nano composites generated more than 3.5 times of hydrogen via water
splitting under solar light irradiation than that of the commercially available TiO2.

Conclusion

BiFeO3multiferroic materials with better homogeneity were successfully produced at tem-
perature as low as 160°C using hydro thermal process with improved size, distribution,
structural, magnetic and photocatalytic properties.Being a multiferroic material with suit-
able narrow band gap (∼2.1 eV) and uniform morphologies, these BiFeO3 nanoparticles
might be useful for the design of devices combining magnetic, electronic, and optical
functionalities.The synthesized nanoparticles are particularly useful for solar hydrogen
production via water splitting. The rare earth element Gd was doped for improving the
property of BFO, but in hydrothermal process BFO itself shows improved property and
after doping Gd the property of BFO were actually deteriorated at reaction temperature
160°C. 

In the case of nanocomposite materials, both sillenite and perovskite phase bismuth fer-
rite-reduced graphene oxide nanocomposites were successfully formed using a low cost
hydrothermal process at reaction temperatures of 180°C and 200°C respectively. Such a
phase transition can be useful for the formation of nanocomposites of graphene with either
perovskite or sillenite phase of bismuth ferrites as desired. The obtained results bear sig-
nificance since it provides a means of selective phase formation of bismuth ferrites while
forming composites with rGO by simply tweaking the temperature by 20°C. The magnetic
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In photocatalytic activity study, the higher photodegradation rate was found reasonably
higher for hydrothermally prepared BFO nanoparticles prepared at 160°C reaction tem-
perature.

BFO nanoparticle prepared by HT method at 160°C reaction temperature generated more
than two times of hydrogen by water splitting than that of the bulk BFO synthesized by
SSR technique as well as commercially available TiO2.

The leakage current density for hydrothermally prepared BFO nanoparticles at 160°C re-
action temperaturewas much smaller than that of theBFO bulk prepared by SSR technique
and BGFO nanoparticlesproduced by HT and the polarization (P) versus electric field (E)
hysteresisloops were typical for the hydrothermally prepared BFO nanoparticles compared
to that of the other two samples.

(ii) BiFeO3 – reduced graphene oxidenanocomposites

In this investigation, the structural, morphological, magnetic, optical and photocatalytic
properties of synthesized nanocomposites were investigated using different characteriza-
tion techniques. The suitability of the synthesized nanocomposites as a photocatalyst for
the H2 production via water splitting was also tested.

The outcome of this investigation are summarized as:

�The X-ray diffraction (XRD) study revealed that up to 180°C, sillenite type Bi25FeO40
forms composites with rGO and at 200°C, the synthesized nanocomposites are of per-
ovskite type BiFeO3. As a result, we may infer that just by controlling the reaction temper-
ature, composite of desired phase of bismuth ferrite with rGO may be formed keeping all
other conditions same. 

In addition, it was seen from XRD pattern of Gd-doped composites that some impurity
phases appeared with addition of Gd in nanocomposites. 

�To confirm the formation of desired bonds in the composites, X-Ray Photoelectron Spec-
troscopy (XPS) measurements were performed for Bi25FeO40-rGO nanocomposites as a
nominal sample. From the resulting peaks at locations of Bi-O, Fe-O and C related bonds,
it was demonstrated that GO was successfully reduced to rGO and other expected bonds
in the composites were formed.

�The Field Emission Scanning Electron Microscopy (FESEM) images and their respective
histograms demonstrated that the particle size of sillenite type, Bi25FeO40-rGO nanocom-
posites are smaller than pure BiFeO3 and other synthesized nanocomposites. 
Additionally, the average particle size of Gd-doped nanocomposites of both sillenite and
perovskite phase bismuth ferrite became larger.  

�The EDX spectra confirmed the presence of all the constituent elements of bismuth fer-
rite-rGO and Gd doped bismuth ferrite-rGO nanocomposites.

�The magnetization measurements were carried out using a VSM and improved magne-
tization was observed for both perovskite and sillenite nanocomposites than that of the
pure BiFeO3 synthesized at same temperature. The sillenite type Bi25FeO40-rGO nanocom-
posites exhibited superparamagnetic nature with saturation magnetization of 9.5 emu/g.

126
126 127



On the other hand, perovskite structure nanocompositesdisplayed weak ferromagnetic na-
ture with saturation magnetization of 0.6 emu/g. 

Furthermore, due to addition of Gd, there was increase in magnetization for perovskite
nanocomposites and decrease in sillenite nanocomposites. It can be anticipated that, this
enhanced magnetization in perovskite nanocompositesis due the presence of significant
amount of other impurities as shown in XRD analysis. In addition, the lower magnetization
in sillenite nanocomposites may be for the increase in particle size due to Gd substitu-
tion.

�The band gap energy of the all samples was estimated from their diffuse reflectance
spectra by applying Kubelka-Munk function. The estimated band gap energy for sillenite
type Bi25FeO40-rGO nano composites prepared at 180°C reaction temperature is smaller
than perovskite type nano composites as well as Gd substituted bismuth ferrite-rGO
nanocomposites. The smaller bandgap of Bi25FeO40-rGO nanocomposites indicates a pos-
sibility of utilizing these as a highly efficient photocatalyst for visible light photocatalytic
applications. 

�In photocatalytic experiments, the photodegradation rate was found reasonably higher
for both structure bismuth ferrite-rGO nano composites compared with pure bismuth fer-
rite. It is also important to note that sillenite phase nanocomposite shows higher efficiency
than perovskite phase nanocomposites due to their improved morphology and lower
bandgap.

�The stability and recyclability test revealed that sillenite phase nanocomposites are more
stable than perovskite phase nanocomposites.

�Bi25FeO40-rGO nano composites generated more than 3.5 times of hydrogen via water
splitting under solar light irradiation than that of the commercially available TiO2.

Conclusion

BiFeO3multiferroic materials with better homogeneity were successfully produced at tem-
perature as low as 160°C using hydro thermal process with improved size, distribution,
structural, magnetic and photocatalytic properties.Being a multiferroic material with suit-
able narrow band gap (∼2.1 eV) and uniform morphologies, these BiFeO3 nanoparticles
might be useful for the design of devices combining magnetic, electronic, and optical
functionalities.The synthesized nanoparticles are particularly useful for solar hydrogen
production via water splitting. The rare earth element Gd was doped for improving the
property of BFO, but in hydrothermal process BFO itself shows improved property and
after doping Gd the property of BFO were actually deteriorated at reaction temperature
160°C. 

In the case of nanocomposite materials, both sillenite and perovskite phase bismuth fer-
rite-reduced graphene oxide nanocomposites were successfully formed using a low cost
hydrothermal process at reaction temperatures of 180°C and 200°C respectively. Such a
phase transition can be useful for the formation of nanocomposites of graphene with either
perovskite or sillenite phase of bismuth ferrites as desired. The obtained results bear sig-
nificance since it provides a means of selective phase formation of bismuth ferrites while
forming composites with rGO by simply tweaking the temperature by 20°C. The magnetic

127

In photocatalytic activity study, the higher photodegradation rate was found reasonably
higher for hydrothermally prepared BFO nanoparticles prepared at 160°C reaction tem-
perature.

BFO nanoparticle prepared by HT method at 160°C reaction temperature generated more
than two times of hydrogen by water splitting than that of the bulk BFO synthesized by
SSR technique as well as commercially available TiO2.

The leakage current density for hydrothermally prepared BFO nanoparticles at 160°C re-
action temperaturewas much smaller than that of theBFO bulk prepared by SSR technique
and BGFO nanoparticlesproduced by HT and the polarization (P) versus electric field (E)
hysteresisloops were typical for the hydrothermally prepared BFO nanoparticles compared
to that of the other two samples.

(ii) BiFeO3 – reduced graphene oxidenanocomposites

In this investigation, the structural, morphological, magnetic, optical and photocatalytic
properties of synthesized nanocomposites were investigated using different characteriza-
tion techniques. The suitability of the synthesized nanocomposites as a photocatalyst for
the H2 production via water splitting was also tested.

The outcome of this investigation are summarized as:

�The X-ray diffraction (XRD) study revealed that up to 180°C, sillenite type Bi25FeO40
forms composites with rGO and at 200°C, the synthesized nanocomposites are of per-
ovskite type BiFeO3. As a result, we may infer that just by controlling the reaction temper-
ature, composite of desired phase of bismuth ferrite with rGO may be formed keeping all
other conditions same. 

In addition, it was seen from XRD pattern of Gd-doped composites that some impurity
phases appeared with addition of Gd in nanocomposites. 

�To confirm the formation of desired bonds in the composites, X-Ray Photoelectron Spec-
troscopy (XPS) measurements were performed for Bi25FeO40-rGO nanocomposites as a
nominal sample. From the resulting peaks at locations of Bi-O, Fe-O and C related bonds,
it was demonstrated that GO was successfully reduced to rGO and other expected bonds
in the composites were formed.

�The Field Emission Scanning Electron Microscopy (FESEM) images and their respective
histograms demonstrated that the particle size of sillenite type, Bi25FeO40-rGO nanocom-
posites are smaller than pure BiFeO3 and other synthesized nanocomposites. 
Additionally, the average particle size of Gd-doped nanocomposites of both sillenite and
perovskite phase bismuth ferrite became larger.  

�The EDX spectra confirmed the presence of all the constituent elements of bismuth fer-
rite-rGO and Gd doped bismuth ferrite-rGO nanocomposites.

�The magnetization measurements were carried out using a VSM and improved magne-
tization was observed for both perovskite and sillenite nanocomposites than that of the
pure BiFeO3 synthesized at same temperature. The sillenite type Bi25FeO40-rGO nanocom-
posites exhibited superparamagnetic nature with saturation magnetization of 9.5 emu/g.

126
126 127



Nanotechnology Research Laboratory

129

UV-visible spectrophotometer

properties of the synthesized nanocomposites were notably increased compared to that
of the pure BiFeO3. The lower bandgap of the composite would be able to generate higher
number of e--h+ pairs and might be useful in photocatalytic experiments. The improved
photodegradation activity toward Rhodamine B is attributed to the structural characteristics
of sillenite type Bi25FeO40 and the great charge mobility of rGO, which retard the recom-
bination of photoexcited pairs. We have demonstrated that the synthesized nanocompos-
ites are particularly useful for solar hydrogen production via water splitting.In case of pure
BiFeO3, doping of expensive rare-earth elements like Gd is required for improved prop-
erties. However, the synthesized composites demonstrate enhancements of their properties
without addition of such a dopant.

Suggestion for Future Work

Nanoparticles will be synthesized by hydrothermal technique by doping various rare earth
element (i.e. Dy,Y etc.) in BFO and their structural, magnetic, optical and photocatalytic
properties will be investigated. Moreover, in the present investigation the doping percent-
age of Gd was 10%. It might be interesting to investigate further by varying the doping
percentage of the Gd which may be helpful for finding optimum doping percentage for
rare earth element in hydrothermal process. 

Nanocomposites of other materials like CoFe2O4 with rGO will be synthesized by hy-
drothermal technique and their structural, magnetic, optical and photocatalytic properties
will be investigated. Their performance for solar hydrogen production will be tested. Syn-
thesized nanocomposites will also be used to test the suitability of arsenic removal from
water as their surface to volume ratio is very high. 

Prototype Design

We have designed the following prototype for hydrogen fuel cell:

The hydrogen from photocatalysis is stored in a container with appropriate pressure. The
container supplies the hydrogen to the fuel cell.

Specifications: Hydrogen pressure 0.45-0.55Bar; Flow Rate: 0.18L/min
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A spin coaterto deposit thin films of the synthesized nanoparticles

A Magnetic hot plate to produce efficient photocatalyst for using H2 production

130

Mercury Xenon Lamp to investigate the efficiency of the photocatalysts by conducting photodegradation
experiment

Gas Chromatography to analyse H2 gas
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Energy Landscape in Bangladesh
Recent metrics suggest that globally about 17% of the world population or 1.166 billion
people lack access to the electricity grid. Most of them reside in Sub-Saharan Africa and
South Asia (87%), and in rural areas (85%) [IEA/WB, 2014]. With its 66.6 million off-grid
people, Bangladesh ranks third among the countries with the highest electrification deficit
and has been considered a high impact country to reach the SE4ALL goals. In 1971, the
year of its independence, a mere 3% of the population of Bangladesh had access to grid
electricity. Today, the share has increased to almost 60%. In the last couple of years,
Bangladesh’s GDP has been growing at a steady rate between 6% and 7% [World Bank,
2013]. 

In its development plan, titled Vision 2021, half a century after its struggle for independ-
ence, the Government of Bangladesh (GoB) has made the provision of access to electricity
and achieving economic and social well-being of all citizens through a low carbon strategy
as the central goal [GoB, 2012]. Universal access to electricity by the year 2020, with im-
proved reliability and quality, is its declared goal. Direct current (DC) solar home systems
(SHSs), currently consisting of a 20 to 85Wp solar panel, battery, and charge controller,
have successfully started an electrification process for large parts of the country’s rural
population through the IDCOL’s national SHS programme. Close to 4.0 million SHSs are
already installed through microcredit schemes implemented by the Partner Organizations
(POs), who used to expand their customer base at a rate of 45,000 up to 70,000 systems
per month, making Bangladesh an internationally acclaimed role model.

However, recent statistics show a dramatically declining market [Groh & Taylor, 2016].
Also, many households with an SHS do not fully utilize the electricity stored in their bat-
tery, resulting in a full battery by midday, and thereby limiting the generation potential of
their systems by up to 30% [Kirchhoff, 2014]. At the same time, some households require
electricity beyond what their systems can supply, especially during the rainy season, while
others cannot afford a complete SHS at all and remain trapped in energy poverty. Mondal
and Klein [2011] further point to the limits of SHS in terms of its potential to directly affect
an individual household’s ability to improve its income generation. Moreover, the last
months have shown serious shortcomings in post-paid end-user financing, resulting in
stumbling collection efficiencies throughout the sector. 

There is a need for more cost effective, reliable and flexible electricity supply (also in terms
of payment). In rural areas of Bangladesh, settlements tend to consist of various clustered
areas where households are built closely together in a dense pattern. Hence, it is common
to see clusters of households and small businesses with SHS. Further, entrepreneurs have
taken up this challenge and are acting as mini-utilities based on diesel generators supplying
neighbouring houses as well as small businesses. In summary, the current SHS scheme
has revealed the following shortcomings from an end-user perspective:

�not inclusive enough to reach down to the poorest segments,
�lack of flexibility in terms of usage patterns and payment methods,
�productive use remains very limited,
�excess capacity: generated energy gets lost while battery is full.

Recently, a range of AC minigrids have been designed, and are in the first implementation
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Introduction

Solar PV is widely used in Bangladesh due to its continuously falling prices in the world
market and the soft loan scheme introduced by the Infrastructure Development Company
Limited (IDCOL) of Bangladesh. IDCOL has so far supported installation of around 4.0
million solar home systems (SHSs). Installation of SHS under IDCOL financing has become
a very successful programme, benefitting millions of off-grid rural households. People inthe
rural areas are now convinced that solar PV system helps make their life better. 

At the same time, there is an ambitious goal to promote installation of minigrids. This,
however, often culminates in double infrastructures with deadweight loss as many SHSs
are often abandoned in favour of minigrid electricity services. Keeping these impulses in
mind, Centre for Energy Research (CER) of United International University (UIU), Institute
for Decentralized Electrification, Entrepreneurship and Education of the Ulm University
of Applied Science (id-eee), the Department for Sustainable Electric Networks and Sources
of Energy at the Technische Universität Berlin (SENSE), Renewable and Appropriate Energy
Laboratory at University of California Berkeley (RAEL), and ME SOLshare have been de-
veloping a comprehensive research on community based decentralized DC nanogrids for
combined households based on existing resources. The overall objective of the project
was to develop an innovative approach for community based decentralized DC nanogrids
for rural electrification. Significant support for site selection and implementation was re-
ceived by local POs, such as GHEL and UBOMUS. 

The developed approach enables integration of local generation and storage capacities
like SHSs by connecting SHS and centralized storage, and generation capacities into a
DC nanogrid. The DC nanogrid allows electricity sharing through bi-directional power
flows, which leads to extremely flexible DC nanogrids that can be constantly adjusted to
local demands in a short term period. The approach has the advantage that local genera-
tion and storage capacities are used more efficiently and additionally, by utilizing com-
munity rooftops for creating a nanogrid, land needed for solar arrays can be significantly
reduced. The approach enables utilization of excess energy that results from the design
configurations of SHS for rainy and non-rainy seasons in a bi-directional DC nanogrid.
This additional electricity can be used to power households that have so far could not be
reached through SHSs, possibly due to limited resources. 
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Short Summary
Bangladesh has adopted a long-term development plan titled ‘Vision 2021’, marking the golden
jubilee of its independence. Under the vision, the Government has made a provision for universal
access to electricity by the year 2020 as a low-carbon strategy to achieve economic growth and
social well-being of all citizens. Ensuring access to reliable and quality electricity is the goal. To
support this ambitious target, IDCOL decided to utilize a fund from the World Bank under the
Rural Electrification and Renewable Energy Development Project (REREDP) to support research
and development (R&D) initiatives. Against this backdrop, IDCOL has awarded a project to a con-
sortium of local and international scholars, led by Centre for Energy Research of United Interna-
tional University as well as a German-Bangladesh start-up company ME SOLshare Limited.

In the framework of this R&D project, different topologies of solar-powered smart DC nanogrids
have been developed and piloted in 66 rural households. The project showed its innovative char-
acter due to the following achievements:

1. A comparative assessment of three different topologies has been performed, namely:
a) Central storage and generation coupled with smart supply and demand response
system;

b) Central storage and generation in interconnected nanogrids; and
c) Decentralized storage and generation in peer-to-peer bottom-up nanogrids.

2. A new, Pay-As-You-Go and (PAYG) and Cash-In-As-You-Go (CAYG), technology has been suc-
cessfully tested within the nanogrids.

3. Higher power DC appliances like waterpumps and rice huller machines have been successfully
incorporated into SHS-based low voltage nanogrids.

An in-depth data analysis revealed that topology ‘c’ — peer-to-peer bottom-up nanogrids — stoodout
by far due to several reasons, including a significantly higher power reliability and flexibility. More-
over, during the project implementation, serious problems were created over site selection. Para-
doxically enough, the high penetration of SHS in Bangladesh was among the main reasons. Due
to its penetration, there seems to be little scope for a DC nanogrid to cater for the basic energy
needs which cannot integrate existing SHS in a smart manner. It became evident that the concept
with its strictly centralized generation and storage points in its initial design for basic energy serv-
ices was not the right concept for Bangladesh, but rather for the countries like India, Myanmar,
and Nepal, where the SHS penetration is much lower. A better fit was found in a model that can
materialize on the existing infrastructure but still cater for better energy services. The shift to a
PAYG/ CAYG service model has a huge potential for Bangladesh, especially considering the present
collection efficiency problems many of the partner organizations (POs) are facing. Another crucial
success factor is the required amount of initial capital for investment. As observed during this proj-
ect implementation, a low initial investment leads to lower financial risks for the investor, which
was especially emphasized by UBOMUS. This makes the tested DC nanogrid concept competitive
with larger mini-grid approaches, where huge investments and subsidies are currently required.
This is particularly true since now the door has been opened for various higher power loads. As a
next step, a range of new DC appliances are being installed such as fridges, ice-making machinery,
corn hullers and threshers, compressed oxygen machine for rural health clinics, among others. 

An intelligent integration of the existing and upcoming SHS in the market for future nanogrid design
combining key productive use activities will enable Bangladesh once more to set a global paradigm
of a successful innovation-based rural electrification strategy with international repute.Provided
all technical standards are met, the developed system can make here a significant contribution to
the country’s ambition to provide quality energy services for all by 2021.
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stages, in addition to the Sandwip case which already has a track record of such systems.
Based on these developments, the following challenges have been observed: 

�demand tends to grow once AC electricity is available,
�pace of growth is hard to determine,
�oversized systems are not economically viable,
�undersized systems might fail to adequately perform and therefore hinder social accept-
ance and economic development,
�productive use is enhanced with larger electrical loads,
�the creation of parallel infrastructures should be avoided.

This project aims to address these limitations by introducing, developing, implementing
and investigating an innovative approach, namely solar DC minigrids, which may provide
the basic infrastructure required to transition to the swarm electrification concept [Groh
et al. 2015].
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Site Survey
Summary Report on Kachua, Chandpur, Bangladesh
Site 1:
Name of Location : Nandanpur Bazar and adjacent villages. 
GPS Location :   23°23'28.99" N  90°49'08.14" E

Description
This is a grid-connected area — electricity provided by Bangladesh Rural Electrification
Board (BREB). About 60% of the households are connected to the grid, but according to
the villagers, supply of electricity is not continuous and they only get a few hours of supply
in a day. This reason discourages other people not to get electricity from the grid. On the
other hand, some households have SHSs as a backup source. No shop in the bazar has
connected to the grid — they use SHSs. 

Nanogrid Feasibility
The households are very close to each other and one cluster of avillage consists of mini-
mum 15 houses. 

153

Recommendations 
The project demonstrates the potential of a bottom-up micro-energy transition model to-
wards inclusive, reliable and affordable renewable energy services in predominantly poor
rural Bangladeshi communities in order to alleviate energy-related poverty, stimulate sus-
tainable economic development and improve local living conditions. It further indicates
a potential to support the revitalisation of the Bangladeshi solar home system (SHS) market
through improved service delivery while also establishing reliable rural last-mile distribu-
tion infrastructures that will enable grid-readiness for groups of SHS through low-cost in-
terconnection with the Bangladesh Rural Electrification Board (BREB) grid in the future.

It is, therefore, strongly recommended to continue research on sustainable business models
for developed technology as well as to facilitate its wider adoption in the country. This, in
turn, especially due its innovative character, requires financial support for the following
activities:

1. Identifying sustainable business models that can scale-up rapidly.
2. Market development and awareness raising.
3. Assessing and developing local manufacturing capacities.
4. Development of a set of technical standards for smart meters.
5. Advanced research on the potential to connect regional grids with

interconnected SHS clusters (point of common coupling).
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Site Survey
Summary Report on Kachua, Chandpur, Bangladesh
Site 1:
Name of Location : Nandanpur Bazar and adjacent villages. 
GPS Location :   23°23'28.99" N  90°49'08.14" E

Description
This is a grid-connected area — electricity provided by Bangladesh Rural Electrification
Board (BREB). About 60% of the households are connected to the grid, but according to
the villagers, supply of electricity is not continuous and they only get a few hours of supply
in a day. This reason discourages other people not to get electricity from the grid. On the
other hand, some households have SHSs as a backup source. No shop in the bazar has
connected to the grid — they use SHSs. 

Nanogrid Feasibility
The households are very close to each other and one cluster of avillage consists of mini-
mum 15 houses. 
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Recommendations 
The project demonstrates the potential of a bottom-up micro-energy transition model to-
wards inclusive, reliable and affordable renewable energy services in predominantly poor
rural Bangladeshi communities in order to alleviate energy-related poverty, stimulate sus-
tainable economic development and improve local living conditions. It further indicates
a potential to support the revitalisation of the Bangladeshi solar home system (SHS) market
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tion infrastructures that will enable grid-readiness for groups of SHS through low-cost in-
terconnection with the Bangladesh Rural Electrification Board (BREB) grid in the future.
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Site 2:
Name of the Location : Ainpur Abhoy Para, Bitara, Kachua
GPS Location : 23°24'06.72" N 90°52'09.23" E

Grid Access
Grid network is very close. Few households took connectionsby using long service lines.
Villagers said that some people came several times to take measurements for electrifica-
tion.

Description
This village is still waiting for grid. People have their willingness to get access to electricity.
Households are very close to each other which make the site potential for Nanogrid. SHS
penetration is about 50%. 
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Summary Report on Site Visit of Takerghat, Tahirpur Upzila, Sunamganj, Sylhet Division

Location

Visited Locations
1. Sripur Bazar (25.15747662,91.13296271)
2. Nawabpur (25.16544039,91.13019564)
3. Modonpur (25.16123406,91.13002767) 
4. Lakma Poschim Par (25.19217501,91.15583544)
5. Lal’er Bon (25.16843501,91.16789362)

Around 300 shops are there in the Bazar. Small shops were our target as there are some
big shops having more than one SHS and generator conncection for their appliances. We
held couple of meetings with the bazar committee and explaind about our system. Many
of the shop owners showedinterest in our system, but the diesel generator operator was
describing negative sides of our grid. 

157

Sripur Bazar (25.15747662,91.13296271)

Comment
The site is very potential for implementing the nanogrid. Several potential clusters are there
to implement nanogrids. The people are well off and want more than basic lighting access
like TV and fan. During our visit, we saw people taking refrigerators to their households
in that area. 
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23°24'30.33" N 90°51'58.97" E
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Approximate number of households: 50 
SHS penetration: around 90% as we saw and the people reported. 
Comment: Peolpe showed their interest to take connection from our nanogrid but they
will discuss among themselves and let us know their decision soon. 

Approximate number of households: 80 
SHS penetraton: above 90% as we saw and the people reported. 
Comment: People showed their interest to take connection from our nanogrid but currently
they are not able to pay.  
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Modonpur (25.16123406,91.13002767) 

Lakma Poschim Par (25.19217501,91.15583544)

Approximate number of households : 60 
SHS penetration : above 70% as we saw and the local people reported. 
Comment : People showed their interest to take connection from our nanogrid, but they
will discuss among themselves and let us know their decision soon.  
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Nawabpur (25.16544039, 91.13019564)
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Addressing The Energy Consumption Issues of Electrically
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A Complete Off-Grid Solution
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1.1 Introduction to Rickshaw-Vans

Rickshaw vans, in their different types and services, are closely integrated into the daily
lives of Bangladeshi population. Rickshaws seem to be an ideal transport for short distances
and narrow lanes in the Bangladeshi cities and suburbs. Since most of the road trips are
short with average distance of 3.8km [1], rickshaws are preferred travel mode by women,
children and the older people. Door-to-door alternatives such as a three-wheeler “baby-
taxies” are typically more expensive options for lower middle class, and often that option
is discarded due to unwillingness of taxi drivers to take short range trips. Normally, a rick-
shaw can carry two or three passengers excluding the driver. Another type of this muscle-
driven three-wheeler, also known as “van-gari”,is used for school-going children and
transporting goods in cities as well as rural areas as a mode of transport [2]. These have
the capacity of carrying around six children excluding the driver. These vehicles are com-
pletely muscle driven. In a situation of lack of planned public transport, rickshaws provide
route-flexible and economic alternatives to the mid-income families and historically be-
came an integral part of the society. Fig 1.1 shows three of the different types of traditional
rickshaw-vans in action.

1.2 Attempts to Modernizing Traditional Rickshaw

Beevatech Limited is the first professional electric rickshaw manufacturer in Bangladesh
established in 2001. The company manufactured “Porag Electric Pedicab Rickshaw” [5]
which eliminated manual labour of Rickshaw pullers. The company introduced a steel-
body design instead of the traditional wooden structure of the rickshaw, capable of housing
the battery and motor (Fig 1.2). The model includes 48V, 500W brushless DC motor with
throttle position sensor (hand controlled) to control the motor speed.
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Figure 1.1: Different types of rickshaws being used as carriers of schoolgoers,
patients & goods

1. Introduc�on

Pedal driven Rickshaw-van is a popular mode of transportation in urban and rural
Bangladesh. These non-motorized vehicles have historically created employment for the
people under the poverty line and, at the same time, eased the short distance door-to-door
transportation of people and goods in urban and rural areas for the middle income group
of the people. 

With time, necessity arose to modernize these vehicles to improve them in terms of average
speed and reduced physical stress of the driver. Several attempts were made by some local
companies to renovate the rickshaw design and incorporate a DC motor drive using bat-
teries. However, issues with over-speeding and power consumption from the national grid
institutionally discouraged the step to happen in the country. Since then, it has become
necessary to find out a solution that would keep the rickshaw speeds under control and,
at the same time, would not consume power from the national grid.    

In 2012, BRAC University’s “Control and Applications Research Centre” took the initiative
to modernizing the rickshaws considering the concerns. The very first project succeeded
with a design that included a torque sensor pedal in the rickshaw which provided intelli-
gent electrical assist when “needed” by the driver. The design consumed almost half the
energy than that of the manual motor drive and, at the same time, put an upper-bound on
the maximum speed achievable. In parallel to this project, CARC also designed a battery
charging infrastructure incorporating a “Solar Battery Charging Station” using a “battery
swapping” method. The results of both these projects were promising and proved worth-
while to go for a pilot project to actually evaluate these vehicles under practical condi-
tions.

Later, several types of these vehicles e.g. the human hauler, the ambulance van and the
cargo hauler, were prototyped with mechanical designs and features to further improve
for road conditions, including over-the-roof solar panels for direct charging of batteries.
With five units of each type of vehicles, the pilot project ran at Genda, Savar in collabo-
ration with BRAC Health Nutrition and Population Programme. CARC Engineers and mem-
bers have been closely working to make the best use of these field test by monitoring the
tests, taking necessary data, analysing the results and extracting useful information.    
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project has been implemented at Genda, Savar in collaboration with BRAC Health Nutri-
tion and Population Programme (HNPP).

1.4 Collaboration With Brac Health Nutrition & Population Programme (HNPP)

For the pilot project to run, a collaboration took place between BRAC University and
BRAC Health Nutrition and Population Programme (HNPP). CARC initiated this collabo-
ration with the primary purpose of serving the BRAC HNPP personnel with the vehicles
especially the ambulance van at Savar. 

The idea was to provide emergency health service to the distant rural population of
Bangladesh through the ambulance vans. Along with that, the categories of the vehicles
can also provide service when required. BRAC HNPP authority had tremendous interest
in the idea and joined for collaboration. From the time of manufacturing the vehicles to
the end of the pilot project period, BRAC HNPP collaborated with it to run the project
near their premises at Savar. Dr. Kaosar Afsana, director of BRAC HNPP, and Muhammad
Sahool Afzal, the Registrar of BRAC University, signed a Memorandum of Understanding
on behalf of their respective institutions for the collaboration.

1.5 Overview

This chapter 1 has been a brief introduction and background of the pilot project. The fol-
lowing chapters provide an extensive report of the processes and outcomes of running it.
Chapter 2 gives the description of the various implemented designs of the vehicles. Chapter
3 talks about the torque sensor implementation which is a crucial part of this project. It
also provides the detail diagram of the overall system as it incorporates the solar panel,
motor, batteries and all other accessories. Chapter 4 shows the methods and analysis of
the three-month field tests done on all the developed 15 units of vehicles. Both the tech-
nical and quality analysis has been presented. Based on the analysis, redesigned vehicles
for each of the three types have been also done. Detailed descriptions of the improved
designs have been discussed in chapter 5. Chapter 6 gives the socio-economic impact of
the models and scopes for commercialization in respect to Bangladesh rural community.
Chapter 7 gives a short proposal of charging the batteries of the vehicles using renewable
energy so as to give a complete off-grid solution based on implemented prototype projects
by CARC.  Lastly, chapter 8 concludes the report.  
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Figure 1.3 : Prototypes: Human hauler, ambulance van and cargo hauler

Though gained a lot of public attention and popularity, the government has disapproved
commercialization of such motorized vehicle due to inefficient speed control system and
excess consumption of electricity from the already overloaded grid [6][7]. Since then, Bee-
vatech has been collaborating with CARC in the development of an off-grid, self-depen-
dent, energy saving, and speed-safe electric rickshaw which can meet the regulations and
see the roads again. The pilot project is a consequence of the progress made in the process
of developing such a rickshaw.   

1.3 The Pilot Project

The CARC has developed three different prototypes of torque sensor-based rickshaw-vans
for the field test. The developed models are:

1. Electrically-Assisted Human Hauler with PV Support and Torque Sensor Pedal

2. Electrically-Assisted Ambulance-Van with PV Support and Torque Sensor Pedal

3. Electrically-Assisted Cargo-Hauler with PV Support and Torque Sensor Pedal

The field test with these prototypes as shown in Fig 1.3 were successful considering the
analysis of the field test data that revealed around 73.6% energy is saved with both vehi-
cle-rooftop PV array and torque sensor in the system compared to running completely
from the grid power. The distance covered has also been increased by around three times
compared to solely grid sourced rickshaw-vans with no PV panel and torque sensor on it.
A total of 15 units of these vans (five units for each type) went through the field test. The

164

Figure 1.2: Beevatech design of electric rickshaw
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2.1.1 Electrically-Assisted Human Hauler With PV Support & Torque Sensor Pedal

The research team of CARC developed a design of the human hauler illustrating all the
components and features that must be included while making the human hauler. The Fig
2.2 shows a side view design of the human hauler.

The detailed dimensions of the box and the vehicle are provided in Table 2.1

2.1.1.1 Development of the Human Hauler Design

The research team guided the factory workers to carry out all the mechanical develop-
ments of the human hauler. A group of workers who are expert in welding, grinding and
cutting were involved to complete building up of the chassis and the box following the
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Figure 2.2: Human hauler design

2. The Design & Development of the Solar Rickshaw Vans (Case-1)

2.1 Design & Development of Human Haulers, Ambulance Vans &
Cargo Haulers

The researchers at Control & Applications Research Centre (CARC) of BRAC University
have worked on preparing the final design for human haulers, ambulance vans and cargo
haulers. After going through numerous possible designs for all these vehicles, the best pos-
sible and suitable modern design has been chosen for the vehicles while taking into con-
sideration the weight of the vehicles, safety of both drivers and passengers and the outlook
of the vehicles, which can grab the attention of the people. 

During the first week of September 2015, the design for the human haulers was finalized.
All the human haulers (5 units) of exactly identical design were developed in a factory lo-
cated at Uttara. The research team provided sufficient guidance to all the workers involved
in manufacturing the electrically assisted three-wheeler human haulers. Under the constant
monitoring of the works at the factory and because of close supervision of the research
engineers, it was possible to finish making all the human haulers by the end of September.
The finished human haulers were kept inside a garage at Genda, Savar. The garage at
Savar was chosen by BRAC because the field tests will be conducted there in the nearby
selected areas. Within the first week of the October, the ambulance design was made.
During the next 3 weeks of the month of October, all the ambulance vans (5 units) were
made at the same factory located at Uttara. These ambulance vans were then transferred
to the garage at Savar by the end of the 1st week of November.

The design for the cargo haulers seemed to be complicated regarding the size and the de-
sign of the container and whether the vehicles will be three-wheelers or more to carry the
large amount of goods inside the container. Finally, by the end of the second week of No-
vember, the research team has worked together to make a final design for the 5 units of
cargo haulers. Starting from the beginning of the 3rd week of November, the research en-
gineers had supervised all the manufacturing works of the workers at the factory while
building up the exact design for all the cargo haulers. It took nearly 3 weeks to develop
all the cargo haulers and each of these is looking identical to each other. By the end of the
second week of the December, all the developed cargo haulers have been sent to the Savar
garage.Fig 2.1 shows all the manufactured 15 units of vans at a field in Savar.
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Figure 2.1: 15 Units of manufactured vans in Savar
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Figure 2.5: Front view Figure 2.6: Back view

Figure 2.4: Side view

accurate measurements of the design. The frame of the chassis was built up using the an-
gled steel and precise welding had been done to ensure that the entire weight of the box
can be held on the chassis without breaking. Steel sheets and angled steel were used to
build up the seats for the passengers and the frame of the box respectively by following
the accurate measurements of the box. Fig 2.3 demonstrates the box during the develop-
ment stage of the human hauler.

After the completion of the structural box frame of the human hauler, it was painted uni-
formly with white colour and left to dry for a couple of days. Remaining tasks such as,
putting on passenger seats inside the vehicle, attaching transparent Velcro strip, and nec-
essary electrical wiring of the motor with the motor controller, lights and the brake were
completed to make the human hauler ready for the carrying out the test run. The same
procedure was carried out to develop all the human haulers with identical size and colour
and same features. Various views of the customized rickshaw-van used in our experiment
are shown from Fig 2.4 to 2.7.
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B. Motors
A 500-550rpm rated brushless DC gear motor of 48V, 700W, 10-13.5A was used in the
system which is attached with the main frame and is mounted under the seat as shown in
Fig 2.9. The rotor of a brushless DC motor (BLDC) has permanent magnets and an elec-
tronically controlled rotating field stator, using sensors (rotary encoder or back-EMF) to
detect rotor position. When at rest, the brushless motors can produce a maximum torque
which linearly decreases as velocity decreases. Because of their more torque per weight
BLDC motors are most suitable for these kinds of vehicles. More torque per watt is highly
beneficial for this vehicle as it has higher torque per watt (increased efficiency), increased
reliability, reduced noise, longer lifetime (no brush and commutator erosion), elimination
of ionizing sparks from the commutator, and overall reduction of electromagnetic inter-
ference (EMI). 
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Figure 2.8: 48V batteries on two sides

Figure 2.9: BLDC motor

2.1.1.2 Key Features

The following Table 2.2 gives the key features of the human hauler. A detailed description
is provided later.

A. The Batteries

Four 12V, 25Ah rechargeable batteries have been connected in series to supply 48 Volts
to the BLDC motor. These are lead-acid batteries used for charging by solar panel [8] [9]
while the vehicle is in use. Each battery is 16.5 X 17.5 X 12.6 cm in dimension. The bat-
teries are placed under both the seats as shown in Fig 2.8. Each fully charged battery shows
12.7 volts across their terminals and 50.8 volts after connecting those in a series combi-
nation. 
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Figure 2.7: Top view
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D. The Throttle

The BLDC motor used throttle to control the speed of the motor. A throttle shown in Fig
2.12 is a specially designed potentiometer. It has a biasing voltage of 5V which is provided
by the motor controller unit. Its output voltage depends on the angle of the throttle. The
output voltage is supplied to the controller. The speed of the motor depends on its output
voltage. The motor speed increases as the output voltage increases. The motor starts when
the output voltage is 1.4 volts and when the output voltage is 3.5 volt the motor rotates at
its maximum speed.

E. The Power Key & Charge Indicator
A power key is used to turn the whole system ‘on’ or ‘off’manually in the system. The rick-
shaw-pullers have to turn it on before they can use the throttle to drive the motor. It is a
mechanism to ‘short’ two wires that go directly to the controller unit. Normally the wires
are open switching ‘off’ the whole system. When it is keyed, the wires get ‘shorted’.

The charge indicator in Fig 2.13shows the SOC of the batteries from the moment it is con-
nected across the 48V batteries. The charge indicator does not have a switch. There are
three lead lights, when the entire lights glow that indicates SOC of the battery is above
66%, when first light goes off it indicates SOC is below 66%, when second light goes off
it indicates SOC is below 33%. 
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Figure

C. The Controller Box
The manufacturer integrated all the complicated electronics — the brushless motor needs
to put into a white box[10]. But due to the unavailability of proper resources, the controller
wires were identified using some online resources, experiments, and exploring the con-
nections in the system [11]. Fig 2.10 shows the controller box used in our experiment and
Fig 2.11 shows identification of the controller cables.
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Figure 2.10: Controller box
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controller “PV+” , “PV-“, “48V+” and “48V-“.The “PV+” and “PV-“ terminals were to be
connected with the positive and negative terminals of the 400-Watts Panel. The “48V+”
and “48V-” were to be connected across the 48V battery terminals.

H. The Torque Sensor

The torque sensor is a device used to measure and record the torque of a rotating system.
It needs a biasing voltage of 5 volts from the DC source to operate. As the torque increases
output voltage increases. The speed of the motor is directly proportional to the output volt-
age. Fig 2.16 shows the torque sensor pedal that has been installed in the rickshaw-van.
More details about its mechanism is illustrated in chapter 3.
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Figure 2.15: Charge controller

Figure

F. The Solar Panel

Solar panel in Fig 2.14 is placed at the top of the van on iron frame. Four 100W, 12V pan-
els are connected in series that provides 48V to the batteries through the charge controller.

G. The Charge Controller

The charge controller in Fig 2.15 is used to ensure efficient charging of system battery and
also supplying power to the load (which is the motor).While charging the battery the
charge controller constantly checks the current battery state and self-adjust accordingly
to send only the right amount of charge to the battery. There are 4 terminals in the charge
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J. The Handle

The handle is placed inside the van as shown in Fig 2.19. Handle supports the passengers
from jerking.

K. The Light System

Headlight is placed in front of the van, above the steering as shown in Fig 2.20. It helps
the driver to see the obstacle at night while driving. Indicator, brake light and reflector are
shown in Fig 2.21.  Indicator lights are used while taking turns. There are 6 indicator lights
in the van, two at the back, two at the front, one at left side and one at right side. Fig 2.23
shows that left indicator light is on. Brake light is used with rear wheel brake. When rear
wheel brake is pressed, brake light is on as shown in Fig 2.22.  LED 12V, 6Watt light is
placed inside the cabin as shown in Fig 2.24. Reflectors are placed at the back of the van.
It glows when light falls on it. 
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Figure Figure

I. The Brake System

Traditional hand clutch is used to stop the front wheels. Another hand-clutch is placed on
the left hand-side shown in Fig 2.17 along the traditional hand-clutch. This hand-clutch
is used to stop the motor at once. When the hand-clutch is released, it returns to its original
position and allow the motor to start again when needed. A rear wheel brake pedal shown
in Fig 2.18 is introduced in the system to stop the rear wheels. The rear wheel brake is a
mechanical brake similar to cantilever brake that helps in stopping the moving central
shaft or axle and thus stopping the rear wheels.
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The components discussed in this section are all connected as shown in a drive train dia-
gram in Fig 2.26. The wiring diagram in the attached APPENDIX A: FIGURE 1. Extra fea-
tures such as handle, LED cabin light and reflector are added in order to make it much
more user friendly. The most significant components here in this hybrid rickshaw are PV
panel, charge controller and torque sensor pedal. A mechanism to reduce battery power
consumption is developed with the use of torque sensor pedal and PV panel shares load
power. 

2.1.2 Electrically-Assisted Ambulance-Van With PV Support and Torque Sensor Pedal

The solar electric ambulance van is a full throttle vehicle, manufactured by Beevatech
Limited. The solar electric ambulance van is made with light steel body and an alternate
structural engineering from the traditional rickshaw or vans. It is equipped for conveying
the patient and two attendees as well. The Fig 2.27 shows a side view design of the human
hauler.
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L. Helical Spring

The helical spring is installed in the vehicle as shown in Fig 2.25. The helical spring is to
control the spring and suspension movement. They reduce any jolts and make it more
comfortable for the patient.
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Figure 2.22: Left indicator is on Figure 2.23: Brake light is on

Figure

Figure 2.25: Helical spring
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transparent Velcro strip. Angled steel were used and welded to make the body frame of
the box. Inside the box, a space has been kept to keep the battery under the seats for both
attendants and the patient. A lock system has been done at the front side of the box to en-
sure easy battery swapping technique just like the human hauler. The box is set up on the
three wheeler chassis frame as shown in Fig 2.28. The brushless DC motor is mounted on
the axle of the chassis by welding and a chain is connected with the rotor part of the motor
and the motor controller to ensure as movement of the wheels of the ambulance when
the motor starts at the time of pedalling or when the throttle is rotated for increasing the
motor speed.

After following the design requirements for making the box of the ambulance, it is coloured
with red and white according to the design rule. The other 3 units have been manufactured
exactly the same way like the three wheeler ambulances shown in the Fig 2.29.
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Figure 2.28: The development of the ambulance with the steel sheet

Figure 2.29: The threewheeler ambulance

The detailed dimensions of the box and the vehicle are provided in the Table 2.3.

2.1.2.1 Development of The Ambulance Van

The development stage of the ambulance design was a very crucial period for all the work-
ers and the research engineers of CARC to emulate the exact design with precision and
accuracy. The weight of the whole ambulance van is much higher than the human hauler.
This is because the entire box had been made of steel sheet and glass windows instead of
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Figure 2.27: Ambulance van design
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Figure 2.32: The interior of the threewheeler ambulance van

Figure 2.33: The rearview of the ambulancevan

However, the final 5th unit ambulance van looks different compared to that of the three-
wheeler ambulance. This is because it has got the van chassis unlike the other 4 units and
it has got a longer axle to add two rear wheels on each side as demonstrated in Fig 2.30.
For the two rear wheels connected with each other, one rear wheel is free and the other
is connected with the motor via a chain. In the same way, the other two rear wheels have
been adjusted for better stability and movement.

Various views of the customized ambulance vans for single rear wheel on each side are
given in Fig 2.31-2.33. 
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Figure 2.30: Completed fivewheeler ambulance van with two rear wheels
on each side

Figure 2.31: The side view of the threewheeler ambulance van
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holder is also there to carry it in case of requirement. Lastly, there is an in-built box as first
aid necessities. The Fig 2.36 below provides an interior view.

C. The Special Unit With Double Rear Wheel

The 5th ambulance unit has been designed in a slightly different way because it is a five
wheeler solar assisted ambulance van. Specifications of this unit are different from the
three-wheeler ambulance van. A total of 8 lead-acid batteries have been included instead
of 4 batteries, each having 12V and 25Ah. There are also two brushless DC motor instead
of one, each with 500W and 48V and 13.5Ah. Fig 2.37 and 2.38 show the rear views and
double wheeled axle.The skeletal diagram of the newly adopted design five-wheeler am-
bulance van is shown in the Fig 2.39.

However, other features of this ambulance unit are same as the three-wheeler ambulance 
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Figure

Figure 2.37: Rear view of the ambulance van with dual
rearwheels

2.1.2.2 Key Features

The major key features of the ambulance van are similar to that of the human hauler. The
diagram below highlights them followed by descriptions of few of the features that are ab-
sent in the human hauler.

A. Siren

Like all standard engine driven ambulances, the ambulance van had a siren with warning
lights to distinguish it from other vehicles. In case of emergency, this can be used to travel
with the patient inside just like normal ambulances.

B. The Interior Accessories: Fan, Oxygen Cylinder Holder and First Aid Box

The interior of the ambulance van is designed to make it suitable for a patient’s necessities.
There is a fan above the head side of the patient as he lies down. An oxygen cylinder
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Figure 2.34: The key features

Figure 2.35: The siren with the warning lights
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2.1.3 Electrically-Assisted Cargo Hauler With PV Support and Torque Sensor Pedal

The cargo hauler has been designed in a different way compared to that of human hauler
and ambulance van. The back view design of the five wheeler cargo hauler is shown in
Fig 2.40. The upper portion of the container has been painted with navy blue color and
the lower portion with white as presented. The detailed dimensions of the box is given in
the table 2.4.

2.1.3.1 Development of the Cargo Hauler Design

The development of the container with the steel sheet in such a way to emulate the exact
design of the cargo hauler has been a difficult challenge for the workers at the factory. Un-
like the design of the ambulance box with plain sheet, the container has to be built with
a particularly designed steel sheet such that some portion of the steel sheet has remained
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Figure 2.40: Cargo hauler back view design

unit. A different design with more number of wheels has been done to find out and analyse
the performance of two different types of ambulance in terms of their stability while they
will be running on the roads at Savar.
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Figure 2.38: The double rear wheels in longer axle
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The end result with various angle views of the cargo is given below in Fig 2.45-2.47.
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Figure 2.43: Cargo hauler chassis

Figure 2.44: Sideway view of the container for the cargo hauler

inwards while others have been kept inwards. The Fig 2.41 shows the developed container
using the custom made designed steel sheets.

The container has been built up in this way so that the cargo hauler looks exactly like the
traditional cargo vehicles that are used to deliver goods from one place to the other. Work-
ers have worked precisely and accurately for a couple of weeks, starting from the late No-
vember to build up all the 5 cargo hauler units based on the required design made by the
research team of CARC. The inside view of the cargo hauler is shown in the Fig 2.42 below.
Sufficient spaces have been allocated inside the container for the swapping of the batter-
ies.

The chassis frame for the cargo haulers (4 units) with five wheels has been developed. Fig
2.43 illustrates two rear wheels on each side connected with two hubs and a longer axle.
The diagram also shows the drum brake system at the back side of the chassis. Fig2.44
displays the sideways view of the containers for the cargo haulers after it has been painted
with navy blue and white color.
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Figure 2.41: Cargo hauler container

Figure 2.42: Inside view of the container of the cargo hauler 

188 189



The end result with various angle views of the cargo is given below in Fig 2.45-2.47.

189

Figure 2.43: Cargo hauler chassis

Figure 2.44: Sideway view of the container for the cargo hauler

inwards while others have been kept inwards. The Fig 2.41 shows the developed container
using the custom made designed steel sheets.

The container has been built up in this way so that the cargo hauler looks exactly like the
traditional cargo vehicles that are used to deliver goods from one place to the other. Work-
ers have worked precisely and accurately for a couple of weeks, starting from the late No-
vember to build up all the 5 cargo hauler units based on the required design made by the
research team of CARC. The inside view of the cargo hauler is shown in the Fig 2.42 below.
Sufficient spaces have been allocated inside the container for the swapping of the batter-
ies.

The chassis frame for the cargo haulers (4 units) with five wheels has been developed. Fig
2.43 illustrates two rear wheels on each side connected with two hubs and a longer axle.
The diagram also shows the drum brake system at the back side of the chassis. Fig2.44
displays the sideways view of the containers for the cargo haulers after it has been painted
with navy blue and white color.

188

Figure 2.41: Cargo hauler container

Figure 2.42: Inside view of the container of the cargo hauler 

188 189



2.1.3.2 Key Features

All the five cargo haulers have these following specifications and same features as men-
tioned below.

�Suspensions for improved stability while carrying loads.
�Drawers for swapping the battery sideways.
�Cabin light.
�Protection for the motor controller.
�Best quality wheels (double rim with strong hub and spokes).
�Windshield at the front of the driver.

2.2 Conclusion

The completion of the manufacture of all the 15 units of the various types of the vehicles
was a challenging task. Despite having the overall specifications similar, there have been
intricate differences in terms of design and dimensions due to the differences in the uses.
After this stage, it was time to implement the torque sensor pedal with required circuitry.
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Figure 2.47: The interior view of cargo hauler
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Figure 2.45: The side view of cargo hauler

Figure 2.46: The back view of cargo hauler

190 191



2.1.3.2 Key Features

All the five cargo haulers have these following specifications and same features as men-
tioned below.

�Suspensions for improved stability while carrying loads.
�Drawers for swapping the battery sideways.
�Cabin light.
�Protection for the motor controller.
�Best quality wheels (double rim with strong hub and spokes).
�Windshield at the front of the driver.

2.2 Conclusion

The completion of the manufacture of all the 15 units of the various types of the vehicles
was a challenging task. Despite having the overall specifications similar, there have been
intricate differences in terms of design and dimensions due to the differences in the uses.
After this stage, it was time to implement the torque sensor pedal with required circuitry.

191

Figure 2.47: The interior view of cargo hauler

190

Figure 2.45: The side view of cargo hauler

Figure 2.46: The back view of cargo hauler

190 191



�Main body parts are made of aluminium alloy
�Provides instant response while pressure is applied on pedal and pedalling is stopped
or pressure on pedal is reduced
�Data collection per crank rotation from 18 to 96 times
�Magnet ring integrated with multi-pole improving greatly the precision of signal sam-
pling
�The system is fully sealed against ingress of water and dirt

Technical Parameter Data [14] 

�Vcc = 5.15 V (+/- 0.15V)
�Output, linear, zero-start, 0.5~4.5V  
�Output torque >15N-m
�Delay time < 50ms

3.3 Electrical Connections
The electrical connection diagram for the entire setup was provided by the manufacturing
company. This includes brushless-controller, torque adjustor, chain-wheels, module etc.
But we will be using the torque sensor and the corresponding signal-producing module in
the system.
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Figure 3.2: Torque sensor and Module

Figure 3.3: The torquesensor pedal from two different angles

3. Implementation of the Torque Sensor Pedal and PV Array Into the System

3.1 Introduction to the Torque Sensor

A torque sensor or torque transducer  is a device for measuring and recording the torque
on a rotating system, such as an engine, crankshaft,  transmission, rotor,  gearbox, a bicycle
crank or cap torque tester[12]. It is a transducer that converts torque based mechanical
input into an electrical output signal. There are two types of torque sensors, a reaction that
measures static torque and rotary that measures dynamic torque [10]. Taking input from a
DC voltage source, torque sensor generates output voltage corresponding to torque applied
on specific crank or shaft. Within its operating region, the voltage output is linear with the
applied torque. 

The torque sensor setup was purchased from Suzhou Victory Sincerity Technology Com-
pany Ltd [13] which is located in Suzhou, China in order to use with the system. They un-
dertake to develop, design and produce the components of e-bikes, mainly torque
intelligent sensor system and relevant parts. The company has a group of experienced ex-
perts at designing and developing various e-bikes. The company has developed torque
intelligent sensor system which conforms to the European standard ---EN 15194, Japanese
JIS standard [14]. Torque sensor is their national patent product. To use with bicycles, they
have integrated the sensor technology inside the pedal-system. In the system, only the sen-
sor and module were used.

3.2 Features & Technical Data for the Torque Sensor

Features [14]

�Brush/Brushless motor controllers are applicable for it
�The hardware may be installed like a normal chain wheel crank
�The electrical system is sensor/sensor-less motor type

192

Figure

192 193



�Main body parts are made of aluminium alloy
�Provides instant response while pressure is applied on pedal and pedalling is stopped
or pressure on pedal is reduced
�Data collection per crank rotation from 18 to 96 times
�Magnet ring integrated with multi-pole improving greatly the precision of signal sam-
pling
�The system is fully sealed against ingress of water and dirt

Technical Parameter Data [14] 

�Vcc = 5.15 V (+/- 0.15V)
�Output, linear, zero-start, 0.5~4.5V  
�Output torque >15N-m
�Delay time < 50ms

3.3 Electrical Connections
The electrical connection diagram for the entire setup was provided by the manufacturing
company. This includes brushless-controller, torque adjustor, chain-wheels, module etc.
But we will be using the torque sensor and the corresponding signal-producing module in
the system.

193

Figure 3.2: Torque sensor and Module

Figure 3.3: The torquesensor pedal from two different angles

3. Implementation of the Torque Sensor Pedal and PV Array Into the System

3.1 Introduction to the Torque Sensor

A torque sensor or torque transducer  is a device for measuring and recording the torque
on a rotating system, such as an engine, crankshaft,  transmission, rotor,  gearbox, a bicycle
crank or cap torque tester[12]. It is a transducer that converts torque based mechanical
input into an electrical output signal. There are two types of torque sensors, a reaction that
measures static torque and rotary that measures dynamic torque [10]. Taking input from a
DC voltage source, torque sensor generates output voltage corresponding to torque applied
on specific crank or shaft. Within its operating region, the voltage output is linear with the
applied torque. 

The torque sensor setup was purchased from Suzhou Victory Sincerity Technology Com-
pany Ltd [13] which is located in Suzhou, China in order to use with the system. They un-
dertake to develop, design and produce the components of e-bikes, mainly torque
intelligent sensor system and relevant parts. The company has a group of experienced ex-
perts at designing and developing various e-bikes. The company has developed torque
intelligent sensor system which conforms to the European standard ---EN 15194, Japanese
JIS standard [14]. Torque sensor is their national patent product. To use with bicycles, they
have integrated the sensor technology inside the pedal-system. In the system, only the sen-
sor and module were used.

3.2 Features & Technical Data for the Torque Sensor

Features [14]

�Brush/Brushless motor controllers are applicable for it
�The hardware may be installed like a normal chain wheel crank
�The electrical system is sensor/sensor-less motor type

192

Figure

192 193



The Fig 3.5 illustrates the complete power management and signal flow of the system.
Our system has four 12V batteries connected in series providing 48V. Only 12V is required
as input to the voltage regulator circuit. The voltage regulator circuit will give +5V which
will be fed to the amplifier circuit as biasing and also to power up torque signal producing
module. When pressure is created on the pedal, there will be a certain torque for which
the torque sensor and module will provide certain voltage to the amplifier circuit. 

The torque adjuster will eventually output a voltage corresponding to the voltage provided
by the sensor and module maintaining the ease while pedalling. This voltage is fed to the
motor CU and eventually to the motor. 

The hardware implementation of the complete system in PCB is illustrated in Fig 3.6.

The torque adjuster was implemented in hardware. This way it will be a compact system
and will eradicate problems arising due to the use of breadboard and a lot of wires con-
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Figure

Figure 3.6: Hardware implementation of the system in PCB

The sensor was built in such a way that it could be fixed in any bicycle. However, assem-
bling it in the tri-wheeler required a few mechanical modifications. Fig 3.3 shows the
torque sensor pedal when implemented and installed to the rickshaw-van. This installation
was done following the connection diagram provided by the manufacturing companies.
This was ready for testing purpose.

In order to get input voltages from the controller connections, there are separate mecha-
nisms. This has been shown in the diagram. But in the system, a different controller will
be incorporated with the sensor. So, the independent operation connection diagram was
extracted from the main diagram.

Fig 3.4 indicates that the red and black wires from SM6 (marked as +5V and GND) are
the input biasing terminals for the sensor. For the module, the input voltages are marked
in SM4. The yellow wire from SM4 is the processed output from the torque sensor which
will be used for motor control. According to applied torque in the pedal-crank of the sen-
sor, this wire gives the output voltage with respect to GND. So, this is the output which is
supposed to be fed to the external control circuit.

3.4 Power Management 
It is necessary to implement the whole system using a single power source from the main
rickshaw-van battery. A series of four 12V batteries have been used in the rickshaw-van.
The external circuit design and the torque sensor specification setup require that only a
+5V source is necessary to power all these devices. So, to serve the purpose LM7805 was
used to get a fixed output of +5V. The power source management used in the system is il-
lustrated in Fig 3.5 [15].  
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3.7 Integrating Torque Sensor & PV Array in the System

A 400Wp panel is installed on the roof of the rickshaw-van that provides a share of the re-
quired electrical load alongside the battery bank to reduce the energy consumption from
the battery bank. Four 100Wp panels are connected in series. The operation diagram of
the whole system with both PV panel and torque sensor is shown in Fig 3.8
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necting the components. While going for lab test and later on field test, the roads might
not be smooth, so hardware implementation will resolve the problem as each of the com-
ponents are soldered on the PCB board and there is no chance of any component to fall
apart due to shakiness of the road.

3.5 Lab-Condition Testing of the Whole System

After the hardware implementation of the system in PCB board, the whole system was
tested in lab condition. This time, the sensor was used in action and the system was run
as it is supposed to ply on road. For testing the performance of it with the torque sensor,
the wheels were connected and load was generated by generating friction on the wheels.
The friction and load-dynamics from the road was kept in mind and imitated as approxi-
mate possible. For an approximate comfortable ease of the machine, a gain of 1.26 was
set.

No external load was applied during the first few seconds. When the pedal was rotating
in this condition, it was found that the voltage was zero and the corresponding rpm in this
region was due to the pedalling effort. Then a load friction was provided in the wheel and
was increased with time. The motor started and pedalling seemed easier as the motor was
assisting the pedalling effort. The threshold voltage, that is, the voltage at which the motor
starts was found to be 1.47V. With a more increase in load, it was noticed that the maxi-
mum output voltage sustained at 3.6V as desired. Then the load was removed and the
wheels were left to move freely. It was observed that pedalling became very comfortable. 

In order to collect continuous data, a video camera was used to record corresponding
data from multi-meter and tachometer placed at proper positions. To note down the data,
the video camera was replayed and paused with an approximate interval of a second.

3.6 Design 

The basic concept used in this design is the use of a voltage divider circuit. Instead of di-
rectly feeding the voltage coming from the torque sensor and module to op-amp, the input
signal passes through a voltage divider to reduce the incoming voltage to 0.6 of the input
voltage. This reduced voltage is then fed to the op-amp. This way even if the incoming
voltage if higher, it will be reduced to certain value and eventually limit the use of motor
[16]. 

3.6.1 The Circuit-Diagram and Explanation

While practically running the vehicle, it was seen that when puller uses torque sensor
pedal, that is pressure is created on the pedal, the voltage generated is much higher around
3-4V. So to minimize this voltage, a voltage divider is used in such a way that the output
voltage becomes 0.6 of the input voltage [13]. That is, Vout = 0.6*Vin  

The modified circuit diagram is shown in Fig 3.7. Here a voltage regulator circuit has been
used in order to limit the torque sensor input voltage. 
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3.9 Conclusion

From the data collected in lab condition, it can be concluded that the behaviour of the
whole system was satisfactory. During the few hours of experimentation and testing, no
unexpected performance took place. So, the system was ready for field test and practical
observation. The circuit design using voltage divider has been used for field tests. This
way the torque adjuster has been integrated and simulated as a single circuit. The whole
external circuit is powered up using 12V from the main vehicle battery and +5V that is re-
quired to power the torque sensor and module is obtained from the IC LM7805. Thus no
other external power supply is required. Both PV array and torque sensor was integrated
into the system and operated as shown in the operational diagram and control algorithm
flowchart.
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3.8 Control Algorithm

A signal from torque sensor or throttle controls the speed of the BLDC motor. When there
is no signal from the torque sensor or throttle, the rickshaw remains stationary. The PV
array is generating power but rickshaw is at stationary, the total generating power will be
used to charge the battery only. 

Fig 3.9 shows the flowchart of the whole system. When there is signal from the torque
sensor or throttle, three conditions may occur [15]:

1. The PV array cannot generate any power due to solar irradiation, in this case batteries
supply the load solely.
2. The PV array generates more power than required by the load, in such situation, excess
power is used to charge the battery.
3. The PV array is generating power but not adequate enough to run the load, in this sit-
uation load power is shared by the PV array and the battery bank.
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�To get feedbacks from the local people and the rickshaw pullers on both the original
version of the developed vehicles as well as on the redesigned and modified vehicles.

4.2. Quantitative Analysis
The first part of the field test consisted of accumulating the technical details of the
manufactured electrically assisted rickshaw vans. The following gives the details of the
procedure of experimentation, result and analysis.

4.2.1 Data Acquisition Technique

The multi-meters were used to measure the voltage across the PV panel and the battery.
One multi-meter was connected in parallel with 48V battery connected to the charge con-
troller and the other one across the nodes connected to the charge controller. Clamp meter
was clamped on to a wire connected in a series with the panel to the charge controller
and to another wire connected in a series with the battery and motor. A digital speedometer
was used in order to determine the distance travelled by the vehicle and the average speed
of the vehicle. All the tests were carried out at full load conditions. 

Due to the unavailability of modern data acquisition techniques, a video camera is used
to record the data from multi-meters and then replayed and paused in regular intervals of
approximately 20 second and noted. Then the recorded data were plotted to represent in
figures for better understanding. A snapshot from the video is shown in Fig 4.2 and Fig 4.3
The data collected from the field tests are presented in Annexure A [18].
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Figure 4.2: Data acquisition technique using the multimeters and clampmeter

4. Testing & Assessment of the Electric Rickshaw-Vans With PV Panel, Torque Sensor
Pedal

All the 15 units of the designed and developed vehicles underwent the practical field as-
sessment at Genda, Savar for 3 months from January to March, 2016. Both the qualitative
analysis and the technical details of the vehicles were taken in the evaluation process by
the research engineers of the CARC in the field. BRAC HNPP provided utmost support to
the CARC for implementing the project at Savar.

Fig 4.1 shows the three types of vehicles that have been designed and manufactured for
the pilot project namely electrically-assisted human hauler, electrically assisted ambulance
van and electrically assisted cargo hauler. Fig 4.1 shows all the 15 units of the vans running
in this project at Savar [17], as presented in APPENDIX B.  

4.1. Objective of the Field Test

The major objectives of the field test were:

�To see how the whole system behaves on the different types of road conditions (i.e.
plain surface as well as rugged surface) in real life (i.e. if any hazardous situation takes
place, like losing the control over the motor etc.), while the vehicles were used to provide
services to the community;

�To analyse the dynamics of human pedalling for a rickshaw-van using the torque sensor
pedal;

�To picture the energy-consumption trend in the current design;

�To picture the energy-consumption trend using just throttle;

�A comparative analysis of energy consumption for the vehicle with and without PV and
torque sensor support;

�Calculating the efficiency of the design with respect to the previous model, in terms of
the energy consumed during a time period; 

�To find out how quickly the battery discharges in different conditions;

�To find out the average and maximum speed of the vehicle; and
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Figure 4.1: Electrically assisted human hauler, ambulance van and cargo hauler
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4.2.2 Data Taken for Analysis

The field test was carried out in four steps:

1. Without any PV array support and torque sensor pedal — the objective of the field test
was to determine the distance that the rickshaw can travel with the battery discharged
down to 50% SOC (State of Charge) of the batteries and the power consumed from the
battery in full load condition. 

2. With PV support only — to determine the distance that the rickshaw can travel with PV
support with the battery discharged down to 50% SOC and obtain data to determine the
load power shared by the battery and PV panel. 

3. With torque sensor pedal only — to determine the distance that the rickshaw can travel
with the use of torque sensor pedal till the battery gets discharged down to 50% SOC and
power consumed from the battery. 

4. With torque sensor pedal and PV support - to determine the distance that the rickshaw
can travel with torque sensor pedal with the battery discharged down to 50% SOC and
determine the load power shared by the battery and PV panel.

4.2.2.1 Field Test Data Without PV Support & Torque Sensor 

During first stage of research, field test was carried out without any PV support and torque
sensor pedal and required data were obtained. During the test, voltage across battery and
load current were recorded [15] [19]. The data was then retrieved from the video camera
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and used to compile the following graphs. The data obtained from the field test are at-
tached in the Annexure A: TABLE 2. Fig 4.4 represents the battery supply profile. Battery
current and battery voltage obtained during the test is presented in this figure. Fig 4.5 rep-
resents the battery power [battery voltage*battery current] while Fig 4.6 represents the
load power which is in this case is equal to the battery power.
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The graph of battery power (watts) vs. time (seconds) is used to calculate the energy con-
sumed from the battery bank. In this case, the energy supplied by the battery is equal to
the energy consumed by the load. Therefore, battery power supplied is equal to load power
consumed. The area under the graph in Fig 4.6, load power (watts) vs. time (seconds) is
used to calculate the energy consumed by the load from the battery. Since there was no
PV support and torque sensor pedal in this test, the energy supplied by the battery is equal
to the energy consumed by the load. The energy consumed by the load from the batteries
is 2183600.3 Joules.

4.2.2.2  Field Test Data With PV Support Only

The second stage of research involved conducting the field test with the PV support only
and torque sensor pedal was not used. The test was carried out during the peak sun hours
from 12pm to 2pm.  Voltage across the panel and battery, current drawn by the load from
battery and current supplied by the panel were recorded using a video camera and later
again retrieved at every 20 seconds interval and used to obtain the following graphs. The
data obtained from the field test are attached in Annexure A: TABLE 3. Fig 4.7 shows the
PV supply current and voltage and it is represented in a single graph on the same axes.
Fig 4.8 represents the battery supply profile and Fig 4.9 represents the load profile during
the test. Fig 4.10 gives the comparison of load power, battery power and panel power with
respect to time.
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The area under the graph of panel power (watts) vs. time (seconds) in Fig 4.10 is used to
determine the energy supplied by the panel and the graph of battery power (watts) vs. time
(seconds) is used to determine the energy supplied by the battery. The area under the graph
of load power (watts) vs. time (seconds) is used to determine the energy consumed by the
load. The energy supplied by the panel estimated to 489483.9 Joules and the energy con-
sumed from the battery estimated to 1941396 Joules.  The energy consumed by the load
is 2420743 Joules. From the result obtained, we can calculate the sharing of total power
supplied by the panel and the batteries. It is estimated that 20.1% energy is supplied by
the panel and the rest 79.9% energy is supplied by the battery.

4.2.2.3 Field Test Data With Torque Sensor 

Field test was carried out with torque sensor pedal to determine the distance travelled by
the vehicle till the batteries gets discharged down to 50% SOC and the power consumed
from the battery. Voltage across the battery and current drawn by the load were recorded.
The data obtained from the field test are attached in Appendix A: TABLE 4. The torque
sensor input voltage to the controller unit and output voltage from the torque sensor pedal
to the torque adjuster circuit were recorded and represented in Fig 4.11. All the data were
recorded with the help of a video camera and later retrieved at 20 second interval and
used to form the following graphs. Fig 4.12 represents the battery supply current and volt-
age. Fig 4.13 represents battery power [battery voltage* battery current]. Battery is sup-
plying power to the load and, therefore, battery power is equal to load power and
represented in Fig 4.14.
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Here, energy supplied by the battery is equal to the energy consumed by the load. The
graph of battery power (watts) vs. time (seconds) in Fig 4.13 is used to calculate the energy
consumed from the battery bank. The total energy supplied by the battery during the test
without torque sensor and PV support was 2183600.3 Joules and within 4480 seconds,
the battery discharged down to 50% SOC. But during the test with torque sensor only and
no PV support, it took 8100 seconds for the battery to discharge down to 50% SOC. The
energy supplied by the battery up to 4480 seconds during the test with torque sensor and
no PV support is 1181021 Joules. 

4.2.2.4 Field Test Data With Both PV Support & Torque Sensor

The test was carried out until the battery discharged down to 50% (SOC). Panel current,
panel voltage, current drawn by the load, load voltage, the torque sensor input voltage to
the controller unit and output voltage from the torque sensor pedal to the circuit were
recorded. All these data were recorded with the help of video camera and later retrieved
at 20 second interval and used to compile following graphs. The data obtained from the
field test are attached in Appendix A: TABLE 5.  Fig 4.15 represents the PV array supply
profile, Fig 4.16 represents the battery supply profile and Fig 4.17 represents load profile.
Fig 4.18 represents panel power, battery power and load power in a single graph.
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seconds) with PV support only and the vehicle can travel 12.455km in 1.24hrs (4480 sec-
onds) without PV support and torque sensor. The test reveals that 20.1% energy is supplied
by the PV array and the rest of the energy is supplied by the battery and thus 20.1% is
saved. The following Fig 4.19 and the results of projected distance travelled in Fig 4.20
reveals that the presence of PV panel has significant impact on the performance of the ve-
hicle. 

4.2.3.2 With Torque Sensor Vs. Without PV Support & Torque Sensor

The results obtained from the field tests reveal that the vehicle can travel 12.455km in
1.24hrs (4480 seconds) without PV support and torque sensor whereas the vehicle can
travel 23.75km in 2.25 hours with torque sensor pedal. Fig 4.21 represents the projected
distance of the rickshaw-van up to 50% DOD of the battery during the test with torque
sensor pedal and without torque sensor and PV support. The graph in Fig 4.22 reveals that
with the use of torque sensor pedal, the overuse of the battery bank has reduced. The area
under the battery power curve with torque sensor is less than the battery power curve
without torque sensor and PV support.
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The area under the panel power curve, load power curve and battery power curve will
give the energy supplied by the panel, energy consumed by the load and energy supplied
by the battery respectively. From the graphical calculations, it is estimated that the energy
supplied by the panel was 1563291 Joules, energy supplied by the battery was 1963950
Joules and the energy consumed by the load was 3508080 Joules. The energy supplied
by the battery up to 4480 seconds is 575671.4 Joules.

4.2.3 Comparative Study

4.2.3.1 With Pv Support Only Vs. Without PV Support & Torque Sensor

The field tests were carried out until the battery discharged to 50% SOC. The results ob-
tained from the two field tests reveal that the vehicle can travel 17.2 km in 1.69hrs (6100
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4.2.3.3 With Both Pv Support & Torque Sensor Vs. Without Pv Support  & Torque Sensor 

The result obtained from the field test with both torque sensor and PV support reveals that
the vehicle can travel 35.49km in 3.36 hours (12120 seconds) whereas the vehicle can
travel only 12.455km in 1.24 hours (4480 seconds) without PV support and torque sensor.
The result is represented in Fig 4.24.

From the battery power curves, it is determined that energy supplied by the battery during
the test with both PV support and torque sensor was 1963950 Joules in 3.36 hours (12120
seconds). The energy supplied by the battery was 575671.4 Joules in 1.24 hours (4480
seconds). The energy supplied by the battery during the test without PV support and torque
sensor was 2183600.9 joules in 1.24 hours (4480 seconds). Thus, from the calculations,
we can say that the system consumed 26.3% energy of the throttle controlled design and
with PV support and torque sensor, it saves 73.6% energy. Fig 4.25 represents the com-
parison between energy consumed and energy saved with torque sensor and with both
PV support and torque sensor. Fig 4.26 represents the comparison of distance travelled by
the rickshaw van up to 50% DOD in all four field tests.
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Figure

The battery power curves are used to determine the energy consumed by the system using
throttle and torque sensor. The battery was discharged up to 50% SOC of the batteries
within 4480 seconds with throttle whereas with torque sensor pedal it was found that the
battery still had more than 75% charge (SOC). From the power curves, it is estimated that
the energy consumed from the battery with throttle system within 4480 seconds is
2183600.9 Joules and the energy consumed from the battery with torque sensor pedal in
the system within 4480 seconds is 1181021 Joules. Thus, we can say that with torque sen-
sor pedal integrated into the system, the system consumes 54.1% energy of the throttle
controlled design and it saves 45.9% energy. Fig 4.23 represents the comparison between
the energy saved with torque sensor and without torque sensor and PV support.
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The above graphs quantitatively prove that the use of both PV array and torque sensor in
these types of rickshaw vans has significant impact on the performance of the vehicle. The
distance travelled by the vehicle with both PV support and torque sensor is 2.8 times
greater than normal battery operated rickshaw van and thus this system lengthens the bat-
tery lifetime. From the final result as shown in Fig 4.27 it is estimated that around 73.6%
energy is saved with both PV array and torque sensor in the system where torque sensor
contributes to saving 45.9% energy and PV array contributes to saving 27.7% energy.

4.2.4 The Speed Analysis 

The speed analysis has been also done for the vehicles over the three months of field study.
Next to traditional method of calculations of the total distance divided by total time to get
the average speed, we have used speedometer to measure the speed of the vehicles. The
calculations are given below and result of the field test is summarized in the Table 4.1.
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4.3 Qualitative Analysis

The qualitative analysis has been a very crucial part of the field test since a number of fac-
tors such as safety, local acceptance, ease of driving and so on have to be considered for
a successful implementation of the vehicles in perspective to real world. Hence, through
case studies, CARC has demonstrated a number uses of the vehicles to the local people of
Savar. Research engineers have also then conducted various surveys to get the feedbacks
from different users of the vehicles. Based on the feedbacks accumulated, the vehicles
have been re-designed.

4.3.1 Case Studies

All three different kinds of rickshaw vans with similar technology have been used for test
run and to provide service to BRAC HNPP personnel as well as local people of Genda,
Savar. Based on the service provided by the vans, various case studies have been docu-
mented about the potential use of these vehicles in the locality.

A. Case Study 1: Human Hauler

The human hauler has been seen as the most popular form of vehicle mainly because of
the huge demand of transport that large number of people have in Bangladesh. The vehi-
cles have been used to carry the local people to and from the local bus stoppage for various
destinations. They have been also used by the local school children for their commute.
Next to local service, the human haulers have been also used by the BRAC HNPP com-
munity workers as they travel long distances with light goods such as medical emergencies.
A number of times BRAC staff used human haulers to visit the Savar garage, travel to their
own houses after work, carry personal belongings and so on [17], as shown in APPENDIX
B.  

B. Case Study 2: Ambulance Van

One of our major innovations has been the idea of ambulance van. Still now in this era of
21st century, the rural community of Bangladesh faces severe problems regarding health
issues due to lack of health service. NGO programmes such as BRAC HNPP are now work-
ing on these shortcomings of the countryside. Addressing these problems, CARC has de-
signed and developed the rickshaw vans in a way so that it can be used to serve the local
community. Equipped with first aid kit box, fan, light and siren, the ambulance van has
been able to attract quite an interest among the local community and they volunteered to
take its service. The van took two mothers with their children to the local hospital and
also took them back to their homes as demonstrated in APPENDIX B. 

Our aim, however, is to ultimately serve the people in emergency situations such as preg-
nant mothers at labour, people at accidents or disasters, etc. Already proceedings about
serving the pregnant mother have been going on with BRAC HNPP as shown in Fig 4.28.
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C. Case Study 3: Cargo Hauler

The final case study has been completed on the cargo hauler. Here, the CARC has ad-
dressed the local problems of using manual vans to carry heavy loads through narrow al-
leyways especially in comparatively short distances. The use of fuel (e.g. diesel, petrol)
carrying lorries or trucks in these areas are not always feasible due to high expense and
traffic. Hence, manual vans are used to deliver or distribute various kinds of goods (e.g.
rice, paddy, vegetables, etc.) locally. Therefore, solar-based cargo haulers (5 units) have
been developed to replace the use of the manual vans to provide a more efficient service
and also reduce the physical labour of the van pullers. The cargo vans have been used by
the local shopkeepers to transfer their goods in various places [17], as provided in AP-
PENDIX B.  

4.3.2 Survey, Feedback & Analysis

After performing the case studies through various usage of each of the rickshaw vans,
CARC conducted survey and feedback sessions to get the community response on the in-
novation.

4.3.2.1 The Survey

A total of 9 electric rickshaw pullers were hired to conduct the field tests of 15 developed
solar-assisted electric rickshaw vans of three different types at Genda, Savar for a period
of three months. The rickshaw pullers were divided into 3 sub-groups and each subgroup
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Figure 4.28: BRAC HNPP staff providing a demo service to a real pregnant mother to 
demonstrate the potential of the use of ambulance van to rural population
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consists of 3 drivers. One sub-group was assigned to drive human haulers and other two
sub-groups were assigned to drive ambulance vans and cargo haulers respectively. Among
all these sub-groups, a total of 9 drivers who were involved during the field tests were al-
lowed to drive these three different types of electric vehicles by turn during the weekdays.
The research team of CARC conducted a survey to understand the extent to which the
pullers feel while driving the “Torque Sensor Based Solar PV Assisted Electric Rickshaw
Vans” in terms of the convenience and complexity to drive different models of three
wheeler electric rickshaw vans. The survey questions have been designed to extract infor-
mation from all these hired rickshaw pullers about their experiences of driving the human
haulers, cargo haulers and ambulance vans.   

The respondent group of people of this survey were the drivers of these rickshaw vans.
The pullers were interviewed by the research team to obtain feedbacks from the pullers
regarding the performance of the electric vehicles and to what extent the vehicles are suit-
able to be driven on different types of road surfaces (plain, rugged etc.). Moreover, the ob-
jective of conducting the survey is also to obtain assessment of the drivers regarding the
performance of the torque sensor pedal while driving these electric vehicles.

A. The Survey Respondent Group: Solar PV Assisted Electric Rickshaw Drivers

All the 9 drivers were interviewed to seek opinion regarding the design of the manufac-
tured electric vehicles. Same questions were asked to the drivers of human haulers, cargo
haulers and ambulance vans about the performance of these vehicles using both throttle
and torque sensor pedal with full load and no load on both plain surfaces and rough road
surfaces. 

All the drivers gave very positive response about the use of torque sensor pedal and they
were satisfied by driving cargo haulers, human haulers as well as ambulance vans by using
the torque sensor pedal only to drive the motor, without the use of throttle. While answer-
ing the survey questions about the comparison between the manually driven rickshaws
and the developed electric rickshaw, all the drivers’ point of view was that they needed to
apply little muscular force while pedalling using the torque sensor pedal only to drive
human haulers with 6 passengers compared to that of traditional manually driven rickshaw
carrying maximum 3 people by using the pedal. According to the responses, it is also ev-
ident that the developed solar assisted electric rickshaw vans with torque sensor pedal
can travel at a faster speed by the pedalling effort than that of manually driven rickshaw.
Furthermore, divers also agreed that the speed can be varied during pedalling using the
torque sensor pedal and hence the speed can be kept under control according to the needs
of drivers, while manoeuvring the vehicles on the roads. From the pullers point of view, it
can be concluded that the traditional available electric rickshaw can only be operated by
using the throttle to run motors throughout, and these rickshaws lack the feature of ped-
alling with feet to operate brushless DC motors unlike our developed solar assisted electric
vehicles. About the comfortability and suitability in driving these developed electric vehi-
cles, the drivers revealed that to some extent they need to apply muscular- energy and
hence they think it is somewhat comfortable and suitable for them to drive human haulers
with passengers, ambulance vans with patients and attendants as well as cargo haulers
with goods. 

One of the pullers, who drove human hauler during the field test, said, “It is not difficult

218

to drive the human hauler with maximum 6 passengers on both plain and rough roads be-
cause of the level of easiness they feel during pedalling. While running the vehicle using
the torque sensor pedal only, the speed of the human hauler can be controlled, and the
speed is almost comparable to that of traditional throttle operated electric rickshaw as the
motor keeps on operating throughout time of pedalling.”

During the survey, drivers also mentioned about some positive feedbacks regarding the
features included in human haulers, ambulance vans and cargo haulers. They appreciated
the usage of the indicator lights, brake pedal and side mirrors which are included in all
the developed solar assisted electric vehicles. All the drivers were very much happy with
the performance of the indicator lights, front brake system and the brake pedal for the rear
brake. Even though they have got plenty of experience to drive battery-operated traditional
tri-wheeler electric rickshaw without the use of mirrors, indicators and windshield, they
mentioned that the use of indicators, side mirrors and windshield at the front of these ve-
hicles ensures the safety of drivers and reduces the chances of facing any unexpected ac-
cidents on the roads. Some drivers explained that side mirrors help them watch other cars,
buses which are also moving on the road. Thus, they can be aware of these vehicles com-
ing from behind and enabling them to drive the developed solar PV assisted electric human
haulers, cargo haulers and ambulance vans. 

Furthermore, all the drivers have informed that the use of windshield at the front of every
vehicle has been really very helpful for them because the windshield ensures their health
safety. These drivers responded that the windshield at the front of all the produced vehicles
prevents them from being soaked by rain water while driving on rainy days. Hence, the
drivers felt that there is no chance to suffer from fever and cold. The perspective of the
drivers was that the traditional electric rickshaws do not have the front windshield, and
that is why rickshaw pullers while driving the rickshaws get wet heavily during the rainy
days, and they are more likely to become sick. In addition, some of the drivers’ insight
was that the windshield also minimizes the discomfort they might experience while driving
through roads where sand granules, ashes and dirt are abundant. They claimed that the
windshield does not allow dust or any tiny sand particles to get into the eyes while driving
on muddy and dirty roads. Overall, from the viewpoint of drivers, it can be concluded
that all these features included in torque- sensor based solar assisted electric vehicles im-
proves the safety of vehicles on the roads and reduces the concern of health issues of the
drivers.

Drivers who were interviewed [17] also stated that the solar panel attached on top of the
developed electric vehicles help them to travel longer distance on the sunny days. Some
of the drivers even explained their viewpoint by informing that the solar panel is able to
charge the batteries as the vehicle is moving on the roads. Moreover, few human hauler
drivers mentioned that they faced some extreme situations when the human hauler moving
on the roads had little charge on the batteries, which was insufficient to carry passengers
as well as to reach the nearby garage to charge the batteries. They claimed that on such
difficult situations, the vehicle was no longer driven and it was kept under the sun for
some time so that the solar panel could charge the batteries. Allowing the batteries to be
charged by the solar panel, they were able to drive the vehicle again and reach the garage
to charge the vehicle for longer period of time. Thus, all the drivers supported that intro-
ducing the solar panel on the newly designed electric vehicles is very useful and they have
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never seen this innovative technology on any traditional electric bikes as well as easy
bikes anywhere in Bangladesh.

All the drivers, who were involved in the field test, were asked whether they think any
modifications are required in terms of the mechanical design or any features that needs to
be added or altered in the developed human haulers, ambulance vans and cargo haulers?
All the drivers agreed that some modifications on these solar PV assisted electric vehicles
are essential to improve the performance of the electric vehicles on all types of road sur-
faces (e.g. plain, rugged surfaces). One major modification that all the drivers recom-
mended was to change the existing thin, narrow and larger rickshaw wheels. They
suggested using smaller, thicker wheels with wider surface area that should undoubtedly
improve the stability of the vehicles while running on any types of road surfaces. Some of
the drivers even explained further regarding the problem that they face while riding these
vehicles having larger and narrow wheels. These drivers also explained that if currently
used narrow wheels on the electric vehicles are replaced by small and much thicker ones
(such as motorbike wheels), none of the vehicles will be shaking significantly or jerking
on rough surfaces.

One of the ambulance van drivers said, “Since the weight of the ambulance van is very
heavy, I found some difficulty to turn the vehicle with patients and attendants because of
this narrow and thinner wheels. Considering the larger size of the ambulance and heavy
weight of the vehicle, the front wheel cannot support this weight. Both front and rear
wheels need to be changed and replaced by smaller and wider wheels. In that case, the
weight of the vehicle can be evenly distributed, the vehicle would be more balanced and
it would move more smoothly in all types of bumpy roads.”

Furthermore, some drivers also advised to change the thin rickshaw frame that has been
used to develop the electric vehicles. Since all the different types of designed electric ve-
hicles are heavier than traditional electric rickshaws, drivers’ perception was that the axle
and the front frame may not be suitable for these developed electric human haulers, am-
bulance vans and cargo haulers. This is because they thought it is difficult to support the
entire weight of the vehicles using the thinner frame. They suggested using thick frame
and thicker axle at the front of the vehicle and change the chassis of the vehicle with
thicker ones as available in the easy bikes.

Another electric ambulance van driver mentioned, “The speed of the ambulance is good
enough to carry passengers and it feels comfortable driving this vehicle. I am somewhat
satisfied with the performance of the ambulance van. In order to enhance the quality and
standard of the vehicle, I would like to suggest that it is necessary to replace all three
wheels of the traditional rickshaw by wider and smaller wheels of easy bike. This is be-
cause when I drove to rough surfaces where there are potholes, it seemed that the whole
body of the vehicle might lose its balance and get out of control, and that means the ve-
hicle was unable to get sufficient load at the front side. I think if the whole frame of the
vehicle is thick and strong just like the easy bike, then it would be very good for us to
drive this ambulance on rough roads in rural areas of Bangladesh without facing any dif-
ficulties.”

However, most of the drivers also agreed that all the vehicles with narrow wheels can be
driven smoothly and perfectly without any problem on smooth and plain roads. Yet, the
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use of good quality stronger and thicker front as well as rear wheels would undoubtedly
ensure the suitability of driving these vehicles with full load on any types of surfaces, and
hence, increasing the popularity of these vehicles among people in the rural community.

One of the human hauler driver mentioned, “I am satisfied by driving this passenger car-
rying vehicle. I carried school-going children, males and females in this vehicle in different
places of Genda, Savar area. However, old people seemed to be reluctant to ride on this
human hauler because of these narrow and thinner wheels used on this large and com-
paratively heavier human hauler. I feel comfortable to drive this vehicle, but the level of
satisfaction would have been increased if the thicker wheels which are smaller in size
could be used instead of rickshaw wheels. Altering the larger and narrow wheels with
small and wider ones would result in reducing the height of the vehicles, making those
structurally stronger and more balanced while moving on roads. If these changes could
be made, the newly designed vehicle would be able to run at higher speed and more peo-
ple would be very eager to use this vehicle.”

When drivers were asked about their opinion regarding the total distance these electric
vehicles could cover in one full charge, different comments were received from them.
Some ambulance drivers mentioned that the ambulance van could run for three to four
hours. Some human hauler drivers specifically answered that they were able to ride around
25-30 km on rough road surfaces on cloudy days with full of passengers. One of the human
hauler driver said that they are happy about the mileage of the vehicle, yet the total dis-
tance travelled by the electric vehicle can be more than doubled by increasing the total
number of batteries and by using higher capacity batteries of 50 Ah or 95 Ah in this de-
veloped human hauler. Even though solar panels provide charging support to batteries, if
five or eight batteries are used instead of only four batteries, the vehicle would run the
whole day continuously after charging the battery only once from the grid for only a couple
of hours.

In addition, the human hauler drivers also agreed that they can earn more by carrying 6
passengers together in different places compared to that of traditionally available electric
rickshaws, which can carry 2 passengers only, travelling the same distance like that of the
human hauler. When the cargo hauler drivers were asked about the weight of goods that
could be delivered to different shops and markets, they said an estimated weight of 300
kg of goods can be carried. 

Overall, all the drivers are happy and somewhat satisfied after driving all three different
types of developed solar PV assisted electric vehicles having torque sensor pedal. The ex-
tent of satisfaction among the drivers, and the popularity of these vehicles among the rural
community would be increased tremendously if these vehicles are redesigned and undergo
required modifications according to the feedbacks provided by the respondent groups dur-
ing the survey.

4.3.2.2 Feedbacks

CARC also mobilized feedback from the vehicle users. Instead of survey questions, the re-
search team asked them about their generalized view and potentials of using these models
in future.
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A. Respondent Group: The Passengers
From the passengers’ point of view, it was more like riding the easy bikes with more com-
fortable seats. The passengers were not bothered by the motor thrusts and the bumping of
the rough roads was easily neutralized by the shock absorbers used in the vehicles. As
shown in the aforementioned case studies, numerous times service was provided to and
from the local bus stations to the local people as well as school children, patients and
even the shopkeepers as they carried their goods from market to their shops. They all were
very happy with the service. 

One of the passengers remarked, “Of course, I am very satisfied with the service. This ve-
hicle is very useful for the common people. It jerks less. Also, it has curtains and good
ceiling as well as good sitting arrangement.” He expressed the willingness to use this ve-
hicle rather than the traditional rickshaw [17].

B. Respondent Group: BRAC HNPP Staff

BRAC HNPP had used the vehicles to travel from Genda, Savar to their office at Hemayet-
pur. They all praised the innovation and informed that the cargo and ambulance vans will
be of great use by them in their premises.

“We provide healthcare services to pregnant women. Sometimes on urgent basis, we have
to refer them to different hospitals. So for this purpose, this vehicle (the ambulance van)
will be very helpful” [17].

4.3.2.3 Safety Measures

One of the crucial factors that has been taken into consideration while designing and de-
velopment of the human haulers, ambulance vans and cargo haulers with PV panel and
torque sensor pedal is the safety of both passengers and drivers. Increasing the popularity
of the manufactured electric vehicles depends on the mechanical stability of the vehicle
on all road conditions. All safety measures have been addressed to ensure that the vehicles
are safer on all road conditions in both daylight and at night. 

The mechanical design of human haulers, cargo haulers and ambulance vans has been
completed in such a way so that the vehicle looks modern as well as mechanically stan-
dardized to be driven in rural areas of Bangladesh. The raw materials used for building up
the entire body frame is steel so that the mechanical stability gets increased and for allow-
ing the vehicle to withstand substantial force during any collision that might happen with
other vehicles on the roads. In case of human haulers and ambulance vans, the entire box
frame is closed and the enclosed frame is covered with steel sheet so that passengers and
patients can ride safely and smoothly. The passengers of the easy bike have to get down
from sideways, whereas passengers can get down from human haulers from the back door.
Unlike Chinese easy bike and conventional electric rickshaws, the enclosed box in case
of human haulers offers more road safety and precautions from any unwanted accidents
from taking place. Easy bikes and conventional electric rickshaws are not equipped with
shock absorbers at the rear wheels. All the solar assisted electric vehicles developed by
CARC of BRAC University, have got dual shock absorbers on each rear wheels as well as
shock absorbers are also incorporated with the front wheel. Hence, the possibility of top-
pling the vehicle with passengers on bumpy roads has been significantly reduced. Also
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the possibility of accidents [20] occurring through the tangling of the clothes such as orna
or dupatta of women have been eliminated. Presence of shock absorbers on these vehicles
also ensure comfortable experience to the passengers while riding on these human haulers
and ambulance vans and in turn minimizing the risk of causing any accident on rough
roads.

The solar assisted electric vehicles have been equipped with necessary features that are
essential to address the safety issues of both passengers and drivers. All the manufactured
vehicles have got a handle bar inside the vehicle so that the passengers can hold on their
balance and receive required support to prevent from losing their balance when required
in certain circumstances like when the driver presses hard brake or when the vehicle hit
some other vehicle. In this way, the passengers can also have safe ride on these vehicles.
Unlike, conventional electric rickshaws, these developed vehicles have got a wide-angled
mirror on each side of the driver which helps the driver to maneuver the vehicle according
to his needs by monitoring the movement of all the vehicles that are coming from behind.
Therefore, the presence and usage of this type of mirror allows the driver to maintain road
safety of both the passengers and the vehicle from facing any unexpected occurrences on
the roads. All the vehicles are also equipped with windshield at the front part of the vehi-
cle, which helps the driver from dust particles getting into the eyes and it also protects the
driver from being wet by heavy rain. Along with ensuring health safety of the driver, the
windshield also acts as a shield to protect the driver from getting severely injured in case
of any sudden collision from the front side. A very reliable, lighter and suitable rain pro-
tector is introduced in human haulers with a very rigid Velcro strip that has been used to
stick the rain protector throughout the entire box like cabin of the human hauler. This type
of rain protector helps passengers to travel comfortably without getting wet by drops of
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Figure 4.29: A woman's scarf falls through a gap under the driver's seat of an easy bike where
the propshaft is located increasing the risk of accident [20]
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Figure 4.29: A woman's scarf falls through a gap under the driver's seat of an easy bike where
the propshaft is located increasing the risk of accident [20]
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rainwater. Similarly, ambulance vans are also covered and totally enclosed with steel sheet
and one back door to prevent patients from being affected by rain. For safety purposes of
passengers, goods and patients, a cabin light is introduced inside all the three types of
solar assisted vehicles. This light can be working at night or during gloomy weather to
help passengers to see things clearly inside the human hauler and to keep themselves safe
from unexpected incidents such as theft that might happen at night inside the vehicle.

An efficient and effective braking system on all the developed torque sensor-based electric
vehicles is of topmost priority for safety purposes. The developed vehicles have got both
rear and front brakes along with clutch for emergency motor stopper. An exclusive dual
brake system has been added with the front wheel and a unique rear brake system has
been implemented on both rear wheels. A brake pedal has been provided at a suitable
place below the front handle of the vehicle. The type of brake system used on all these
vehicles is known as “Drum brake”. This type of brake is very much applicable for this
type of electric vehicle and is commonly observed in motorcycles. By pressing the brake
pedal, the driver can instantly stop both the rear wheels within a very minimal distance.
A hand clutch has been provided so that the driver can use it only on rare emergency case
when the high speed rotating motor of the vehicle needs to be stopped immediately to
prevent losing control over the vehicle. During the field tests, the performance of both
front and rear brakes has been tested and very minimal braking distance along with suit-
able deceleration was recorded. Hence, effective braking system can ensure safety of both
passengers and patients who are the main users of human haulers and ambulance vans
respectively. Moreover, the electrical system that has been designed and implemented on
the developed electric vehicle is also safer and does not pose any risk. The type of batteries
used to run the vehicle is sealed lead-acid batteries which minimizes the risk of any
spillage of acid from inside and all the batteries have got a different compartment covered
with steel sheet. Electrical connections were given from the bottom part of the vehicle and
is totally isolated from the inside box like cabin of each electric vehicles. Fig 4.29 demon-
strates all various kinds of safety components present in the developed solar assisted rick-
shaw vans to maintain safety precautions on the roads for both passengers and drivers.
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Figure 4.30 (a): Thicker chassis for greater stability Figure 4.30 (b): Shock absorber at the front wheel
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Figure 4.30(c): A handlebar & rain protector with Velcro strip Figure 4.30(d): A windshield & side mirrors

Figure 4.30 (f): Dual shock absorber on each rear wheels Figure 4.30(g): Brake pedal for rear wheels brake

Figure 4.30(e): An efficient front brake system (drum brake) with hand clutch system
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For any kinds of transportation system, safety measures of passengers and drivers are very
important and must be fulfilled. Designing and construction of user-friendly and safer elec-
tric vehicle can influence the people to ride on these vehicles on daily basis. Along with
the mechanic safety issues, some features have been added for the advantage and con-
venience of both passengers and drivers. These features like rear indicator lights, front
light, side mirror and so on can undoubtedly help maintain safety measures of the vehicles
and passengers on all road conditions. The importance of the safety issues has been rec-
ognized. All these safety measures need to be properly utilized by the drivers, who should
have proper understanding of all the driving instructions. During the three months of test,
no hazardous condition took place like losing control over the motor and stopping it on
emergency basis. 

4.4 Conclusion

The demonstration provides a clear picture of effectiveness of the innovation in the prac-
tical fields. Next to the advantage of the model in energy saving and safety, a number of
aspects have come out for further improvement during the field work. The next action
should be to find out ways to overcome the challenges.
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Figure 4.30 (h): Safer and enclosed battery compartment with safer electrical connections

Figure 4.30 (i) Closed box frames for human hauler, ambulance van and cargo hauler to ensure
road safety for passengers, patients and goods respectively 

5. The Redesigned System (Case-2)

Based on the feedbacks and technical analysis of the solar electric rickshaw vans, a num-
ber of scopes for improvement of the vehicles were found. Accordingly, the research team
redesigned models of each of the vehicles as shown in Fig 5.1. The following sections give
the detail analysis of the modified rickshaw vans.

5.1 Design & Development of Modified Electric Rickshaw Vans

Since the use of easy bikes has become most common in the suburban and rural areas,
the researchers focused on developing a model that will be comparable with a typical
easy bike. The research engineers in cooperation with the manufacturing company Bee-
vatech Ltd. proposed and developed a new design for the rickshaw vans. For modification,
one of the human haulers, H1, was taken to the workshop in Uttara and the redesigned
vehicle was developed. Fig 5.1 and 5.2 show the modified design and the work in progress
at the workshop respectively.
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Figure 5.1 (a): The modified human hauler, ambulance van and cargo hauler

Figure 5.1(b): The design of the modified human hauler
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5.1.1 The Key Features

Even though the external structure looks similar to the previous design at the first glance,
some key differences lie in terms of dimension and components used, such as double sets
of more powerful batteries of 48V 50Ah, double motors of 500W each, stronger chassis
design, thicker and smaller wheels and so on. Table 5.1 provides the details of dimension
and capacity of the modified van. The main target of this modification has been to make
the vehicle much more sustainable for all kinds of road conditions. Thus, it was very cru-
cial to choose the right specifications and added features for the development of the re-
modified vehicle.

228

Figure 5.2: The work in progress at workshop on modification

The following section discusses some of those components that have been added or mod-
ified to make the structure more sustainable [17].

A. Batteries

The modified vehicles had the battery configuration of two sets of 48V 50ah. This has
been done to make the rickshaw-van to go a longer distance or to have retained its charge
for a longer time. Each set of the batteries have been set on each side of the van under the
passenger seat. Fig 5.3 shows one set of batteries on one side of the vehicle. 
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Figure 5.3: One set of batteries on one side of the vehicle
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B. Motor

Increasing the speed of the vehicle was another challenge. Hence, two 500W BLDC motor
have been brought for modification. Each of the motors is connected to each set of batteries
in parallel. This feature will not only increase the speed of the vehicle but also provide a
back-up in case one of the motors gets damaged on the way. The other motor can easily
run the vehicle to destination in emergency situation. Fig 5.4a and 5.4b below show the
two motors and the motor controllers.

C. Wheels

Changing the wheels was the most important or rather coveted by many in this modifica-
tion. The thick-spoke rickshaw wheels have been unable to provide the sturdy look of the
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Figure 5.4a: Two 500W BLDC motors 

Figure 5.4b: One of the motor controllers

rickshaw vans. Also in rough roads, it has been hard for the pullers to use the vehicles.
Hence, the wheels have been changed to thicker, smaller base of 20 inches and tyre size
2.75-14 as shown in Fig 5.5.

D. The Brake System

To reduce the risk of high speed, a triple brake system has been installed. Next to the hand
brake, triple drum brakes with one pedal brake were included in the system for emergency
motor stopping. Fig 5.6-5.8 depict the various brakes used.
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Figure 5.5: The wheel

Figure 5.6: The leg brake
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E. Reverse Movement

Since these types of vehicles are mostly used in the narrow lanes, having a reverse move-
ment system is quite a useful feature. For this, the wire in the motor-controller with the re-
verse current direction has been connected to come in action when switched on. Usually
in motor-rickshaws, this connection remains idle. Thus in this new design, the pullers can
easily pull back using the motor. The Fig 5.9 shows the switch for reverse connection.
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Figure 5.7: The hand brake

Figure 5.8: The drum brake

F. The Suspensions

Another challenge was to reduce the jerking effect both on passengers and the drivers.
Since the road conditions of Bangladesh, especially in alleyways and rural areas are rather
deplorable in many places, it was required to minimize the effect as much as possible.
For this, two suspensions under each side of the passengers’ seats have been put. There
has also been a 5th front suspension of spring fork type as shown in Fig 5.10.
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Figure 5.9: The switch for reverse movement

Figure 5.10: Front suspension
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G. Chassis & Beautification

A customized stronger chassis has been made to support the whole van as shown in Fig
5.11. This has significantly reduced the height of the whole box, making it more balanced.

For easy access as well as beautification, the box for the torque sensor circuit has been in-
corporated next to the pedal. It is used to be under the seats of passengers. Similarly, sep-
arate cabinet for the charge-controllers have also been made. Fig 5.12 and 5.13 depict
these modifications.
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Figure 5.11: The chassis

Figure 5.12: The closed box with the torque sensor circuit

H. Trailer

For the cargo hauler, an additional trailer has been included in the design so that more
loads can be carried. Fig 5.14 shows this feature. It can be easily detached and added
with the main body depending on the requirement of the users as shown in Fig 5.15a and
5.15b.

235

Figure 5.13: The cabinet for charge  controller box

Figure 5.14: The trailer
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The following Table 5.2 summarizes the key features of the vehicle:
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Figure 5.15a: Not attached trailer Figure 5.15b: Attached trailer
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Figure 5.16: Modified human hauler (front view)

Figure 5.17: Modified human hauler (side view)
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Figure 5.18: Modified human hauler (back view with
doors open)

Figure 5.19: Modified ambulance van (front view)

Figure 5.20: Modified ambulance van (side view)
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Figure 5.21: Modified ambulance van (interior back view)

Figure 5.22: Modified cargo hauler with trailer (side view)
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Figure 5.23: Modified cargo hauler with trailer (back view)

Figure 5.24: Modified cargo hauler with trailer

5.2  Findings & Analysis

After redesigning and implementation, it has become essential to test run the vehicles to
evaluate their performance similar to those of old models. The findings and analysis have
been depicted in the following sections.

5.2.1 Characteristics of the Modified Electric Vehicles

The performance, including the load and speed tests, of the vehicles was measured through
test runs. With the full load, that is six grown up passengers and the driver, the vehicle ran
through the alleyways of Savar. For speed analysis, the vehicle ran at its highest speed on
the nearby smooth road. A speedometer was used to measure the speed at maximum.
After the successful tests, some key characteristics of the vehicle were found as depicted
in the Table 5.3 [17].

5.2.1.1  Comparison With Previous Model & Standard Easy Bike 

5.2.1.1.A. With the Initial Model

Based on the feedbacks of the initial model, the modifications have been done. It was
necessary to first evaluate the performance in this regard. Various measurements and per-
formance tests have been done. It was found that the new model’s speed has significantly
increased. Due to its thicker wheels and front suspension, it is also much more stable than
before. There has been more effective brake system. Also, it is now possible to control the
movement of going backward through the motor-using switch instead of using manual
strength. The findings are illustrated in the Table 5.4.
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5.2.1.1.B. With the Standard Easy-Bike

For a clearer depiction of the success of the experiment, a comparative analysis of the ve-
hicle with the standard easy bike has been also done. For these, various measurements of
technical aspects have been collected for evaluation. The findings are shown in Table 5.5.
Each of the vehicles has been run in the same road conditions one after another with pas-
sengers. It has been found that the performances of the vehicles are quite comparable in
regards of speed and loading. In fact, the modified version has minimum jerking [17].  

242

5.2.2 Surveys and Feedbacks

As before, a survey was conducted among various groups of people like drivers, passen-
gers, easy bike drivers, mechanics and local community people. The feedbacks are pre-
sented in the following sections.

A. Respondent Group: The Hired Rickshaw Drivers

The new modified version of the electric van has achieved quick popularity among the
rickshaw-pullers hired for the field tests. All of them recognized the betterment of the ve-
hicle as compared to the old model. Their statements are summarized here: It is definitely
better than the older model since the wheels are thicker, less jerking and the pick-up is
good too. It is also comparable with the easy bike. On any kinds of roads, this vehicle can
be used to drive — be it main road or rough ones. Compared to the previous model, the
new model’s axle and chassis are much thicker and stronger which is a very good aspect
of the redesigned model. The speed is greater than the previous version.”

When asked whether they can suggest any more features to add in this modified version
for improvement, none of them could come up with any ideas.  

B. Respondent Group: The Mechanic

The responses of the mechanics were more insightful about the sustainability of the product
in all conditions. Based on his years of experience, one of the mechanics said that despite
all the structural strength in this improved mechanism, one key feature that required at-
tention was the axle. He suggested that the axle has to be thicker and made in such a way
that no welding would be required, thus removing the chances of any loose frictions which
might ultimately cause the axle to dismantle suddenly while driving. Other than that he
was satisfied with the overall structure and believed that people would gladly use it. He
believed that in all kinds of road conditions, the vehicle would run smoothly [17].  

C. Respondent Group: The Easy-Bike Drivers

The easy-bike drivers have also been interviewed to get their feedbacks. One of the easy
bike drivers was asked to drive the vehicle. After a successful drive, he seemed satisfied.
He believed that it could also travel in all kinds of roads. The weight of the vehicle was
similar to that of easy bike according to him. He suggested some minor modifications such
as using a better horn. Other than this, he was very happy with the drive and believed that
any easy-bike driver would love to drive this vehicle on road as well.

Another easy-bike driver, who has seen the older versions of the vehicles, said that the
modified version was really a good one and has the potential of even crossing the quality
of the easy bike. He appreciated the use of thicker wheels. He compared the vehicle with
easy bikes in terms of speed and load capability. When asked about the torque sensor
pedal, he said, “It is a good advantage. Suppose if I get stuck in a place with no charge, I
can always pedal to return. This is really good.” He appreciated the seats, design as well
as the feature of using two motors [17].  

D. Respondent Group: The Passengers

The human hauler previously gained quite popularity among the local people as they pro-
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vided regular services to and from the bus stop to different destinations. Seeing the new
model, they were all very interested in it as well as pleased to find such efforts given in
the research. They found it very suitable for Bangladesh. The interior design, the ride and
the overall performance were also satisfactory to them. When asked whether they would
like this vehicle over the other electric rickshaws, they preferred this one adding that com-
pared to easy bikes, these have less jerks. Also, they felt that the vehicle is safe to use as
well [17].

E. Respondent Group: The Community

The community as a whole always bears the impact rendered by any social development.
Hence, various interviews of people at different social levels living in the nearby areas of
the pilot project were taken. School children, local shopkeepers, tailors, pharmacists,
health and community workers of BRAC all appreciated the innovation and believed it
had great potential in the community.

A local shopkeeper commented, “This modified version is better because it has much
thicker wheels than the older version. Now people will be more interested to ride on the
vehicles. It also looks good now and since the box is lower, it will be easier to get into it
too. Earlier it was difficult for the aged people to get inside. Now everyone can. I will also
be benefited by using the cargo hauler since it has more space to carry things easily.”

One of the health workers at BRAC HNPP believed that these vehicles would be very use-
ful in emergency cases. She particularly mentioned about the difficulties they have to face
with the pregnant women as sometimes they have to refer complicated patients to the hos-
pitals. These vehicles can be useful to promptly transfer the patients to the local hospitals
more efficiently.

A BRAC officer at Savar appreciated the solar ambulance van for its potential use in emer-
gency situations. Also, the cargo hauler would be useful for the local shopkeepers, he said.
He believed that these vehicles would bring great positive change to distant rural areas
where electricity connections were still unavailable along with other motor vehicles. Over-
all, he appreciated the technology for being environmentally-friendly.

Encouraging feedback came from a local tailor as well: “It is good to see such new vehicle.
People can ride it to go to their destinations. It has the advantage of using the solar charging
if the battery gets finished on the way in any case. It does not have to wait on road for
back up charging materials.” [17] 

5.3 Conclusion

The redesigned vehicles have proved to be a great success though there are still rooms for
improvement in technical point of view. The surveys have shown the awareness of the
general people about the benefits of the innovation and utilization in the day to day life
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6. Socio-Economic Analysis & Impact

6.1 Socio-Economic Benefits & Advantages of Solar Assisted Vehicles

Development of cost-effective solar assisted electric vehicles for passengers in both rural
and urban areas of Bangladesh is very essential. Designing and implementation of the ve-
hicles for transportation of goods, providing services to passengers and carrying patients
can meet the requirements of rural people across the country by ensuring better lifestyle
and reducing dependency on conventional manually driven rickshaws, conventional elec-
tric rickshaws and manually driven vans for their daily movements. Undoubtedly, devel-
oping the vehicles with solar panel and torque sensor pedal based on the perspective of
the users can bring immense socio-economic benefits to the physically challenged male
and female people in Bangladesh. Nevertheless, creating an effective and sustainable busi-
ness model for the vehicles with PV panel and torque sensor pedal so that it can be used
by all income groups of people.

6.1.1  Community Use of Human Hauler

Solar assisted human haulers with torque sensor pedal can play a significant role to im-
prove the existing inadequate transport situation in many rural areas. In many grid-con-
nected rural areas, conventional electric rickshaws and Chinese easy bikes are only viable
transport options for all types of rural age groups of people. These vehicles are not suitable
in many areas where road conditions are not suitable for smooth travelling and also the
stability of these conventional vehicles is very low compared to that of the human haulers
developed by CARC. A manually driven rickshaw and electric rickshaw can carry maxi-
mum three people, whereas the developed human hauler has got a payload capacity of 6
people. Unlike the easy bikes and electric rickshaws, the developed human hauler can
ensure safety of both passengers and drivers. The use of shock absorbers in both modified
and older version of human haulers allow passengers to experience the comfort to a large
extent while riding on these vehicles and they also feel very minimal jerking on irregular
road surfaces. Moreover, unlike conventional electric rickshaws and easy bikes, the human
haulers use the solar panels to support batteries and the batteries require less time to charge
compared to that of conventional electric rickshaws and easy bikes. The developed human
hauler can bring social benefits to the rural community, both in off-grid and on-grid areas.
Many poor people find it difficult to afford locally available transport facilities. In many
rural areas, there are shortages of sufficient proper transport facilities that can be used by
people in their daily lives. Through the dissemination of these human haulers in rural
areas, children can use this vehicle for going to school, male and female of all age groups
can ride on human haulers with comfort and ease to go to their work places. Availability
of this environment-friendly human hauler in both on-grid and off-grid areas can signifi-
cantly help the society from facing any transport crisis. Moreover, the substantial use of
the human haulers can also bring economic benefits to the people. Drivers can earn more
money than that of the manually driven rickshaws as well as electric rickshaws. This is
because the developed human hauler can carry more people than the electric rickshaws.
The speed of the human hauler is also faster than the electric and manually driven rick-
shaws.
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6.1.2 Community Use of Ambulance Vans

The ambulance vans developed by the CARC can benefit the rural people immensely by
providing emergency health services in both on-grid and off-grid areas. Although the ex-
isting health services at Unions, villages and Upazillas are improving with the increase of
hospitals, medical equipment, doctors and beds, the medical transport service still re-
mained a matter of concern that needs to be resolved by taking prompt actions with care
and importance by the authorities concerned. Currently, patients living in the rural areas
with serious health issues cannot be quickly sent to hospitals located in upazillas or urban
towns due to lack of sufficient petrol-driven ambulances. The developed ambulance vans
can be introduced in the hospitals located at the union and community clinics. Usually,
people who require medical assistance have to rely on manually driven rickshaws, mothers
at the time of labour are carried to the hospitals using the manually driven vans. The use
of these vehicles are not suitable in these emergency situations because of the lower speed
of the rickshaws compared to that of the developed ambulance vans, and poor stability of
these vehicles while moving on rough surfaces. These patients are left with no other choice
but to use these uncomfortable modes of transport to reach nearby clinics and medical
centres such as BRAC Health Service Centre and so on. Thus, they have to experience se-
vere trouble and miseries at the time of travelling to clinics. Instead of using these uncom-
fortable conventionally available transport services, patients and mothers carrying babies
can use the ambulance vans developed by CARC to reach hospitals at a shorter time. The
ambulance vans are equipped with oxygen cylinder compartment, fan and emergency
medicine compartment to ensure that the patients receive required medical items during
the time of using the ambulance vans. The designed and developed ambulance vans can
prove to be beneficial for the rural patients because it is suitable to be driven on any types
of road surfaces. The vehicle has got far more stability compared to that of the conventional
electric rickshaw and manually driven rickshaws. Furthermore, patients can experience
comfort while travelling on the ambulance vans. These patients can be relieved from any
stress and pain while lying on patient bed inside the ambulance at the time of riding on
these vehicles. These developed ambulance vans are much cheaper than the petrol-driven
four-wheeler ambulance vans which are usually used in urban areas. By using the cost-ef-
fective and cheaper ambulance vans, the health sector of Bangladesh could improve the
transport services dramatically. 

6.1.3 Community Use of Cargo Haulers

The purpose of torque sensor-based solar-assisted cargo haulers is to transport vegetables,
rice bags, food, beverages, medicines and many other products to different shops and mar-
kets. These can travel longer distances than the conventional manually driven three-
wheeler vans. In rural areas, traditional manually driven vans are available which can
carry only food products such as bread, chips, beverages and so on to different retailer
shops and markets. The amount of goods that can be carried by the manually driven goods
carrier vans is much lower than the developed cargo haulers. Availability of the cargo
haulers in rural areas can significantly help shop owners receive supply of large quantity
of various types of goods from markets and different companies. Furthermore, households
can also carry their daily needs products at larger amount from markets to their homes.
Low income groups of rural people have to completely rely on cheaper mode of transport
such as vans to transport heavy goods for construction purposes over long distances instead
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of using expensive diesel driven four-wheeler cargo haulers. The developed cargo hauler
can be used as an alternative and convenient mode of transport in villages to carry heavy
loads over longer distances from markets to houses or factories within shorter time and at
lower cost.

All these developed solar assisted vehicles are environment-friendly and feasible for the
rural community in Bangladesh. The use of renewable energy technology in these vehicles
can reduce the complete dependency of running the vehicles on grid electricity. Reducing
the frequent usages of petrol-driven vehicles in rural areas, the use of solar assisted electric
vehicles could also reduce the carbon emission and contribute to make rural areas greener
than before. Besides, the use of solar panel would also mitigate the consumption of grid
electricity for charging the batteries of the vehicle. Chinese Easy bikes and traditionally
available electric rickshaws solely depend on the national grid for charging the batteries
for almost 8-10 hours, whereas the use of developed solar assisted vehicles conserve power
usage from batteries and in turn minimize the overloading of the national grid. The vehicle
can be driven using the torque sensor pedal technology which enables the driver to receive
assistance from the battery to run the motor unlike electric rickshaws, and thus increases
the longevity of the batteries.

6.2 Estimated Price of Solar Assisted Electric Vehicles

It was also important to do the pricing analysis of the vehicles since a number of members
of the local community including the passengers and easy-bike drivers showed interest
about the product price. After having consultation with Beevatech Ltd. about the manu-
facturing cost and considering other fixed costs such as solar panel, torque sensor pedal,
charge-controllers and so on, the overall selling price of the modified vehicle with
48V/50Ah batteries (Case 1) becomes BDT 150,000. Another model with double rear rick-
shaw wheels and one set of 48V/35Ah batteries (Case 2) will have a selling price of around
BDT 130,000. However, the pricing mechanism also kept options for the buyers to con-
sider their affordability. That way the vehicle itself installed with batteries, motors and
torques sensor pedal for Case 1 becomes BDT 110,000 and for Case 2 BDT 90,000 only.
The solar panels and charge controllers are considered as a separated package of charger
kit costing only BDT 40,000. This gives the consumers options to purchase the vehicle at
an affordable range.

Table 6.1 shows the price comparison. It depicts that the common cost for both the differ-
ent types of models is BDT 40,000 for the dedicated solar charger kit (SCK). However, the
rest of the manufacturing cost is known as “Variable Cost” which depends on the type of
motor and the power rating of the motor that will be included in the vehicle, number of
batteries with varying capacities and the overall raw materials that have been used to man-
ufacture the vehicle. Solar assisted vehicles of Case 2 have got thinner and long wheels
with smaller axle and costs BDT 20,000 lower than modified version of vehicles of Case
1. This is because the axle used in the modified version is custom made with thicker axle
and smaller and wider wheels were used for which the cost varied. The cost is expected
to get much lower than the price stated in the table in case of mass production.
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rice bags, food, beverages, medicines and many other products to different shops and mar-
kets. These can travel longer distances than the conventional manually driven three-
wheeler vans. In rural areas, traditional manually driven vans are available which can
carry only food products such as bread, chips, beverages and so on to different retailer
shops and markets. The amount of goods that can be carried by the manually driven goods
carrier vans is much lower than the developed cargo haulers. Availability of the cargo
haulers in rural areas can significantly help shop owners receive supply of large quantity
of various types of goods from markets and different companies. Furthermore, households
can also carry their daily needs products at larger amount from markets to their homes.
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of using expensive diesel driven four-wheeler cargo haulers. The developed cargo hauler
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can reduce the complete dependency of running the vehicles on grid electricity. Reducing
the frequent usages of petrol-driven vehicles in rural areas, the use of solar assisted electric
vehicles could also reduce the carbon emission and contribute to make rural areas greener
than before. Besides, the use of solar panel would also mitigate the consumption of grid
electricity for charging the batteries of the vehicle. Chinese Easy bikes and traditionally
available electric rickshaws solely depend on the national grid for charging the batteries
for almost 8-10 hours, whereas the use of developed solar assisted vehicles conserve power
usage from batteries and in turn minimize the overloading of the national grid. The vehicle
can be driven using the torque sensor pedal technology which enables the driver to receive
assistance from the battery to run the motor unlike electric rickshaws, and thus increases
the longevity of the batteries.

6.2 Estimated Price of Solar Assisted Electric Vehicles

It was also important to do the pricing analysis of the vehicles since a number of members
of the local community including the passengers and easy-bike drivers showed interest
about the product price. After having consultation with Beevatech Ltd. about the manu-
facturing cost and considering other fixed costs such as solar panel, torque sensor pedal,
charge-controllers and so on, the overall selling price of the modified vehicle with
48V/50Ah batteries (Case 1) becomes BDT 150,000. Another model with double rear rick-
shaw wheels and one set of 48V/35Ah batteries (Case 2) will have a selling price of around
BDT 130,000. However, the pricing mechanism also kept options for the buyers to con-
sider their affordability. That way the vehicle itself installed with batteries, motors and
torques sensor pedal for Case 1 becomes BDT 110,000 and for Case 2 BDT 90,000 only.
The solar panels and charge controllers are considered as a separated package of charger
kit costing only BDT 40,000. This gives the consumers options to purchase the vehicle at
an affordable range.

Table 6.1 shows the price comparison. It depicts that the common cost for both the differ-
ent types of models is BDT 40,000 for the dedicated solar charger kit (SCK). However, the
rest of the manufacturing cost is known as “Variable Cost” which depends on the type of
motor and the power rating of the motor that will be included in the vehicle, number of
batteries with varying capacities and the overall raw materials that have been used to man-
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1. This is because the axle used in the modified version is custom made with thicker axle
and smaller and wider wheels were used for which the cost varied. The cost is expected
to get much lower than the price stated in the table in case of mass production.
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6.3 Competitor Analysis

By performance, the Chinese easy bikes are the main competitor of the solar vehicles.
Normally, these vehicles are available with a starting price of BDT 130,000 [21]. By de-
fault, the manufacturing company provides a battery bank of 120 Ah which costs around
BDT 30,000. It is then replaced by a bigger battery bank of 140Ah/160Ah/180Ah (total
five batteries) which starts at a price of minimum BDT 40,000 [22] to increase the distance
coverage and it needs to be replaced in every second year [22]. To sum up for five years,
one is spending BDT 500,000 only for the battery bank of these Chinese easy bikes or
Pedicab. 

On the other hand, the vehicles developed by CARC without the charging kit is less ex-
pensive than the easy bikes. The case 1 model costs BDT 110,000 and case 2 costs BDT
90,000. In comparison with the CARC production of electrically assisted torque sensor
based tri-wheeler vehicle with torque sensor pedal technology, the total cost of 50Ah
sealed lead acid batteries is around BDT 30,000 and has a guaranteed life of 3 years. The
cost comparison between the easy bikes and CARC developed electric vehicles with
torque sensor pedal is shown in Table 6.2(a). It shows the initial price of both vehicles
along with battery replacement cost, duration for replacing batteries of CARC developed
vehicle which is lower than that of batteries of easy bikes and the total cost incurred in-
cluding the replacement cost of batteries after 5 years, which is again lower for both mod-
ified version (Case-1) vehicles and original version vehicles (Case-2). CARC vehicles
consist of a torque sensor pedal, which reduces the drawing of currents from the battery
bank and increases the battery life. So the replacement of the battery bank is reduced —
almost once in three years. Thus, the replacing cost for case 1 (vehicles with smaller
wheels) sum up to a projected value of BDT 60,000 after 5 long years which is nearly BDT
20,000 lower than the replacing cost of batteries for the easy bikes, considering that the
batteries will be replaced twice within a period of 5 years. Similarly, for case 2, the total
replacing cost of batteries after 5 years is also almost BDT 50,000 lower than that of cost
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that will be needed for replacing the easy bikes after the same duration.

Table 6.2(b) shows the total cost comparison (vehicle buying cost and replacement cost
of batteries) between CARC developed electric vehicles and Chinese standard bike after
5 years. The total cost savings for buying modified version electric vehicle (Case-1) is BDT
40,000 and for original version vehicle (Case-2) BDT 90,000. This is because both initial
buying price and replacement cost of batteries for both CARC developed electric vehicles
is much lower than that of the Chinese standard easy bike. After each year, the total cost
incurred for CARC developed electric vehicle is also lower than the easy bike, and thus
one person can save around BDT 8,000 every year for the modified solar assisted vehicles
and BDT 18,000 for original electric vehicle (Case-2). Thus, the customer can save around
BDT 670 and BDT 1,500 every month. Thus, it can be said that the CARC production is
much more feasible than the usual electric auto rickshaw. 

6.4 Positioning Strategy of the Solar Assisted Vehicles

Solar Assisted vehicles will follow the functional positioning strategy. Mainly, it will be a
business to customer (B2C) type of business. At first, it is necessary to make people under-
stand that these vehicles are best alternative in the transportation sector. The predicted
size of the market for the developed electrically assisted human haulers, ambulance vans
and cargo haulers depends on the popularity and its usages among the targeted buyers in
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BDT 670 and BDT 1,500 every month. Thus, it can be said that the CARC production is
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6.5 Sustainable Business Model and Proposed Market Scheme

Unlike regular products, the market of this vehicle is elastic in nature which makes it pretty
well competitive to survive in the long run. Maintaining a low cost profile and providing
policy support for the buyers can only help survive the competition. A sustainable and
suitable business model can be developed for expansion of the market size and scalability
of the business. Various government organizations and the Ministry of Finance can offer
subsidy to Partner Organizations (POs) and other micro-finance organizations. Different
government organizations can obtain fund from various local and international develop-
ment partners such as the World Bank, Asian Development Bank (ADB) and so on, which
can then be disbursed based on the expansion schemes of POs. Different Partner Organ-
izations (POs) such as Grameen Shakti (GS), BRAC, SRIZONY etc. should also receive
several incentives in the form of institutional grant and even receive refinancing from var-
ious government organizations that will be provided to the customers for buying the solar
assisted electric vehicles on instalments. After receiving the grant in the form of subsidy,
POs can provide human haulers and cargo haulers to the customers on credit following
certain down payment rate and interest rate set by the POs. The remaining amount of the
loan will be paid back within a certain period of time. 

From a survey under the research, it was found that a decent rate of interest on loan would
attract the customers to buy cargo haulers and human haulers. The potential customers
can be rickshaw pullers, entrepreneurs, rickshaw owners, who are doing business by rent-
ing the rickshaws to drivers on daily basis, shop owners and so on. Considering the income
level of potential drivers and small business people in rural areas, developing a business
model with a flat interest rate can be affordable for the customers. According to the survey,
the average income of a rickshaw puller is around BDT 700-1,100 from which they can
save up to BDT 500 every day. Through the use of human haulers, their earnings per day
almost doubles, and the use of cargo haulers can potentially enable to triple their earnings
per day. The following business model include down payment rate, interest rate that can
be set by the POs depending on the time frame to repay the loan, percentage of grant that
can be offered to the POs. These rates are based on the existing practices already imple-
mented and followed by customers and various microfinance organizations for expansion
of businesses in Bangladesh [23]. The business model for scalability of the business can
be initiated and implemented in the following ways.

�A grant (10% of the selling price of the vehicle as mentioned in Table 6.1 and 6.2) should
be provided to POs and other NGOs from various government organizations to help re-
duce the selling price of human haulers and cargo haulers.

�Customers shall pay a down payment of 15% on the remaining amount after deducting
the grant that shall be provided to POs to buy the solar assisted vehicle. Moreover, the
POs and other micro-finance organizations should also receive a fixed refinancing amount
(80% based on the microcredit extended to the customers). This refinancing amount will
be offered for each sale of the electric vehicle. The POs can repay the amount at a flat in-
terest rate of 6% within a time frame of 6-7 years.

�Against these possible incentives to receive by the POs, the rest of the purchase price
can be repaid at monthly instalments in 3 years at a simple interest rate of 12%. This in-
terest rate and repayment period would enable POs to make profit and expand the business
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areas where the demand for better transportation using these technologically innovative
vehicles are high and desirable. The positioning of business strategy and the market size
for three different types of transport services mentioned below.

1. Human Hauler

Considering the feedbacks obtained during the field test from local community people,
human hauler has the potential to be the most demanding and popular mode of transport
among the people. Since the main purpose of human haulers is to provide comfortable
and convenient transportation for the rural people, pullers can earn substantial amount of
money every day as compared to that of the pullers of conventional manually driven rick-
shaws. Hence, buyers of this type of vehicle can buy this vehicle as a sustainable source
of income and can even consider starting a profitable business by renting these human
haulers to drivers on daily or monthly basis. The prospect of scaling up this vehicle is very
high and dissemination of these vehicles across Bangladesh can increase significantly
based on the demand of this vehicle. The market size depends on the affordability of the
product, availability of raw materials used in the vehicle and most importantly on the de-
mand of the human hauler among the targeted buyers. Since more than 40% people live
under poverty line and mostly in rural areas, socio-economic benefits of this vehicle to
end customers can result selling of human haulers in a large quantity leading into booming
business. 

2. Ambulance Van

Similarly, in various upazillas, community clinics are situated at different unions of
Bangladesh. The hospitals can be equipped with these solar assisted ambulance vans to
significantly improve the health sector in Bangladesh. Considering the positive role and
social benefits, these ambulance vans can be supplied to both government and private
hospitals assigned for providing necessary health services to rural people. This new inno-
vative mode of transport can also attract new entrepreneurs and existing business associ-
ations. A suitable business model and optimum business framework need to be
implemented with the help of the government and NGOs to ensure continuity of the busi-
ness and expansion of the market size in Bangladesh.

3. Cargo Hauler

The same principle can also be applied for the cargo haulers and the solar assisted ambu-
lance vans. Usually, merchants bring their goods from local markets or retailers by fre-
quently using the manually driven vans in small amount. By motivating the shopkeepers
to tie up with the cargo hauler owners, who have bought this type of vehicles for bringing
their goods from markets and other company distributors in bulk quantity. It will result in
reducing their transport cost and help shopkeepers make their business stable without run-
ning out of products. Even both owners of cargo haulers, including drivers, can improve
their economic conditions and living standards by making profit throughout their lives
after investing the money to buy the product for both personal as well as business purposes.
Hence, the demand will gradually escalate, leading to growth of the market size for torque
sensor based solar assisted electrically driven cargo haulers. 
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international development institutions. The table 6.4(a) presents two different loan repay-
ment schemes for one type of electric vehicle model (Case-1) having larger wheels and
thinner axle. Since the starting price of this model is BDT 130,000 including panels and
charge controllers, the amount of loan to be paid is also lower than that of the modified
version’s loan payment. Customer has to pay same amount of total interest which is BDT
11,934 for both 2 years and 3 years of loan schemes. However, those customers willing
to take 2 years of loan payment scheme for Case-1 vehicles will have to pay BDT 4,641
per month, which is exactly BDT 1,547 in case of repayment in 3 years. Similarly, to buy
Case-2 vehicle, the customers will have to borrow BDT 114,750 and pay back BDT 5,355
per month in 2 years. The customer can buy the modified vehicle by making a down-pay-
ment of BDT 20,250 and the rest can be repaid by following another loan repayment
scheme of 3 years at the same interest rate of 12%. The monthly instalment will be BDT
3,570.

On the other hand, ambulance vans can be bought by the government’s community clinics
in different unions and upazilla. Even though the number of beds, doctors versus patient
ratio has been improved noticeably, the lack of availability of ambulance vans still remains
a concerning issue for the authorities. These clinics are allowed to pay the total money in
cash or cheque. Since hospitals are the main targeted customers of solar assisted ambu-
lance vans, unlike cargo haulers and human haulers, they will hardly get to use the vehicle
for income-generating purpose. Thus, the proposed business model is that the ambulance
van buyers will not have to take loans and no interest charge shall be imposed on it. How-
ever, the source of fund for buying ambulance vans by various Upazilla health complexes
and community clinics can come from the health ministry. This proposed business model
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while making the product feasible for the customers, manufacturers and other business
entrepreneurs.

The financing scheme as shown in Table 6.3 demonstrates the proposed micro-finance
scheme that can be followed to allow customers of all income-level to afford to buy human
haulers and cargo haulers at an affordable price for both Case-1 and Case-2 electric vehi-
cles. The selling price for the modified version electric vehicle (Case-2) together with the
solar panels, charge controllers for charging the batteries is BDT 150,000 as mentioned in
the Table 6.1. By offering subsidy in the form of grant (10%) would help cut the selling
price. Based on the reduced price, the customers will then need to pay a reasonable down
payment (15%) considering the income generation activities of customers. Financial in-
centives in the form of refinance mechanism (80%) can be provided to POs and POs can
also contribute certain amount of money (20%) to offer loans to the customers. After ex-
cluding the grant, the remaining cost can be refinanced by IDCOL which will be BDT
91,800 and rest 20% shall be contributed by POs which is BDT 22,950. The similar fi-
nancing scheme can also be applied for buying another model of solar assisted vehicle
(Case-1) having larger and thinner wheels with narrow axle. The total amount of money
a customer has to pay as down payment and as loan-repayment is also much lower than
that of the modified vehicles. This is because the initial buying price of vehicle (Case-1)
with panels, charge controllers is BDT 20,000 lower than that of the modified and re-
designed vehicle.

In case of Case-2 electric vehicles, the loan amount to be paid back by the customers is
reduced to BDT 135,000 that can be repaid on monthly instalments in 3 years or 2 years,
considering the same flat interest rate of 12%. The Table 6.4(a) shows in details the calcu-
lated amount that needs to be given by the customers for Case-1 type of model electric
vehicle according to the proposed business policy and table 6.4(b) gives the loan repay-
ment scheme for customers willing to buy the modified electric vehicle (Case-2). Different
loan repayment options for both (Case-1 vehicle and Case-2) vehicles would allow cus-
tomers to choose any option that will be preferable for them. However, the proposed rates
of interest and down payment, and duration of loans may be varied among different POs
depending on the availability of grant provided by the government organizations and other
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Redesigning and modifications of the product in terms of the size and other aspects are easy
and fairly less complicated, and can be altered according to the needs of patients and doctors
as well as authorities concerned who are willing to use these vehicles. During the field test at
Savar, drivers have provided valuable feedbacks so that the original version of human haulers,
cargo haulers and ambulance vans can be modified and improved further to increase level of
comfort for the patients and local people of different age groups. Similarly, logistic support
from the entrepreneurs and other existing local electric rickshaw manufacturing companies
would also ensure the innovative solar assisted electric vehicles to be included in a sustainable
business plan. Local entrepreneurs and citizens in rural and urban areas should also be em-
powered to develop the solar assisted electric vehicles as a sustainable, scalable and profit-
making business in Bangladesh. Nevertheless, the community growth and prosperity can occur
exponentially by reinvesting maximum amount of profits in growth and by doing so, the rural
community transport infrastructure can be significantly improved. 

Apart from the cost, one of the major concerns of commercializing the technologically ad-
vanced electric vehicles in the developing country is the high energy consumption. To mitigate
the impact of the overloaded grid, the CARC has provided an environment-friendly open
source technology solution for the developed torque sensor based electric vehicles. The solu-
tion is to build up and implement dedicated solar charger kit along with the electric vehicle
that can be set up in open space around homes as well as to use solar panels on top of the ve-
hicle so that the battery can receive assistance of the solar energy to run the vehicle. The use
of renewable energy, which is the solar energy, to charge backup batteries by the help of solar
panels ensures the long-term eco-efficiency of the developed electrically assisted human
haulers, cargo haulers and ambulance vans. Hence, the use of solar panels for providing com-
plete off-grid solution to users through the implementation of the solar charger kit incorporated
with the electric vehicles. 

Undoubtedly, further actions and inputs are required to ensure long-term sustainability of the
vehicles. Additional parameters are essential to include for ensuring the longevity and scala-
bility of the developed electric vehicles to take the project to a larger commercial scale. One
of the major parameters is to work with the Quality industry or firm with proper manufacturing
facilities to manufacture standard electric vehicles according to the suitable design of the
worldwide available electric vehicles. Local manufacturing companies like Beevatech Limited
are capable to work in collaboration with CARC to produce these innovative electric rickshaw
vans with modern designs and better performance compared to that of the existing traditional
electric rickshaws and Chinese easy bikes.

6.7 Conclusion

The purpose of developing a feasible and sustainable business model is essential for the growth
and scalability of the solar assisted vehicles across the rural areas of Bangladesh. The objective
of providing incentives to NGOs and POs can encourage them to get involved in selling these
solar assisted vehicles to rural clients of all types of income earning level at a cheaper and af-
fordable price. Adopting the refinancing mechanism can motivate the POs to offer various
types of loans at lower interest rate with several options of loan repayment and they can also
help poorer segment of the people to provide subsidy as much as possible without any inter-
vention of running their business. Thus, a robust and regulated market chain can be established
at the rural level that can assure improvement in economic condition of customers who can
use these vehicles for business purposes. Development of a feasible business policy with the
help of the government can ensure long-term sustainability and a promising business market
in the foreseeable future.
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for ambulance vans can be feasible to these clinics as the price of the developed ambu-
lance vans is almost 10 times lower than the four-wheeler engine driven traditional am-
bulance vans, considering the price of solar assisted electrically driven ambulance vans is
BDT 150,000 as compared to that of the four-wheeler conventional ambulance with a
market price of around BDT 1,500,000.

6.6 Implementation, Sustainability and Marketing of the Electrically Assisted Vehicles

Ensuring sustainability of the developed electric vehicles with PV panel and torque sensor
pedal is now a priority. A local company has manufactured all the 15 units of developed
vehicles based on the design provided by the CARC research team. Workers, technicians
and electricians of the company were involved in the process. Research engineers and
project engineers of the CARC research team worked on implementation of the improved
mechanical design and electrical system to make the project more sustainable and feasible
for the rural community. 

Achieving a three-dimensional framework to develop a successful and sustainable business
model for the modern electric rickshaw vans would be a priority. The framework is to: 

�Create value: Developing a positive image about the vehicles among the low
income group of people is essential and it can be created by the initiatives of
NGOs and medical institutions working on the betterment of lifestyles of the under-
served segment of the community that requires basic as well as medical transport
facilities in various rural areas. 

�Deliver value: Delivering value of the electric vehicles will be achieved by
recognizing the key activities and resources required for designing and manufacturing
environment-friendly and convenient electric rickshaw vans. 

�Capture Value: Capturing value includes elements like sufficient and available
physical resources, skilful human resources, supply chain management, partnerships
with various NGOs and organizations, and use of technologies to be integrated
together in order to include the production of electric vehicles as part of a sustain
-able business plan. Despite being a developing country, skilful workers, mechanics
and electricians are available working in local manufacturing companies who have
got ample experiences in welding, cutting and building the mechanical design of
the developed electric vehicles. Through proper training and support from engine
-ers and expertise people of various organizations, these workers will receive guid
ance that will help them manufacture quality and standard solar assisted electric
vehicles for rural community. Moreover, the government and existing private
organizations such as BRAC, Grameen Shakti and other NGOs can consider the
importance of helping poor people by providing short-term and long-term loans
and some reasonable microfinance schemes so that they can buy the electric
vehicles at a relatively affordable price for business purposes to support their
families and in turn can improve their economic situations. Hospital authorities,
nurses and doctors of various hospitals (e.g. Community Clinics located in different
Upazillas and Unions) can also support the initiative of CARC for producing
electrically assisted ambulance vans and provide further feedbacks to improve the
mechanical design of the ambulance vans so that the vehicle can serve medical
transportation at every nook and corner of Bangladesh. 
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rickshaw consumes over 960Wh of energy each day from the national grid to charge its
battery. The SBCS is designed to harness the ample solar energy incident on Bangladesh
to charge the batteries of the electrically assisted rickshaws both in urban and rural areas.
Besides the PV array used to harness solar energy, the station will also facilitate a diesel
generator for emergencies like cloudy days, where the irradiation is not sufficient to charge
the batteries or malfunction of the PV array system.

It is already known that two sets of batteries (total 8 batteries) are allocated for the modified
version of electric vehicles and one set of lead acid batteries (4 batteries) for every old ver-
sion of electric vehicle. One set to be handed over at the end of the day for old version
and both sets of batteries in case of modified version, which is expected to be 50% dis-
charged and will be set for charging. Simultaneously, another set of batteries would be
fully charged by the SBCS already and be ready for service. Fig 7.1 shows the concept of
battery swapping technique that can be followed to replace already discharged batteries
to be charged in the charging station by the  completely charged batteries available from
the solar battery charging station. These charged batteries can then be used in the battery
compartment and then these vehicles can be driven again on roads. 

7.1.1 The Implemented SBCS at BRAC University Premises

CARC has implemented a SBCS as a protype to determine its feasibility, performance and
applicability at the BRAC University campus [8]. The designed system includes a 400Wp
PV array (panel 1 and panel 2) primarily and a further 400Wp array (panel 3 and panel 4)
for backup in case the primary array fails or malfunctions) that can fully charge two 48V,
25Ah battery simultaneously from 50% SOC within a day. Two 200Wp PV modules, con-
nected in series, provides power to a 68V DC bus which is then divided and fed in to the
two sets of batteries using two 48V, 25A charge controllers. The functional block diagram
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sign is flexible according to the fact that the PV array size, number of charge controllers
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The process of charging batteries with electricity from the national grid is one of the com-
mon and most viable options available in Bangladesh. But due to increasing demand for
power, the country faces severe problems in providing electricity. Taking the power short-
age into consideration, finding an alternative solution to charge the batteries of the devel-
oped electric vehicles becomes essential to mitigate the grid load. The CARC proposed
implementation and development of Solar Battery Charging Station (SBCS) as well as ded-
icated Solar Charging Kit (SCK) that can provide an alternative method for storing charges
in sealed lead acid batteries. The concept of SBCS is becoming popular all over the world
because of its effectiveness to supply clean and free energy in completely off-grid rural
areas and, due to its usefulness for charging batteries using the solar energy within a con-
siderable period of time [8]. Proper monitoring of activities in SBCS in real-time is of top-
most priority by developing an effective software system [8, 16] to monitor charging
parameters of a solar battery charging station as manual checking of every battery condi-
tion in SBCS demands a great hassle. Developing a central solar battery charging station
can undoubtedly prove beneficial to many rural people where supply of grid electricity is
yet to be available. If SBCS can be implemented in significant number in all of the rural
areas, the introduction of solar assisted electric vehicles for transportation purposes in both
on-grid and off-grid areas will also be possible.

Thus, the vehicles in distant rural areas would be able to use two different charging
methodologies along with the use of national grid. Depending on the suitability and money
required to implement the charging station or charging kit, any one of the two different
methods namely 1) Solar Battery Charging Station and 2) Dedicated Solar Charger Kit can
be used by the vehicle users. The feasibility and effectiveness of both types of charging
methodologies has been evaluated by developing two different types of charging system
as a prototype by CARC at BRAC University. The following sections discuss about the two
proposed charging methodology that can be adopted and implemented for future expan-
sion of the use of solar assisted vehicles along with the charging system by the use of re-
newable energy technology.

7.1 Solar Battery Charging Station (SBCS)

The idea behind implementing the SBCS is to make the electrically assisted rickshaws
completely independent of the national grid and green through providing energy for charg-
ing their batteries using solar power. Although it has been shown in the previous chapters
that energy consumption of these rickshaws can be significantly reduced using the devel-
oped torque sensor pedal technology and the PV array support, the energy needed to
charge the batteries at the end of the day still has to come from the national grid. This will
not only put extra load on the already overloaded national grid but also increase environ-
mental pollution and diminishes the fossil fuels used for generating this energy.

It is reported in the SWERA Bangladesh report that the average monthly irradiation over
Dhaka city varies from 3.16kWh/m-2-day to 5.46kWh/m-2-day, which if can be harnessed
properly can lead to diminish our power shortage. Theoretically, each electrically assisted
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The block diagram consist of DAQ card, charge controllers, PV panels and external circuit.
Solar PV panels are connected is series and parallel for charging different sets of batteries
via two separate charge controllers. For the purpose of monitoring charging status of bat-
teries in a computer (e.g. battery charging voltage, solar current supplied to panels, charg-
ing time remaining) at regular intervals of time, DAQ card has been used. Two different
circuitry has been designed to feed battery voltage as input and the output is fed into DAQ
card. Voltage divider circuit is used to obtain battery charging voltage which is then shown
in the computer monitor by the help of the developed software. Power resistors as shown
in the block diagram is used to obtain solar current supplied to the battery. Finally, real
time monitoring of the SBCS enables to constantly monitor SOC of battery, solar battery
voltage, solar battery current and time required to charge batteries completely by using
the developed software. Overall, the design and implementation of the SBCS along with
the real-time monitoring of the performance of the following charging methodology can
be advantageous and more effective than manually supervising and checking the charging
status of batteries. Fig 7.4 shows the GUI created by the DAC.
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Figure 7.3 Implemented charging station on BRAC rooftop

system. The specifications of the PV modules are: 

�Maximum Power: 200 Wp
�Nominal voltage: 34.92V
�Nominal current: 5.70A
�Open circuit voltage: 44.64V
�Short circuit current: 6.2A
�Number of cells: 72
�Weight: 14.5kg
�Dimensions: 1580*808(MM*MM)
�Max system voltage: 600DC
�Power tolerance: +-3%
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and developing areas. The following Fig 7.5 depicts the overall concept diagram of the
system. As demanded by the vehicle system, a 400W PV panel for 48V/50Ah batteries has
been used. The method of swapping the discharged battery with the charged one can be
used.

7.2.1 The Prototype Implementation of SCK 

The SCK has been implemented in Savar, where several tests were done with the system
to find the outputs to analyse the results [24]. All the tests to analyse the behaviour of the
system were done in CARC, Savar. Fig 7.6 and 7.7 show the practical set up of the charger
kit at Savar.
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Figure 7.6: The charger kit set up at Savar 

CARC believes the working principle and method that has been used for building the pro-
totype SBCS at BRAC University can be applied to implement and develop SBCS on a
larger scale across the rural areas of Bangladesh. All the components that would require
to develop a large SBCS system are same, but the only changes in the design would be al-
tering the number of PV panels and charge controllers depending on the number of sets
of batteries that can be charged at a time. The entire SBCS charging system can vary in
size depending on the number of vehicles that would be provided with charging services
at the same time. Depending on the land size available, different size of SBCS systems can
be implemented based on the demands and needs of the vehicle owners and users willing
to charge batteries. 

7.2 Dedicated Solar Charger Kit (SCK) 

Since SBCS requires huge space and fund, and its demand is in the distant areas, it may
not always be a feasible method of charging the vehicles in the locality. Hence, an alter-
native method of charging, namely Dedicated Solar Charger Kit, has been proposed. As
the name suggests that the charger kit will be an exclusive one to be used for the purpose
of charging the vehicle in the household of the vehicle drivers. This is more suitable for
those who personally own the vehicles.

The system is compiled with a mono-crystalline series-connected solar panel, a solar
charge controller, four batteries connected in a series making it a one-unit battery and a
battery voltage indicator. This system is solely made for charging up vehicle batteries stay-
ing at home with the help of solar energy instead of depending on the national grid. It is
a complete off-grid solution which is not only saves electricity coming from national grid
but also reduces the hassle of charging batteries on a charging station in queue. This kit is
easy to use and requires not much skill to use it. Thus it suits best for the people of rural
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plementation. Depending on size of the panels, each charging station can provide service
to numerous vehicles at a time with monitoring system similar to the concept of petrol
pump stations. On the other hand, dedicated solar charging kit is a more personalized
concept for individual vehicle at home. Any household can install this system to provide
self-service of charging their vehicle whenever required. Both of the methods are very ef-
fective especially in the rural off-grid areas to reduce the burden of national grid.
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The field tests included

�Finding the charging data of the 25Ah, 35Ah and 50Ah batteries.
�Finding the discharging data of the 25Ah, 35Ah and 50Ah batteries.
�Calculating the efficiency of the panels using Megger irradiance meter.
�Calculating the short circuit current output with the measurements taken from 
the Megger irradiance meter.
�Analyse the data measured using the irradiance meter.

The tests were done on three types of batteries 25Ah, 35Ah and 50 Ah. These batteries
were charged using our solar charging kit and then discharged in electric vehicles. All the
measurements were recorded. The electric vehicles used for this purpose are human hauler
and cargo hauler. 

After implementing the idea of dedicated solar powered charging kit and obtaining all the
field test analysis, it was found that the system is a successful one. This charging system is
one of the simplest inventions developed using the solar energy for charging purpose. It
can minimize consumption of national grid power in rural areas to some extent. Though
the initial investment for buying the equipment can be a pressure for the people of rural
areas, they will not only prove themselves as the responsible citizens of the country but
will also get benefits out of it. Starting with one, it can create a chain by influencing more
people to buy this kit. 

7.3 Conclusion

The chapter provides a detailed analysis of various charging approaches that can be done
using renewable energy. Even though our vehicles consist of a panel on the roof, these
charging methods provide an alternative to faster charge during overuse and utilizing the
battery swapping method. Among the two methods, SBCS is more suitable for mass im-
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Figure 7.7: The charger kit with the vehicle
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However, a number of minor adjustments in the manufacturing of the structure may be
carried out to obtain a more sustainable system. Various members of the community in-
cluding the BRAC health workers, shopkeepers, passengers, drivers and so on have ap-
preciated the modified product. 

Lastly, socio-economic analysis has been done extensively to understand the future market
production of these products in both local and global market. A business model has been
developed that uses the concept of the already successful project of solar home system in
Bangladesh. Thus, despite having seemingly high initial cost, the payback calculations
prove to be of greater advantage for the rural people. Upon implementation of the vehicles
in mass scale, these vehicles can help improve the living standard of the people in the
rural regions of Bangladesh in a legalized manner. The scope of implementation of the
business model schemes has also been analysed and proposed to introduce the new tech-
nology in rural Bangladesh. A joint collaboration of the government, financial organisations
and various partner organisations can play a significant role towards development of this
sector. 

Addressing all the challenges faced while manufacturing these solar assisted vehicles will
increase the acceptance of the environment-friendly product among the rural community
significantly and this can help get the government approval for using electrical vehicles
with the scope of acceptance by the international community. Furthermore, the concept
of various charging method using solar energy can give us a complete off-grid solution to
the overall systems.
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8. Conclusion

The year-long project has provided us with significant progress and insights about the per-
formance of the developed vehicles in the real world. The goal was to analyse the per-
formance of the innovated models in the practical field so as to understand the feasibility
and find the scopes for improvement during implementation in a mass scale.

After the initial examination in lab conditions on normal rickshaw as well as prototype
development in collaboration with Beevatech Ltd, CARC has moved on to produce three
different designs of electric vans based on their different usage as carriers of passengers,
patients and goods. This has been done to address the manual labour profoundly used in
the rural areas for the purposes as well as to combat the electricity supply shortage in the
national grid as illegal electrical vehicles were coming to the market. To find an energy-
efficient solution to these problems was a challenge. 

Thus, the designs developed to incorporate the solar power and torque sensor pedal in
the system. The overall specifications of the main system components slightly vary from
model to model. Human haulers comparatively lighter than the others since it was made
of rexine and has a set of 48V/25Ah battery with 750W BLDC motor. The ambulance van
with an interior design that is more patient-friendly or compatible with medical conditions
has been equipped with similar components as human hauler. However, as a test run, one
of the ambulance vans was made with double rear wheels, double battery sets and double
500W motors. The cargo haulers retain this double rear wheels in design but have a set of
48V/35Ah battery with one 750W motor. In all the vehicles a 400W (100WX4) PV panel
has been installed along with the 48V charge-controller and torque sensor pedal. A special
circuitry has been required to implement the torque-sensor module with the system [25]
[26]. The research engineers first designed and developed the PCB circuit of the system
and performed the lab test. Once the lab test is passed, the circuit is then implemented in
the manufactured vehicle.

The performance analysis considered both the technical and qualitative aspects of the ve-
hicles. All the field works have been documented with videos and pictures. The technical
aspects have been depicted graphically and it has shown satisfactory result. For qualitative
analysis, the feedbacks of the rickshaw pullers, different users of the vehicles and safety
measures have been examined. A number of factors such as change of the wheels, mod-
ifying brakes, change in dimensions and specifications have been noted down during this
period.

Based on the feedbacks, the researchers redesigned and implemented the required mod-
ifications of the vehicles, keeping similar skeletal structure of each of the three vehicle
types. Those share the general modifications in the specification with a stronger chassis,
smaller and thicker wheels, frontal suspension, drum brake system and so on. Several tests
have been done including speed tests and giving community services. Community per-
spectives as well as expert feedbacks have been then taken. Overall, the modified vehi-
cles have proved to provide much better services with significant improvement that has
even made them comparable with the Chinese standard easy bikes used in the locality.
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spectives as well as expert feedbacks have been then taken. Overall, the modified vehi-
cles have proved to provide much better services with significant improvement that has
even made them comparable with the Chinese standard easy bikes used in the locality.
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Ambulance vans carrying mothers with sick children to local hospital during the field test at Genda, Savar

Cargo hauler carrying goods to various local shops during the field test at Genda, Savar  
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Human haulers carrying local passengers and schoolchildren during the field test at Genda, Savar
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Getting feedbacks from BRAC HNPP personnel on solar assisted electric vehicles

Easy bike driver’s feedback Mechanic’s Feedback 
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Getting feedbacks from the drivers of the solar assisted electric vehicles during the field test at Genda, Savar

Getting feedbacks from passengers on both old and modified version of solar assisted electric vehicles
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Basic concept and methodology
The R&D exercise has incorporated a hybrid inverter charger with a load management
module. This smart module has MPPT and can charge the easy bike directly from solar
power during day time. The remaining unused solar energy is stored in storage batteries
for using at night time. This integrated system has captured all the latest state-of-the-art
technologies such as the intelligent negative pulse current charger, smart card billing sys-
tem and remote data management system.

The remote supervisory data management system has enabled the project owner to mon-
itor, control and perform fault diagnosis remotely. The hybrid MPPT solar module controls
load management between direct vehicles charging and storage battery charging for night
time use. An interfacing has been developed to enable the main supply to start feeding
power when the battery’s state of charge (SOC) falls below a set value in the event of bad
weather conditions. The smart card prepaid billing system makes the billing management
easier. 

State-of-the-art technology in our solar charging station
The intelligent negative pulse current charger is a specially design product. It is designed
to meet charger requirements for the power battery of the electric vehicles. It assists re-
ducing the battery’s internal impedance while charging. The battery gassing amount is
only 15%-20% of the traditional chargers. The rise in battery temperature while charging
is also greatly lowered. Our negative pulse charger uses an advanced soft-switch technique
and also has protection functions of battery reverse connection, output short circuit, and
input low voltage or over voltage and over heat. This technology is small in size and high
in efficiency, stability and reliability with a long life.

The embedded CPU can accurately check the status of batteries. The advanced and intel-
ligent multi-section charging mode can avoid lack of charging or over charging, and re-
duce water-loss phenomenon because of charging as far as possible, and avoid electrode
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Battery charging terminals

Introduction
Approximately 900,000 easy bikes operate in Bangladesh on battery power. The batteries
are currently charged with main supply of electricity. About 9,000MWh (9,000,000 kWh)
energy is used daily from the grid to meet the charging demand, resulting in increased de-
mand for energy in Bangladesh. With the financial assistance of the World Bank and
IDCOL, Solar E Technology has embarked on a demo project at Chuadanga and conducted
a comprehensive research and development (R&D) exercise on a solar powered battery
charging station as an alternative option to charge batteries for the easy bikes. 

It was found that the “Solar Powered Battery Charging Station" is a promising alternative
and environmentally sustainable solution to support the battery-operated vehicles. Solar
E Technology has used state-of-the-art technology which includes intelligent negative pulse
current charger, smart card billing system and remote data management system. It is esti-
mated that the life cycle of the easy bikes will be doubled with this negative pulse current
charging technology. This charger is found to be 22% energy efficient than the traditional
charger and will significantly reduce the energy requirement.

A comprehensive cost-benefit analysis was conducted on a commercial project of 400kWp
and the estimated payback period is 5.1 years based on 50% grant, 35% soft loan and
15% equity. This is a crucial time for the Government of Bangladesh and IDCOL to for-
mulate policies for introducing commercial scale solar powered battery charging stations.

276

Solar powered battery charging station R & D site at Chuadanga
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if the battery voltage is under the gassing voltage.

4. Absorption charge - high voltage constant
Voltage is kept at a preset level. During this phase, the current is gradually reduced.
Gassing voltage may exceed in this phase. Our charger will increase the amplitude and
frequency of negative pulse to ensure the minimal gassing amount.

5. Test
Charging is suspended for a short period and the battery voltage is measured. If it falls rap-
idly, the battery is probably faulty. Charging is suspended and an error is indicated.

6. Float charge - low voltage constant
Voltage has dropped to preset level with controlled current.

7. Replenishing charge — pulse
State of charge varies between 95% and 100%. The pulse charge is safely replenishing
the last 5% of the battery’s charge in a minimum amount of time.

8. Maintenance
The battery receives a pulse when the voltage sinks, keeping the battery in good shape
when it is not being used. If the battery is charged and/or the battery s terminal voltage
drops, the charger starts a charge pulse until the voltage reaching the preset level. The
charger pulse is then interrupted and the cycle is repeated as long as the charger is in the
pulse maintenance phase. If the terminal voltage drops even lower, the charger automat-
ically reverts to the beginning of the charging process.

9. Desulphate
Batteries often fail because “sulphates” slowly develop and cover the battery plates. This
sulphating process also weakens the electrolyte and this combined with the gradual coat-
ing of the plates slowly and almost imperceptibly reduces the battery s ability to receive,
store and then deliver power. This sulphating process gradually impairs battery function
and causes a capacity loss until the battery can no longer perform the desired task and so
the battery is deemed to have “failed”. However, this charger incorporates an “Auto Pulse
Battery Desulphator” which can reverse the process by dissolving the sulphates, cleaning
the plates and restoring the electrolyte strength thus improving a battery s life and capacity
for an extended period.

Function
The high-frequency peak pulse delivers an electronically controlled pulse to the battery
causing crystalline sulphates to dissolve back into the electrolyte and thus restoring battery
function and electrolyte strength and enabling batteries the ability to receive charging cur-
rent and deliver discharge current.
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board vulcanization because of lack of charging, to extend the battery life cycle greatly.
However, our negative pulse charger will lift the cell voltage which is lower than average
and lower the ones which is higher than average. Thus it would help avoid higher voltage
which brings hazards of over-charge and gassing. It is estimated that the life cycle of the
easy bike will be doubled with this negative impulse current charging technology. This
charger is 20%-30% energy efficient over the traditional easy bike charger and hence will
significantly reduce the energy requirement.

The basic charge stages
1. Initial testing
This charger generates negative pulse to check the current receptivity of battery.

2. Soft charge
The starting phase continues until the battery s terminal voltage rises over a preset level.
At this point, charging goes into the bulk phase. If the terminal voltage has not reached
the preset level within a preset time, the charging is suspended. The error mode is then in-
dicated. If a large battery is charged that has been severely discharged, it may be necessary
to start the charger after a preset time.

3. Bulk charge
Primary charging is that where approximately 80% of the charging takes place. The charger
delivers maximum current until the terminal voltage rises to the preset level. This charger
will monitor the battery voltage. Bulk current will be transferred to enable efficient charge
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Smart card metering software algorithm 
The main protocol has five phases for controlling the consumption of solar DC energy
based on proper authorisation by using a smartcard. These include balance checking, de-
cision making, decision process and termination. Control systems for working process
main protocol flow chart are shown below:
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Charging curve

Prepaid metering
Solar based battery charging stations are an innovative and environment-friendly solution
to the ongoing easy bike charging issue in Bangladesh. 

With a post-billing system, the project owner would need to rely on the charging station
operating staff where there is a moderate possibility of inconsistencies between the actual
money collection and the billing due to lack of monitoring the operations. In such situa-
tion, the project owner will have to face extra pressure while repaying the IDCOL’s soft
loan instalments. 

Therefore, Solar E Technology has developed a prepaid metering system and installed a
smart meter in each charging terminal that could implement the prepayment system
through IC card meter management. Users would recharge their IC cards and then insert
them into the meter to start charging their vehicle. Thus the measuring of kWh, billing,
battery charging operation and data storage would be managed by smart meters. Cloud
based software controls the management of all files, multi-tariffs, parameters, data storage
and data analysis.
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operating staff where there is a moderate possibility of inconsistencies between the actual
money collection and the billing due to lack of monitoring the operations. In such situa-
tion, the project owner will have to face extra pressure while repaying the IDCOL’s soft
loan instalments. 

Therefore, Solar E Technology has developed a prepaid metering system and installed a
smart meter in each charging terminal that could implement the prepayment system
through IC card meter management. Users would recharge their IC cards and then insert
them into the meter to start charging their vehicle. Thus the measuring of kWh, billing,
battery charging operation and data storage would be managed by smart meters. Cloud
based software controls the management of all files, multi-tariffs, parameters, data storage
and data analysis.
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Monitoring and control

�Inverter transfer data to web server through router
�Mode 1 or mode 2, mobile device can monitor and control inverter by APP
�Mode 3, mobile device can get history data by EzView
�Mode 4, PC can get history data by Portal

User remote basic display on smart phone screen

283

Hybrid MPPT inverter with load management
This is a bi-directional energy flow, highly integrated module. Energy produced by the PV
system directly charges the vehicle during day time and excess energy is used to recharge
the storage battery for night time use.

Once the sun has set, the system automatically switches to energy from the storage batter-
ies.

During bad weather condition, if the battery capacity is insufficient for its own consump-
tion requirement, the system automatically switches to energy from the main grid.
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Observational data summary

Data analysis
�Observation data shows our innovative negative pulse current charger is 22% more en-
ergy efficient over traditional easy bike charger;

�With the use of negative pulse current charger,the battery surface temperature has been
reduced by almost 50% as compared to the traditional easy bike charger. This has reduced
water loss because of controlled rise in temperature and it is expected to doublethe battery
life cycle.

Cost-benefit analysis of a commercial solar charging station project
We have made the following initial considerations and assumptions about a commercial
project for the exercise of a cost-benefit analysis:

�Considering project size of 400KWp solar panel.

�With 400KWp solar panels, an average of 240 easy bikes can be charged daily

�Expected annual generation consisting of 86% solar and 14% main supply

�Financial model 50% grant, 35% soft loan and 15% owner’s equity

�Total project cost estimated to be Tk7.80crore

�Estimated revenue Tk 130 per vehicle per day

�Management cost expected to be Tk200,000 per year

�Inflation rate 3%. Equity adjustment over 10 years
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�This is a crucial time for the Government of Bangladesh and IDCOL to make policies of
phasing out 100% electricity-based easy bikes by introducing:

�Solar powered battery charging station;

�Modifying existing easy bikes to solar hybrid vehicles; and

�Implementing 100% solar charged vehicles. (Solar E Technology has developed
a demo version of solar passenger van & solar school van which are mainly solar energy
based.)

R&D site miscellaneous photos
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Solar charging station R&D site at Chuadanga

Impact of the project
�Direct DC charging (no conversion loss)

�Environmentally sustainable 

�No contribution to load shedding issues

�More employment opportunities and economic growth

Conclusion
�Solar powered battery charging station is an innovative and environmentally sustainable
alternative to meet the on-going energy crisis and to support the existing 900,000 easy
bikes in Bangladesh.

�Solar charging station with negative pulse current charger is 22% more energy efficient
over traditional easy bike charger.

�The use of negative pulse current charger has reduced the battery surface temperature
by almost 50% as compared to traditional easy bike charger. This has reduced the water
loss because of the controlled rise in temperature and it is expected to double the battery
life cycle. Moreover, this charger also incorporates an “Auto Pulse Battery Desulphator”
can reverse the sulphating process by dissolving the sulphates, cleaning the plates and
restoring the electrolyte strength to improve battery life and capacity for an extended pe-
riod.

�Solar charging station has integrated a smart card metering system which can monitor
and manage charging and accounting data.

�Our estimated payback period for a commercial project is 5.1years based on 50% grant,
35% soft loan and 15% sponsor s equity. 

Further recommendations
�In order to rationalize the whole existing easy bike charging issue, it is highly recom-
mended to retrofit the existing easy bikes to solar hybrid systems where up to 400Wp flexi
solar panel with appropriate voltage window to be installed on the rooftops. A separate
R&D is required for this modification. Solar E Technology has undertaken some initial de-
sign works and the estimated cost for this modification is approximately BDT 45,000 per
vehicle. This modification to solar hybrid can contribute up to 30% charging. This project
can also be implemented as 50% grant, 35% soft loan and 15% sponsor’s equity. 
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Vehicle being charged

Smart card setting up display on PC

Anderson connector for battery charger
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Control room

Charging terminal with smart card metering option
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Principal Researcher

Mr. Naimul Islam

Naimul Islam is the Managing Director of Solar E Technol-
ogy, Australia. He has 34years of comprehensive technical,
R&D and management experience in diversified engineer-
ing fields specializing in commercial refrigeration manufac-
turing, solar energy, waste to energy conversion, energy
auditing, power plant, regulatory compliance etc.who
thrives in challenging and changing environments. Naimul
Islam has completed his Bachelor’s degree in Electrical En-
gineeringand Master’s degree in Energy Technology (Renew-
able Energy).His accreditation further extends to
commercial solar system designer and energy assessor
(NABERS) by  Clean Energy Council of Australia and De-
partment of Environment, Climate Change & Water, Aus-
tralia. He is an international solar, waste to energy

&commercial refrigeration system consultant.Some of his innovative projects have been
broadcasted in multi-media such as daily Newspaper, TV News etc.

He can be reached at naimul.islam@solar-e-technology.com

Co-Researcher

Dr. Md. Rabiul Islam
Lecturer, University of Wollongong, Australia
mrislam@uow.edu.au

Mr. Naimul Islam

Solar Hybrid Cold Storage

292 293



292

Principal Researcher

Mr. Naimul Islam

Naimul Islam is the Managing Director of Solar E Technol-
ogy, Australia. He has 34years of comprehensive technical,
R&D and management experience in diversified engineer-
ing fields specializing in commercial refrigeration manufac-
turing, solar energy, waste to energy conversion, energy
auditing, power plant, regulatory compliance etc.who
thrives in challenging and changing environments. Naimul
Islam has completed his Bachelor’s degree in Electrical En-
gineeringand Master’s degree in Energy Technology (Renew-
able Energy).His accreditation further extends to
commercial solar system designer and energy assessor
(NABERS) by  Clean Energy Council of Australia and De-
partment of Environment, Climate Change & Water, Aus-
tralia. He is an international solar, waste to energy

&commercial refrigeration system consultant.Some of his innovative projects have been
broadcasted in multi-media such as daily Newspaper, TV News etc.

He can be reached at naimul.islam@solar-e-technology.com

Co-Researcher

Dr. Md. Rabiul Islam
Lecturer, University of Wollongong, Australia
mrislam@uow.edu.au

Mr. Naimul Islam

Solar Hybrid Cold Storage

292 293



295

Introduction
Bangladesh is one of the largest producers of fruits and vegetables, but per capita avail-
ability is significantly low due to post-harvest losses that ranges between 25% and 30%.
In addition, the quality of a sizeable quantity deteriorates during transportation while
reaching the consumers. This happens because the produces are perishable in nature. If
the demand remains lower than the production in one year, the farmers grow other crops
in the following year, and the cycle continues. The farmers remain poor even though they
take the risksof farming high-value fruits and vegetables for years. Introduction of cold
storage orcold room facility would help them mitigate the risks of selling their produces at
lower prices and simultaneously ensure better returns. 

On the other hand, the post-harvest shelf lives of fruits, vegetables and flowersare very
short. However, the post-harvest cooling rapidly reducesthe field heat, respiratory activities
and internal water, slows wilting and growth of microorganism and reduces the production
of natural ripening agent i.e. ethylene. The post-harvest cooling also provides marketing
flexibility by allowing the growers to sell the produces at the most appropriate time. 

With the financial assistance of the World Bank and IDCOL, Solar E Technology set up a
demo solar hybrid cold storage project at Chuadanga and conducted a comprehensive
research and development (R&D) exercise on cool room temperature and humidity control
performance, assessment of shelf lives of different vegetables, fruits and flowers, and fresh-
ness quality of the produces after removing from the cold storage.

A comprehensive cost-benefit analysis was conducted considering it a commercial project
having astorage capacity of 60 metric tonnes (MT) of fresh produces. The payback periods
for various financial modelling scenario for both off-grid and on-grid solar hybrid cold
storage are presented in this report. This is a crucial time for the government of Bangladesh
and IDCOL to make policies for introducing commercial solar hybrid cold storages.
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Condensing Unit Specification
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Control room

Ultrasonic humidifier Solar Inverter

Evaporator unit Water vapour generates from humidifier
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Rear side view showing evaporator unit and control room entrance

Solar hybrid cold storage
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Test set up
Cooling performance was observed during:

1) Test 1: Cool room average temperature 4˚C

2) Test 2: Cool room average temperature 6˚C

3) Test 3: Cool room average temperature 10˚C

4) Test 4: Cool room average temperature 2˚C

Relative humidity was set at 90% with 5% hysteresis (RH 85% - 90%)

Freshness quality observation
1) Inspect freshness quality of fresh produces removing from cool room after 14 days of
storage. Freshness inspection has taken over 24 hours

2) Inspect freshness quality of fresh produces removing from cool room after 21 days of
storage. 

3) Inspect freshness quality of fresh produces removing from cool room after 24 days of
storage. 

Test Result — Cooling Performance
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Photo showing quality of freshness 14 days after keeping in solar cold storage

Freshness quality observation for 24 hours after taking from cool room after 14 days

305

After 2 hours After 6 hours After 24 hours

After 2 hours After 6 hours After 24 hours

Test Result — Freshness quality assessment of produces

The freshness quality was done by comprehensive inspection of stored produces removing
from cool room after:

�14 days of storage
�21 days of storage
�24 days of storage

Photo showing the vegetables, fruits and flower after 14 days of storage inside cool room
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Photo showing quality of freshness removing from storage after
24 days kept in solar cold storage.
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Photo showing quality of freshness removing from storage after
21 days kept in solar cold storage
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Photo showing quality of freshness removing from storage after
21 days kept in solar cold storage
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Power consumption

311

Cold storage daily power consumption was recorded by power analyser

Power system
1) Off-grid solar system

2) Alternative source (main grid and diesel generator)
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As most of the trading markets for fresh produces have the access to electricity, it is a
proposition to analyse the financial viability for a solar hybrid on-grid cold storage system
(no storage battery). Solar power will be the first priority during day time operations and,
during night time operations, supply will come from the grid and generator. For on-grid
solar hybrid cold storage with 40kW cooling load, it is estimated to have 40kWp solar
panel. There will be no storage battery requirement. The estimated project cost will be Tk
170 lakh. A CBA analysis of such on-grid solar hybrid cold storage has resulted in invest-
ment return as below:

313

Total Energy Consumption (TEC) per day =38.98 kWh/day (measured with power analyser)

Generation Mix
As the rainy season consists of July and August, it was found that most of the dayswere
rainy and cloudy, andhadless sunshine. There had been 6-10 hours of load shedding every
day at the project site. In order to monitor continuously and optimize cold storage per-
formance, the priority of electricity supply was set to grid first and at the event of load
shedding from solar system. Once cold storage performance is optimized, electricity supply
priority has changed to solar first, second grid and diesel generator the third. 

Cost-Benefit Analysis
The cost-benefit analysis is carried out for this pilot project as well as for commercial scale
project. We are making the following initial considerations & assumptions about a com-
mercial project of off-grid solar hybrid system for the exercise of cost-benefit analysis:

�Considering project size of 100KWp solar panel.
�With 100KWp solar panels, an expected cold storage of 40kW cooling load can be
made.
�Evaporator and condenser size is estimated to be 50kW and 60kW cooling capacity ac-
cordingly.
�Storage battery total capacity to be 650kWh
�Produce storage capacity is estimated to be 60MT.
�Total project cost estimated to be Tk300 Lac.
�Estimated revenue Tk 0.2 per kg/day
�Occupancy 80%
�Management cost expected to be Tk 1,000,000.
�Supply mix 70% solar & 30% alternative source (grid & generator)
�Diesel generator size 20kVA
�Inflation rate 3%.  It is also assumed that the sponsor will provide 15% as equity and
loan at 10% interest for 8 years.

312
312 313



As most of the trading markets for fresh produces have the access to electricity, it is a
proposition to analyse the financial viability for a solar hybrid on-grid cold storage system
(no storage battery). Solar power will be the first priority during day time operations and,
during night time operations, supply will come from the grid and generator. For on-grid
solar hybrid cold storage with 40kW cooling load, it is estimated to have 40kWp solar
panel. There will be no storage battery requirement. The estimated project cost will be Tk
170 lakh. A CBA analysis of such on-grid solar hybrid cold storage has resulted in invest-
ment return as below:

313

Total Energy Consumption (TEC) per day =38.98 kWh/day (measured with power analyser)

Generation Mix
As the rainy season consists of July and August, it was found that most of the dayswere
rainy and cloudy, andhadless sunshine. There had been 6-10 hours of load shedding every
day at the project site. In order to monitor continuously and optimize cold storage per-
formance, the priority of electricity supply was set to grid first and at the event of load
shedding from solar system. Once cold storage performance is optimized, electricity supply
priority has changed to solar first, second grid and diesel generator the third. 

Cost-Benefit Analysis
The cost-benefit analysis is carried out for this pilot project as well as for commercial scale
project. We are making the following initial considerations & assumptions about a com-
mercial project of off-grid solar hybrid system for the exercise of cost-benefit analysis:

�Considering project size of 100KWp solar panel.
�With 100KWp solar panels, an expected cold storage of 40kW cooling load can be
made.
�Evaporator and condenser size is estimated to be 50kW and 60kW cooling capacity ac-
cordingly.
�Storage battery total capacity to be 650kWh
�Produce storage capacity is estimated to be 60MT.
�Total project cost estimated to be Tk300 Lac.
�Estimated revenue Tk 0.2 per kg/day
�Occupancy 80%
�Management cost expected to be Tk 1,000,000.
�Supply mix 70% solar & 30% alternative source (grid & generator)
�Diesel generator size 20kVA
�Inflation rate 3%.  It is also assumed that the sponsor will provide 15% as equity and
loan at 10% interest for 8 years.

312
312 313



315

Scalability of the project
The current solar hybrid cold storage has designed and established by Solar E Technology
is a prototype for a commercial system and this design is based on modular concept. No
technical modifications are required when scaling up this system into a large scale com-
mercial system. The current design ensures an expected project life of 20 years. Further-
more, every effort has been made to ensure a reliable resource supply chain which is a
vital factor in commercial production.

Social impact of the project
The showcase of the pilot solar hybrid cold storage project attains a great success; it gar-
nered positive attention from several NGOs and we anticipate that there will be wide-
spread uptake of this technology when we embark solar hybrid cold storage for
commercial use. 
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Conclusion
�Solar hybrid cold storage for short term preservation of fresh vegetables, fruits and flow-
ers is an innovative and environmentally sustainable alternative which will help the farm-
ers store their produces and market those at the convenient time.

�Cold storage performance (temperature & humidity control) was monitored for 24 days
and found to be very promising. Ultrasonic humidifier maintained relative humidity (85-
90%) smoothly via humidity controller, which helps preserve perishable goods for longer
time. In traditional cold storage in Bangladesh, it is a common practice to spray water
manually and, as local water contains bacteria, it helps increase rotten goods. Ultrasonic
humidifier does not produce any heat while producing steam. It atomises the water parti-
cles and kills the bacteria of the water if exists. 

�The shelf life and freshness of flower found to be very attractive and as there is huge ex-
isting fresh flower demand in all major cities in Bangladesh, the introduction of solar hybrid
cold storage will bring more business opportunities.

�One of the key elements for preservation of fresh produces is to maintain suitable relative
humidity and that is why shelf life of fruits and vegetables in the demo project found to be
longer than expected. 

�Based on the experience gained from fruits preservation in the demo project, it is antic-
ipated that mango and jack fruit can be preserved up to 6-8 weeks. 

�Power supply mix found to be 68% solar and 32% alternative source (grid & generator).
The theoretical supply mix for the month of August was estimated at 69%. This has re-
vealed the performance ratio (PR) of solar system is 98.5%.

�Although this pilot project was designed for preservation of fresh produces, solar hybrid
cold storage would be equally viable at commercial scale for preservation of frozen fish
or potato for longer time.

Recommendation
This is the appropriate time for IDCOL to implement commercial scale energy-efficient
solar on-grid cold storage whether it is for fresh produces, potato or frozen fish that de-
pends on the market demand.
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Cumulative Cash Flow Analysis_20 Years Operation Cycle Solar on Grid Cold Storage

Produce ( fruit, vegetable etc.) storage capacity per cool room = 2MT

Total number of cool room = 1
Occupency = 90%
Storage tariff rate = BDT 0.25 per Kg/day Total project cost = 1,149,000BDT        
Storage tariff increase @ 3%
Electricity current tariff = BDT7.59 per kWh
Electricity tariff increase @ 3% Electricity production cost from generator BDT17.0 per kWh
Estimated Life cycle = 20 years Electricity production cost frm DG increase rate 3% per year
Design life cycle = 25 years

Financial modelling =  60% grant, 25% soft loan, 15% owner equity
Soft loan interest rate 6%

Interest rate of owner equity 10%

Inflation rate 3%

Total project cost 1,149,000.00BDT  
Grant (60%) 689,400.00BDT      
Equity amount (15%) 172,350.00BDT      
Equity adjustment 17,235BDT          15,752BDT         13,956BDT        11,952BDT        9,726BDT                 7,258BDT        4,530BDT         
Loan Repayment 17,235BDT          12,601BDT         11,164BDT        9,562BDT          7,781BDT                 5,806BDT        3,624BDT         
Repair & maintenance cost 5,000.00BDT      5,150BDT            5,305BDT           5,464BDT          5,628BDT                 5,796BDT        5,970BDT         
Land lease 10,000BDT          10,300BDT         10,609BDT        10,927BDT        11,255BDT               11,593BDT      11,941BDT       
Electricity cost from Generator 21,768BDT          22,421BDT         23,094BDT        23,787BDT        24,501BDT               25,236BDT      25,993BDT       
Electricity  cost from grid 53,454BDT          55,058BDT         56,710BDT        58,411BDT        60,163BDT               61,968BDT      63,827BDT       
Revenue year 0 year 1 year 2 year 3 year 4 year 5 year 6 year 7

Revenue from cold storage 164,250BDT        169,178BDT       174,253BDT      179,480BDT     184,865BDT             190,411BDT   196,123BDT     
Cumulative cash flow 459,600-BDT            (420,043)BDT      (372,147)BDT     (318,731)BDT    (259,354)BDT    (193,542)BDT           (120,788)BDT  (40,548)BDT     

Year year 8 year 9 year 10 year 11 year 12 year 13 year 14

Total project cost
Grant (60%)
Equity amount (15%)
Equity adjustment 1,521BDT           -BDT                 -BDT                -BDT                  -BDT                -BDT                 -BDT               
Loan Repayment 1,216BDT           -BDT                 -BDT                -BDT                  -BDT                -BDT                 -BDT               
Repair & maintenance cost 6,149BDT           6,334BDT            6,524BDT           6,720BDT              6,921BDT           7,129BDT             7,343BDT           
Land lease 12,299BDT         12,668BDT          13,048BDT         13,439BDT           13,842BDT         14,258BDT           14,685BDT         
Electricity cost from Generator 26,772BDT         27,576BDT          28,403BDT         29,255BDT           30,133BDT         31,037BDT           31,968BDT         
Electricity  cost from grid 65,742BDT         67,714BDT          69,746BDT         71,838BDT           73,993BDT         76,213BDT           78,499BDT         
Revenue year 8 year 9 year 10 year 11 year 12 year 13 year 14
Revenue from cold storage 202,007BDT      208,067BDT        214,309BDT       220,738BDT         227,360BDT       234,181BDT        241,207BDT      
Cumula�ve cash flow 47,759BDT         141,535BDT        238,124BDT       337,610BDT         440,082BDT       545,627BDT        654,339BDT      

Year year 15 year 16 year 17 year 18 year 19 year 20

Total project cost
Grant (60%)
Equity amount (15%)
Equity adjustment -BDT              -BDT             -BDT               -BDT                -BDT                  -BDT                    
Loan Repayment -BDT              -BDT             -BDT               -BDT                -BDT                  -BDT                    
Repair & maintenance cost 7,563BDT          7,790BDT         8,024BDT           8,264BDT           8,512BDT             8,768BDT                
Land lease 15,126BDT        15,580BDT      16,047BDT        16,528BDT         17,024BDT           17,535BDT             
Electricity cost from Generator 32,927BDT        33,914BDT      34,932BDT        35,980BDT         37,059BDT           38,171BDT             
Electricity  cost from grid 80,854BDT        83,280BDT      85,778BDT        88,352BDT         91,002BDT           93,732BDT             
Revenue year 15 year 16 year 17 year 18 year 19 year 20
Revenue from cold storage 248,443BDT     255,896BDT    263,573BDT      271,480BDT       279,625BDT         288,013BDT           
Cumulative cash flow 766,312BDT     881,644BDT    1,000,437BDT  1,122,793BDT   1,248,820BDT     1,378,627BDT       
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Cumulative Cash Flow Analysis_20 Years Operation Cycle Solar on Grid Cold Storage
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such that it can offset the loss due to rotting and compensate for the increased market
price that is expected. In Bangladesh, price of tomato varies by more than Tk 5-10 per kg
and that of potato varies by more than Tk 5-7 per kg between the peak and off-peak period.
The calculations presented in the later sections show that an average enhancement in the
price of Tk 1.0 per kg/week can make the scheme economically viable.

As far as the renewable energy resources in Bangladesh are concerned, solar PV has been
accepted as the most potential and technologically proven resource. Solar PV is widely
used in Bangladesh due to its continuous declining price in the world market and soft loan
scheme introduced by the Infrastructure Development Company Limited (IDCOL) of
Bangladesh. Bangladesh has the success story of installing the highest number of Solar
Home Systems (SHSs) in the world, reaching more than 3.5 million and growing at a rate
of more than 50,000 per month. However, up to October 2016, about 4.1 million SHSs
have been installed under the programme in the remote areas, where electrification
through gird expansion is challenging and expensive. Isolated standalone PV system for
off-grid rural areas has received considerable attraction of the rural people. People at rural
areas are now convinced that solar PV system helps make their life a better one. So, ap-
plication of PV in rural Bangladesh is not new and local technologies have developed to
install and maintain PV based systems. Hence, a scheme of solar PV-based cold storage
will be a promising idea for short term storage facility for the farmers.

In this report, we are presenting a complete study on Solar PV-based cold storage for the
off-grid areas of Bangladesh, which will cover mostly technical studies of the whole work.
It will also represent some of the financial analysis of the cold storage, regarding energy
management. Since it is a Solar PV Diesel Hybrid system, energy flow from both diesel
generator and the solar PV system has been observed. 
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Introduction
Bangladesh is predominantly an agricultural country with more than 70% of the popula-
tion living in the rural areas on agriculture [1]. Fertile land and moderate climatic condition
enable the farmers to produce three crops a year. Rice, wheat and maize are the main
crops besides significant production of different vegetables throughout the year. Many of
the vegetables like potato need storing for 6-8 months to ensure reliable supply throughout
the year. Some other perishable vegetables like tomato, brinjal, parble, papaya etc. are
also produced in large volumes and are seldom stored for lack of cold storages facilities.
Usually, the volume of vegetables produced in a particular season is quite high and the
peak harvesting season lasts for a period of only 1-2 weeks. This harvesting pattern shows
excess vegetable supplies to the market during the peak season. The glut causes the prices
of products to crash and the farmers are compelled to sell their products at much lower
price that it cannot even help recover the production cost. Developing a storing facility
for a short period of time (1-2 weeks) may help the farmers supply their produces at a con-
stant pace. It would help reduce the oversupply during the harvesting season. 

In this paper, we are proposing a new concept of cold storage that is appropriate for the
remote rural areas and can be driven by solar PV. As already mentioned above, we have
targeted the storage time to be 1-2 weeks depending on the type of the crop. A cold storage
that can store frozen fish or meat needs to maintain low temperature at subzero level and
the process is usually energy intensive. Such model will be expensive to operate in the
rural areas, as reliable energy supply to the cold storage seems to be the main hurdle. It is
a well understood problem that a solar PV-based cold storage cannot run during the night
hours without battery or alternative generator backups. However, the size of the power
backup facility will increase the capital and running cost of the cold storage. Hence, an
optimized design is important. 

Although the usual storage temperature for perishable products like tomato is 8-10 C [3],
those can be kept in a cold storage for about 2-3 weeks where the temperature does not
exceed 7-8 C, provided the products are freshly extracted from the field. Although 2-3
weeks may not look like a very effective storage time, it has a significant impact on the
market price as the cases of oversupply can be avoided to a great extent. 

Here, we propose for a cold storage that will mainly run during the day time by consuming
power from the rooftop solar PV panels. The usual running time of a cold storage does
not exceed 25%. The cold storage will be designed in such a way that the temperature in-
side the cold storage will come down to a minimum of 5-7 C during the day time and
will gradually increase to a maximum of 12-15 C during the night time when there will
be no energy supply. This will require a critical insulation design for the cold storage and
also material charging and delivery management considerations. As for example, new ma-
terials are to be entered inside the cold storage in the morning of a sunny day and the cold
storage should never be allowed to be opened during the night hours to avoid loss of cool-
ing. A backup diesel generator will remain stand by in case of emergency. In a typical
cold storage, the capital cost account for more than 70% of the cold storage cost whereas
the rest, around 30%, include the fuel and maintenance cost. We accept that the cost of
PV energy will be at least 3.5 times more expensive than the conventional grid power. But
such a high cost of energy will not increase the storing cost by a big margin as the signif-
icant portion of the cost comes from the capital investment. The cost of storing should be
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can drive the motor at lower power than its rated power. This is done automatically by
this inverter.

The second inverter has been used to provide power for the control unit throughout the
day. Since the system has no battery backup system, it uses the solar power to run this in-
verter. A low power, independent source control circuit has been used to operate this in-
verter. Moreover, this circuit initiates alarm to startup the generator manually.  A detail of
this part is written at the design step section.

The total system is a Solar PV Diesel Hybrid system, where the system can run with the
solar PV system alone. It can also be run by partial sharing of power from the solar PV
and from the diesel generator. A single diesel generator can also run the total system.

Design Steps
The design steps start from the size selection of the proposed cold storage. The following
items are considered in the design steps of the cold storage:

1. Selection of the size of the cold room
2. Calculate the size of the cooling system
3. Electrical energy required for the cooling system
4. Electrical system required for the cooling system
5. Voltage level of the system
6. Size of the solar panel
7. Choice of voltage level of the solar panel
8. Selection of converter for DC to AC conversion
9. To maximize the energy harvest from the solar PV system, a semi-automatic system has
been attached with the system.

1. Selection of the size of the cold room
“A small scale, 37.43 m3 (5.90 x 2.35 x 2.70), which is standard size of a 20 feet container,
prototype cold storage will be designed, built, and tested in the laboratory to evaluate the
performance of the system”. Keeping this word in mind, a cold room of (4m x 3m x 3m)
36 m3 has been selected which is available in the market. The company build cold room
will confirm the industry standard. A four-inch thick polyurethane insulation has been
used in the cold room. The insulation is sandwiched by two thin sheets of metal. A stan-
dard hinge door flashing outside has been used in this clod room. 

2. Calculating the size of the cooling system
To calculate the size of the cooling system, we need to calculate the cooling load at first.
To calculate the cooling load, we need to fix some basic parameters from the beginning:

1. Size of the cold room.
2. Insulating material and its thickness 
3. Minimum required temperature inside the cold room
4. Maximum daytime temperature outside the cold room
5. Criterion of the storing items
6. Maximum weight of the storing items
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Design Principle - Main Challenges
A cold storage uses the basic heat pump mechanism. A regular cold storage uses a me-
chanical heat pump to pump out the heat from the cold storage. The mechanical heat
pump is run by an electric motor or even by an internal combustion engine. However, in
most cases it is driven by an electric motor. 

The main challenge in this project is to provide electrical power to an electric motor to
drive a load like a hermetic scroll compressor of the heat pump. A scroll compressor is
usually driven by a single or three-phase induction motor.  In an induction motor, the start-
ing current usually 4-5 times higher than the running current, depending on the load na-
ture. To provide this high current, we need to select a large number of solar panels. This
will put a financial burden on the whole system. This is one of the challenges of the system.
The second big challenge is to drive the system in cloudy weather or in gloomy weather
or even at night. In a cloudy weather, sudden appearance of the cloud will hamper the
power generation of the solar PV system. This will shut down the system suddenly.  In a
gloomy weather, there will be no output of power from the solar PV system as well. During
these periods, if required, we need to run the system. Hence, a diesel generator system is
required for backup purpose. The third big challenge is to run the three-phase AC induc-
tion motor with the solar panels, which generates DC power. AC and DC are completely
different electrical system. The schematic of the whole system is shown in Fig. 1.

From this figure, we can see that we have created a DC bus. Solar panels feed this DC bus
directly. However, rectification has been done to rectify the AC output of the backup gen-
erator. The main challenge of the DC bus is to keep the voltage of the bus close to each
other. However, diode has been used at the output of the both sources to avoid feeding
back to each other. This DC bus is the feeder of two inverters. Each inverter has been cho-
sen to feed with DC input. However, an inverter produces 3—phase, 3-wire Delta output;
there is no neutral in this power electronic device. But the controlling unit of the cold stor-
age requires a line to neutral voltage, where a neutral point is present. Three single phase
transformers have been used to create a 3-phase 4-wire system with correct voltage rating.
This has been clarified more at the design steps of this report. The inverter with MPPT con-
troller provides power for the compressor of the cold storage. Since, compressor has a 3-
phase, high power (3 kW) induction motor, its starting current is about 35-39 A. A variable
voltage, variable frequency (VVVF) drive is a standard device to reduce this starting current
of the 3-phase induction motor. Moreover, it makes the run smooth at the starting. Another
property of this inverter is its MPPT controller. According to the power (voltage x current)
harvesting from the solar panel, it controls the frequency of the output voltage so that it
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Using these parameters of the equation, we can calculate heat transmission by using the
following equations:

 
This is the heat transmission coefficient of the cold storage. We can use this coefficient
for the ceiling and for the floor also. Heat transmission rate for the side walls can be
calculated as: 

Hence, heat transmission rate through ceiling can be calculated as:

This value is also applicable for the floor.
So, heat transmission rate for the total building: 

Heat transmission through door of the cold storage
However, transmission of heat through the door is not present in this calculation. Door
opening causes the exchange of heat between inside air and outside air. This can be
calculated using the following equation:
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Q_building = 1081.45+311.33+311.33 = 1704.11 kcal/hr
                      = 7130.00KJ/hr
                      = 171120.00KJ/24hr

7. Pattern of storing schedule 

These are shown in table I.

Cooling load calculation of the proposed cold storage
Here, we need to fix some parameters at the very first stage. Like, insulation thickness -
100 mm, insulating material, polyurethane. Storing criterion, that is we can store 1,000
kg of vegetables in one day, or it can be stored in two days, or even three or four days.

For cooling load calculation, we need to calculate the following parameters:

1. Transmission of heat through building
a. Transmission of heat through side walls
b. Transmission of heat through ceiling
c. Transmission of heat through floor
d. Transmission of heat through the door of the cold storage

2. Heat removal from the stored products

3. Respiratory heat generation from the stored products

4. Heat removal from the components inside the cold storage, like bins.
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1. Transmission of heat through building
To calculate the heat gained by the cold storage from outside world, first we start from the 
interior dimension of the cold storage. Since the outer dimension is 4 x 3 x 3 m3, the interi-
or volume of the storage is 2.8m x 2.8m x 3.8m = 29.79m3

2.8m x 3.8m = 10.64m2

2.8m x 3.8m = 10.64m2

2 x [(2.8m x 3.8m) + (2.8m x 2.8m)] = 36.96m2Surface area of walls  
Surface area of ceiling      
Surface area of floor 

Heat transmission through walls 
Considering wall consist of 0.326mm (0.000326) steel, 100mm (0.1m) polyurethane and 
0.326mm steel. Heat Equation is  
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Here, we have considered that on the first day, we will load 1,000 kg and this pattern will
continue up to fourth day. On the first day, there is no respiratory heat. There will be no
heat load for the bins from the second day. On the fifth day, there will be no heat from the
products. Only respiratory heat will be generated from the products. Maximum heat load
has been found in this pattern is 5.53 kW. The cold storage has the cooling load of 8 kW.
So, it is our perfect choice in the design. 

3. Electrical energy required for the cooling system
From the calculation of the previous section, it has been found that the system requires at
most 8 kW heating load capacity to make the cold storage workable. Keeping this in
thoughts, the system has been acquired. The electrical energy requirement of this system
is around 3.5 kW, considering co-efficient of performance (COP) around 2. This electrical
power is used by the compressor, control unit, condenser fan, and evaporator fan.

329328

Q_air=room volume × air changes per hour × air density × enthalpy change 
= 29.79× 0.0417 × 0.85 × (40-5)
= 38.70 kcal/hr
=3886.10 KJ/24hr

So, the total heat transmission of the cold storage is (Qbuilding + Qair).

1. Heat removal from the stored product

Qbuilding (1st Day) = mS∆t
                         = 1000 × 0.96 × 35
                         = 33600 Kcal/24hr
                         = 140582.4 KJ/24hr 

Here, we have considered green chili, whose specific heat is 0.96.

2. Respiratory heat generation from the stored products (vital heat)
A respiration heat occurs for reaction between the sugar and oxygen.

Here is the equation for Respiration Heat:

Here, T is a temperature, taken as average 20o C, and f and g are respiration coefficients
of various commodities. For green chili, f=3.5104 × 10-4 and g = 3.7414 [Source: Becker
et al. (1996b).]

C6H12O6 + 6O2 =6CO2 + 6H2O + 2667KJ
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Specifications of the Components 
The following information is from the fabricated Solar PV-Diesel Hybrid Mini Cold Stor-
age:
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4. Electrical system required for the cooling system
As mentioned in the previous section, an MPPT controller has been used to maximize the
power harvesting from the solar panels. The available MPPT controller for this specific
load has a minimum input voltage of 500 V DC and has a maximum input voltage of 800
V DC. 

5. Voltage level of the system
The MPPT controller dictates the voltage level in our system. This is a market available
controller, whose voltage level is from 500 to 800 V. Hence, the choice of voltage level is
around 550 V to 620 V.

6. Size of the solar panel
We need 3.5 kW of electrical power to run the system. Considering 60% of effective power
from the solar panel, we have taken a 6 kWP solar panel system.

7. Choice of solar panel voltage
Open circuit voltage of each solar panel is more than 36 V. this will give us 540 V in 15
series panel. However, thirty 200 WP panels will provide 6 kW power. 

8. Selection of DC to AC conversion
A DC to AC converter system has been thought to provide sufficient AC output for the
control circuit of the cold storage, which operates the magnetic contactors, sensors, mi-
crocontrollers etc.

9. To maximize the energy harvest from the solar PV system, a semi-automatic system has
been attached with the system.

A regular inverter has been thought to provide AC power for the control circuit. An MPPT
inverter has been used to maximize the power harvested from the sun. The DC bus in the
system creates a simple solution of load sharing between the PV system and the generator
system.
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MPPT inverter for the cooler compressor in the cold room
An inverter equipped with MPPT controller has been used to harvest maximum power
from the solar panel and make it usable for the three-phase compressor motor. The main
feature of this inverter is that it can convert DC input to AC output with variable frequency
of variable power. Hence, the compressor motor can run with lower power at lower fre-
quency. We may lose some efficiency. Nevertheless, using this inverter, we can harvest
some solar power from the panels during sudden fall of sun shine or during the period of

333

Solar panels used in the cold storage

Inverters used in the cold storage

Development of the Cold Storage

Cold room and its cooling system
The outer dimension of the cold room is 36 m3 in size and 10 cm thick polyurethane
foam has been used inside the cold room. This insulating material has been sandwiched
by two thin metal sheets. A hinge door has been used at the entry of the cold room. This
door is opposite to the evaporator side. The actual picture of the cold room is given below.
The cooling system of the cold storage is composed with Condenser, Evaporator and a
Compressor. 

According to the specifications as mentioned in the previous section, compressor of the
cooling system draws 1.62 kW power. Its refrigerating capacity is around 6.2 kW. Evapo-
rator draws the power of 2 X 0.09 kW and the refrigerating capacity is 8Kw. The type of
condenser is air-cooling. The required power of the condenser is 2 X 0.12 kW and heat
exchange capacity is 10.2 kW.

Solar panel for the desired output
The required solar power is around 4 kW to run the system, which is designed according
to cooling system. However, using a good factor of safety, we have considered it as 6 kW.
To harvest this 6 kW power from the solar panel and make it applicable to the electrical
system of the cold storage, fifteen 200 WP panels are connected in series. Since each of
the panel voltage is 37.1 V, these will produce 556 V during sunshine. Moreover, this
series will produce 5.4 A current with 3 kWP power. Hence, similar circuit of 15 solar
panels is made to generate 6 kWP power with 10.8 A current.  This structure is shown in
the picture below:
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A cold storage fabricated on the rooftop of United International University, Dhaka
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Test Run, Final Technical Data and Its Analysis
The cold storage has been operated in a sunny day, in a partial sunny day, when sudden
fall of sunshine has been found by running clouds, or even at gloomy day. The DC bus,
explained in the previous chapters, shows a simple load sharing by the electrical loads.
The system can run by the solar panel itself. It can run by the generator also. If it starts by
the generator, solar panels in the system can share the electrical loads at the same time.
This confirms the maximum utilization of the solar power generated by the panels. The
system has been developed by an intelligent way. It will generate an alarm signal if there
is not enough sunshine, but the temperature inside the cold room has increased and the
cooler compressor needs to be switched on. Using all these features in the system, data
has been taken in different dates and weather condition. Here, it should be noted that the
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Figure

partial cloudy weather. A very careful connection with the compressor motor is required
here to match the phase sequence of the motor. Otherwise, there is a chance of damaging
the compressor due to reverse direction of the scroll.

Regular inverter with transformer
The cold storage has three motor systems. The main and big one is inside the compressor.
The two others are inside the condensing unit and in the evaporator unit. Each unit has
two motors with blowing fans, which can easily be seen. These motors and the control
unit run independently in the whole system. They require a 3-phase 4-wire AC electrical
systems. An inverter produces three-phase delta system and the neutral wire is absent
there. To create neutral wire, which is essential for the system other than the main motor,
three single-phase transformers are used. Transformers are delta connected at the input
side and the outputs are wye-connected, which creates a neutral wire for the system. The
regular inverter has the option to change input and output voltage level. Using this option,
the DC input of this inverter is around 550 V and the output is around 400 V 3-phase AC
(line to line). 

Generator and its indigenous circuit for the control circuit
The electrical system of this cold storage is designed to operate from 500 V to 650 V DC,
depending on the sunshine. A backup diesel generator is present in the system from the
very beginning of the project proposal. A three-phase generator is required to generate
voltage level like 500 to 650 V DC. A three-phase generator is available from 10 kVA and
onward. So, it is an over design in the system and it creates financial burden to the system.
A simple single-phase 5 kVA transformer is used to make 500-600 V DC in the system.
The circuit diagram is shown below. This DC voltage is made parallel with the DC voltage
of the Solar panel. A capacitor bank at the output of the rectifier has been used to make
DC voltage ripple free and provide rush current for the compressor motor. 
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This system has no arrangement of battery backup. Hence, the cost of battery is not present,
which reduces the investment cost. However, this is a pilot project. This cost can be min-
imized in the subsequent cold storage. The structural cost can be minimized if the panels
are placed at the ground level in the rural areas. Since we can estimate the cold room size
and its technology, we may reduce its cost also. There will be no need of electrical system
design for the next one. This will also reduce the price of the cold storage. 

Conclusion
A “Solar PV-Diesel Hybrid Mini Cold Storage for Rural Off-grid Areas of Bangladesh” has
been fabricated and operated successfully. Some very new findings have been found in
the actual scenario. The cooling load of this system was first estimated at 2 kW, but later
found it takes around 6 kW. Hence, 8 kW cooling system has been used. To run this cool-
ing system, around 3.5 kW electrical systems have been used. To harvest sufficient energy
to run this system, 6 kW solar panels are used. To run the system during gloomy weather
a 7 kVA diesel generator has been chosen instead of 4 kVA. A complete calculation of
cooling load and its summary has been presented in this report. All these new findings are
important to design, fabricate and operate a cold storage for the off-grid rural areas of
Bangladesh. Hope, these will be helpful for our country.
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minimum temperature of the cold storage is 5°C. At this temperature, the system stops its
compressor. It starts its compressor again when the cold room inside temperature reaches
to 10°C. Both these setting can be changed by the controller of the system.

These are presented in the following figures. Temperature has been measured in two con-
secutive days. The building cooling load has been found less on the second day, which
has been assumed in the preliminary stage of its design. The cooler compressor starts. The
falling slope indicates the fall of temperature inside the cold storage. And the rising slope
indicates the small increment of temperature inside the cold storage during off time.

This is the figure of temperature profile for the second day. Here, temperature falls very
sharply compared to the first day. Less than 100 minutes were found on the second day.
Moreover, it has taken more time (approximately 40 minutes) to rise up to the starting time
(10°C) of the compressor. These two figures confirm the less use of compressor, the main
power consumer of the system, on the following days.

Discussion on the Project
A technically viable solar PV based diesel hybrid cold storage has been made and run at
the United International University premises. The system can run from the solar power
and diesel generator. It runs on both of them simultaneously. Load-sharing of power con-
firms the maximum utilization of solar power. The establishment costs of the system are
as follows:
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When valued in monetary terms, the poor post-harvest processing of the agricultural pro-
duces in Bangladesh causes a tremendous loss to the economy. In 1989-90, the post-harvest
losses of vegetables, fruits and root crops due to inadequate processing and preservation
reached 4.96 MMT (A. Baqui, BRRI). These losses were valued in Tk 28,957.90 million
(US$ 503 million). The loss continued to increase and reached 5.14 MMT amounting to
Tk 44,865.00 million (US$ 779.45 million) in 1998-99. Of course, these losses become
more nowadays as the production increases more than that of the facilities for the post-
harvest storage. The deficit in food or financial loss should not have occurred if the post-
harvest losses could be reduced through proper processing and preservation from harvest
to consumption. The post-harvest losses in durable crops ranged between 10 percent and
15 percent; loss in semi-perishable crops was 15-30 percent and that of perishables 25-40
percent (Hussain, 1993). Such a situation doesn't only reduce the national income but also
leads to malnutrition and socioeconomic problems. Both the government and private sector
need to invest much effort in research and extension towards improving and modernizing
post-harvest facilities for attaining more efficient market infrastructure and distribution chan-
nels. Research and extension activities have to be closely coordinated particularly in the
public sector for the benefit of farmers, traders, and consumers.

Moreover, the impoverished farmers of Bangladesh are most often denied fair prices during
the harvesting season as they are forced to sell off their produces to unscrupulous middle-
men, who stockpile and sell those at much higher prices later. One Bangladeshi company
is going to introduce new solar-based micro cold storages in Bangladesh at affordable prices
in a bid to give the farmers a chance to store their produce and save themselves from the
menacing grip of hoarders. The opportunists take advantage of farmers’ inability to store
their produce. So they count big losses and sell their produce at a much lower price to the
cold storage owners. The hoarders usually store the produce for few months and sell it later
at four to five times higher prices. The farmers and customers get extorted and exploited in
the process. 

In a country with high rates of poverty and with a growing population, there is an urgent
need to increase the food supply and reduce such sizeable post-harvest wastage. The con-
stant warm weather causes the produces to rot rapidly both at the farm and at the market
places. On average, vegetables lose 25% to 40% of their value daily, with at least 10% of
the loss in value occurring in farmers’markets alone.  Large agri-business uses cold storage
units to reduce waste, but such units are neither appropriate in design nor accessible to
small scale farmers. The technological innovation of Mini Cold Storage Unit in this project,
with PCM based energy backup and controlled humidity and efficient space usage, offers
a solution suited to small farmers, allowing them to access to refrigeration and increase the
shelf life of their produces. The project promised and delivered on helping small farmers
keep their vegetables fresh for few days and bring down the wastage by 50%. 

This project can also be used for fish and milk storage which can ensure business security
of fishermen and dairy farmers. A traditional 1,000-tonne cold storage costs about Tk 3.5
crore and consumes a large amount of electricity. They are rarely used to store any other
agro-products except for potatoes in Bangladesh. Mini cold storages are usually 5-100
tonnes in capacity and run solely by solar power. It has a backup generator, which is only
used for extra backup in worst weather conditions. A 10-tonne capacity micro cold storage
costs around Tk 15 lakh and there is little or no electricity cost incurred.
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1. Introduction

The production of agricultural commodities more than doubled in over a decade, making
Bangladesh one of the fastest-growing producers in the world. The economic growth, rising
income and urbanization of Bangladesh have increased the demand for high-value agri-
cultural commodities such as fish, meat, fruit, vegetables and processed products. Different
projections indicate that by 2020, Bangladesh would need an additional 6.5 million metric
tonnes of vegetables, 0.7 million tonnes of spices, 1.6 million tonnes of fruits, 1.9 million
tonnes of fish, 1.4 million tonnes of meat and eggs, and 2.6 million tonnes of dairy products
to meet the domestic demand [The world Bank Bangladesh development series, paper No.
21]. Moreover, growing global demand of high-value agricultural products, rising cost in
industrialized countries, and trade liberalization have opened new markets for exports from
countries like Bangladesh. High-value agricultural products, however, are also highly per-
ishable and require more sophisticated post-harvest handling. The post-harvest loss of fruits
and vegetables in Bangladesh is ranged from 23.6 to 43.5% [Kamrul Hassan et al 2010].
The monetary loss as calculated from the post-harvest quantitative loss of selected fruits
and vegetables is enormous. The total annual monetary loss of the selected fruits and veg-
etables was estimated to be The 3,442 crore based on retail price. These losses actually
have twofold social impacts. First, the country is overburdened by the enormous annual
monetary loss. Second, the consumers are deprived of the highly nutritious fruits and veg-
etables. The losses are due mainly to the sub-standard post-harvest handling practices, in-
adequate transport, lack of cold storage facility, and ignorance of the stakeholders.

Considering the above mentioned subject in this research and development project, an
easily accessible cold room concept has been developed which is operated with mainly
solar energy; in addition, grid connection and thermal storage system have also been in-
corporated. The cold room is mini size of 16’×8’×8’ dimension so that small entrepreneurs
could easily install it with affordable investment near the farming hub. Considering the re-
newable energy promotion and reduction of greenhouse gases emission, 15 kW PV panels
are used to check its performance only by solar energy. However, energy blending with
grid and thermal storage system has been accomplished to find suitable option for cold
room application. Phase change material (PCM) is used for thermal energy storage system
which replace the expensive battery bank that is required to run the cooling system at no
solar condition. The PCM storage system is equipped with blower unit acts as an air to
PCM heat exchanger through which the cold room can be operated at different tempera-
tures according to the requirement off the produces.

Vapor compression refrigeration systems are facilitated with VFD to improve energy effi-
ciency and reduce the inrush current at the starting time which reduce the PV power re-
quirements. All the systems and the parameters of the cold room like temperature, humidity
and air flow are PLC controlled to ensure best quality control of the produces. The system
is tested with different types of vegetables at positive temperature. With full speed, the pro-
duces reach their required temperature within 2 to 8 hours for 40% to full load of cold
room. The PCM charging time is around 4.5 hours and it gives backup for 8-12 hours de-
pending on the load percentage and cold room temperature which is equivalent to a bank
of 36 numbers of 12 V, 130 AH batteries. Considering the life and expenses, the PCM-
based thermal storage system is far better than traditional lead acid battery available in
Bangladesh. 
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Young IIT engineers [3] (from India, March-2015) had come up with an affordable solution
to the wastage of agricultural produces by developing a unique solar-powered cold storage
system which works at almost zero running cost. Using a uniquely designed thermal stor-
age methodology that controls compartment cooling in tandem with regular cooling, micro
cold storage helps increase the shelf life of agricultural produces using solar panels of 2.5
KW — 3.5 KW. The power generated is sent directly on to the compressor which can run
at various speeds to adjust itself to the cooling demand. Instead of batteries, the system
has a thermal storage unit which can store power for more than 36 hours to provide power
in case there is no sun during cloudy or rainy weather. They have started getting orders
and started manufacturing. They have a target to manufacture 20,000 such cold storage
units in the next few years. They are looking to raise a fund of around Rs 5.0 crore from
venture capitalists. 

The US Company SunDanzer [4] has developed a refrigerated container for military pur-
poses. These units are available with single or dual compartment/dual temperature. They
operate as coolers, refrigerators, or freezers. They are also available with or without the
solar power system and some models utilize thermal energy storage to reduce or eliminate
the need for batteries. SunDanzer® solar refrigerator and freezer models feature 4.67" (12
cm) of polyurethane insulation. The brushless DC motor compressor operates on 24 or
48VDC. The cost is 25,000-62,500 USD for a 20ft unit depending on specification. 

Mohamed Shehata [5] investigated latent heat storage system as backup for a cold storage.
He developed the latent heat storage model considering refrigeration capacity 7.2Kw. Ice
was used as the storage material where the evaporating temperature was -5°C. 

Ming Liu [6] from the University of South Australia and his team developed a computer
programme model using TRNSYS for a mobile refrigeration system using PCTSU (Phase
change thermal storage unit). The system consisted of an off vehicle refrigeration unit, a
cooling unit in the refrigerating space, controller, a fan, a pump, and an on-vehicle PCTSU,
which is charged using electricity while being in a warehouse at night time, in which the
liquid phase change material (PCM) is then subcooled until it solidifies and charged to
discharge the stored cold in the refrigerated space. The developed PCM has a melting tem-
perature of -26.5°C and a latent heat of fusion of 154kJ/kg and was encapsulated into thin
slabs stacked over one another because of the high surface area to volume ratio. The re-
frigerated space dimension is 3m x 2m x 1.8m. During the trip distance, the PCTSU cold
energy will be transmitted to the refrigeration space by means of HTF. It was expected that
the charging process would take 8 hrs during off-peak period (11:00pm — 07:00am) and
to reach a temperature of -36°C by the end of the charging process. The results were re-
ported after being simulated on hourly basis for Adelaide, Australia, which has a mild
Mediterranean climate. The maximum cooling load without considering any door open-
ings during transportation was considered to be 23.0 MJ, and the rated power for both
pump and fan was 200 W (64W Pump, 184 W fan respectively) including 20% safety fac-
tor requiring total of 250 kg of PCM operating for 10hrs (09:00 — 19:00). The minimum
load without any door opening through a trip of 19.6 hrs was 518 W (270 W Transmission
load, and 184+64 W losses). The maximum load with 20 times door openings (one door
opening takes 36 sec.) is 56.5 MJ requiring total of 390 kg of PCM requiring 30 min to
reach -18°C after each door opening. The maximum load with 20 door openings will re-
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2. Review of Literature

The idea of using renewable energy for cold storage purposes is not a new one; in partic-
ular, solar energy has been suggested as a power source because it is globally available
and generally in phase with the refrigeration demand. Previous refrigeration projects have
mostly been based on solar thermal energy from concentrating or flat plate solar collectors.
The heat would power an adsorption or absorption refrigerator, working dependent on
the collector outlet temperature, cold store and ambient temperatures. The main advantage
of this design principle is the relatively low cost of the solar collectors as compared with
photovoltaics, but it suffers from a poor COP of the cooling circuit and does therefore re-
quire a large solar collector surface.

With progress in solar photovoltaic module manufacturing, the cost/performance ratio has
been dramatically improved. So, the solar electric power is now an option for refrigeration
purposes too. The main advantage is that standard cabinets and compressors (for AC/DC)
can be used. Solar powered refrigeration is mostly known from medical refrigerators for
using in remote areas, where no grid power is available. These refrigerators normally use
a battery for energy storage and for provision of starting current for the compressor. There
are many years of field experience with solar PV refrigeration, showing that they work
well as long as the batteries are kept in a good condition. However, the batteries are often
not replaced with the original type at the end of service life, or they are stolen or misused.
In the international Solar Chill project, the battery has been exchanged by a thermal stor-
age (ice) in order to avoid the only vulnerable component in the system (the battery). After
an intensive field test, Solar Chill is now being produced and marketed by Vestfrost, DK.

World Bank Development Marketplace Project [1] Number 4893 (October, 2011) “Waste
to Wealth by Incubating Mini Cold Storage Technology Ventures in India” seeks to reduce
substantial post-harvest waste and to increase farmer incomes by 9-31% by enabling small
farmer access to Mini Cold Storage Units (MCSUs) especially designed to meet the needs
of small farmers. The innovations in this project are at the product and the process level.
The product is an innovative form of MCSU geared towards the needs of small farmers.
The service delivery method is a form of public-private partnership, where the State Gov-
ernment and a nonprofit at the regional technical college collaborate to support the emer-
gence of youth entrepreneurs who can sustainably operate the cold storage units and
deliver services to small farmers. This MCSU with an innovative design offers differentiated
temperature and humidity controls for different varieties of vegetables and fruits.

The Government of Indonesia carried out a project [2] to catalyze the financing of solar-
powered fish cold-storage and ice-making installations for eco-fishing-ports in Indonesia
with the help of REEEP and EU grant. The 20 m3 unit was designed to keep 500 kg of fish
at -2oC, with the capacity of adding and cooling 200 kg of ‘un-iced’ fish per day (for a
total cooling load of 30 kWh per day). It is energized by a 6.4 kWp solar array through a
3-phase inverter system, backed up by a relatively small 10 kWh VRLA battery bank. The
unique feature of the system is that it deploys a large volume of Phase Change Material
(PCM) in the ceiling, capable of storing and releasing 15 kWh of cooling capacity at -4oC.
This thermal energy storage technology allows the compressor package to do most of its
‘cooling work’ during the day, when the solar power is available, saving a substantially
larger quantity of battery storage that would otherwise be required.
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ficient available PV modules were covering the top of the trailer totaling a 5.7 Wp. The
system was battery-free including a PCM as thermal energy storage. The phase change
material was NaCl aqueous eutectic solution. According to the climatic data for the three
chosen U.S. cities, a 20-year-life cost analysis was demonstrated and was used to compare
between PV solar driven trailers and diesel-refrigerated trailers. It was obvious from the
study that elimination of the auxiliary diesel power unit was not proven to be as valuable
as expected since most of the cost shares were operating costs.

Asmaa M. El-Bahloul [11] investigated the performance of a solar driven 15 ft3 refrigeration
container for post-harvest crops in horticultural areas with two compartments. The first
compartment had the temperature of 5°C and the other one had a temperature of 0°C.
The maximum cooling load was expected to be 5.44 kW, and 6.21 kW respectively. The
PV used is monocrystalline and had a peak power of 500Wp. The DC-compressor input
power is 3.58 kW, having the COP of 2.03 at the 0°C compartment and 2.4 at the 5°C
compartment at an ambient temperature of 39.6°C. The model used PCM linings on the
walls separating the containers to benefit from the cold storage, but no information re-
garding the PCM type, amount or storage capacity were revealed.

3. Specific Objectives of the Project

3.1 Designing and development of thermal energy storage system using proper PCM to
avoid expensive and short-life battery backup system of conventional solar cold storage.

3.2 Modifying existing constant speed ac compressor to variable speed compressor to
minimize the starting problem of vapour compression refrigeration unit and increasing the
energy efficiency.

3.3 Designing and development of precision controlling unit for temperature, humidity
and air velocity to increase shelf life and nutritional status of fruits/vegetables according
to ASHRAE guideline.

3.4 Reduction of the cost of storage housing material and insulation by selecting low ther-
mal conductive local material and insulation.

3.5 Fine-tuning of the complete cold storage after getting feedback from the field test runs.

4. Material and Methods
The PCM based hybrid mini cold storage is a stand-alone profitable micro venture that can
be replicated throughout Bangladesh. The cold storage divided into four parts — cold room,
machine room, energy sources and structure. The cold room mainly consists two fan coil
units (FCU), lighting and products (flowers, fruits, vegetables etc.) while the machine room
is equipped with condensing unit, thermal energy storage unit, power control unit, hybrid
inverter, battery pack, data acquisition system and all other accessories. The cold room is
directly cooled by the first condensing unit (CU-1) through fan coil units (FCU). Another
condensing unit (CU-2) is dedicated for charging the phase change material (PCM) to store
thermal energy in thermal battery bank (TBB). This thermal energy is supplied to the cold
room through a blower unit which works as a battery backup when sunlight is not available.
The required energy of this cold storage comes from three different sources namely photo
voltaic array (PVA), diesel generator set (DGS) and national grid (NG). To make the project
self-sustaining and profitable, the first preference is given to the PVA among all of the
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quire 18 slabs of dimension 1.6 x 0.5 2x 0.02 m, however, the maximum load without
door openings will require 12 PCM slabs with dimension 1.6 x 0.52 x 0.02 m.

In 2009, Francis et all [7] investigated a home scaled solar absorption cooling air-condi-
tioning system. The system consisted of a 4.5 kW LiBr/H2O absorption chiller, a vacuum
tube solar collector and a 1,000 litre cold storage water tank. It was reported at an average
ambient temperature of 24°C, and chilled water temperature was 7.4°C, the average ther-
mal COP of the system was 0.58. It required almost 180—250 litre of water to store 1 kW
cooling capacity, which is an extreme problem for application in desert areas and in areas
where water is a scarce source.

In UK in 1997, the first solar trailer was tested and investigated. Bahaj [8] has studied the
economics of a PV driven refrigeration trailer. The solar-trailer PV array was mounted on
its roof (35m2), and it peak power output was 4.4 kWp charging a lead acid battery system
of 28 kWh. The operating temperature of the storage varied between 3°C and 7°C, and
the average delivery time was defined to be 3.5 hrs. The DC17 power required was re-
ported to be 2.1 kWh in December, reaching 28 kWh in August. The system was mainly
developed in an attempt to replace a conventional diesel refrigerated trailer powered by
2.25 litres. It was meant to eliminate the regular diesel servicing costs including mainte-
nance and diesel price which is rising with time and to avoid the noise as well coming
out from the diesel-trailer which enables flexibility in delivery times to stores and residen-
tial areas. Bahaj assessed economically the PV chilled delivery in comparison with cooling
application powered by diesel, and he found that for two solar trailers, the payback time
for PV refrigerated supermarket trailer is 16.6 years with an interest rate of 5%.

Another similar case was tested in New Mexico, USA in 2000. Robert E. Foster & Luis
Estrada [9] investigated a battery-free solar refrigerator. The refrigerator used a DC com-
pression chiller and had a microprocessor controller that enabled the maximum power-
point tracking (MPPT), and a variable speed DC compressor, avoiding the use of an
inverter. The battery-free solar refrigerator depended mainly on ice for storage; this is ac-
complished by using water-glycol as PCM into the insulated refrigerator unit. The smallest
PV module enabling the operation was 80 Wp, as a 60 Wp wasn’t able to start the com-
pressor.

A feasibility study similar to Bahaj [7] was conducted by Bergeron [10] in 2001. It focused
on PV solar-powered refrigeration, which was used to transport chilled deliveries. This
study focused on three cities in the USA instead of UK. Bergeron performed the study on
a 16-metre long-haul trailer. The door openings were limited to maintain the refrigeration
and the freezing temperature within the trailer to be (3°C) and (-18°C) respectively. During
summer (hot weather) the thermal load required to freeze was expected to be almost 50%
more than that required for refrigeration, consequently the expected drop in COP was es-
timated by 50%. For this specific reason, this technology (solar trailer) was not taken as
an optimal option for operations that require freezing. However, Bergeron tried to propose
some new developments/modifications to his feasibility study in which he tried to decrease
the peak of the thermal load from 3131 W to 200 W by replacing 1 inch of Polyurethane
with vacuum panels. By increasing the areas of the heat exchangers, reviewing 18 candi-
date refrigerants, considering 2-stage compressors, and reducing the power of the fan, the
COP of the proposed Rankine-cycle was enhanced. By the time of the study, the most ef-
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self-sustaining and profitable, the first preference is given to the PVA among all of the
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Primarily all the energy is supplied from PV array to run all the electric energy consuming
device. If necessary at cloudy weather condition when PV array is not sufficient to provide
all the energy required for the system, shortage power will be supplied from DG set or grid
electricity on priority basis through hybrid inverter. In this cold storage, most of the energy
is consumed by VCR system to maintain the cold chain and a small amount of energy is
required for lighting system in the cold room and machine room. The interior of these cold
room and machine room are given in figures. 
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sources. All the systems associated with this cold storage are equipped within a metal struc-
ture. The block diagram of the cold storage is shown in Figure 1. 

On the basis of energy flow, the full system divided into four sections — energy generation,

energy distribution, energy storage and energy consumption. Energy generation section
consists of solar PV array, diesel generator set and national grid. The generated energy and
grid energy is distributed to the power control box (PCB) through hybrid inverter on priority
basis. The PCB distributes energy to condensing units (CU), humidifier, blower, light and
other electric equipment through programmable logic controller (PLC) on the basis of the
feedback of cold room temperature and humidity sensors. The energy is stored in PCM as
a form of heat energy with the help of Vapour Compression Refrigeration (VCR) system and
small amount of electric energy is stored in the battery bank to operate the blower of ther-
mal battery bank (TBB).
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4.1 Cooling Load Calculation
To design a cold room and select all the equipment associated with this cold room mainly de-
pends on the cooling load. The cooling load depends on the amount of product, product type,
wall insulation type, intensity of sunlit on the wall or roof and so on. In this cold storage, va-
rieties of products can be stored due to its wide range of temperature controlling system. Table
1 shows the designed cooling load: 

So, the cooling capacity of cold storage is approximately four tonnes of refrigeration and tem-
perature range between -20˚C and 20˚C.

4.2 Cold Storage Structural Design
The structural design of the cold storage is fully plug and play type. The cold storage structure
was designed by 3D CAD software, particularly SolidWorks, considering the capacity of the
cold room, machine room and PV array. The sliding arrangement of solar PV arrays are fully
automatic due to consideration of the portability of the cold storage. The sliding movement is
automated with the help of motors. The external legs are used to provide structural support to
the PV arrays. The 3D model and photograph of the cold storage are given in figures 4, 5 &
6.
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Some important dimensions of the cold storage structure are given in the table 2 below:

4.3 Power System Design
The power source is designed on the basis of total cooling load and other equipment load
such as motor, pump, blower, fan, light etc. To maintain the required temperature all the
time in the cold storage, two VCR systems of same capacity (4 TR) are used. Whereas one
VCR for direct cooling and another one for thermal battery backup when sunshine is not
available. By considering the COP of VCR system 3.5 and average 65% of rated energy
extraction of a solar PV panel, total 15 kW solar PV panel is designed to fulfill the total
electric load (10kW). When both sunshine (PV output) and thermal battery backup are
absent, grid / DG set will provide the required energy through hybrid inverter. A small bat-
tery bank of 48 volts is needed to run the hybrid inverter as well as blower to supply chilled
air to the cold room at night time. Hybrid inverter also facilitates the following configura-
tion among PV panel, grid and battery on priority basis.

There are three operation modes of a hybrid inverter: grid-tie with backup, grid-tie and
off-grid.

1. Grid-tie with backup: PV power can feed-in back to grid, provide power to the load
and charge battery. There are four options available to select in this mode: grid-tie with
backup I, II, III, IV. In this mode, the users can configure PV power supply priority, charging
source priority and load supply source priority. However, when grid-tie with backup IV
option is selected in PV energy supply priority, the inverter is only operated between two
working logics based on defined peak time and off-peak time of electricity. Only peak
time and off-peak time of electricity are able to set up for optimized electricity usage.

2. Grid-tie: PV power only can feed-in back to grid.

3. Off-grid: PV power only provides power to the load and charge battery.
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4.4 Thermal Energy Storage System Design 
The energy comes from solar, generator or grid (if sunshine not available) is stored within
phase change material (PCM) that is confined within a box named Thermal Battery. The
PCM box is located at machine room outside the cold room to maintain various temper-
ature in the cold room as required. In this case, ethylene glycol (25%) and water (75%)
solution was used as PCM that will change the phase at -11˚C to -12˚C. The structure of
thermal battery was initially designed by SolidWorks shown in Figure 11. It consists of five
PCM plates which contain the PCM solution. All the PCM plates were manufactured using
stainless steel (SS) sheet and covered with a box that is also made by SS sheet.

Hot air comes from the cold room into the thermal battery through supply duct, then it is
cooled by exchanging of heat with PCM and after that cold air from thermal battery goes
into the cold room through return duct (discharging). Each of the PCM plates has copper
tubes that allow liquid refrigerant to flow within the PCM to change its phase (charging).
A distributor is used to distribute refrigerant to all tubes of the PCM plates.

To ensure proper exchange of heat between PCM and refrigerant, the copper tubes is spired
as like helical springs shown in figure 12. 
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A variable frequency drive (VFD) is incorporated with each compressor of VCR systems to
compensate the inrush current problem and run the system energy efficiently in varying
load conditions. A programmable logic controller (PLC) is used to control the VCR systems,
humidifier, blower on the basis of specified cold room temperature and humidity. The
VFD, PLC and some other electronic equipment such as circuit breaker, magnetic con-
tractor, timer, relay, thermostat, switch etc. are used to safely and automatically run the
system placed in a box known as power control box, which is shown in figure below: 
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4.5 Low Thermal Conductive Wall Material Selection 
Reducing energy loss from the cold room is very important issue. Among different insula-
tion panels, polyurethane (PU) panels are highly customizable. It has a range of core thick-
ness, support finishing and panel joints. The panels can be assembled by vertical or
horizontal disposition and are suitable for interior and exterior applications. The thermal
conductivity value is comparatively lower for PU sandwich panel. So, PU sandwich panel
is selected for the cold room wall, roof and floor. The thermal conductivity was also meas-
ured after installation. The specification of the PU sandwich panel is as follows:

355

On the basis of design, the thermal battery was manufactured as shown in figure 13. Full
thermal battery is covered with black insulation to prevent heat loss.
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4.6 Equipment Selection
A VCR system of 4 TR is selected for direct cooling and another VCR system of same ca-
pacity for PCM charging on the basis of cooling load calculation. To fulfil the energy de-
mand for both VCR systems and other accessories, 15 kW of PV module is nominated. In
cloudy condition, if PV module is not sufficient to fulfill the required energy demand, grid
or diesel generator will compensate the demand. To provide required energy on priority
basis, a 10 kW hybrid inverter is chosen for this project. Moreover, for research, installa-
tion, maintenance and data acquisition purpose, a bunch of equipment is needed. All the
equipment associated with this research and development project are given below with
some major specifications.
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4.7 Fabrication 
The refrigeration system is assembled with pressure sensors, thermocouples, wireless pres-
sure and temperature sensing arrangement, mass flow meter, sight glass etc. To monitor
the instantaneous conditions or performance of the refrigeration system, four sets of pres-
sure and temperature sensors are placed in four different locations of the refrigeration line.
Two sets are placed in high pressure side (compressor outlet and condenser outlet) and
rest two sets are placed in low pressure side (expansion valve outlet and evaporator outlet.
Moreover, a refrigerant mass flow meter is used in liquid line to measure actual mass flow
rate in various load conditions. These mass flow rate, pressure and temperature of refrig-
erant are further used to calculate the actual cooling capacity of the refrigeration system.
The fabricated schematic diagram of the refrigeration system is shown in figure 17.
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5. Test Run and Data Collection

5.1 Temperature Distribution 
Two VCR systems run simultaneously to charge PCM unit and supply cold to the cold
room. Since both the VCR systems have variable frequency drive (VFD), these systems run
at different speed to maintain constant temperature to the cold room and PCM unit. The
thermal energy storage (Thermal battery) consists of five PCM plates separated by baffles
and each plate has spiral copper tube inside it. Thermocouples were placed within the
PCM unit, cold room, blower inlet and outlet to check the temperature distribution within
units. In the figure-19 the variation of temperature is shown within the cold room, PCM
unit, blower inlet and outlet. The data logging time was 24 hours.

It usually takes 4 hours to reduce room temperature from 35˚C to 2˚C and then constant
room temperature is maintained. To solidify PCM, 5-6 hours needed to run the VCR system
at full load. The PCM blower unit starts to supply cold within the cold room when the sun
is off usually at 4:00 PM. The blower inlet and outlet average temperatures are 3˚C and -
2.5˚C respectively.  

The graph shows that the PCM discharge temperature reduces from -15˚C to -11˚C within
18 hours. This indicates that the PCM backup unit (thermal energy storage) can supply
cold energy more than a day if the load is constant. This can be helpful in rainy season.

361

Solar PV array supply electricity to the condensing units and grid (if excess energy is pro-
duced) through hybrid inverter. Four pieces of batteries are connected to the hybrid inverter
and take charges from solar panel to store electricity which will be used at night for lighting
and to run the fan/blower. All the connection from or to the hybrid inverter is equipped
with circuit breaker for safety purpose. 
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5.2 Power Generation & Consumption
The average daily solar power generation is about 7.0 kW from 15 kW panel for 6 hours
from 8:00AM to 4:00PM. Hourly solar power generation for different days are given as
follows.
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5.3 Product Quality and Freshness
Several fruits and vegetables of similar storage properties were selected to store in the cold
room. The common products that stored are green papaya, tomato, lemon, pineapple, bit-
ter gourd, apple, cucumber etc. The humidity and temperature is automatically controlled
as per storage properties so that better quality of the products can be maintained. After
one-month, the quality and freshness remained almost identical to the original. Below are
some of the photos of the products taken from the cold storage. 

To check the quality, the products were tested several times within a month.

Photos show the quality and freshness of stored products after 20 days.
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Figure 25: Some of Stored Products in the Cold Room

Figure 26: Products after20 days
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7. Achievements of the Project
This project is very much suitable for small scale farmer. It will ensure farmers’ income by
reducing product loss. Two or three farmers can jointly use this cold storage to meet their
demand. The achievements of the project can be described as following:

7.1 The project ensures green environment since solar energy and thermal battery is used.
7.2 No running cost is needed for this cold storage as the energy backupis ensured by
thermal energy storage system
7.3 This project will also ensure the quality of food that leads to better health for the peo-
ple. 
7.4 The cold storage is easily affordable by farmers since the capital cost is not so big. This
can also motivate farmers to go for more production. 
7.5 Post-harvest loss of fruits and vegetables can beminimized by using this cold storage
which will also contribute to increase the country’s Gross Domestic Product (GDP). 

8. Recommendations by Project Experts
This project can be pioneered to boost the country’s GDP growth. The Government should
take initiatives to provide low-interest loans to the farmers. This initiative can motivate the
farmers to use this type of cold storage to prevent loss of vegetables, fruits etc. Research &
development (R&D) work on this type of PCM based cold storage should be continued
for further improvement of the innovative design. 
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6. Cost-Benefit Analysis for 10 kW PV Cold Room

Setting up of a commercial cold storage with 7-10 tonnes capacity would cost around
BDT 25.5 lakh. In case of potato, 10 tonnes can be stored.  Since the cold storage is fully
solar based and backed up with PCM, the running cost is zero. 
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contains a microcontroller with Radio Frequency (RF) module named “master node”,
one water flow meter, one water control solenoid valve and a power adaptor for pow
ering up the entire master box. Two slaves (slave 1 & slave 2) contain a microcontroller
with RF module coined as “sensor node”, one soil moisture sensor, one water level
sensor and power adaptor. The difference between master & slaves is that each slave
has a sensor node for collecting output data (from soil moisture sensor and water level
sensor) and sending it back to master. Each master node will then gather all data from
its own field network’s sensor nodes. After accumulating slaves’ data, master will con
struct a complete data packet and send the data packet back to IPCU (intelligent pump
control unit), which will communicate with each master through another wireless net
work and measure the water requirement in a particular crop field, based on soil mois
ture and water level information received through master. There are two modes in IPCU
– online (internet connected) and offline (no internet connection). In online mode, the
IPCU will pass the data packet to a central server for customer information update (such
as remaining water credit, IPCU’s operational status, etc.). If the IPCU receives com
mand to start pumping, it will send this command back to that master node (irrigation
requester) to turn ON its water solenoid valve. In offline mode, the IPCU will take the
decision to operate the solenoid valve connected to that particular field and store the
information for the amount of water pumped into that field. 

Field data will be stored and monitored from a central monitoring server and this infor
mation will be received through the IPCU. The IPCU will also receive data on water
supply to the field at regular intervals to verify the balance and water supply adjustment. 

All the power lines (220V output of inverter) run through the field parallel to the buried
pipe. 
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Introduction

The objective of the project is to develop an intelligent control unit for irrigation system
which will introduce remote control, monitoring and optimum utilization of water re
sources for providing better service and ensuring sustainable growth of solar irrigation
programme.

This intelligent control unit will create a wireless sensor network via communication with
soil moisture sensor, water level sensor and water flow meter through RF network to
measure water requirement in the crop field as well as determine the amount of water
to be supplied to the field. The intelligent control unit will, thereby, be named as Intelli
gent Pump Control Unit or IPCU. The water level in the field is a key parameter in meas
uring water requirement in case of rice cultivation. On the other hand, moisture content
in the soil is an important factor in water requirement calculation for vegetable cultiva
tion. The sensor unit containing soil moisture and the water level sensor will have option
to select one or both the sensors. Based on the type of the field, the option will be de
fined by the operator.

The objective of the research project is to develop an intelligent solar irrigation system
that will have automatic and remote control monitoring and mobile prepayment system
for providing better services and sustainable growth of solar irrigation programme in
Bangladesh.

The project aims at developing a smart solar PV irrigation system with the following
features:

a) Smart irrigation control system by measuring the moisture content of the soil and
water level.

b) Remote monitoring.

c) Mobile prepayment system.

d) Autonomous supervisory control and data acquisition by operator and central server
system.

The IPCU will calculate the water requirement in a particular field based on information
received from soil moisture sensor and water level sensor. It will then decide to operate
the valve connected to the respective field. The IPCU will also receive information on
the amount of water to be supplied to the field at regular intervals to crosscheck the
water requirement and corresponding water supply adjustment. On the other hand, in
some cases, if water requirement in multiple fields increase at any instance, round robin
scheduling of operation for irrigation will be implemented so that water will be supplied
to each field for a specific time (i.e. 30 minutes) to ensure equal priority.

In figure 2, smart solar irrigation system concept is demonstrated for two types of irri
gation fields. Assuming that the crop type of field number 1 is vegetable and field num
ber 2 is paddy. Each field contains one master and two slave nodes. Each master
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The basic circuit components as per the requirement of each field are as follows:

1. Field Level Equipment
a) Master 

i. RF module
ii. Water flow sensor
iii. Water control solenoid valve
iv. Power adaptor 

b) Slave 
i. RF module
ii. Soil moisture sensor
iii. Water level sensor
iv. Power adaptor 

2. IPCU Equipment
i. Solar inverter
ii. Pump controller
iii. Junction box
iv. Circuit breaker

2.1 Hardware Design
The entire smart irrigation hardware system consists of three individual control units:

i. Intelligent Pump Control Unit (IPCU)
ii. Master control unit (field valve controller)  
iii. Slave sensor unit (field sensor data accumulator)

The design description of the individual units is presented below: 

2.1.1 Intelligent Pump Control Unit (IPCU)
The IPCU is basically designed to control the motor pump and its corresponding main
valve to regulate the flow of water. It simultaneously works as a communication gateway
for the devices (master control unit). All the information (sensor data, water flow rate, water
level, field valve status, amount of water flown etc.) are first accumulated in this device
and then passed as a single string data packet to the central server. Central server than
phrases this string data packet and take necessary decision to activate/deactivate the field
valve, motor pump and main valve to irrigate the corresponding requesting field. The sys-
tem block diagram of the designed IPCU is provided below: 
Figure 3 shows the complete system block diagram of the IPCU unit. It is designed with
advanced high speed (200MHz) 32-bit microprocessor (MCU) with built in 4MB flash and
640KB SRAM. For RF communication, a 433MHz xbee module is integrated with it. This
RF module is used to gather sensor data from master and slave devices. There are 100 free
RF channels available for full duplex data communication of an individual xbee module.
In addition, this xbee module forms a wireless mesh sensor network as a network host by
which 100 individual field master nodes can be connected. The MCU collects the sensor
data from each and every connected master node and then processes this data to create a
single string data packet for the central server. After data processing, this data packet is
transferred to the central server as a message request via 2G/3G mobile data communica-
tion (via mobile BTS tower). A 2G/3G modem is integrated with the IPCU for this purpose.
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This modem is also receiving response data packet from server to control the field valve
as well as pump the motor and its main valve according to the command it receives. To
control pump motor and main valve, triac-based switching device is employed. The
recorded power consumption of the IPCU is 10W (5V@2Amp) only. The power consump-
tion of solenoid valve (main valve) is around 17-25W (150-220V range). 

Apart from that, it is an intelligent device in the sense that it can take necessary action in
the absence of 2G/3G network. For example, the off-grid areas of our country sometimes
have limited to nil mobile network coverage.  In that case, the IPCU checks the mobile
network availability at five minute intervals; if network is absent, then it will shift its mode
from central server mode to own server mode and process the incoming message requests.
It will then generate response messages via checking its internal last saved synchronous
(in its own customer database, it has an internal small-scale database) data from the server.
This automatic intelligent operation will help the customer as well as operator and ensure
on-request water at any time until the water balance is available. During this unavailability
of network coverage, it will automatically store all the incoming message requests (up to

48 hours/20,00,000 data) in its own memory. Upon network availability, it will sync all its
stored message requests with the central server.       

2.1.2 Master node (field valve controller)
Master node is designed to control field valve and also collect its own connected slave
node (sensor node) data. It further acts as a RF (short range) network host to gather its own
connected sensor node. For example, a field consists of one master node and two slave
sensor nodes (each one at extreme ends) to cover the whole irrigation area considering
any shape of field size up to a maximum of 300m in length. Master node can be placed
in any suitable position close to the buried water pipe line. The block diagram for the sys-
tem of the master node is illustrated below: 

In figure 4, master node is displayed as a module by module system block diagram. One
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2.2 Software Design
The smart irrigation software system comprises of three individual control units, which are
as follows:

i. Organization Section 
ii. Operator Section 
iii. Customer Section

The description of the individual sections is presented below:

2.2.1 Organization Section 
The organization section can monitor and control its individual operators as well as its
registered customers. Organization admin can add or delete user, control irrigation pump,
verify payment and also see total loan, return and due of operator according to load on a
single dashboard.

A description of the various features of the organization section is presented below with
illustrations: 

Login:

Dashboard:
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The main navigation menu contains four other categories apart from the dashboard. On
clicking the “+” sign beside each of the categories, one can find that they expand into
sub-categories. A brief description of the categories along with their sub-categories are
provided below: 

a) Settings:
i. System Configuration
ii. Field Type 
iii. Organization
iv. Operators
v. Areas
vi. IPCUs
vii. Customers
viii. Fields

i) System Configuration: 

381

Once logged in, the dashboard page will appear. With different users, the dashboard will
display different parameters and graphs containing relevant information. The organization
admin has the privilege to monitor and control individual operator’s fields along with the
associated pumps from the dashboard. In order to do so, few steps need to be followed
which are illustrated in the following flow chart: 

After successful completion of the steps, a page will open as follows: 

It is apparent from the above illustration that the admin can exercise control on quite a
few key parameters. The IPCU can be turned ON or OFF manually from the dashboard.
The field pump can also be remotely monitored and accessed utilizing the dashboard fea-
tures. In order to do that, the ‘Manual’ operation mode needs to be selected. Consequently,
all the other associated items such as ‘Water Pump’, ‘Field Valve’ Water Level’, etc. can
then be regulated.  

Main Navigation Menu:
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iii. Organization
iv. Operators
v. Areas
vi. IPCUs
vii. Customers
viii. Fields
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Once logged in, the dashboard page will appear. With different users, the dashboard will
display different parameters and graphs containing relevant information. The organization
admin has the privilege to monitor and control individual operator’s fields along with the
associated pumps from the dashboard. In order to do so, few steps need to be followed
which are illustrated in the following flow chart: 
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The page enables the admin to select specifications like operators, areas, field type, etc.
from the drop-down menu. Other relevant parameters can also be set and saved in order
to add the new operator to the list. While creating this portfolio, one has to keep in mind
to generate the IPCU in advance from the Settings list. 

iii) Organization:

iv) Operators: 

The operator menu performs the same functions as the previously described ones. The
admin can add/delete operators as well as update information on existing ones. The steps
to be followed are similar to the ones mentioned in part (iii). 
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ii) Field Type: 

When an operator wants to join the system or update it by adding a new field, the admin
can use the field type feature to make the changes. It primarily displays the existing list of
fields under the admin’s governance. It contains an edit and a delete option on the extreme
right under the action column. Necessary updates can be made using these attributes. The
page also contains an ‘Add new’ section which the admin can use to add new operators
to the list. Once clicked on, the following page opens up: 
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A click on the Areas menu will take the admin to the Area list page which presents the
number of areas of irrigation fields. There the admin can edit/delete areas as well as add
new ones. In order to add a new area, the admin needs to click on the ‘Add New’ button,
enter the District Name, Upazila, Organization Name, Area, and Code Number, and finally
save the information. 

vi) IPCU:
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v) Areas: 

384
384 385



A click on the Areas menu will take the admin to the Area list page which presents the
number of areas of irrigation fields. There the admin can edit/delete areas as well as add
new ones. In order to add a new area, the admin needs to click on the ‘Add New’ button,
enter the District Name, Upazila, Organization Name, Area, and Code Number, and finally
save the information. 

vi) IPCU:

385

v) Areas: 

384
384 385



b) Payment

Payment is conducted via bKash transaction. Few steps need to be followed in order to
verify the payment which are given below: 

i) Admin needs to provide Transaction ID or Reference ID.
ii) The ‘GET RESPONSE’ button is then to be clicked on to view the Payment details. 

The customer’s payment status will be displayed. 
iii) Once checked and validated, the admin then has to click on the ‘SEND TO 

SERVER’ option to verify/update the payment. 

c) Reports:
The admin can generate transaction and weather data in PDF format under the reports
section. Clicking on the ‘PDF’ logo will allow the admin to view the report in PDF format. 
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vii)  Customers:

The Customers page contains information on the number of customers. The operations of
the icons in the ‘Action’ column are the same as described in the previous sections. A new
customer can be added by clicking on the ‘Add New’ button and entering the requisite
information. 

viii) Fields:

The ‘Fields’ menu provides information on the Organization, the Operator and the Cus-
tomer once it is opened. The different icons under the ‘Action’ heading serves the same
purpose as those previously defined. A new customer can be added by clicking the ‘ADD
NEW’ option and inserting relevant data in the respective fields. 
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Main Navigation Menu:
The operator admin unlike the organization admin has access to limited features. The main
navigation menu looks like the following: 

A brief description of different options is presented below:

The Dashboard menu opens to display certain important information relevant to the op-
erator. The operator has the privilege to monitor and control individual operators’ fields
along with the associated pumps from the dashboard. In order to do so, few steps need to
be followed which are illustrated in the following flow chart: 

389

d) Users:

2.2.2 Operator Section 
In this section, the operator can monitor and control its individual registered customers.
Operator admin can Add or Delete user, control irrigation pump, verify payment and also
view total loan, return and due of the operator according to load on the dashboard.

Login: 

To log in as an operator, the Sirris website is to be browsed and once the webpage opens,
the login menu will pop up. The operator needs to enter his/her username and password
and click sign in to log in to the system. 
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An explanation of the various financial terms are provided as follows:

i. Total investment - The total amount of money that the operator has invested for
setting up the irrigation system. 

ii. Total Refund - The money the operator has refunded from the organization.

iii. Current Due - The amount of money the operator has borrowed from the
organization. 

iv. Collection Money — The current sum of money the operator has collected from
the operator. 

v. Collection Efficiency — The efficiency with which the operator has managed to 
collect money from its respective customers. 

vi. IPCU Number - The total number of IPCUs owned and implemented on the 
field by the operator.

vii. Total Customer — The total number of customers registered under the operator.

viii. Field — The total number of fields and customers served by the IPCUs owned
by the operator. 

b) Settings:
i) Operators:

The operator cannot add another operator unlike the admin. However, they can edit their
individual information, make a system inactive, and view the details and their transactions. 

ii) IPCUs:
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Once the desired steps have been fulfilled the following page opens: 

The operator can choose to monitor the system and/or take necessary measures from this
section of the Dashboard. The pump can be turned ON/OFF and other key parameters,
such as Motor Pump, Field Valve, Ambient Temperature, Ambient Humidity, etc. can also
be regulated accordingly. In order to control the Motor Pump and the Field Valve, manual
mode of operation needs to be selected. 

If one scrolls down the page, few other financial details pop up as presented below: 
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The operator can verify his/her payment made to the organization or the customer’s pay-
ment made to him/her using the following steps:

i. Operator needs to provide Transaction ID or Reference ID.
ii.  The ‘GET RESPONSE’ button is then to be clicked on to view the payment

details. The customer’s payment status will be displayed. 
iii. Once checked and validated, the operator then has to click on the ‘SEND TO

SERVER’ option to verify/update the payment.

d) Reports:
The operator can generate transaction and weather data in PDF format under the reports
section. Clicking on the ‘PDF’ logo will allow the operator to view the report in PDF format. 

2.2.3 Customer Section
In this section, the customer can monitor and control his/her individual field, edit his/her
information, view the total amount owed and his/her bKash payment status.

Login: 
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iii) Customers:

The customers menu allows the operator to view a list of the existing customers    and also
add new ones when required. The features in the Action column perform the same func-
tions as those elaborated in the previous sections. 

iv) Fields:
The ‘Fields’ menu provides information on the Organization, the Operator and the Cus-
tomer once it is opened. The different icons under the ‘Action’ head serves the same pur-
pose as those previously defined. The operator has the authority to add new field when
required. 

c) Payment:
Monetary transaction is made via bKash payment. The operator can pay bill, verify pay-
ment, view loan and return amount using this option. Payment is made using the following
procedure and it is the same for the customer section:
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i. Total Balance — The total amount of money available to and used by the
customer.

ii.Total Water Credit — The amount of purchased water available to and used by 
the customer.

iii. Water Pump — The current ON/OFF condition of the water pump.
iv. Field Valve — The field valve can be operated by the customer. In order to do so,

the customer has to activate the manual mode and turn the field valve ON/OFF
manually according to the requirement of the field. 

v. Water Flow Rate — The current water flow rate of the respective field pipe.
vi. Soil Moisture — The current soil moisture data of the corresponding field. 
vii. Water Level — Information on the current water level of the associated field. 
viii. Ambient Temperature — The current ambient temperature of the respective 

field. 
ix. Ambient Humidity— The current ambient humidity condition of the respective 

field. 

b) Settings:
i) Customers:

The customer can view his/her details once the customer menu opens. The customer can
use this feature to edit and/or view his/her details and delete them, whichever action is
deemed necessary. However, the customer does not have the permission to add a new
customer to the list. 

ii) Fields:
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To log in as a customer, the Sirris website is to be browsed and once the webpage opens,
the login menu will pop up. The customer needs to enter his/her username and password
and click sign in to log in to the system. 

Main Navigation Menu:

The customer has fewer accessible features compared to the organizer and the operator.

a) Dashboard
The customer can view his/her field condition from the Dashboard menu as well as exer-
cise control over certain parameters. An illustration followed by each parameter’s detailed
description is presented below:
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3 Installation of Solar Irrigation Systems
3.1 Testing Set-up of Smart Solar Irrigation System Installed at CER, UIU Lab
An automatic irrigation system has been installed on the UIU rooftop at Centre for Energy
Research (CER) office. The whole setup is running using power from the 15KWp solar mini
grid already installed on the UIU rooftop. A pump motor (1Hp/746W) has been used to
supply water from a drum (serving as a water container). Two other drums have been used
for depicting water-hungry irrigation fields. The pump motor is taking power from CER,
UIU 15kWp solar rooftop mini grid project via inverter. To control the pump motor, an
IPCU has been installed with it. The IPCU is responsible for data communication between
central server and project site. All the sensor’s data and real time information of the project
site is passed through the IPCU. The IPCU has a 2G/3G modem connected with it which
is actually performing as the data communication channel.                      

In figure 37, it is clearly seen that a 2-inch inlet and outlet pump motor is sucking water
from a water preserver and delivering that water to two different drums simulated as an ir-
rigation filed. Water coming from pump motor is controlled via solenoid valves. There are
3 solenoid valves as seen in this figure. One is main control valve and two others are in-
dividual field watering control valves (golden colour module).  All the valves are also con-
nected to a water flow meter. Therefore, the amount of water flowing through the pipe to
individual fields as well as coming from pump motor are recorded by the control circuits.  

In figure 38, the IPCU control circuit is displayed. The design of the hardware circuit has
been kept as simple as possible so that they can be easily produced locally in Bangladesh.
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Figure 37: Smart irrigation system set up on the UIU rooftop 

The customer can view a list of his/her fields in the fields menu. The options in the Action
column perform the same function as has been described in the previous segments. 

c) Payment:
The customer can make his/her payment using the bKash payment method. The procedure
has been illustrated in the payment segment of the operator section. 

d) Reports: 
The customer can generate transaction and weather data in PDF format under the reports
section. Clicking on the ‘PDF’ logo will allow the customer to view the report in PDF for-
mat. 
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3.1.1 Verification of Data and Virtual Money Transfer
An online web page has been developed for remote monitoring and controlling every
IPCU running in real sites. This web page is directly synced with the central server where
all the data and money transaction information are stored. A MySQL based database is
also running with it for strong data holding and as a backup. For visualizing the data in
our software, one needs to go to the field information and click on the request information
log and response information log. This will enable them to view each user’s field data. 
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Figure 40: Irrigation field setup using sensors

A 32-bit micro-controller is used here to control all the command and data communication
between central sever and irrigation site. 

Figure 39 represents the master control unit circuit for individual fields. All the sensors
(water level, soil moisture, temperature and humidity) are connected to it. In addition, the
individual field watering control valve is also connected to it. Its purpose is to gather all
the information of a field and send it to the respective IPCU unit. Apart from that, it is also
responsible for controlling water flow to a field via its solenoid valve. 

In figure 40, irrigation field set-up is shown. Here, 4 different fields are shown. Each field
consists of two sensor nodes. And each sensor node has one soil moisture and one water
level sensor. 
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Figure 38: Internal circuit setup of IPCU

Figure 39: Internal circuit setup of Master control unit of individual field
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Figure 38: Internal circuit setup of IPCU
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Photo Album
a. Installation of testing set-up of solar irrigation system at CER, UIU Lab
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Testing smart irrigation system (First prototype)                           Initial test setup of smart irrigation system

Sensor Node with RF module & 2dB antenna Master Node with RF module &2dB antenna

Full demonstration of smart irrigation system for three different
types of fields. Filed1: vegetables, field 2: herbs & field 3:
paddy crops Gateway with wifi/3G modem

3.1.2 Report on Data Communication
All the data (sensor data, amount of water given, etc.) coming from a particular irrigation
field is first directly sent to its IPCU pump house.  The IPCU then re-organizes this whole
data packet as a request information according to a predefined data packet format and
send it to the web application (central server). Web application encodes this data packet
and stores this information in its database. After that, it will recheck and verify this request
information according to the verification process described in section 4.1. After confirma-
tion, it will send back a response information only to the requested IPCU to start pump
controller and also corresponding field valve for watering.  

3.2 Smart Solar Irrigation System Installed in the Filed
A smart solar irrigation system has been installed in the field at Emargao, Atibazar, Kerani-
ganj (one paddy field and one vegetable filed). A 0.5kW pump motor has been installed
to provide water supply from ground water. One header tank has been installed with a
capacity of 3,000 litres. Each field has one solenoid water flow control valve and a water
flow rate measurement sensor. In addition, paddy field has one soil moisture sensor to
measure field moisture content and a water level sensor to measure standing water height
of paddy field. On the other hand, vegetable field has only soil moisture sensor because
water height is not required for vegetable field. Both fields have individual valve control
circuit and sensor data accumulation circuits which are communicating with the IPCU
via RF communication network. One 2G/3G/4G modem is installed to provide internet
gateway for connectivity with the server. The whole system is powered from 3 kWp solar
panel via pump controller to control pump and one 500VA inverter to power up the control
circuits.   
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Figure 42: Prototype of smart solar irrigation system setup in the field
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Figure 42: Prototype of smart solar irrigation system setup in the field
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Field setup of solar irrigation system Operational field valve system

Operational IPCU and field valve control unit Operational sensor node circuits

Soil moisture sensor Solenoid water control valve

b. Prototype installation of solar irrigation system in the field
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Demonstration of water pumping setup for simulation of water flow and pump control via IPCU and central server

Field setup of solar irrigation system Field valve system 
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Abbreviations

BTS Base Transceiver Station

CER Centre for Energy Research 

CRC Cross-Reference Calculation

IDCOL Infrastructure Development Company Limited

IPCU Intelligent Pump Control Unit

kWh Kilowatt-hour

kWp Kilowatt peak

MCU Microcontroller Unit

PV Photovoltaic

RF Radio Frequency

SirriS Smart Irrigation System

WC Water Credit

405404

Smart Solar Irrigation System operational in the field

Data acquisition from remote field into server

Submersible pump assembly

Graphical user interface (web application)
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Objectives 
In line with the potential for biogas and bio-slurry in the country, the research was con-
ducted to: 

1. strengthen efficiency of generating energy from municipalkitchen waste by introducing
plug flow anaerobic digester, and optimize diversified economic uses of biogas and slurry;
this includes exploring technologies that can reduce the sedimentation, which occurs in
the process of producing biogas from waste. The sediment clots up the overall process
and, as a result, the plant requires closing for a couple of days to clean it. Furthermore,
the slurry generated in the process also requires proper drying to be able to transform into
useful compost. The research objective also includes testing out the technology through
which this activity can be carried out efficiently. 

2. establish a public-private partnership (PPP) model to make the municipal waste to en-
ergy business viable and scalable;

Besides, the objective is to ensure ways of using biogas for productive purposes like using
inelectricity generation.

Rationale for the Technology
Practical Action, Bangladesh has piloted several plants to convert municipal kitchen waste
to biogas in Faridpur and Gaibandha districts in Bangladesh, and shared its experience
with the stakeholders concerned. The demonstrated digestion technologies were the com-
plete mix ones and found gas generation rate at 60-65 cubic metre/ tonne of waste. One
of the technical challenges was clogging of the digester by sedimentation of the digested
waste. This requires periodic cleaning or emptying of the digested waste by shutting down
operation of the plant for at least 30 days in a year.

The introduction of plug flow digestion technology can increase the gas generation rate
by around 15% to 75 cubic metre/ tonne of wasteand also reduce the possibilities of sed-
imentation of the digested waste. The research demonstrated several technical innovations
for collection, processing and digestion of waste, productive use of treated products and
efficient management of treated byproducts. 
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Introduction
Biomethanation of solid kitchen waste to biogas can be one of the promising renewable
energy sources for the urban centresin Bangladesh. This option is particularly attractive
for generating gas, which can be used as fuel or to generate electricity,as well as slurry
that can be used as fertilizer. Presently, the country’s 12 city corporations and 324 munic-
ipalities create around 20,000tonnes of waste per day which can generate 1.6 million m3
of biogas as energy. However, currently the waste remains unutilized, creating hazards for
the public health and environment. 

Approximately 60% of the waste is generated in the residential areas and around 74% of
it is compostable. The solid waste created in the municipality areas has high moisture and
organic contents coupled with high prevailing temperature and energy contents of house-
hold food waste (1,300 kWh/tonne). All these aspects make municipal kitchen waste tech-
nically feasible and suitable for production of good quality biogas and compost fertilizer.  

In Bangladesh, the focus is more on cow dung and poultry litter in the rural areas to gen-
erate biogas with mixed results. Community biogas plants from municipal kitchen waste
are not only a self-sustainable waste management system, but also a clean source of fuel
for cooking, generating electricity, powering agro-based services and creating green jobs.
Along with the waste management services, one of the byproducts of biogas plant is bio-
slurry, which can be a suitable compost/fertilizer.

Practical Action, Bangladesh with support from the Infrastructure Development Company
Limited (IDCOL) has conducted a research on a Public-Private Partnership (PPP) Model
to convert municipal waste to biogas for sustainable urban environment and poverty re-
duction. 
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The volume of gas holder dome is approximately 35% of the digester, which is connected
with the inlet through a 12” diameterpipe. The inlet size is 3.5’in height and 1.5’ diameter
for mixing and feeding waste to the digester. The volume of hydraulic chamber is 84 cubic
metre, which is also similar to the digester. 
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Plan of Plug Flow Biogas Plant

Technical Innovations

Plug Flow Biogas Technology
A typical plug flow digester design consists of a covered reactor where the materials to be
digested enter through one end of it and come out through the opposite end. The raw ma-
terials with proportionate water (as guided) are added daily through one end of the digester
and an equal volume of digested manure is forced out through the other end. The plug
flow digesters work best for total solid content of digested containing total solids at a range
between 15% and 20%. The plug flow systems are subject to stratification; heavier mate-
rials settle to the bottom while the lighter materials float on the surface. In general, a hor-
izontal plug flow digester’s length to width ratio is between 3.5:1 and 5:1. The ratio of the
flow-path width to fluid depth should be less than 2.5:1.

Benefits:
�Plug flow digesters do not require mechanical mixing as in other types of digesters such
as the complete mix digester. 
�Plug flow digesters are typically five times longer than they are wide.  
�Hydraulic retention time generally ranges between 15 and 21 days. 

Practical Action finalized the design of plug flow biogas technology in consultation with
the national experts and also through learning from review of international experiences
and its SriLanka country office. Practical Action constructed an80 cubic metrecapacity
plant. The length to width ratio was 4.5:1. The digester is made of brick wall and RCC
dome as gas holder on the top. The width of the digester is 9’, length 39’ and depth 9’.
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Improved Management of Slurry
The research project introduced a low-cost solar dryer for better management of leachate.
Tent solar dryers(as shown in the sketch and photographs) are cheaper and simple to build,
and consist of mild steel-made frame covered with transparent plastic sheets. Transparent
plastic cover allows sunlight to enter inside and trapped into the tent, resulting in more
temperature inside the tent than the outside. A solar exhaust fan is used on top of the tent
to blow hot air with moisture outsideand let the cold air enter the bottom of the tent. The
compost to be dried are placed on the cement floor. The tent dryers provide protection
against rain, insects and dust, and can reduce drying time by 35%. The tent dryers can
also be taken away and stored when it is not in use.

The slurry will be pumped to the tent and leachate will allow it to return to a hydraulic
chamber. After dewatering by leaching the slurry,it will be kept inside the tent for sun-dry-
ing and controlled for quality check. The management system is yet to set for ensuring
quality control of the produced compost and periodic nutrient analysis. 

413

Productive Use of Biogas
Currently biogas issupplied toneighbouring houses of the plant located in the Sonatala
cluster in Bagerhat Municipality and used mainly for cooking. The revenue that comes
from the usersis not adequate for sustainable operation of the plant. The researchaimed to
explore alternative uses to make biogas plant productive and economically viable. The
gas could be used in the ovensof bakery or running generators to extract ground water
and supply as drinking water.

The plant under the research project provided biogas as a fuel to operate an internal com-
bustion engine (conversion of a shallow engine into dual-fuel one from diesel-driven one)
after passing through a scrubber for desulfurization and other purification. This in turn op-
erates water pump (locallyknown as tube well) to extract ground water for irrigation and
safe drinking water supply.Practical Action demonstrated biogas-based irrigation technol-
ogy in Gaibandha and Faridpur districts. The demonstrations showed that a farmer can
save diesel by up to 70% through using a dual-fuel (biogas and diesel)engine. In
Gaibandha,the farmers were using diesel-run engines for threshing paddy and irrigation
purposes. A small diesel engine of 6hp can lift 15,000 litres of water per hour through
burning 1.0 litre of diesel. The farmers are now saving 750 ml of diesel per hour by using
biogas to run this engine.

412

Deep tube well 
Work in progress to install a deep tube well in Bager
hat Municipality area
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The research project conducted detail income-expenditure analysis to assess the financial
sustainability and how the case of community-based biogas plant can be a viable business.
The study considered three different scenarios— allinvestment to come from private
sources;land to be provided by the municipalities and rest of the investment to come from
the private sector; and land to be provided by the municipalities, capex to be provided by
the donors and the rest by the private sector.This case considered providing waste collec-
tion services to 1,470 HHs in 5 years from 1,050 HHs in the first year. The financial analy-
sis found the necessity of investment bythe donors or government to achieve both financial
and operational sustainability of the schemes. 

The PPP-Led Business Model
The experts and business analystshave reviewed the proposed PPP model,stressing on gen-
erating data for cost-benefit analysis and measuring business progression (by calculating
NPV, IRR, payback period etc.). Other recommendations are: 
1. ncluding private financing along with public financing (cost/kind contribution) and pro-
vision of subsidy for GHG emission reduction contribution;

2. Municipality orpublic entity should own the treatment plant which will be operated by
the private organizations;

3. Defining financing model (such as IDCOL solar irrigation model) and tariff fixation at
different levels should be participatory. Start up or seed money should come from the pri-
vate organizations;

4. Ensuring a fully operational management body with different actors’ (municipality, pri-
vate organization, civil society etc.) participation; maintaining all income-expenditure
through banking transaction to ensure transparency;

5. Finding out a clear pictureabout how much (by percentage) one treatment plant can
treat, make a plan to address the total community’s needs and draw an analysis as a whole
to identify the business viability. 

6. Checking whether the business is profitable and what is the eligibility for taxation of
the private organization etc. such as corporate tax. 

Project Targets and Achievements
The project aimed at facilitating Bagerhat Municipality in the following areas:

415

Mechanization of Waste Carrying Van
The research project introduced closed and compartmentalized rickshaw vans with auto-
dumping facility for waste collection, storage and carrying of segregated waste. The auto
rotation backed by electric motor facilitates unloadsthe waste easily in the plant area. The
van holds two specialized compartments for organicand inorganicwaste. The capacity of
each van is 200 kg of kitchen waste per trip. Each van puller/waste collector can serve
300 households collecting waste at the doorstepsin 4-5 hours.The project paid special at-
tention toensure health hygiene and safety of workers and supplied protection materialslike
gloves, mask, shoes and apron.The introduction of this motor has significantly reduced
the physical labour of the workers in performing their jobs.

Public-Private Partnership (PPP) Business Model 
Most of the waste management pilot projects in Bangladesh are supported by donors’
grants,but the trend needs to be changed and a market-based business model should be
developed through establishing and strengthening relationship among the municipalities,
private sector and communities. One of the key focuses of the research project was to de-
velop a business model to be suitable for introducing Public-Private Partnership (PPP) ini-
tiative.
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Closed and compartmentalized rickshaw vans with autodumping mechanism

414 415



The research project conducted detail income-expenditure analysis to assess the financial
sustainability and how the case of community-based biogas plant can be a viable business.
The study considered three different scenarios— allinvestment to come from private
sources;land to be provided by the municipalities and rest of the investment to come from
the private sector; and land to be provided by the municipalities, capex to be provided by
the donors and the rest by the private sector.This case considered providing waste collec-
tion services to 1,470 HHs in 5 years from 1,050 HHs in the first year. The financial analy-
sis found the necessity of investment bythe donors or government to achieve both financial
and operational sustainability of the schemes. 

The PPP-Led Business Model
The experts and business analystshave reviewed the proposed PPP model,stressing on gen-
erating data for cost-benefit analysis and measuring business progression (by calculating
NPV, IRR, payback period etc.). Other recommendations are: 
1. ncluding private financing along with public financing (cost/kind contribution) and pro-
vision of subsidy for GHG emission reduction contribution;

2. Municipality orpublic entity should own the treatment plant which will be operated by
the private organizations;

3. Defining financing model (such as IDCOL solar irrigation model) and tariff fixation at
different levels should be participatory. Start up or seed money should come from the pri-
vate organizations;

4. Ensuring a fully operational management body with different actors’ (municipality, pri-
vate organization, civil society etc.) participation; maintaining all income-expenditure
through banking transaction to ensure transparency;

5. Finding out a clear pictureabout how much (by percentage) one treatment plant can
treat, make a plan to address the total community’s needs and draw an analysis as a whole
to identify the business viability. 

6. Checking whether the business is profitable and what is the eligibility for taxation of
the private organization etc. such as corporate tax. 

Project Targets and Achievements
The project aimed at facilitating Bagerhat Municipality in the following areas:

415

Mechanization of Waste Carrying Van
The research project introduced closed and compartmentalized rickshaw vans with auto-
dumping facility for waste collection, storage and carrying of segregated waste. The auto
rotation backed by electric motor facilitates unloadsthe waste easily in the plant area. The
van holds two specialized compartments for organicand inorganicwaste. The capacity of
each van is 200 kg of kitchen waste per trip. Each van puller/waste collector can serve
300 households collecting waste at the doorstepsin 4-5 hours.The project paid special at-
tention toensure health hygiene and safety of workers and supplied protection materialslike
gloves, mask, shoes and apron.The introduction of this motor has significantly reduced
the physical labour of the workers in performing their jobs.

Public-Private Partnership (PPP) Business Model 
Most of the waste management pilot projects in Bangladesh are supported by donors’
grants,but the trend needs to be changed and a market-based business model should be
developed through establishing and strengthening relationship among the municipalities,
private sector and communities. One of the key focuses of the research project was to de-
velop a business model to be suitable for introducing Public-Private Partnership (PPP) ini-
tiative.

414

Closed and compartmentalized rickshaw vans with autodumping mechanism

414 415



417416
416 417



417416
416 417



419

Left: The MoU signing ceremony between Bagerhat Municipality and Practical Action, Bangladesh; Right:
Mayor of Bagerhat Municipality Khan Habibur Rahman inaugurating the construction work 

Left: A view of a threewheeler waste collection van; Right: Mayor of Bagerhat Municipality Khan Habibur
Rahman handing over a waste collection van to a collector

Left: A ward councilor trying to motivate women to cooperate with the household waste collection system
for ensuring improved environment;  Mayor of Bagerhat Municipality Khan Habibur Rahman and Mr. Rokibul
Hossain of IDCOL holding a meeting with others

The research was conducted in BagerhatPourashava where Practical Action, Bangladesh
implemented a 5-year project on WASH for slum dwellers with funding from the Dutch
WASH Alliance.  

The key personnel interviews and socio-economic demography analysis of the Bagerhat-
Pourashava reflects that the people mostly lack household cooking gas supply. The current
option for household cooking in the peri-urban areas is LPG, which is very expensive,while
biomass, firewood etc. are not feasible. The electricity supply is not uninterrupted and re-
liable. The consultation with farmer groups showed that small scale irrigation demonstra-
tion is also possible in a cost-effective manner as the biogas plant will be established in
the peri-urban area. All these aspects show that the project area has a clear demand for
biogas due to supply gap. 

Additionally, the project promoted safe handling of waste at the source as an important
component for sustainable kitchen waste management. It reduces the main cost of recy-
cling of organic waste and increase the recovery of resalable inorganic waste. Commu-
nity,especially housewives or maid servants, who are involved in accumulating their
household waste, were trained on types of waste, categorization of waste into biodegrad-
able and non-biodegradable, techniques of storage at bins/bags in short time and least ef-
fort, how they will store etc.For satisfactory or best performance, the housewives were
awarded or service charge was waived as a part of promotingbest practices.
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Design validation workshopof BBDF, KfW, DWASA, IEDU experts
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Turnover of PNGO and Experts: The project initially appointed WORD NGO to act as a
local partner for managing the operation of improved waste management system consid-
ering their previous track record on waste management. But they could not develop and
maintain good coordination with themunicipality and other local stakeholders.As a result,
their contract was not renewed. A new NGO, SUPTI, has been appointed to replace the
WORD. Similarly, a number of experts (energy expert and business modelling expert)have
also moved to other organisations and their replacement took time.

Future plan for sustainable operation of the biogas plant
Practical Action will continue with limited follow up support to SUPTI and BagerhatMu-
nicipality so that they can maintain and gradually increase the coverage of waste collection
and new biogas connections. This will help SUPTI increase the income and capacity for
sustainable operation of the plant. 

Practical Action would also request the IDCOL to analyse the business case and provide
further support, mainly the capital expenditure, for increasing the capacity of the biogas
plant. It also stressed on continuation of social mobilization programmes to make it a case
and evidence for influencing and scaling up of waste to energyinitiatives in Bangladesh.
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Construction work faces flooding 

Results of the Project
The project introduced doorstep collection services and reached 700 households for safe
disposal of domestic kitchen waste. Untreated waste disposal slightly reduced due to col-
lection of organic wasteand feeding the plant to generate biogas and supply for cooking.
A number of green jobs and employment was created for collection and processing of the
waste and monitoring the performance and quality of the services. The knowledge and
awareness about safe disposal of waste increased among the people of the area due to
campaign and other events. The institutional capacity and confidence of BagerhatMunic-
ipality has been increased particularly in designing, estimation, construction, operation
and maintenance of biogas plants. The importance of public-private partnership initiative
in improving waste management services could also be understood.  

Challenges and Suggestions  
The project faced a number of challenges during implementation at the filed level.

Limited Duration: The project duration was only 18 months which is very inadequate to
finalize the design of a biogas plant, acquire and develop land, construct digester and
other physical facilities, and repair approach roads for movement of waste-carrying rick-
shaw vans and trucks. The construction was completed,operation started in a limited scale,
and the M&E was set up but yet to receive data for synthesis and drawing conclusions and
recommendations. The whole cycle of the research could not be accomplished, particu-
larly the component of bio slurry management.

Geological Characteristics: The soil of the proposed municipal land for construction of
biogas plant was supersaturated with water and faced prolonged water logging while dig-
ging the earth for construction of the foundation of the digester and other physical facilities.
The project set a pump several times for lifting and transferring the logged water, but it did
not bring expected result.

Municipality’s Mind-Set: The initial mind-set and expectation of the municipality, partic-
ularly of the Mayor, was quite high in terms of the budget, share of the municipality, pro-
vision for construction of big civil infrastructures and mechanical equipment. It took a
long time than anticipated in changing their mind-set to consider the project as research
and development (R&D).
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Orientation programme for the waste

Meeting with users to get feedback about the plant and services

Stakeholders’ meeting

Two persons working at the plant inlet A view of the biogas plant

collectors and segregators 

The Project: Through the Lens
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Civil construction work in progress

Clockwise: waste collection, sorting and transportation 
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Objectives

Biogas plants are being used in Bangladesh since long. However, the single-stage reactor
is facing limitations like low yield and shortage of feedstock. To find a solution, researchers
have developed a two-stage reactor technology that utilized feedstock supplements like
easily available household wastes and biomass residues with cow dung. The technology
showed higher output than the traditional system, and can be used anywhere in
Bangladesh. The main objectives are as follows:

1. To isolate and identify highly potential microbes (HPM) capable of converting insol-
uble polymers present in selected feedstock (household waste and biomass residues)
and dung into soluble monomers for subsequent enhancement in biogas production. 

2. To establish immobilization (e.g. bio film technology) of selected HPM community
for maximum and continuous microbial retention in the reactor to shorten operational
time and to reduce energy input.

3. To evaluate and characterize the optimum conditions of both individual and combi-
nation of parameters for more efficient conversion of feedstock to biogas.

4. To design, fabricate and assemble a two-stage reactor for investigating in situ opera-
tional conditions which can best allow for process enhancement for high rate of biogas
production.

5. Evaluation and conversion of slurry into value added products, e.g., bio fertilizer.
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Introduction

Bangladesh being a developing country is facing a great challenge of meeting its energy
needs in a cost-effective, responsible and sustainable manner. The increasing price of fossil
fuel in the global market necessitates exploration of low-cost energy options. This aware-
ness has prompted going for developing renewable and environment-friendly energy
sources. Bangladesh has the world’s lowest per capita energy consumption with only 42%
of the households having access to grid electricity, which is unevenly distributed to 70%
of urban households compared to only 20% in rural areas. As the demand for energy con-
tinues to rise, crisis exists outstripping supply, and with the infrastructure of many existing
power stations aging rapidly, a severe power crisis would develop. It is likely that majority
of the rural population will remain in energy poverty for at least two generations unless
off-grid solutions bridge the electricity gap. The Ministry of Power, Energy and Mineral
Recourses (2013) believes that an increasingly diversified fuel mix is required to achieve
this goal in energy output.

Biogas technology can be the best solution to produce energy. Although the total number
of biogas plants already exceeded 40,000, feedstock shortage became a major concern
over the last few years. In addition, very low conversion rate and lack of proper knowledge
on the process parameters also limit the commercial production of biogas to meet the en-
ergy needs of the nation. Feedstock such as waste paper, grass clippings, leftover food and
sewage can be the alternative to traditional feedstock dung for biogas production. How-
ever, conversion of such feedstock to biogas at an enhanced level is primarily hampered
by limited hydrolysis due to the physical barrier provided by the insoluble complex poly-
mers that can severely curtail the subsequent steps and ultimately leading to low methane
(biogas) production rates. Therefore, pretreatment (mainly hydrolysis) of the complex
macromolecules is the key to enhanced biogas production. Various pretreatment tech-
nologies (e.g. mechanical, chemical etc.) have been developed in recent years to increase
the availability for anaerobic digestion of sugars and other small molecules in biogas sub-
strates. However, mechanical and chemical treatments were found to be industrially un-
attractive due to high processing cost, equipment damage and subsequent negative effect
on the biogas production [1, 2]. Biological pretreatments e.g. utilizing highly potential mi-
crobial (HPM) biofilm community (capable of versatile metabolic activity) into the biore-
actor can potentially resolve the problems associated with mechanical and chemical
pretreatment. Hydrolysis can be significantly boosted upon cell immobilization in the form
of extracellular polymeric substance (EPS) matrix [3, 4].

The research project focused on speeding up the conversion of organics present in dung
and other alternative feedstock to methane (biogas) through incorporating suitable micro-
bial community (HPM) and establishing optimal process parameters and conditions in a
two-stage reactor to remove the bottlenecks of limited hydrolysis and low biogas yields.
In addition, an increased  knowledge of the mechanisms controlling microbial conversion
of organics to biogas, operational conditions and limiting factors provided improved pos-
sibilities to enhanced production of biogas. After assessing the quality of the digested slurry
to be obtained from the running units of biogas plants, this project developed and demon-
strated a protocol for enriched bio-fertilizer / compost manufacturing to expedite the na-
tional soil health restoration endeavour. Such approach could be a promising alternative
to sustainable development and economic benefit of the country.
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suring standardized AD parameters, artificial inoculation of the waste-mix with the most
effective microbial consortia and value-added production of manure/biofertilizer etc. In
well-established digesters, pH of the fermenting mass is buffered between 6.8 and 7.4.
Methanogens, in particular, are very sensitive to temperature changes. In this manner, the
optimum temperature of anaerobic digestions ranges from 30°C to 40°C [16, 17]. During
fermentation of organic wastes, acetic acid is usually the main product. The excess pro-
duction of volatile fatty acids may result in an arbitrary effect on the fermentation of organic
wastes [18]. The potential biochemical methane production yield from MSW+ water mix
can be as high as 0.2m3/kg of volatile solid waste added [19, 20]. But most of the digesters
installed in Bangladesh are reported to have achieved very low level of gas production ef-
ficiency even though the users were feeding the digesters with a quite homogenous type
of biomass predominated by farm yard manure (FYM). Bioconversion of municipal solid
waste, township waste, resort waste, hostel/hall waste etc. is a non-polluting, environmen-
tally feasible and cost-effective process. The developing countries are using the manage-
ment options of municipal solid waste like composting, biogas, incineration to replace
landfills as suggested by the Clean Development Management (CDM). This will help re-
duce air and water pollution, reclaiming energy such as biogas, fuel from waste, 3R (re-
duce, reuse, recycle) options, creation of employment and, these can be a good option
for sustainable development of Bangladesh.

The research work was conducted to investigate the production efficiency of biogas as an
alternative energy from municipal and household waste material through two-stage reactor
containing a separate inlet chamber connected to an anaerobic digester in Sylhet by avail-
ing the waste collection cooperation and space allotment in the Sylhet City Corporation
area. Pilot-scale digesters were designed and fabricated at SUST, Sylhet while considering
the monitoring factors such as volatile solids, volatile fatty acids, pH level, temperature,
C/N ratio, organic loading rate, retention time, mixing and alkalinity. These factors helped
better biogas production. Screening and characterization of highly potential microbial
(HPM) consortia was done in environmental microbiology laboratory at SUST, Sylhet. Im-
mobilization and maintenance of stable growth rate of HPM, one of the limiting factors
for enhanced biogas production, was developed concurrently. The operating parameters
of the digester were controlled so that the microbial activities enhance which ultimately
resulted in the increase of the anaerobic degradation efficiency of the system. We moni-
tored the volatile solids because the organic material is the main source of nutrient of bac-
teria involved in the first stage of hydrolysis. Initial low PH was balanced by adding a
small amount of alkali for the acetogenesis process. In the methanogenesis stage, ammonia
formation increases the pH and the methane formation is high. We maintained temperature
in our process at 35-40°C and the C/N ratio at 20-30. Anaerobic digester environment
standardization parameters were continuously monitored to catch the peak of bacterial
growth and the gas production rate with time and the composition of biogas. This type of
two-stage digester is new in Bangladesh and it can be used anywhere in the country.

Selection of Technology
So far, only single-stage digestion system has been used in all the plants in Bangladesh.
However, the low yield of biogas from anaerobic digestion is a common phenomenon
not only in Bangladesh but also in other parts of the world. The high organic content of
dung feedstock (e.g. complex polysaccharides, proteins and lipids), lack of proper knowl-
edge on microbial activities and less control on operating conditions within the anaerobic
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Present State of the Art
Although very few researches have taken place with planktonic culture of microbial con-
sortia over the last few years, biofilm mediated production of biogas from dung or house-
hold wastes has not yet been reported. Many studies have been conducted to evaluate
the biogas production by employing microbial pretreatment processes with various do-
mestic and industrial wastes. Jameel and Olanrewaju (2011) reported that microorganisms
can utilize the organic substances in the palm oil mill effluents as nutrients and convert
them into simple by-products such as methane, carbon dioxide, hydrogen sulphide and
water [5]. Miah et al. (2005) investigated the biogas production of sewage sludge pre-
treated with aerobic thermophilic bacteria closely related to Geobacillus thermo denitrifi
cans[6].According to their results, the highest amount of biogas (70 ml/gVS) with 80—90%
methane content was achieved at 65°C. Muthangya et al. (2009) used pure cultures of the
fungus Trichoderma reseeito aerobically pretreated sisal leaf decortications residues [7].
Their results showed that aerobic incubation for 4 (four) days resulted in 30—40% cumu-
lative biogas increase with a higher (50—66%) methane content. A report showed that the
efficiency of biogas production from manure was enhanced by 28% as a result of the
biofilm formation on the surface of the carriers in anaerobic digester [8]. 

Previously, we had designed and developed a vertical digester with the capacity of 500L.
The wastes required for feeds were collected from the waste dumping sites of Sylhet City
Corporation, Bangladesh. The feed requirement for Digester-1 was MSW+ cow dung and
for Digester-2 was water hyacinth with cow dung. The operating temperature was between
28°C-35°C. The organic fraction of the samples was digested for 45-60 days for the biogas
production and finally the collected gas samples were analysed for the determination of
the biogas composition. The MSW with cow dung produced higher volume of biogas than
the cow dung with water hyacinth [9]. But the biogas production process was time con-
suming. Research was carried out for portable biogas reactor. However, the composition
of biogas was not analysed properly [10]. Detailed experimental work was carried out on
kitchen waste degradation at a temperature range of 37-40°C and the optimum tempera-
ture was 37°C for biogas production. The mesophilic bacteria and the microbial consortia
were not isolated and molecular identification was not monitored. Comparative study on
anaerobic co-digestion of kitchen waste, sewage sludge and cow dung was investigated
[11]. An experimental work was carried out with the rice straw, water hyacinth, jatropha
mixed with cow dung [12-14]. The bacterial activity was not studied in the previous ex-
periment and it was a major drawback of our experimental work. Therefore, in the present
study, we used well-documented highly potential microbial consortia (both planktonic
and biofilm phase) coupled with optimized process parameters that might open up a new
avenue of research for enhanced production of biogas.

Description
The Anaerobic Digestion (AD) process of municipal solid waste is a very effective, inter-
esting way of waste management throughout the world. The municipal solid waste in
Bangladesh contains nearly 40%-60% organic waste [15]. Anaerobic digestion is a multi-
stage process in which microorganisms break down into the biodegradable organic matter
i.e. cattle manure, kitchen waste, poultry dropping, agriculture residues, water hyacinth
and other organic garbage in absence of oxygen and thus produce biogas. The use of low-
cost feedstock is crucial to obtain cost-effective bio-technologies for biogas production.
Highly efficient AD process could be obtained through feeding with better waste-mix, en-

428
428 429



suring standardized AD parameters, artificial inoculation of the waste-mix with the most
effective microbial consortia and value-added production of manure/biofertilizer etc. In
well-established digesters, pH of the fermenting mass is buffered between 6.8 and 7.4.
Methanogens, in particular, are very sensitive to temperature changes. In this manner, the
optimum temperature of anaerobic digestions ranges from 30°C to 40°C [16, 17]. During
fermentation of organic wastes, acetic acid is usually the main product. The excess pro-
duction of volatile fatty acids may result in an arbitrary effect on the fermentation of organic
wastes [18]. The potential biochemical methane production yield from MSW+ water mix
can be as high as 0.2m3/kg of volatile solid waste added [19, 20]. But most of the digesters
installed in Bangladesh are reported to have achieved very low level of gas production ef-
ficiency even though the users were feeding the digesters with a quite homogenous type
of biomass predominated by farm yard manure (FYM). Bioconversion of municipal solid
waste, township waste, resort waste, hostel/hall waste etc. is a non-polluting, environmen-
tally feasible and cost-effective process. The developing countries are using the manage-
ment options of municipal solid waste like composting, biogas, incineration to replace
landfills as suggested by the Clean Development Management (CDM). This will help re-
duce air and water pollution, reclaiming energy such as biogas, fuel from waste, 3R (re-
duce, reuse, recycle) options, creation of employment and, these can be a good option
for sustainable development of Bangladesh.

The research work was conducted to investigate the production efficiency of biogas as an
alternative energy from municipal and household waste material through two-stage reactor
containing a separate inlet chamber connected to an anaerobic digester in Sylhet by avail-
ing the waste collection cooperation and space allotment in the Sylhet City Corporation
area. Pilot-scale digesters were designed and fabricated at SUST, Sylhet while considering
the monitoring factors such as volatile solids, volatile fatty acids, pH level, temperature,
C/N ratio, organic loading rate, retention time, mixing and alkalinity. These factors helped
better biogas production. Screening and characterization of highly potential microbial
(HPM) consortia was done in environmental microbiology laboratory at SUST, Sylhet. Im-
mobilization and maintenance of stable growth rate of HPM, one of the limiting factors
for enhanced biogas production, was developed concurrently. The operating parameters
of the digester were controlled so that the microbial activities enhance which ultimately
resulted in the increase of the anaerobic degradation efficiency of the system. We moni-
tored the volatile solids because the organic material is the main source of nutrient of bac-
teria involved in the first stage of hydrolysis. Initial low PH was balanced by adding a
small amount of alkali for the acetogenesis process. In the methanogenesis stage, ammonia
formation increases the pH and the methane formation is high. We maintained temperature
in our process at 35-40°C and the C/N ratio at 20-30. Anaerobic digester environment
standardization parameters were continuously monitored to catch the peak of bacterial
growth and the gas production rate with time and the composition of biogas. This type of
two-stage digester is new in Bangladesh and it can be used anywhere in the country.

Selection of Technology
So far, only single-stage digestion system has been used in all the plants in Bangladesh.
However, the low yield of biogas from anaerobic digestion is a common phenomenon
not only in Bangladesh but also in other parts of the world. The high organic content of
dung feedstock (e.g. complex polysaccharides, proteins and lipids), lack of proper knowl-
edge on microbial activities and less control on operating conditions within the anaerobic

429

Present State of the Art
Although very few researches have taken place with planktonic culture of microbial con-
sortia over the last few years, biofilm mediated production of biogas from dung or house-
hold wastes has not yet been reported. Many studies have been conducted to evaluate
the biogas production by employing microbial pretreatment processes with various do-
mestic and industrial wastes. Jameel and Olanrewaju (2011) reported that microorganisms
can utilize the organic substances in the palm oil mill effluents as nutrients and convert
them into simple by-products such as methane, carbon dioxide, hydrogen sulphide and
water [5]. Miah et al. (2005) investigated the biogas production of sewage sludge pre-
treated with aerobic thermophilic bacteria closely related to Geobacillus thermo denitrifi
cans[6].According to their results, the highest amount of biogas (70 ml/gVS) with 80—90%
methane content was achieved at 65°C. Muthangya et al. (2009) used pure cultures of the
fungus Trichoderma reseeito aerobically pretreated sisal leaf decortications residues [7].
Their results showed that aerobic incubation for 4 (four) days resulted in 30—40% cumu-
lative biogas increase with a higher (50—66%) methane content. A report showed that the
efficiency of biogas production from manure was enhanced by 28% as a result of the
biofilm formation on the surface of the carriers in anaerobic digester [8]. 

Previously, we had designed and developed a vertical digester with the capacity of 500L.
The wastes required for feeds were collected from the waste dumping sites of Sylhet City
Corporation, Bangladesh. The feed requirement for Digester-1 was MSW+ cow dung and
for Digester-2 was water hyacinth with cow dung. The operating temperature was between
28°C-35°C. The organic fraction of the samples was digested for 45-60 days for the biogas
production and finally the collected gas samples were analysed for the determination of
the biogas composition. The MSW with cow dung produced higher volume of biogas than
the cow dung with water hyacinth [9]. But the biogas production process was time con-
suming. Research was carried out for portable biogas reactor. However, the composition
of biogas was not analysed properly [10]. Detailed experimental work was carried out on
kitchen waste degradation at a temperature range of 37-40°C and the optimum tempera-
ture was 37°C for biogas production. The mesophilic bacteria and the microbial consortia
were not isolated and molecular identification was not monitored. Comparative study on
anaerobic co-digestion of kitchen waste, sewage sludge and cow dung was investigated
[11]. An experimental work was carried out with the rice straw, water hyacinth, jatropha
mixed with cow dung [12-14]. The bacterial activity was not studied in the previous ex-
periment and it was a major drawback of our experimental work. Therefore, in the present
study, we used well-documented highly potential microbial consortia (both planktonic
and biofilm phase) coupled with optimized process parameters that might open up a new
avenue of research for enhanced production of biogas.

Description
The Anaerobic Digestion (AD) process of municipal solid waste is a very effective, inter-
esting way of waste management throughout the world. The municipal solid waste in
Bangladesh contains nearly 40%-60% organic waste [15]. Anaerobic digestion is a multi-
stage process in which microorganisms break down into the biodegradable organic matter
i.e. cattle manure, kitchen waste, poultry dropping, agriculture residues, water hyacinth
and other organic garbage in absence of oxygen and thus produce biogas. The use of low-
cost feedstock is crucial to obtain cost-effective bio-technologies for biogas production.
Highly efficient AD process could be obtained through feeding with better waste-mix, en-
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Methodology
1.1 Sample Collection for Screening Microbial Consortia

Sample collection
Samples from different dumping sites in Sylhet city and household kitchen wastes from
different students’ dormitories of Shahjalal University of Science and Technology, Sylhet
were collected in a sterile container, transported in an ice box and screened for microbial
consortium within four (4) hours of collection.

Enrichment and screening
To isolate lipid degrading bacteria, the collected samples were used to inoculate the en-
richment media. The enrichment media contained 1% tween 80 as a sole carbon source.
The inoculated media was incubated at 37°C and 120 rpm for 48 hours. After 48 hours,
cultures were spread into nutrient agar plates having desired serial dilutions. Single
colonies were isolated after streaking of morphologically distinct coloniesfrom nutrient
agar plates. 

Tween agar assay
Tween agar medium is used to screen the lipolytic bacteria. The media contains tween 80
as lipidic substrate. The tween agar media was spot-inoculated with the overnight grown
LB broth cultures of the strains isolated from lipid enriched broth and incubated at 37°C
for 24 hours. The isolates forming an opaque halo surrounding their point of inoculation
were considered as positive for lipase production. The halos diameters were measured to
compare their lipolytic activities.

Protease assay
The skimmed milk agar media was spot-inoculated with overnight grown culture. The iso-
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Figure 1: Samples for screening microbial consortia

digester are the prime “bottlenecks”, which lead to low yield of biogas production. If the
constrains are removed through upgrading the existing anaerobic digester, utilizing the
potentiality of biofilm technology and augmenting dung feedstock with proper nutrient
sources, biogas production could be accelerated manifold with shorter retention time and
at higher rate as compared to the conventional AD.   

a. Two-Stage Bioreactor
In the single-stage AD, all the four biological reactions (i.e., Hydrolysis, Acidogenesis,
Acetogenesis and Methanogenesis) in the biogas generation process occur within a single,
sealed reactor or holding tank which often results in failure of the biogas plant. Although
using a single-stage one reduces construction costs, it results in less control of the reactions
occurring within the system. In comparison, two-stage bioreactor can be a much better
alternative where hydrolysis and acidogenesis will take place in a separate inlet chamber
which is connected to an anaerobic digester where the remaining methanogenesis and
acetogenesis stages of biogas production will take place simultaneously. Incorporation of
the inlet chamber will result in increased availability of sugars and other small molecules
for AD which is one of the key factors for enhanced biogas production. Since two separate
chambers are used, more precise control over the process parameters such as specific mi-
crobial communities, pH, temperature, nutrients, inhibitors etc. can be achieved and the
conversion rate for biogas production will be much higher than the conventional AD. 

b. Biofilm Technology
Specific microorganism secretes specific extracellular enzymes to degrade complex poly-
mers into their monomers such as simple sugars, amino acids and fatty acids rapidly. How-
ever, the presence of biomass gradients within biofilm promote aerobic, anaerobic and
anoxic conditions within a single amalgamated system with different multi-enzymatic re-
actions, resulting in faster conversion of insoluble macromolecules into substrates suitable
for uptake by the methanogenic microorganisms which may lead to increased biogas pro-
duction rate. Biofilm also ensures the retention of microorganisms for indefinite time which
can also contribute to the sustainability of biogas production plant.

c. Augmentation of Dung Feedstock
Due to the low availability of animal dung in small households, the commercial production
of biogas is becoming impossible. Therefore, the possibility of blending dung with easily
available organic materials (green material, organic waste material, harvest residues), waste
fractions from food and farming may be a useful thing to investigate as this can augment
dung shortage. Such approach paved the way for making up the limited dung sources and
also convertingthe hazardous zero value products into value added products, thereby, cre-
ating a safer environment and contributing to the economy.
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helps bacterial cell to protect against hydrogen peroxide. Hydrogen peroxide is a highly-
reactive compound which damages cell components. It is formed when the electron trans-
port chain is used to produce energy. This test was performed to detect the presence of
the enzyme catalase. Catalase enzyme is found in most bacteria. If catalase is present, it
breaks the hydrogen peroxide (H2O2) with the release of free Oxygen.  

2H2O2 → 2H2O+ O2

One drop of 3% H2O2 was taken in a slide. A bacterial colony was touched. The slide
was observed for bubble.   

Phenol Red Glucose Broth Test: 7 ml of sterile glucose broth was taken into each of 10
sterile test tubes. A few colonies of organisms were then added aseptically into glucose
broth through a sterile inoculation loop. After adding sample in glucose broth test tubes
were then kept overnight in incubator at 37°C for growth of organism. Red color of the
sample indicates negative result while yellow colour indicates positive result.

Indole Production Test: The indole test is a biochemical test performed on bacterial species
to determine the ability of the organism to split indole from the amino acid tryptophan.
This division was performed by a chain of a number of different intracellular enzymes, a
system generally referred to as "tryptophanase." Indole is generated by reductive deami-
nation from tryptophan via the intermediate molecule indolepyruvic acid. 

Indole + Kovac’s reagents → Rosindole + H2O

A positive result is shown by the presence of a red or red colour in the surface alcohol
layer of the broth. A negative result is appeared as yellow. A variable result might also
occur, showing an orange colour as a result.  Bacterial culture was inoculated in tryptone
broth and incubated at 37°C for 24 hours.  Few drops of Kovac’s reagent were added and
gently shacked and observed for a red colour ring in around the interface between the
broth and the alcohol reagent.

Citrate Test: The citrate test screens a bacterial isolate for the ability to utilize citrate as its
carbon and energy source. A positive diagnostic test rests on the generation of alkaline
by-products of citrate metabolism. The subsequent increase in the pH of the medium is
demonstrated by the color change of a pH indicator.  Prepared Simmons citrate medium
was poured into sterile test tubes and allowed to be slant. A fresh (18 hour) pure culture
was used as an inoculation source. A single isolated colony was lightly streaked on the
surface of the slant. Then the test tube was incubated at 37°C for 24 hours.
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lates producing a clear zone of hydrolysis surrounding their point of inoculation was con-
sidered as positive for protease production. The zone diameter was measured to compare
their proteolytic activities.

CMC assay
Isolates were grown in 10 ml of LB broth for 24h in shaking at 37°C. All resulting broth
cultures were tested for cellulase activity via the Gram’s iodine method. In this method,
5µl of each broth culture were singly dropped onto a plastic Petri dish containing car-
boxymethyl cellulose (CMC) agar and then incubated for 24h at 37°C. After the allotted
growth time, the CMC agar plates were inundated with Grams iodine solution (2.0g KI
and 1.0g I, per 300ml ddH2O) to visualize the cellulase activity. This solution stains the
agar containing CMC brown and leaves areas without CMC clear, described here as halos.
The appearance of clear halos around the drops confirms cellulase activity by the bacteria.
The halos diameters were measured to compare their cellulose degrading capability.

1.2 Isolation of Indigenous Highly Potential Microorganisms
Indigenous microorganisms from various samples were isolated through culturing on rou-
tine bacteriological media and were then differentiated based on cultural and biochemical
characteristics. Pure culture of indigenous microorganisms was then evaluated individually
and in various combinations for their ability to hydrolyse organic polymers like protein,
carbohydrate, lipid etc. Analysis of biodegradation potential was investigated by the
method developed by Soleimaninanadegani et al., 2014 with some modifications [21].
To study the effectiveness of isolates on feedstock hydrolysis, batch tests were conducted
under mesophilic condition. The media, raw and autoclaved feedstock, were inoculated
with inoculums culture in separate flasks and incubated at 37°C on an incubator for 7
days. Analytical parameters of feedstock were analysed according to the APHA method
(2005) [22]. 

Highly Potential microbial strain was characterized through several biochemical tests and
their potential as hydrolytic enzymes were also characterized thoroughly and the condi-
tions were optimized.

Biochemical Studies for the Identification of Bacterial Isolates
Several biochemical tests were performed for confirmation of the genus of the isolate. The
biochemical tests performed were Voge’s Proskauer (VP) test, methyl red (MR) test, Catalase
test,Glucose fermentation tests, indole test and Citrate utilization test. 

Methyl-Red Test: The Methyl-Red test was performed for evaluating the ability to perform
mixed-acid fermentation. MR-VP broth was used that contained glucose, peptone, and a
phosphate buffer. MR-VP broths were poured into sterile test tubes. Broths were inoculated
using aseptic technique. One broth was uninoculated and incubated at 37°C temperature
for 24 hours. A drop of Methyl Red was added to each broth.  

VP Test: After completion of the methyl red test, 0.6 ml of 5% α- naphthol solution and
0.2 ml of 40% KOH aqueous solution was added, shacked well, sloped the tube and ex-
amined after 15 min. A positive reaction was indicated by red colour.  

Catalase Test: The catalase test was used to identify organisms which produced the catalase
enzyme; this enzyme converts hydrogen peroxide to water and oxygen gas. This enzyme
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tioned in the above table to the test tubes and lightly caped the test tubes.

c) The mixture was heated 45°C for 5-10 minutes.

d) 3ml of DNS solution was added to the test tubes and again heated for 5-15 minutes at
above 99°C and brown colour appeared.

e) After cooling to room temperature, the absorbance was recorded with a spectropho-
tometer at 540 nm. 

Constructing glucose standard curve
To build standard curve, the absorbance of solution with known glucose concentration
(0.2 to 0.8 mg/ml) against distilled water (control) was taken as described above in spec-
trophotometer and put in graph. One unit of enzyme activity was determined as 1 mole
of glucose liberated per ml enzyme per minute.
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Enzyme assay
Cellulase activity was assayed in a 1.5 ml reaction mixture containing 0.5ml of diluted
enzyme solution and 1ml of 2% CMC suspension in 0.05 M citrate buffer (pH 6). The re-
action mixture was incubated at 45°C for 20 minutes. Following incubation, the reaction
was stopped by addition of 3ml of dinitrosalicylic acid (DNS) and boiling for 10 minutes
at 99°C. After cooling, optical density (OD) was measured by spectrophotometer at 540
nm [Miller 1959]. One unit (U) of enzyme activity was defined as the amount of enzyme
that released 1 mol of glucose per minute under the assay conditions. Each value repre-
sented the average of triplicate determinations   standard deviation (SD). 

Characterization and Optimization of Enzyme Production by the Potential Strain 

A. Production of Crude Cellulase Enzyme

Seed culture preparation
10 ml of nutrient broth ( pH 7.4 ± 0.2 ) was prepared and sterilized by autoclaving the
broth at 15 lbs /inch2 pressure (121°C) for 15 min. Fresh bacterial culture was then inoc-
ulated into the nutrient broth. Then this broth was incubated for 24h at 37°C and 120
rpm. 

Basal media preparation for cellulase production
For the production of the cellulase from bacteria, Czapek’s basal media (pH 7.0±2) was
used as basal medium. The composition of the medium is as follows:

Ingredients Amounts

K2HPO4 0.1%
MgSO4.7H2O 0.05%
KNO3 0.3%
FeSO4.5H2O 0.001%
(NH4)2SO4 0.15%
Yeast extract 0.12%
CMC (carboxymethylcellulase) 1.0%

The initial pH of the medium was adjusted to 7.0 with 0.1N NaOH and 0.1N HCl. The
medium was sterilized by autoclaving at 15 lbs /inch2 pressure (121°C) for 20 minutes.
Conical flasks (250 ml) containing 90 ml of medium were inoculated with 10 ml of an
overnight seed culture and incubated at 37°C in a rotary shaker incubator at 120 rpm for
24h. 

Assessment of Cellulase Activity

Standard curve preparation
The following reagents were taken into a series of dry-clean and labelled test tubes as in-
dicated in the following table:

a) From glucose stock solution appropriately diluted glucose solution was taken into the
labeled test tubes as mentioned in the above table.

b) Distilled water was then added at the appropriate amount (total volume was 2ml) men-
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10min holding at room temperature followed by centrifugation at 8000 rpm for 15 min at
4ºC.

After that 1ml of supernatant was added to 3ml of 0.4M Na2CO3 solution. Then 0.5ml of
Folin reagent was immediately added to each tube, vortexed and left for 30 min at room
temperature. This provides coloration equivalent, measured at OD660 nm, to 1 μmol of
tyrosine, in the presence of the Folin-Ciocalteau reagent by using a tyrosine standard curve
(Folin and Ciocalteau, 1927). The absorbance was measured at 660 nm. The protease ac-
tivity was expressed as the difference of absorbance at 660 nm between the control and
the test sample.

C. Optimization of cellulase production

Optimization of production period for cellulase production
Cultivation period is an important parameter for enzyme production. In this study, to de-
termine the optimum cultivation period for maximum cellulase production, the seed cul-
ture was inoculated in the basal media (PH 7) and incubated at 37°C and 120rpm.
Experiment was carried out up to 30 hours and enzyme activity was measured at 6-hour
intervals according to the previously mentioned method.

Optimization of pH for cellulase production
To observe the effect of different initial pH on the production of cellulase by the selected
bacterial isolate, media were adjusted to pH 6.0, 6.5, 7.0, 7.5, and 8.0 in different flasks
using .05M buffer (phosphate buffer for 6.0 to 8.0 pH). Cellulase activities were measured
by the previously mentioned method.  

Optimization of temperature for cellulase production
Production medium at pH 6.5 was inoculated with overnight grown selected bacterial
strain. The broth was incubated at different temperatures 30°, 35°, 37°, 40°C for 18 hours.
At the end of incubation period, cellulase activities were measured by the previously men-
tioned method. 

Optimization of metal ions for cellulase assay
Different metal salts at a concentration of 10mM were dissolved in phosphate buffer and
cellulase activities were measured for reaction mixtures containing one of these metal
ions. Metal salts that were used for determining the effects of respective metal ions were
Mg2+, Ca2+, Cu2+, Zn2+, K+.
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B. Production of Crude Protease Enzyme

Seed culture preparation
10 ml of nutrient broth (pH 7.4 ± 0.2) was prepared and sterilized by autoclaving the
broth at 15 lbs /inch2 pressure (121°C) for 15 min. Fresh bacterial culture was then inoc-
ulated into the nutrient broth. Then this broth was incubated for 24h at 37°C and 120
rpm. 

Basal media preparation for protease production
The enzyme production was carried out in the basal medium (Glucose 10.0g, Peptone
10.0g, K2HPO4 1.0g, MgSO4 0.2g, Na2CO3 5.0g, distilled water 1000ml). The initial pH
of the medium was adjusted to 7 with 0.1N NaOH and 0.1N HCl. The medium was ster-
ilized by autoclaving at 15 lbs /inch2 pressure (121ºC) for 15 minutes. Conical flasks (250)
containing 90 ml of medium were inoculated with 10 ml of an overnight seed culture and
incubated at 37ºC in a rotary shaker incubator at 120 rpm for 24h.

Assessment of Protease Activity 
Preparation of Tyrosine Solution and Tyrosine Standard Curve for Measurement of Protease
Activity

A stock solution of 1 mg/ml of tyrosine was prepared in a 50ml conical flask by dissolving
tyrosine with 0.1N of NaOH. Using this stock solution 0.05, 0.1, 0.2 0.3, 0.4 and 0.8
mg/ml of solutions were prepared by appropriate dilution with distilled water. These di-
luted solutions were assayed by standard assay procedure to establish the relationship be-
tween absorbance and tyrosine content in a solution. Then the absorbance of these diluted
solutions were measured at 660 nm and from these values a standard curve was con-
structed by putting the absorbance values against concentrations.

Protease Activity Assay
Protease activity was determined by modified Anson method (Anson M. L., 1938; Bhunia
B. et al., 2010; Bisswanger H., 2004) using 1% casein as substrate. 0.2 ml of enzyme so-
lution was added to 0.8 ml of substrate solution (1% V/V, casein with 50 mM Glycine-
NaOH buffer, pH 10.0) and incubated at 50ºC for 20 minutes independently with
respective controls. The reaction was stopped by adding 1ml of 10% TCA followed by
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Mg2+, Ca2+, Cu2+, Zn2+, K+.
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B. Production of Crude Protease Enzyme

Seed culture preparation
10 ml of nutrient broth (pH 7.4 ± 0.2) was prepared and sterilized by autoclaving the
broth at 15 lbs /inch2 pressure (121°C) for 15 min. Fresh bacterial culture was then inoc-
ulated into the nutrient broth. Then this broth was incubated for 24h at 37°C and 120
rpm. 

Basal media preparation for protease production
The enzyme production was carried out in the basal medium (Glucose 10.0g, Peptone
10.0g, K2HPO4 1.0g, MgSO4 0.2g, Na2CO3 5.0g, distilled water 1000ml). The initial pH
of the medium was adjusted to 7 with 0.1N NaOH and 0.1N HCl. The medium was ster-
ilized by autoclaving at 15 lbs /inch2 pressure (121ºC) for 15 minutes. Conical flasks (250)
containing 90 ml of medium were inoculated with 10 ml of an overnight seed culture and
incubated at 37ºC in a rotary shaker incubator at 120 rpm for 24h.

Assessment of Protease Activity 
Preparation of Tyrosine Solution and Tyrosine Standard Curve for Measurement of Protease
Activity

A stock solution of 1 mg/ml of tyrosine was prepared in a 50ml conical flask by dissolving
tyrosine with 0.1N of NaOH. Using this stock solution 0.05, 0.1, 0.2 0.3, 0.4 and 0.8
mg/ml of solutions were prepared by appropriate dilution with distilled water. These di-
luted solutions were assayed by standard assay procedure to establish the relationship be-
tween absorbance and tyrosine content in a solution. Then the absorbance of these diluted
solutions were measured at 660 nm and from these values a standard curve was con-
structed by putting the absorbance values against concentrations.

Protease Activity Assay
Protease activity was determined by modified Anson method (Anson M. L., 1938; Bhunia
B. et al., 2010; Bisswanger H., 2004) using 1% casein as substrate. 0.2 ml of enzyme so-
lution was added to 0.8 ml of substrate solution (1% V/V, casein with 50 mM Glycine-
NaOH buffer, pH 10.0) and incubated at 50ºC for 20 minutes independently with
respective controls. The reaction was stopped by adding 1ml of 10% TCA followed by
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iments was further verified in the anaerobic bioreactor.

A series of experimental runs were performed under different combinations of operational
factors. The optimum conditions were verified and implemented in the bench scale de-
signed anaerobic reactor to develop double-stage process of enhanced biogas production
in which pilot scale or large scale production could be established for future solution.

Microbial Culture Preparation
Different microorganisms were evaluated for their cellulolytic and proteolytic activity.
Based on their activity, some of them were selected for the hydrolytic activity. The selec-
tions of the microorganisms were performed in CMC and SMA agar media.

Skim milk agar assay:
The skim milk agar media was spot inoculated with overnight grown culture. 

CMC assay:
Collected microorganisms were grown in 10ml of LB broth for 24 hours in shaking at 37°C.
All resulting broth cultures were tested for cellulose activity via Gram’s iodine method. In
this method, 5µl of each broth culture was singly dropped onto a plastic Petri dish con-
taining carboxymethyl cellulose(CMC) agar and then incubated for 24 hours at 37°C. After
the allotted growth time, the CMC agar plates were inundated with Gram’s Iodine solu-
tion(2.0g KI and 1.0g I, per 300ml ddH20) to visualize the cellulose activity. This solution
stains the CMC agar and shows clear zones where the cellulase enzyme degrades the sub-
strate. These clear zones are described as halos. The appearance of clear halos around
the drops confirms cellulase activity by the bacteria. The halos diameters were measured
to compare their cellulose degrading capability.  

Feedstock preparation
Rice straw was collected from a nearby farm land of Shahjalal University of Science and
Technology, Sylhet. The collected rice straw was chopped and ground into small particles
of less than 1 mm by blending. Fresh cowdung was collected from a nearby dairy farm.  

439

Figure 4: Preparation of rice straw

D. Optimization of protease production conditions

Optimization of production period for protease production
To determine the optimum cultivation period for maximum protease production, the seed
culture was inoculated in the basal media (pH7) and incubated at 37°C and 120 rpm. Ex-
periment was carried out up to 30 hours and enzyme activity was measured at 6-hour in-
tervals according to the previously mentioned method. 

Optimization of pH for protease production
The initial pH of the culture media has an intense effect on protease enzyme production.
To determine the optimum pH for protease enzyme production, cultivation was carried
out in the medium of different initial pH values e.g. 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5,
10.0 and 10.5. The pH of the media was adjusted with different suitable buffers (phosphate
buffer for 6.0 to 8.0 pH and Glycine-NaOH buffer for 8.5 to 10.5 pH). The production
media were incubated at 37°C and 120 rpm. Extracellular soluble protein was determined
at different pH according to the method described in previous section.

Optimization of temperature for protease production
In order to assess the optimum temperature for protease production by the selected isolate,
the preparations were cultivated at different temperatures e.g. 30°C, 35°C, 37°C, 40°C,
at 120 rpm. The pH of the media was adjusted to 8.5. After 24 hours of incubation, the
activities of the crude enzyme solutions were determined according to the method de-
scribed in previous section.

Optimization of metal ions for protease assay
Different metal salts at a concentration of 10mM were dissolved in phosphate buffer and
protease activities were measured for reaction mixtures containing one of these metal ions.
Metal salts that were used for determining the effects of respective metal ions were Mg2+,
Ca2+, Cu2+, Zn2+, K+.

Molecular identification of the strain
Finally, the potential microbial strain was identified by 16 rRNA gene alignments. 16s
rDNA sequence of bacterial isolate S32 was identified with the help of ‘Invent Technolo-
gies Limited’ — oneof the leading reputed analytical and research instruments and solution
provider company in Bangladesh. Then 16s rDNA sequence of S32 was submitted to
BLAST software to identify organism with maximum similarity with our isolate sequence.
Phylogenetic tree was constructed using MEGA 5.2 software to identify the best similar
organism with S32.

1.3 Screening of Potential Biofilm for Hydrolysis of Feedstock
Highly potential microbial strain was evaluated for biofilm production on sterilized feed-
stock without addition of nutrients. Biofilm formation was assayed through the method
described by Djordjevic et al., 2002 [23]. Molecular identification of the biofilm forming
highly potential microbial strains were done through 16s rRNA analysis. 

1.4 Batch Experiment on Hydrolysis and Biogas Production
The strategy was to commence experiments on a bench scale with batch experiments to
determine the optimum conditions for hydrolysis and biogas production using augmented
dung feedstock with immobilized biofilm. The veracity of the results for the batch exper-
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Feedstock and Cow Dung Ratios:

Biogas volume measurement
Biogas volume was measured by water displacement method. The bioreactor was sealed
after adding a gas outlet pipe to it. The gas outlet pipe was connected to a sealed vessel
filled with water. The vessel had another pipe for exiting water. Biogas from reactor entered
the vessel through the gas outlet pipe and the gas displaced water equal to its volume
which was exhausted through the water exit pipe. The water from each vessel connected
to labelled reactors was periodically examined to measurethe volume of gas produced
from each reactor.

Effect of microbial pretreatment on biogas production
For microbial pretreatment 1%(v/v) inoculums of overnight grown hydrolytic bacteria was
added to the feedstock and pretreatment was carried out at 37°C and also the cowdung
was added simultaneously. Pretreated feedstock was then placed in the bioreactors to pro-
duce biogas. The produced biogas volume was measured by water displacement method
and data was recorded.

The following microorganisms were used to treat the feedstock:
1. Bacillus licheniformis
2. Bacillus amyloliquefaciens
3. Bacillus subtilis
4. Bacillus licheniformis SP1
5. Pseudomonas aeruginosa PA01
6. Aeromonas hydrophila ASM-S32
7. Aspergillus niger

Effect of time period of microbial pretreatment on biogas production
To evaluate the time length effect, cowdung was added into three bioreactors after 9hours,
12 hours, and 15 hours. The produced biogas volume was measured. Feedstock mixture
without the addition of hydrolytic bacteria was used as control.
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Phosphate buffer preparation
Phosphate buffer solution of pH-7.5 was prepared with di-sodium hydrogen phosphate
and sodium di-hydrogen phosphate.

Bioreactor set up
Each 1 litre reactor bottle carried a slurry volume of 800ml where 400gm came from feed-
stock and the rest 400ml was buffer to adjust pH at 7.5. The bottles were set up at 37°C
within water bath after addition of 1% (v/v) methanogenic inoculums (cowdung).
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Figure 5: Bioreactor set up
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1.5 Designing, Fabrication and Assembling a Two-Stage Anaerobic Digester for Biogas
Production
A 30L capacity anaerobic digester integrated with hydrolysis reactor (two-stage) was locally
designed, fabricated, assembled and operated for enhanced biogas production. Various
controls such as pH, temperature, enzyme dose, inoculums, gas collector, etc. were in-
cluded for development of operating conditions of the digester.

1.6 Two-Stage Anaerobic Treatment
The effectiveness of a two-stage anaerobic treatment was investigated. In the first stage re-
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Effect of both physical and microbial pretreatment on biogas production
For evaluating the effect of physical pretreatment prior to microbial pretreatment on biogas
production, feedstock mixture was autoclaved at 121°C, 15psi for 15 minutes. After that,
1%(v/v) overnight grown culture of A. hydrophila ASM-S32 was added to autoclaved and
non-autoclaved feedstock. Pretreatment was carried out at 37°C for different durations.
A. hydrophila ASM-S32 pretreated autoclaved and non-autoclaved feedstock were placed
at bioreactors for biogas production. The produced biogas volume was measured and
recorded through the method mentioned above. Non-autoclaved feedstock mixture with-
out A. hydrophila ASM-S32 addition was used as control.

Effect of augmentation of feedstock on biogas production
To augment traditional feedstock, rice straw was mixed with cowdung at different ratios.
Augmented feedstock mixtures were placed at bioreactors for biogas production. Produced
biogas volume from augmented feedstock was measured by the method mentioned before.
Feedstock prepared by using sole cowdung was used as control. 

Effect of feedstock augmentation with hydrolytic bacteria on biogas production
Augmented feedstock mixtures were prepared by mixing cowdung and rice straw at dif-
ferent ratios. 1%(v/v) overnight grown A. hydrophila ASM-S32 culture was added to every
augmented feedstock mixture. The produced biogas volume was measured by the method
mentioned before.

Feedstock in different bioreactors:
Different types of feedstock were added to the bioreactors. The feedstock was mainly con-
sisted of different combinations of rice straw and cowdung. Sole cowdung, sole rice
straw(1% cowdung), autoclaved cowdung and rice straw in 1:1 ratio and non-autoclaved
cowdung and rice straw in 1:1 ratio were used as control in different measurements.  

442
442 443



1.5 Designing, Fabrication and Assembling a Two-Stage Anaerobic Digester for Biogas
Production
A 30L capacity anaerobic digester integrated with hydrolysis reactor (two-stage) was locally
designed, fabricated, assembled and operated for enhanced biogas production. Various
controls such as pH, temperature, enzyme dose, inoculums, gas collector, etc. were in-
cluded for development of operating conditions of the digester.

1.6 Two-Stage Anaerobic Treatment
The effectiveness of a two-stage anaerobic treatment was investigated. In the first stage re-

443

Effect of both physical and microbial pretreatment on biogas production
For evaluating the effect of physical pretreatment prior to microbial pretreatment on biogas
production, feedstock mixture was autoclaved at 121°C, 15psi for 15 minutes. After that,
1%(v/v) overnight grown culture of A. hydrophila ASM-S32 was added to autoclaved and
non-autoclaved feedstock. Pretreatment was carried out at 37°C for different durations.
A. hydrophila ASM-S32 pretreated autoclaved and non-autoclaved feedstock were placed
at bioreactors for biogas production. The produced biogas volume was measured and
recorded through the method mentioned above. Non-autoclaved feedstock mixture with-
out A. hydrophila ASM-S32 addition was used as control.

Effect of augmentation of feedstock on biogas production
To augment traditional feedstock, rice straw was mixed with cowdung at different ratios.
Augmented feedstock mixtures were placed at bioreactors for biogas production. Produced
biogas volume from augmented feedstock was measured by the method mentioned before.
Feedstock prepared by using sole cowdung was used as control. 

Effect of feedstock augmentation with hydrolytic bacteria on biogas production
Augmented feedstock mixtures were prepared by mixing cowdung and rice straw at dif-
ferent ratios. 1%(v/v) overnight grown A. hydrophila ASM-S32 culture was added to every
augmented feedstock mixture. The produced biogas volume was measured by the method
mentioned before.

Feedstock in different bioreactors:
Different types of feedstock were added to the bioreactors. The feedstock was mainly con-
sisted of different combinations of rice straw and cowdung. Sole cowdung, sole rice
straw(1% cowdung), autoclaved cowdung and rice straw in 1:1 ratio and non-autoclaved
cowdung and rice straw in 1:1 ratio were used as control in different measurements.  

442
442 443



Experimental Results

2.2 Isolation of Indigenous Highly Potential Microorganisms

Tween agar assay:
The isolates forming an opaque halo in tween agar medium surrounding their point of in-
oculation were considered positive for lipase production. The halo was formed by the in-
soluble complexes of calcium and fatty acid released from triacylglycerol hydrolysis. The
distinct coloured halo was formed by lipase expressing strains when phenol red was used
as pH indicator in the medium. The opaque halo where fatty acids were released from tri-
acylglycerol hydrolysis had a different pH compared to rest of the media in the plate and,
as a result, produced a different coloured zone. 15 lipid degrading isolates were found
from 260 distinct colonies isolated from enrichment of different samples. The halos diam-
eters were measured to compare the lipolytic activities of the isolates. The diameters ofre-
spective isolates are given in the following table.

Skimmed Milk Agar Assay
The isolates producing a clear zone of hydrolysis in SMA medium surrounding their point
of inoculation were considered positive for protease production. All of the lipolytic isolates
were positive for protease activity. The zone diameter was measured to compare their pro-
teolytic activities. Hydrolysis zone diameter of the respective isolates are given in the fol-
lowing table.
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Figure 6: Tween agar assay

actor, there was hydrolysis reactor with planktonic and immobilized HPM which provided
adequate contact between the substrates and microorganisms. The incoming feedstock
was hydrolysed upon passing through the first reactor. The hydrolysed substrate was sub-
sequently transferred to a second stage reactor. This is a bioreactor which contains the
anaerobic sludge. Acidogenesis and methanogenesis took place in this bioreactor. Further
hydrolysis took place to hydrolyse any remaining macromolecules. Consequently, the hy-
drolysis efficiency was maximized. This ensured full solubilization of solid substrates with
a concomitant conversion to biogas.

1.7 Analytical Analysis
The analytical analysis of all parameters (microbial growth kinetics, total suspended solids,
dissolved solids, chemical oxygen demand, reducing sugar, fatty acids, protein, biogas,
etc.) involved in this project was conducted according to the standard methods. The
biodegradation rate was monitored in each step of the process to evaluate the effective
bioconversion. The parameters (N2 content, heavy metal, C:N ratio etc.) of slurry from
the bioreactor was investigated according to standard method.
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Biochemical studies of the isolate S-32 
For biochemical characterization, a series of biochemical tests were performed. All bio-
chemical tests results are given in following Table. 

Methyl red (MR) test 
This test is done to detect the ability of an organism to produce and maintain stable acid
end products from glucose fermentation.

447

CMC agar assay:
After staining the CMC agar plates with gram iodine solution, expression of cellulase ac-
tivity was confirmed by observing clear zone of hydrolysis surrounding the point of inoc-
ulation of cellulose degrading isolates as the gram iodine solution stains the agar
containing CMC brown and leaves areas without CMC clear. Expression of cellulase hy-
drolyses CMC and make a clear zone. The clear zone is described as halos. Out of 15 iso-
lates having both of lipid and protein degrading capabilities, 6 isolates were found positive
for cellulase activity. The halos diameters were measured to compare their cellulolytic ac-
tivities. The halos diameter of the respective isolates is given in the following table.
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Figure 7: Skimmed milk agar assay

Figure 8: CMCagar assay
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Indole Test  
Bacterial isolate can produce indole from amino acid tryptophan using the enzyme typ-
tophanase.

Citrate Test  
Citrate test detects the ability of an organism to utilize citrate as the sole source of carbon
and energy.  

449

Voge’s Proskauer (VP) Test  
While MR test is useful in detecting mixed acid producers, VP test detects butylene glycol
producers.

Catalase Test
The culture of the selected bacterial isolate produced no bubbles when tested with 3%
H2O2 indicated Catalase negative.

Sugar Fermentation Test
The isolates fermented the basic sugar glucose and produced acid and gas. Acid produc-
tion was indicated by the colour change from reddish to yellow.
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Optimization of pH for cellulase production
To evaluate the effects of pH on cellulase production, the pH values of the production
media were adjusted by using different buffers. Maximum cellulase activity was observed
with pH 6.5.

Optimization of temperature for cellulase production
The effects of temperature on cellulase production were determined by incubating the
flask at temperatures of 30, 35, 37 and 40°C. Optimum cellulase production was obtained
with 37°C.
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A. Optimization of Cellulase Production

Optimization of production period for cellulase production
To obtain maximum cellulase production from selected bacterium, cellulase activity was
measured continuously at 6-hour intervals and continued for 30 hours. Maximum cellulase
activity was observed at the 18th hour of production period.
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Optimization of pH for protease production
To evaluate the effects of pH on protease production, the pH values of the production
media were adjusted by using different buffers. Maximum protease activity was observed
with pH 8.5.

Optimization of temperature for protease production 
The effects of temperature on protease production were determined by incubating the flask
at different temperatures of 30, 35, 37 and 40°C. Optimum protease production resulted
from 37°C.
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Optimization of metal ions for cellulase production
Cellulase activities in presence of different metal ions were tested by using 5 important
and common metal ions. Maximum cellulase activity was observed with Ca2+.

B. Optimization of protease production conditions

Optimization of production period for protease production 
To obtain maximum protease production from selected bacterium, protease activity was
measured continuously at 6-hour intervals and continued for 30 hours. Maximum protease
activity was observed with 24 hours of cultivation period.
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Optimization of metal ions for protease production
Protease activities in presence of different metal ions were tested by using 5 important and
common metal ions. Maximum protease activity was observed with Cu2+.

Molecular identification of the selected bacterial isolate
Figure 23 shows the 16s rRNA Gene profiles of 27F & 1492R primers generated from 4
different bacterial H7 S32, T1, T2 and L1. 16s rDNA sequence of bacterial isolate S32 was
1422 bp long and shown in the Figure 24 and 25. Phylogenetic Tree revealed that S32 ex-
hibited maximum sequence similarity with Aeromonas hydrophyla strain_IR32 (Figure
26). 
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2.4 Batch Experiment on Hydrolysis and Biogas Production

Evaluation of the cellulolytic activity of the selected microorganisms:
To evaluate the cellulolytic activity, all the microorganisms were inoculated on the CMC
agar plates. All of the selected seven microorganisms showed positivity for cellulase ac-
tivity. The halos (clear zones) diameters of the respective microorganism were given in
table 3.1.
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2.3 Screening of Potential Biofilm for Hydrolysis of Feedstock
Among the hydrolytic microorganisms isolated, like hydrolytic potential, isolate S32 was
found to be the most potential biofilm producer which further confirms their usability in
the digester for microbial pretreatment and subsequent enhanced biogas. 
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Effect of microbial pretreatment on rice straw by different types of microorganisms for
increased biogas production:
To evaluate the effect of various types of microbial pretreatment on rice straw by different
hydrolytic microorganisms, B. licheniformis SP1, P. aeruginosa PA01, B. licheniformis, B.
amyloliquefaciens, A. hydrophila ASM-S32, A. niger were added to the feedstock and the
resulting biogas volume was measured. It has been observed that P. aeruginosa PA01, B.
amyloliquefaciens, A. hydrophila ASM-S32 and A. niger pretreated feedstock produced
more biogas than the others. A. hydrophila ASM-S32 pretreated feedstock produced more
than 6000 ml of biogas in comparison with other feedstock.

Effect of combined microbial pretreatment on rice straw for increased biogas production:
To evaluate the effect of multiple microorganisms as pretreatment method to enhance hy-
drolysis, in one bioreactor 0.5% P. aeruginosa PA01 and 0.5% A. hydrophila ASM-S32
were used together. In another bioreactor, A. niger and A. hydrophila ASM-S32 together
were used to treat the feedstock. In the 0.5% P. aeruginosa PA01 + 0.5% A. hydrophila
ASM-S32 bioreactor, biogas production was increased in comparison with bioreactors pre-
treated with only P. aeruginosa PA01 and A. hydrophila ASM-S32 separately. 

In another bioreactor which was pretreated by both A. niger + A. hydrophila ASM-S32,
biogas production decreased compared to the bioreactor treated only by A. niger. 
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Evaluation of the proteolytic activity of the selected microorganisms:
The collected microorganism showed clear zone of hydrolysis in SMA medium surround-
ing their point of inoculation because of their protease production. The zone diameters
were measured to compare their proteolytic activities. Hydrolysis zone diameters of the
respective microorganisms are given in the following table.
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Evaluation of biogas production from microbially treated and untreated augmented
feedstock:
Differential pattern of biogas production was observed from microbially pretreated and
untreated feedstock. Feedstock pretreated by A. hydrophila ASM-S32 yield more biogas
than untreated ones in case of non-autoclaved CD:RS(1:1), CD:RS(1:2), CD:RS(2:1) andfor
autoclaved CD:RS(1:1). 

Effect of time length of microbial pretreatment on biogas production with co-digested
feedstock:
To evaluate the effect of microbial pretreatment on hydrolysis in terms of time period, hy-
drolytic bacteria A. hydrophila ASM-S32was added to the mixtures. From the given graph,
it is observed that 9hours of pretreated CD:RS(1:1) feedstock produced the total biogas of
4291ml which is higher than the 12hours and 15 hours of pretreatments which produced
3934ml and 3097ml biogas respectively.

461

Effect of feedstock augmentation for enhanced biogas production:
To evaluate the effect of feedstock augmentation, rice straw and cowdung of different ratios
were mixed and used as substrate for biogas production. Among the feedstock, cowdung
and rice straw mixtures at 1:3, 3:1 and 4:1 ratios produced maximum biogas than the con-
trol which was only cowdung. The control produced only 320 ml of biogas whereas the
bioreactors labelled CD:RS(1:3), CD:RS(3:1) and CD:RS(4:1) produced 3417 ml, 4000 ml
and 4320 ml of biogas respectively.
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Enhancement of biogas production

Enhancement of biogas production in terms of volume:
Total volume of produced biogas from only augmented feedstock, A. hydrophila ASM-
S32 pretreated autoclaved and non-autoclaved feedstock, A. niger added feedstock were
all recorded. CD:RS(4:1), S32+CD:RS(1:1), A. niger+ CD:RS(1:1) and hydrothermally pre-
treated CD:RS(1:1)+ASM- S32 produced maximum biogas 4320 ml, 4281 ml, 4655 ml
and 6830 ml respectively.

Enhancement of biogas production in terms of duration:
In case of 1:1 augmented feedstock of rice straw and cowdung without A. hydrophila
ASM-S32, 2815ml of biogas was produced in 19 days whereas same amount of biogas
was produced within 13 days when A. hydrophila ASM-S32 was added. Similarly, in case
of 4:1 augmented feedstock rice straw and cowdung without A. hydrophila ASM-S32,
1777 ml of biogas was produced in 23 days whereas same amount of biogas was produced
within 18 days when A. hydrophila ASM-S32 was added.
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Effect of physical and microbial pretreatment on rice straw:

Effect of hydrothermal (heat and pressure) pretreatment on different co-digested feedstock:
To evaluate the effect of hydrothermal pretreatment on 1:1 ratio of cowdung and rice straw
to increase biogas production, rice straw was autoclaved at 121°C, 15psi pressure for 15
minutes. Hydrothermal pretreatment significantly increased biogas production to 3855 ml
where the feedstock, which was not autoclaved, produced only 470 ml biogas.  

Effect of both hydrothermal (heat and pressure) and microbial pretreatment on biogas
production:
To evaluate the effect of both the hydrothermal and microbial pretreatment on cowdung
and rice straw of 1:1 ratio, at first the rice straw was autoclaved for hydrothermal pretreat-
ment and following that, the hydrolytic bacteria A. hydrophila ASM-S32 was added for
microbial pretreatment. From the graph, it has been observed that non-autoclaved feed-
stock has produced only 470ml of biogas whereas autoclaved feedstock produced 3855ml
of biogas. Most significant production was observed from the feedstock that has undergone
through both hydrothermal and microbial pretreatments and the produced volume was
6830ml (almost 7 litres).

462
462 463



Enhancement of biogas production

Enhancement of biogas production in terms of volume:
Total volume of produced biogas from only augmented feedstock, A. hydrophila ASM-
S32 pretreated autoclaved and non-autoclaved feedstock, A. niger added feedstock were
all recorded. CD:RS(4:1), S32+CD:RS(1:1), A. niger+ CD:RS(1:1) and hydrothermally pre-
treated CD:RS(1:1)+ASM- S32 produced maximum biogas 4320 ml, 4281 ml, 4655 ml
and 6830 ml respectively.

Enhancement of biogas production in terms of duration:
In case of 1:1 augmented feedstock of rice straw and cowdung without A. hydrophila
ASM-S32, 2815ml of biogas was produced in 19 days whereas same amount of biogas
was produced within 13 days when A. hydrophila ASM-S32 was added. Similarly, in case
of 4:1 augmented feedstock rice straw and cowdung without A. hydrophila ASM-S32,
1777 ml of biogas was produced in 23 days whereas same amount of biogas was produced
within 18 days when A. hydrophila ASM-S32 was added.

463

Effect of physical and microbial pretreatment on rice straw:

Effect of hydrothermal (heat and pressure) pretreatment on different co-digested feedstock:
To evaluate the effect of hydrothermal pretreatment on 1:1 ratio of cowdung and rice straw
to increase biogas production, rice straw was autoclaved at 121°C, 15psi pressure for 15
minutes. Hydrothermal pretreatment significantly increased biogas production to 3855 ml
where the feedstock, which was not autoclaved, produced only 470 ml biogas.  

Effect of both hydrothermal (heat and pressure) and microbial pretreatment on biogas
production:
To evaluate the effect of both the hydrothermal and microbial pretreatment on cowdung
and rice straw of 1:1 ratio, at first the rice straw was autoclaved for hydrothermal pretreat-
ment and following that, the hydrolytic bacteria A. hydrophila ASM-S32 was added for
microbial pretreatment. From the graph, it has been observed that non-autoclaved feed-
stock has produced only 470ml of biogas whereas autoclaved feedstock produced 3855ml
of biogas. Most significant production was observed from the feedstock that has undergone
through both hydrothermal and microbial pretreatments and the produced volume was
6830ml (almost 7 litres).

462
462 463



2.6 Two-Stage Anaerobic Treatment
The effectiveness of a two-stage anaerobic treatment was investigated. In the first stage re-
actor, there was hydrolysis reactor with planktonic and immobilized HPM which provided
adequate contact between the substrates and microorganisms. The incoming feedstock
was hydrolysed upon passing through the first reactor. The hydrolysed substrate was sub-
sequently transferred to a second stage reactor. This is a bioreactor which contains the
anaerobic sludge. Acidogenesis and methanogenesis took place in this bioreactor. Further
hydrolysis took place to hydrolyse any remaining macromolecules. Consequently, the hy-
drolysis efficiency was maximized. This ensured full solubilization of solid substrates with
a concomitant conversion to biogas.

2.7 Analytical Analysis
The analytical analysis of all parameters (microbial growth kinetics, total suspended solids,
dissolved solids, chemical oxygen demand, reducing sugar, fatty acids, protein, biogas,
etc.) involved in this project was conducted according to the standard methods. The
biodegradation rate was monitored in each step of process to evaluate the effective bio-
conversion. The parameters (N2 content, heavy metal, C:N ratio etc.) of slurry from the
bioreactor was investigated according to standard method.
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2.5 Designing, Fabrication and Assembling a Two-Stage Anaerobic Digester for Biogas
Production
A 30L capacity of anaerobic digester integrated with hydrolysis reactor (two-stage) was lo-
cally designed, fabricated, assembled and operated for enhanced biogas production. Var-
ious controls such as pH, temperature, enzyme dose, inoculums, gas collector, etc. were
included for development of operating conditions of the digester.
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hold waste and biomass residues;

�Investigate the potential of individual parameters and combinations of these parameter
which impact biogas production in DBD to enhance more efficient conversion of feedstock
to biogas; and

�Investigate the relationships between design and operating parameters and the perform-
ance of the biological and physical/chemical processes involved.

Study Locations 

The research project took place in 2016 and in 2017 at three sites to identify the specific
processes or combinations of processes that could increase the efficiency of the DBD sys-
tem, and those influencers that are essential for proper design and operation of the DBD:
(1) Laboratory and microbiological research were conducted at the Department of Micro-
biology and Hygiene, Bangladesh Agricultural University (BAU), Mymensingh.(2) Applied
research was planned with more than 20 prefabricated glass-fibre household size biogas
plants installed at a testing centre managed by Win Source Limited at the Military Dairy
Farm in Lalmonirhat, monitored by the 66 Division of Bangladesh Army, Rangpur Can-
tonment. Due to the fact that foreign researchers have not received accessto thelocation,
6 household size biogas plants had been installed at the Animal Research Farm and the
Microbiology laboratory in BAU campus. (3) Reporting tasks were led by the Bangladesh
Environmental Research Foundation (BERF) in Dhaka.

Study Content and Methodologies

1. Biogas production is achieved by a defined culture of a fermenter and/or syntrophic in
association with an acetylate (acetate degrading) and hydrogen trophic (hydrogen-con-
suming) methanogen. In addition, undefined cultures (e.g. microorganisms in cow dung
or waste water sludge) could be used as an inoculum for biogas production (Elshahed,
2010). Microbiological diversity and the regulatory role of hydrogen metabolism are con-
sidered as driving forces to optimize biogas-producing microbiological communities.Mi-
crobiological community analysis was undertaken with varying conditions and community
members, as described in the chapter 5.1.1.

2. Environmental factors, which affect biological reaction, such as pH, temperature, nu-
trients and inhibitors compositions are amenable to the extrinsic control in the anaerobic
action. Any forceful change in these parameters can adversely act on the biogas produc-
tion. So, these factors should be adjusted in the desirable range to operate the anaerobic
digester efficiently (Khalid & Naz, 2013). 

3. Even if manure has one of the highest potentials as feedstock for biogas, its relatively
low methane yield is not always sustainable in economic sense. However, it can be en-
hanced with the help of other substratesthrough co-digestion to achieve higher methane
yields. For this study, organic household waste was used as co-substrate in different con-
centrations of 5%, 10%, 15% and 25% to achieve higher methane yield.

4. To suggest operational improvements of DBD design,fewset ups were studied using cow
dung as a main substrate.

5. Two different types of digesters, (1) imported prefabricated PVC digesters, and (2) locally
available converted rain water tank HDPE digesters.
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1. Introduction

The focus of the Bangladesh rural household energy policy on improved stoves and cleaner
fuels stems largely from a vision to accelerate advancement along an “energy ladder” and
provide households with the benefits of energy much sooner than it would occur by wait-
ing for incomes to grow to levels high enough to allow households to buy cleaner fuels.
Clean energy systems tend to reduce Indoor Air Pollution (IAP) which causes illnesses
most severe among women and children. Women, on average, spend more time in the
kitchen than men, and keep their children nearby, enhancing the children’s exposure to
IAP. IAP disease burden is stronger in rural areas than in urban households.

Transporting natural gas tanks - Compressed Natural Gas (CNG) bottles or establishing an
extensive rural natural gas network are both relatively expensive (Torn, 2010). In addition,
as in 20 years the natural gas reserves from Bangladesh probably will be depleted, the use
of CNG is no more promoted for new applications. In Bangladesh, LPG is widely available
in urban and peri-urban markets but has largely failed to reach rural households (World
Bank, 2010). 

The Infrastructure Development Company Limited (IDCOL) started the National Domestic
Biogas and Manure Programme (NDBMP) in 2006 with small domestic biogas systems to
produce cooking energy and soil improving bioslurry for livestock keeping rural house-
holds. IDCOL is the premier infrastructure financier in the country, pioneer in channelling
inclusive financing through several renewable energy and energy efficient projects/pro-
grammes, and a pioneer in mass scale off-grid renewable energy dissemination in
Bangladesh. Biogas can be produced from various organic substrates, which all are in gen-
eral suitable for anaerobic digestion. However, technologies for biogas production may
require extensive pre-processes of feedstock.

The total number of small household biogas plants achieved around 100,000 (BBDF,
2015), nearly 50% of these through IDCOL since 2006, reaching 0.4 percent of all rural
households in Bangladesh (based on BBS census figures from 2011: total households in
Bangladesh 31,705,684 and 25,535,877 in rural areas).

The status of Domestic Biogas Digesters (DBDs) in Bangladesh was reviewed in 2011—
2013 during the Biogas Audit Bangladesh (BAB) supported by KfW. So far, only the sin-
gle-stage digestion system has been used in all the domestic plants in Bangladesh: all four
biological reactions (i.e., hydrolysis,acidogenesis, acetogenesis and methanogenesis) in
the biogas generation process occur in a single, sealed reactor. Using a single stage reduces
construction costs, but results in less control of the process and reactions. Various issues
involved in the DBD processes and operations are still not exactly known in the specific
frame conditions of Bangladesh.

Objectives

The principal objective of the present study is to obtain an understanding the processes
that take place in DBDs applying the sequences briefly stated as:
�Fully characterize and quantify the constituents of the typical feedstock composition
used in DBD;

�Investigate possible augmentation of usual DBD feedstock with typical available house-
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�Highest yield of CH4, also compared with dung from hybrid cows, was achieved by
local cow - dry concentrate mix 22m3/t: 24kg could generate 1m3biogas.

�HRT 35 days is enough for dry CM.

�Low N, P, K, S values of effluent.

�2—4 local cows are necessary to supply enough gas for preparing two meals for an 
average size family in Bangladesh.

3. Poultry Dropping/Manure

�C:N ratio is very low for anaerobic digestion, due to high nitrogen content.

�Mono-digestion with dilution ratio 1:1 (or less) of poultry manure with water or re
cycled effluent is not recommended.

�With 1kg of dry PD it is possible to produce 25—26L of CH4.

�Highest yield of CH4 was achieved from birds fed with non-commercial feed: 
26m3/t; 22kg produce 1m3 biogas.

�Suggested HRT is about 25—30 days.

�Low N, P, K, S values of effluent.

�180—360 birds could supply enough biogas to prepare two meals for an average size
rural family in Bangladesh.

4. 5% of Organic Waste
�Organic waste at concentrations of 5% was found very stable for anaerobic
digestion.

�Very good biogas quality was achieved with average CH4 of 70—72% and low H2S
<90ppm.

�Relatively high CH4 yield could be achieved from 73—93m3t-1 per tonne of
substrate, the most yield by SO and FW mixture at 1:1, 7.5kg would be enough to
generate 1m3biogas.

�To meet the estimated biogas demand of 0.8—1.6m3, the daily amount of 6—12kg of
organic waste would be necessary. In contrast, an average family could probably
generate about 1.1kg of organic waste, enough to produce around 0.145m3 of
biogas.

�To ensure the same conditions for anaerobic digestion with concentration of 5% or
ORL at 0.56kgODM/VS/m3/d, to produce around 0.8—1.6m3 of biogas, 2.4—6m3 of 
digester volume would be necessary and HRT of 20 days.

5. 10% of Organic Waste
�Organic waste at concentrations of 10% was found not always stable for anaerobic
digestion, as in the case of FW. Therefore, it is not recommended. 

�Higher loading rate does not lead to higher methane yield.

�For 10%SO methane yield of 37m3t-1 and 10%SOFW with 33m3t-1 was achieved;
the concentration of CH4was very low at 46%.
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6. Different feeding intervals (daily, each 4th day, and each 7th day) of the digesters and
its impact on biogas production.

7. One step and two steps digesters, with and without hydrolysis.

8. The performance evaluation was based on the parameters like pH, VFA, temperature
(ambient/digester), temperature (biogas), biogas quantity (volume) and quality: CH4 (con-
centration), and H2S.

9. The method applied for BMP measurements is described in Chapter 2.

10. For the assessment, different feedstock from animal and non-animal origin were con-
sidered (Chapter 4).

11. The comparisonof mono-digestion of manure and co-digestion of manure and organic
waste showed that co-digestion produces higher methane yield and improved process sta-
bility, which has positive effects on economic sustainability of any biogas project. How-
ever, co-digestion is only effective when used within right ratio, therefore, BMP
measurements was carried out for more than 24 different mixtures during the period of 30
days.

12. The performance of the different biogas digester types was observed for mono-digestion
of cow manure in different feeding intervals and compared between daily, 4 (four) days
and 7 (seven) days of intervals and its impact on biogas production: In case of converted
water tank digester (WTD), co-digestion of organic waste with cow manure was evaluated
in two different setups, (i) with and (ii) without hydrolysis to achieve higher methane yield.

13. The major objective of this exercise was to investigate performance differences of one-
step and two-step digestions for DBD. It is assumed that two-step digestion with separate
hydrolysis might increase process efficiency,at least regarding energy productivity.

14. Each of the digesters was equipped with own gas storage bag (one gas bag for one
step digestion / two gas bags for two step digestion). The HRT was about 30 days.

Study Results on Feedstock and Feeding Intervals (Details in Chapter 5)

1. Dung from hybrid cow
� C:N ratiois within the range but not optimal due to relatively high content of cabon.

�1 kg of dry hybrid cow manure can produce 18—20L of CH4.

�Highest yield of CH4, was achieved with hybrid cow - dry roughage 20m3/t: 26kg 
could generate 1m3biogas.

�In 35 days,90% of the potential biogas was generated from dry CM, so longer HRT 
may be required for hybrid cow dung.

�Low N, P, K, S values of effluent.

�2—3 hybrid cows would be necessary to supply enough gas for preparing two meals
for an average size family in Bangladesh. 

2. Dung from local cow
�C:N ratio is within the range but not optimal due to the relatively high content of car
bon.

�With 1kg of dry CM from local cow, it is possible to produce 19—22L of CH4.

472
472 473



�Highest yield of CH4, also compared with dung from hybrid cows, was achieved by
local cow - dry concentrate mix 22m3/t: 24kg could generate 1m3biogas.

�HRT 35 days is enough for dry CM.

�Low N, P, K, S values of effluent.

�2—4 local cows are necessary to supply enough gas for preparing two meals for an 
average size family in Bangladesh.

3. Poultry Dropping/Manure

�C:N ratio is very low for anaerobic digestion, due to high nitrogen content.

�Mono-digestion with dilution ratio 1:1 (or less) of poultry manure with water or re
cycled effluent is not recommended.

�With 1kg of dry PD it is possible to produce 25—26L of CH4.

�Highest yield of CH4 was achieved from birds fed with non-commercial feed: 
26m3/t; 22kg produce 1m3 biogas.

�Suggested HRT is about 25—30 days.

�Low N, P, K, S values of effluent.

�180—360 birds could supply enough biogas to prepare two meals for an average size
rural family in Bangladesh.

4. 5% of Organic Waste
�Organic waste at concentrations of 5% was found very stable for anaerobic
digestion.

�Very good biogas quality was achieved with average CH4 of 70—72% and low H2S
<90ppm.

�Relatively high CH4 yield could be achieved from 73—93m3t-1 per tonne of
substrate, the most yield by SO and FW mixture at 1:1, 7.5kg would be enough to
generate 1m3biogas.

�To meet the estimated biogas demand of 0.8—1.6m3, the daily amount of 6—12kg of
organic waste would be necessary. In contrast, an average family could probably
generate about 1.1kg of organic waste, enough to produce around 0.145m3 of
biogas.

�To ensure the same conditions for anaerobic digestion with concentration of 5% or
ORL at 0.56kgODM/VS/m3/d, to produce around 0.8—1.6m3 of biogas, 2.4—6m3 of 
digester volume would be necessary and HRT of 20 days.

5. 10% of Organic Waste
�Organic waste at concentrations of 10% was found not always stable for anaerobic
digestion, as in the case of FW. Therefore, it is not recommended. 

�Higher loading rate does not lead to higher methane yield.

�For 10%SO methane yield of 37m3t-1 and 10%SOFW with 33m3t-1 was achieved;
the concentration of CH4was very low at 46%.

473

6. Different feeding intervals (daily, each 4th day, and each 7th day) of the digesters and
its impact on biogas production.

7. One step and two steps digesters, with and without hydrolysis.

8. The performance evaluation was based on the parameters like pH, VFA, temperature
(ambient/digester), temperature (biogas), biogas quantity (volume) and quality: CH4 (con-
centration), and H2S.

9. The method applied for BMP measurements is described in Chapter 2.

10. For the assessment, different feedstock from animal and non-animal origin were con-
sidered (Chapter 4).

11. The comparisonof mono-digestion of manure and co-digestion of manure and organic
waste showed that co-digestion produces higher methane yield and improved process sta-
bility, which has positive effects on economic sustainability of any biogas project. How-
ever, co-digestion is only effective when used within right ratio, therefore, BMP
measurements was carried out for more than 24 different mixtures during the period of 30
days.

12. The performance of the different biogas digester types was observed for mono-digestion
of cow manure in different feeding intervals and compared between daily, 4 (four) days
and 7 (seven) days of intervals and its impact on biogas production: In case of converted
water tank digester (WTD), co-digestion of organic waste with cow manure was evaluated
in two different setups, (i) with and (ii) without hydrolysis to achieve higher methane yield.

13. The major objective of this exercise was to investigate performance differences of one-
step and two-step digestions for DBD. It is assumed that two-step digestion with separate
hydrolysis might increase process efficiency,at least regarding energy productivity.

14. Each of the digesters was equipped with own gas storage bag (one gas bag for one
step digestion / two gas bags for two step digestion). The HRT was about 30 days.

Study Results on Feedstock and Feeding Intervals (Details in Chapter 5)

1. Dung from hybrid cow
� C:N ratiois within the range but not optimal due to relatively high content of cabon.

�1 kg of dry hybrid cow manure can produce 18—20L of CH4.

�Highest yield of CH4, was achieved with hybrid cow - dry roughage 20m3/t: 26kg 
could generate 1m3biogas.

�In 35 days,90% of the potential biogas was generated from dry CM, so longer HRT 
may be required for hybrid cow dung.

�Low N, P, K, S values of effluent.

�2—3 hybrid cows would be necessary to supply enough gas for preparing two meals
for an average size family in Bangladesh. 

2. Dung from local cow
�C:N ratio is within the range but not optimal due to the relatively high content of car
bon.

�With 1kg of dry CM from local cow, it is possible to produce 19—22L of CH4.

472
472 473



�pH and VFA are within the range and indicated process stability during the trial for
both digesters.

�The rule of thumb that 27kg of CM can yield 1m3 of biogas could be not confirmed.
Based on daily feeding, 48kg of CM would be needed.

11. Daily Feeding vs. 7 Day Interval
�There is not much difference to feed a digester on the daily basis or only once a 
week, with an average specific biogas production for FD 0.23m3BG/m3DGd-1 and for
LD 0.22m3BG/m3DGd-1.

�Average methane concentration for a digester fed once a week was slightly higher 
with 62% than feeding on the daily basis 56%. 

�Both setups could provide enough biogas to cover the estimated demand of biogas
(0.8—1.6m3) for preparing two meals for average size family in Bangladesh, with aver
age daily biogas production of 1.1Nm3 for both feeding intervals.

�The rule of thumb that 27kg of CM can yield 1m3 of biogas could be not confirmed.
In case of daily feeding, 45kg of CM would be necessary to produce 1m3 of biogas, 
and 46kg for feeding in 7days of intervals.

12. One-Step - 1000L WTD (Water Tank Digester)
�Overall biogas yield of 79Nm3/t for feedstock mixture with (23%) CM, (5%) OW 
and (72%) recirculated slurry, during the digestion with WTD, was above average and
60—73% more yield with lower investment cost, compared to mono digestion of CM 
in PVC tanks. 

�Biogas production rate of the WTD with 0.8Nm3BG/m3DGd-1is rated as good.

�10kg of CM and 2kg of OW mixed with 31L of DS would be necessary to produce
1m3 of biogas and 1300L of digester volume. 

�On average, the digesters could produce enough biogas to cover lower daily
theoretical demand of 0.8m3 for biogas (0.8—1.6m3) to prepare two meals for average
size family in Bangladesh, with average daily biogas production of 0.8Nm3.

New Designs of DBDs
The study team at BAU has come up with two new designs of DBDs based on the under-
standing gained on biogas production processesduring the study. A SOP (Standard Oper-
ating Procedures) for the designs has also been developed. The main advantages of these
new designs are:

1. Expected production of about 30% more biogas from same amount of feed stock;

2. Made of moulded plastic tanks available in the market leads to lower investment 
costs;

3. Construction at site is estimated 1 to 2 days and gas becomes available in a week 
compared to much longer period for brick-cement models;

4. Service life: 15 years or even longer;

5. Maintenance: Almost none;

6. Transportation: Weight being between 50kg and 200 kg; the tankscan be dismantled
and are easy to transport;
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6. 15%, 25% of Organic Waste
�15% and 25% concentration of organic waste exceeding the degradation capacity.

�Stable digestion process was not achieved and therefore no biogas production took
placedue to pH dropping between 4.2—4.8 because of acidification caused by high 
VFA concentrations.

7. Co-digestion of 5% Organic Household Waste with Cow Manure
�Co-digestion of 5% of organic waste with cow manure is stable for anaerobic
digestion.

�Methane concentrations achieved averaged CH4 of 60—75% and low H2S <100ppm.

�On average, 13% more biogas and 24% more CH4 yields were achieved compared
to mono-digestion of cow manure.

�To meet the estimated biogas demand of 0.8—1.6m3, the daily amount of 19—38kg 
of cow manure and 1—2kg organic household waste would be necessary to meet the 
demand of an average family.

�To ensure stable conditions for anaerobic digestion with co-digestion of organic 
waste ORL at 0.86kgODM/VS/m3/d is required with 1.4—2.8m3DBD volume and HRT
of 35 days.

8. Co-Digestion of 10%, 15% and 25% Organic Household Waste with Cow Manure
�Co-digestion with 10%, 15% and 25% of organic waste with cow manure is unstable
for anaerobic digestion due the pH drops.

�5% of organic waste with cow manure is found more beneficial and within stable 
range for biogas production.

9. Co-digestion of 5%, 10%, 15% and 25% Organic Household Waste with Poultry Ma-
nure
�Co-digestion of 5% for organic waste with poultry manure has no significant benefits
in terms of methane yield, therefore it is not recommended at household level.

�At higher concentration of organic waste from 10%, 15% and 25% none of the trial
could achieve stable biogas production. High concentration of organic matter exceeds
degradation capacity and leads to high concentration of VFA and pH drop.

10. Daily Feeding vs. 4th Day Interval
�Overall biogas yield for feeding in 4days of intervals was 34% higher compared to
daily feeding; methane yields 28% more. 

�48kg of CM would be necessary to produce 1m3 of biogas practiced as usual and 
32kg feeding in 4days of intervals.

�Performance of the digester could be increased without any additional investment 
just by changing the feeding intervals;this might have potential to reduce labour time,
too. 

�In both setups, the digesters could produce enough biogas to cover daily theoretical
demand (0.8—1.6m3) for preparing two meals for the average family size in rural 
Bangladesh, with average daily biogas production of 1.6Nm3 for LD and 1.1Nm3 for 
FD. 
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1.1 Biogas in Bangladesh

Biogas was first introduced in Bangladesh in 1972 by Dr. M. A. Karim, Professor at
Bangladesh Agricultural University, Mymensingh. This plant was a floating-dome type and
the size was 3m3 digester volume. Later, another plant of 6m3 digester volume was con-
structed to serve the purpose of lighting and cooking for a family of 6 members. Since Dr.
Karim’s pioneering initiative, dissemination of biogas has been relatively slow. In 1974,
another plant was constructed at Bangladesh Academy for Rural Development (BARD),
Comilla. In 1976, the International Foundation for Research and Development (IFRD) con-
structed a family-size biogas plant on the Bangladesh Council of Scientific and Industrial
Research (BCSIR) campus at Dhanmondi in Dhaka. Over the past 40 years, an array of
government agencies, university research institutions, and non-government organizations
(NGOs) have participated in the development, piloting, and implementation of house-
hold- and enterprise-scale biogas programmes.

More than 90 percent of the rural households in Bangladesh are still using traditional bio-
mass for cooking; biomass accounts for 50 percent of the country’s total energy supply.
The commonly used fuels are rice husks, jute sticks, cow dung and wood. The unequal
rates of economic growth between rural and urban Bangladesh have forced millions of
rural citizens to remain on the lower ranks of the “energy ladder” and the society.

The focus of Bangladesh’s rural household energy policy on improved stoves and cleaner
fuels stems largely from a targetd to accelerate ad-
vancement along an “energy ladder” (Figure 1) and
provide households with the benefits of cleaner,
more efficient energy, which extends beyond reduc-
tion of Indoor Air Pollution (IAP) much sooner than
it would happenafter waiting for incomes to grow at
levels higher enough to allow households to buy
cleaner fuels. The IAP-borne illnesses are most severe
among the women and children. Women on average
spend more time in the kitchen where pollution lev-
els are the highest. They may also keep their children
nearby, enhancing the children’s exposure to the IAP.
Also, the IAP-related disease burden is stronger in
rural areas than that of the urban households.

Besides household biogas production, neighbour-
hood biogas mini grids, or bottling (Torn, 2010)up-
graded and compressed biogas (as bio-methane), there is currently no viable alternative
to significantly increasing rural access to clean gas for cooking.

Transporting natural gas tanks –Compressed Natural Gas (CNG) bottles– or establishing
an extensive rural natural gas network are both relatively expensive(Torn, 2010), and as
the natural gas reserves of Bangladesh wouldcompletely deplete in next 20 years, the use
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7. Mechanical property is good; i.e., no brittle in sun light;

8. Insulation: good with low coefficient of heat conductivity;

9. Tightness and resistance to acid corrosion is good;

10. Water absorption rate is low; suitable for regions with shallow underground water
table;

11. The two designs have 3m3 and 5m3 volumetric capacity, with daily biogas
production of 1.5m3 and 2.5m3 respectively; larger unit can be made modular;

12. 1.5m3 biogas capacity DBD is good enough for a small family and can be operated
in any two-cattle household; opening the DBD market for about 2 million households;

13. Higher capacity model can be installed in a modular way together with two smaller
units; such design could further reduce production costs;

14. SOP require only twice a week feedstock loading, thus reducing labour input;

15. Up to 5% soft vegetable, kitchen waste etc. could be used as feedstock; 

16. Production costs of these types of DBDs are estimated to be about BDT30,000 for
1.6—1.8m3of expected biogas production; resulting in less than 14% of the cost of
currently installed brick-cement or 27% lower compared with fibre glass models.

The listed advantages of the newly designed DBDs are based on smaller volumes (1m3

and two chambers 0.5m3) experimental models. Scale models should be tested in a next
phase within selected households to validate the design performance before market dis-
semination.
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studies those focused on the feedstock and related mixing scenarios with operating con-
ditions to increase biogas production –i.e. (Aragaw et al., 2013; Pöschl et al., 2010)–
showing that the energy input is highly influenced by the characteristics of feedstock used.
For instance, agricultural waste, in most part, does not require pre-treatment. Energy crop
feedstock requires the respective cultivation energy inputs, and processing of industrial
waste streams includes energy-demanding pre-treatment processes to meet stipulated hy-
giene standards. Energy balance depends on biogas yield, the utilization efficiency, and
energy value of intended fossil fuel substitution. The upgrading of biogas to bio-methane
for injection into a natural gas network potentially increases the primary energy input for
biogas utilization by up to 100 percent; but the energy efficiency of the respective biogas
system improves by up to 65 percent when natural gas is substituted instead of electricity.
It was also found that system energy efficiency could be further enhanced by 5.1—6.1 per-
cent through recovery of residual biogas from covered digestate storage units.

1.4 Challenges of Biogas Production in Bangladesh

The status of Domestic Biogas Digesters (DBDs) in Bangladesh was reviewed in 2011—
2013 under the Biogas Audit Bangladesh (BAB) supported by KfW. So far, only the single-
stage digestion system has been used in all the domestic plants. All the four biological
reactions (i.e., Hydrolysis. Acidogenesis, Acetogenesis and Methanogenesis) in the biogas
generation process occur within a single, sealed reactor. A single stage reduces construc-
tion costs but results in less control of the reactions occurring within the system. Various
issues involved in the DBD processes and operations are still not exactly known in the
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of CNG is no more promoted for new applications. Although 4 percent –compared to
0.3 percent in 2004– of all Bangladesh households are now using mainly bottled LPG,
and LPG is widely available in urban and peri-urban markets, it has largely failed to reach
rural households (World Bank, 2010). There is still few access to bottled LPG in remote
rural areas.

The Infrastructure Development Company Limited (IDCOL) is the premier infrastructure
financier in the country, pioneer in channelling inclusive financing through several re-
newable energy and energy efficient projects/programmes, anda pioneer in mass scale off-
grid renewable energy dissemination in Bangladesh. Started with the Solar Home System
(SHS) programme in 2003, IDCOL has country-wide programmes in SHS, domestic biogas,
solar irrigation, solar mini-grid, biomass and biogas based electricity generation plants.
IDCOL offers a comprehensive range of subsidy and concessionary loans to these viable
renewable energy programmes/projects. In addition, IDCOL provides support for feasibility
analysis, training and capacity building as well as for promotion and awareness campaign.
While owned by the government, IDCOL itself is a public- private partnership. The aim of
IDCOLis to catalyse and optimize private sector participation in promotion, development,
and financing of infrastructure, renewable energy and energy efficient projects in a sus-
tainable manner through public-private partnership initiatives.

Biogas-specific experience from IDCOL started in May 2006 with small domestic biogas
systems to produce cooking energy and soil improving bio-slurry within and for livestock-
keeping rural farm households. Under the framework of the National Domestic Biogas
and Manure Programme (NDBMP), the first biogas union of Bangladesh was officially rec-
ognized in May 2010.

The total number of small household biogas plants at resent reachesaround 100,000
(BBDF, 2015), making 0.4 percent of all rural households in Bangladesh (based on BBS
census figures from 2011: total households in Bangladesh 31,705,684 and 25,535,877 in
rural areas).

1.2 Origins of Biogas in Bangladesh

Biogas, a mixture of methane and carbon dioxide, is produced from the methanogenic
decomposition of organic waste under anaerobic conditions (Elshahed, 2010). The anaer-
obic digestion of organic material is accomplished by the synergetic work of a consortium
of microorganisms. Digestion occurs in a four-step process: hydrolysis, acidogenesis, ace-
togenesis, and methanogenesis (Figure 2).

1.3 Feedstock Variations and Operational Conditions

Biogas can be produced from various organic substrates all of which are in general suitable
for anaerobic digestion. However, technologies for biogas production require extensive
pre-processes of feedstock. Feedstock for biogas production may be solid, slurries and,
both concentrated and diluted liquids from a range of organic sources. There are several
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�Soluble grit — valuable for the calcium, which it supplies to the hen after it undergoes
solution in the gastric juices.

Improved knowledge on how all these limiting or promoting factors impact the specific
biogas production is needed for optimization of efficient designing and operating DBD
plants. This is important for Bangladesh because of the low availability of animal dung in
small households. The possibility of blending dung with easily available organic materials,
waste fractions from food and farming and gardening could also be useful to investigate
as these materials can supplement or even substitute animal dung.
1.5 Objective and Scope of the Study
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specific frame conditions of Bangladesh.

As experienced in Nepal for other household size biogas plants, additional mono- or co-
feeding materials like kitchen waste, soft green biomass and straw need to be pre-treated
in different ways (soaking, hydrolysis, cutting) before feeding; also, the water mixing ratio
based on estimated dry matter content needs to be determined to keep the material ho-
mogenous. According to Nepalese experience, food waste and soft green waste should
be mixed in small amounts with digester effluent as inoculum and stored in a container or
the inlet tank for at least one day (24h). This mixture should be fed into the household
biogas plants only in the late afternoon. Such operation recommendations should be
analysed and tested for Bangladesh as well. 

Pre-sedimentation is also needed for wet or dry collected poultry litter as it contains some
solid materials (silicate sand), which creates problems through heavy sedimentation, be-
cause the hydraulic digester types are not fully mixed. Operational breakdowns are already
nowadays caused by limestone sediments which accumulates in the digester. As birds
have no teeth, they use small bits of grit and stone to grind up their food before they can
digest it. Free range poultry may find enough but if the birds are kept in pens or cages,
they need extra support in the form of poultry grit. Layers also need a supply of soluble
calcium in the form of oyster shell or limestone flour. This helps maintain the strength of
the egg shells. There are two main types of grit — each different in function:
�Insoluble grit — useful for its mechanical effects in the gizzard, and 
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3.1 Microbial Community Analysis

The biogas production is achieved by a defined culture of a fermenter and/or syntrophic
in association with an acetylate (acetate degrading) and hydrogen trophic (hydrogen-con-
suming) methanogen. In addition, undefined cultures (e.g. microorganisms in cow dung
or waste water sludge) could be used as an inoculum for biogas production (Elshahed,
2010). Microbiological diversity and the regulatory role of hydrogen metabolism are con-
sidered as driving forces to optimize biogas-producing microbiological communities. In
most of the cases, the predominant microbes, which decompose organic matters, include
members of the Eubacteria, class Clostridia, order Clostridia’s, family Clostridiaceae. Ad-
ditionally, other bacterial groups contribute to the diversity of the microbial consortium
(Wirth et al., 2012). In anaerobic isolates both methanogenic and non-methanogenic bac-
teria are present e.g. Methanobrevibacte rruminantium, Methanobacterium formicicum,
Bacteroides fragilis, Peptostreptococcus, Methanothrix soehngenii, Methanothrixsoehn-
genii, Clostridium difficile, Methanosarcinafrisia. In aerobic isolates, different bacteria can
be found, e.g. E. coli, micrococcus, Bacillus anthracis, Enterococcus, Burkholderia viet-
namiensis, Bacillus cereus, Bacillus anthracis, Bacillus subtilis, Corynebacterium amyco-
latum, Pseudomonas borbori, Salmonella enteric, Streptococcus bovis, Enterococcus
(Khalid & Naz, 2013).

Freshly voided cow dung, dried and autoclaved cow dung, poultry droppings and slurry
were used for the isolation and identification of aerobic and anaerobic population of mi-
croorganisms. Various kinds of aerobic and anaerobic agar media (EMB agar, Blood agar,
Nutrient agar, SS agar, Mac Conky agar) and broth (peptone broth and nutrient broth) were
used for the primary isolation and adaptation of various kinds of microbes. Anaerobic gas
jar with gas pack, nitrogen gas, carbonic-oxide gas, glass Petri dishes, sterile falcon tubes
(15 and 50 ml), sterile airtight glass vials (10ml) sterile syringes (5 and 10 ml), mineral oil,
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In view of the discussion summarized above, a comprehensive study of DBD system in-
cluding all its components and operational issues is required to enhance the optimal use
of the DBDs in Bangladesh. The principal objectives of the study are to understand the
processes that take place in theDBDs applying the sequences as briefly stated below:

�Fully characterize and quantify the constituents of the typical feedstock composition
used in DBDs;

�Investigate possible augmentation of usual DBD feedstock with typical available 
household waste and biomass residues;

�Investigate the potential of individual parameters and combinations of these parameters
which impact biogas production in DBDs to enhance more efficient conversion of feedstock
to biogas; and

�Investigate the relationships between the design and operating parameters, and the
performance of the biological and physical/chemical processes involved.

The most important determinants of good living conditions for anaerobic bacteria, and
therefore efficient gas production, are:
�Temperature
�Retention time
�pH-level
�Carbon/Nitrogen ratio (C/N ratio)
�Proportion of dry matter in substrate and suitable viscosity
�Should not have harmful material to bacteria in digester
�Loading rate (organic material load per m3 digester volume)

2 Approach and Methodology

The research took place on three sites to identify the specific processes or combinations
of processes that will increase the efficiency of the DBD system, and those influencers that
are essential for proper design and operation of the DBDs.

For laboratory and microbiological research at the Department of Microbiology and Hy-
giene, Bangladesh Agricultural University, Mymensingh, Bangladesh, and Initially, the ap-
plied research was foreseen with more than 20 prefabricated glass-fibre household size
biogas plants installed at a testing centre managed by Win Source Limited at the Military
Dairy Farm’s present infrastructure in Lalmonirhat, monitored by the 66 Division of
Bangladesh Army, Rangpur Cantonment. Due to not having access with foreign researcher
at that camp, 6 household size biogas plants had been installed at the Animal Research
Farm and the Microbiology laboratory in BAU campus, Mymensingh.

3 Feedstock Assessment

Not all organic materials are equally suitable for biogas production, therefore character-
izing and analysing of feedstock is essential for any biogas project, more about feedstock
types during this research. In terms of qualitative assessment of the available feedstock fol-
lowing parameters and methods were applied.
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and inhibitors compositions are amenable to the extrinsic control in the anaerobic action.
Any forceful change in these parameters can adversely act on the biogas production. So,
these factors should be adjusted in the desirable range to operate the anaerobic digester
efficiently(Khalid & Naz, 2013). Alkalinity is an important parameter in anaerobic digestion
because it provides enough buffering capacity to neutralize any possible volatile fatty acids
accumulation in the reactor and to maintain pH around 6.7 to 7.4 for stable operation.
The anaerobic degradation process is highly pH dependent because each of the microbial
groups involved in the reactions has a specific pH range for optimal growth. The aspects
influenced by pH include utilization of carbon and energy sources, efficiency of substrate
dissimilation, synthesis of proteins and various types of storage material and the release of
metabolic products from the cell. The anaerobic degradation process is strongly influenced
by temperature. As the understanding of pH, temperature dynamics of the anaerobic di-
gestion under local conditions is essential for optimum efficiency of DBDs; these were
studied in reasonable details. 

3.3 Augmentation with Co-Digestion

Even if the manure has one of the highest potentials as a feedstock for biogas, its relatively
low methane yield is not always sustainable in economic sense, so it can be enhanced
with the help of co-substrate for co-digestion to achieve higher methane yield. For this
study, organic household waste was used as co-substrate in different concentrations of
5%, 10%, 15% and 25% to achieve higher methane yield.(Chapter 3 for detailed charac-
terization of organic waste and Chapter 4.2.5 for applied mixing ratios.)

3.4 Operational Improvement

To suggest operational improvements, following set ups were studied using cow dung as
a main substrate:

�Two different types of digester, (1) imported prefabricated PVC digesters and (2)
locally available converted rain water tank HDPE digesters.

�Different feeding intervals (daily, each 4th day, and each 7th day) of the digesters 
and its impact on biogas production.

�One step and two steps digesters, with and without hydrolysis.

The performance evaluation was based on following parameters as described in Table 5.
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PBS, risajurin, Laminar airflow, gas burner, High speed centrifuge machine, Gram staining,
glass slides, glass cylinder, bacteriological incubator, blotting paper, immersion oil and
digital phase contrast microscope. One gram each of freshly voided cow dung and poultry
dropping was taken individually into 5ml of peptone broth and mixed well then one 0.5ml
of the well-mixed broth was transferred into 4.5ml of sterile peptone broth to make tenfold
dilution. Like this serial tenfold dilution up to 10—6 were made and incubated at 37ºC for
24 hours to observe the growth of aerobic bacteria. Individual colony of bacteria from
each plate was stained with gram staining method and was observed under phase contrast
microscope to identify their morphology. Each colony of aerobic bacteria of from cow
dung and poultry dropping was inoculated into nutrient broth for further propagation. Like
this each isolate of aerobic bacteria isolated from cow dung and poultry dropping was
subjected to biochemical test (five basic sugar, indole, MR—VP tests) for further confirma-
tion. Anaerobic microbes include anaerobic bacteria and fungus. One gram of slurry was
taken carefully from the bottle showed substantial amount (100ml) of biogas in the cylinder
(250 ml) by water replacement method and containing 45—65% methane. The slurry was
transferred into sterile vial containing anaerobic broth the mixture was subjected to pass
through carbon dioxide gas for a period of20 minutes and then transferred into anaerobic
gas jar containing anaerobic gas pack then the vials could incubate at 37ºC for 3—5 day
for better growth of anaerobic bacteria or fungus. After 3—5 days of incubation 0.1ml of
broth was drawn from each vial with sterile syringe and the broth containing microbes
was subjected to gram staining. The stained slides were set onto mechanical stage of phase
contrast microscope to see the structural morphology of each isolate of anaerobic bacteria
and fungus as well. Each test was repeated for three times.

3.2 Temperature and pH Dynamics During the Biogas Production

Environmental factors, which affect biological reaction such as pH, temperature, nutrients
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4.2 BMP Assessment of Different Feedstocks for Mono- and Co-digestion

4.2.1 Mono-Digestion

4.2.1.1 Cow Manure

The method applied for BMP measurements was described in Chapter 2. The batch prepa-
rations for cow manure were either with or without inoculum, and with total weight of
200g. For solid cow manure (CM) with inoculum (INCL) following ratio of (25%) CM,
(25%) H2O, (50%) INCL were applied in contrast solid manure for trials without inoculum,
was simply diluted with water in ratio 1:1. As for already diluted substrate, from flushing
approach of stable cleaning, the substrate was mixed with inoculum in ratio 1:1 without
additional water and in case of trials without inoculation, the substrate was set up without
any preparation. All over 8 batches with and 8 batches without inoculum were set up for
the trial, with substrate retention time of 40 days.

4.2.1.2 Poultry Manure

Two different types of poultry dropping, with the difference in the dominant feed, one with
commercial and non-commercial grain mixture were analysed. All over four batches, each
150g were set up for the trial, two with and two without inoculum, in which batches with
inoculum were mixed as follows: poultry manure (25%), water (25%) and inoculum (50%)
and without inoculum, only with water in ratio 1:1. After finishing the trial and gas meas-
urement, quality of the digestive was assessed.

4.2.1.3 Organic Household Waste

As previously discussed in Chapter 3.1, OW was distinguished between two groups of soft
organic (SO) and food waste (FW) for this study. Batch preparation for this type of feedstock
was performed always with inoculum, by using different ratios of each group of OW, with
25%, 15%, 10% and 5% for SO and FW respectively. As well as for OW itself, consisting
of SO and FW in ratio 1:1. For trials observation of OW, the substrate retention time was
30 days.

4.2.2 Co-Digestion

Compared with mono-digestion of manure, co-digestion of manure and organic waste can
result in higher methane yield and improved process stability, and that, in turn has positive
effect on economic sustainability of the project. However, co-digestion is only effective
when used a right balance, therefore, all over 24 different mixtures were applied for BMP
measurements. The observation of gas production was conducted for 30 days.

4.3 Performance Evaluation of Household Biogas Digesters

This part evaluates the performance of the different biogas digesters, using imported pre-
fabricated PVC digesters as well as a locally available water tank that was converted into
a digester. For PVC digester, mono-digestion of cow manure in different feeding intervals
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4 Assessment of Available Feedstock and Performance Evaluation of Household Digesters

For current assessment, different feedstock from animal and non-animal origin were con-
sidered, as described in the following sections:

4.1 Characterizing Typical Feedstocks

To evaluate the properties of available feedstocks, ten different samples were collected:
eight samples from cow manure and two samples from poultry dropping. The following
criterions were considered to collect all samples during the field investigations.

4.1.1 Cow Manure
Table 6 shows the criteria of 8 cow manure (CM) samples. All cow samples were collected
and stored from adjacent Research Animal Farm (RAF) based on aforementioned criteria.

4.1.2 Poultry Manure

For two samples from poultry droppings, the categorization occurred by dominant feed:
commercial and crop by-products, as shown in table 9.

4.1.3 Organic Waste

For organic materials, soft organic waste and food waste were collected from four different
households two times in every week until it reaches an average consistency of organic
waste (OW). After that, organic waste was levelling off in two separate ways:

�Soft organics refer to weeds and grass, flower clipping and non-processed food 
waste.
�Food waste refers to the remaining and processed food after consumption.

Finally, all samples were reserved in the fridge towards further experiments. Table 8 de-
notes the household criteria with other aspects of organic matters.
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One trial was conducted for co-digestion of organic waste (OW) with CM for all three di-
gesters with and without hydrolysis or in other words in one and two steps digestion. Feed-
ing was done in semi-continues mode, once a day and with organic loading rate (OLR) of
2kg/m3 and fraction of OW of 5% for all digesters.

For 1000L digester (WTD 1), 1.5kg of OW were pre-treated with blender, together with
23L of water and subsequently mixed with 7kg of CM and digestive, all over 31.5L of
mixed slurry were added into a digester, without hydrolysis.

The 500L digesters were fed with pre-treated 0.8kg of OW by blending it together with
water, followed by mixing it with 3.5kg of CM and digestive, all over 16.3L of slurry were
prepared for each digester daily. Initially, 500L digester (WTD 2), consisted of built in,
open hydrolysis chamber, with hydraulic retention time (HRT) of 5 days, where substrate
was supplied and used, but due to a constant clogging of the pipe needed to be adjusted
and the hydrolysis was performed simply in the buckets where the substrate remained for
3 days before added into a digester.

The required feedstock materials were collected in case of CM at ARF and for OW at a
local restaurant, right amount was measured by hanging spring dial scale in case of CM
and electronic balance for OW. After the pre-treatment of OW by blending together with
water in electrical blender for about one minute, the OW was mixed with CM and diges-
tive from the digester.

Each of the digesters was equipped with own gas storage bag (one gas bag for one step di-
gestion / two gas bags for two steps digestion). The approx. HRT was about 30 days and
the feeding of both digesters started on September 15 and ended on October 16, 2017.
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were observed and compared between daily, 4 (four) and 7 (seven) days intervals and its
impact on biogas production.

In case of converted water tank digester (WTD), co-digestion of organic waste with cow
manure was evaluated in two different setups, (i) with and (ii) without hydrolysis to achieve
higher methane yield.

4.3.1 Performance Evaluation of Different Intervals

It is assumed that the feeding interval has a significant influence on biogas production as
longer feeding intervals might lead to adaption of microorganisms towards more efficient
digestion. To investigate the impact of the feeding interval on the biogas production of
household biogas digesters, two setups with 4days feeding interval and 7days feeding in-
terval were performed and compared with daily feeding interval.

For the trial, two identical prefabricated, freestanding PVC digesters, imported from Tai-
wan, were used, with total digester volume of 7.5m3. The total digester volume is com-
posed from effective digester volume of 5.5m3 and gas storage capacity of 2m3, according
to the data from the manufacturer. Both digesters were assembled and placed in area of
Bangladesh Agricultural University (BAU) in Mymensingh. The one at the Animal Research
Farm (ARF) will be identified as Farm Digester (FD) and another at the Biogas Research
Lab (BRL) as Lab Digester (LD). The distance between these two systems is approximately
2km. Both digesters are exposed to direct sunlight during the day,under the optimum tem-
perature for biogas production.

The required cow manure (CM) was collected at ARF. To ensure the required amount, it
was measured with a hanging spring dial scale, before mixing it with water. The right
amount of water was measured by bucket with measuring scale. Subsequently, water and
cow manure were mixed together homogeneously and fed into a digester. The mixing
ratio for substrate and water was 1:1. 

Two trials were conducted, in which FD was used for both trials as control digester and
supplied in semi-continues mode with 50 kg daily of cow manure (CM) mixed with water
in 1:1 ratio as described in the next paragraph. For LD two different feeding intervals were
conducted both in discontinues mode, for trial 1 (T1) the substrate was supplied in 4 daysof
intervals with 200kg of CM and for the trial 2 (T2) in 7 days of intervals with 350kg of CM
at once. 

Since the liquid volume of the digester is 5.5m3, the estimated HRT is approx. 55 days.
The first set up was conducted between April 24 and June 23, 2017 and the second be-
tween August 14and October 16, 2017.

4.3.2 One Step and Two Steps Digestion

The major objective was to investigate performance differences of one-step and two-steps
digestions for household biogas digesters. It is assumed that two steps digestion with sep-
arate hydrolysis might increase process efficiency regarding energy productivity among
others. 

For the trial, three water storage tanks collected from local manufacturers were modified
into digesters (WTD), one with 1000L and two with 500L capacity. All digesters were
placed at BRL located at BAU, Mymensingh, Bangladesh. The characteristics are summa-
rized in table 9. 
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50%CD + 50%W + 5/10ml INCL in this study. The bacterial isolates could produce biogas
after 5 days of incubation at 35ºC. The biogas produced from dried cow dung after addi-
tion of isolated methanogens contained 10—12% methane only without carbon dioxide.

5.2 Feedstock Assessment

5.2.1 Heavy Metals

Analysis of cow dung and slurry cake, and in one case for organic waste, was conductedby
Bangladesh Institute of Nuclear Agriculture (BINA)to observe the heavy metals content
with results presented in the table:

The values for Ni concentration in range of 3.7—17.7mg/kg are found within the limits of
50mg/kg, according to national compost standards. For Cu, the range was found to be
19.8—240.4mg/kg and below maximum national acceptable limit of 500mg/kg. Zn range
was found to be 180—1002.1mg/kg, in one case slightly above the national standard level
of 1000mg/kg. In case of Pb, the range was 9.6—33.5mg/kg and in three cases for cow ma-
nure and in one case for organic waste, above the acceptable national limit of 30mg/kg.
However, comparing internationally, national compost standards for Pb with 30mg/kg are
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Figure 6:Mixed population of methanogens from cow dung

5 Results and Discussions

5.1 Analysing Microbial Community

5.1.1 Results of Isolation and Identification of Aerobic & Anaerobic Bacterial Population

Among the aerobic population of bacteria,
only three species, Streptococci spp.,
Staphylococcus spp., and E. coli were iso-
lated from the freshly voided cow dung. On
the contrary, four species of aerobic bacte-
ria, Streptococci spp., Staphylococcus spp.,
E. coli and Salmonella spp. were isolated
from poultry droppings.

Of the anaerobic populations, seven
species of anaerobic bacteria,
Methanococcoides methylutenes,
Methanobrevibacter ruminantium,
Methanospirillum hungatii, Methanobac-
terium thermoautotrophicum,
Methanobacterium ruminantium, Proteus
vulgeris and one species of anaerobic fun-
gus were isolated from the slurry of anaer-
obic fermentation bottle. 

5.1.2 Biogas Production Efficiency of the Anaerobic Bacteria Isolated from Cow Dung

Efficiency of an anaerobic bacteria isolated from cow dung was evaluated by the produc-
tion of biogas in the lab based condition. Five to 10 ml of the mixture of the isolated anaer-
obic bacterial population was mixed with air-dried and autoclaved cow dung at a ratio of

490

Figure 5: Isolation of one of five members of methane bacterium from cow dung

Figure 4: Proteus Spp
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within the range, and it might be expected lower biogas yield but higher methane com-
position for HCDR. In case of slurry for HCFR, C:N ratio is within an ideal range for biogas
digestion with 29:1 in contrast to HCFM, where C:N 57:1 is higher. It seems that hybrid
cow fed with concentrate mix have higher carbon content comparedto roughage where
N remains similar. To achieve more favourable C:N ratios, CM could be collected together
with urine, C:N ratio of 0.8:1 or mixed with fresh grass clipping C:N ratio of 12:1(GTZ,
1989).

Comparedto other assessment of CM in Bangladesh for fertilizer values (Naher & Paul,
2017)reports C, N, P, K, S: 36%, 0.9—1.2%, 0.7—1%, 0.75%, 0.21—0.35%, obtained fertil-
izer values for dry CM are close or within the expected range C, N, P, K, S: 37.5—38.3%,
0.94%, 0.6—1.9 %, 0.17—0.19%. As expected for cow slurry, the nutrient content is lower
and ranged for C, N, P, K, S: 1.1—2.1%, 0.4%, 0.2—0.4%, 0.3—0.5%. Compared to the ni-
trogen content reported fertilizer values of CM in Europe, the nitrogen content in
Bangladesh is lower, where reported N: 2.4—3.5% (Korres et al., 2013; FNR, 2010; IEA
Bioenergy, 2013).

5.2.2.2 BMP Assessment

All over eight batches were prepared for the trial, four of each with and without inoculum,
with following characters as summarized in Table 10. For all inoculated batches, the C:N
was indeed in the range of acceptable (Braun, 1982; Bischofsberger etal., 2005) 10:1—
45:1, but not ideal as suggested (FNR, 2010), in range between 10:1—30:1, due to relatively
high content of carbon that may lead to lower methane yield, pH values of the batches
are considered as ideal for methane bacteria. The batches were observed over specified
period of 40 days by ambient temperature in mesophilic range between 27.3—31.7°C with
median temperature of 29°C. Different DM/TS contents for dry CM were achieved by
using CM and water 1:1 ratio commonly used in Bangladesh.

Following results in terms of CH4 were achieved during the trial as presented in Figure 5,
it shows the cumulated methane yield in norm mL (NmL) from 100g of substrate. Unex-
pected, HCDR2 with lower ODM/VS of 2.5% produced 2032 NmL of CH4 or 216 NmL
more than HCDM2 with 6% ODM/VS of 6%. However, as expected the difference be-
tween dry and liquid CM was more significant thereby dry CM generated 3 to 6 times
more CH4, than liquid.
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very low — forexample, German’s compost standards are about 100mg/kg and in Spain
even higher with 1200mg/kg. Cd range was found to be 0.84—3.32mg/kg, lower than na-
tional limit of 5mg/kg. In case of Cr the range was observed between 6.1—46.7mg/kg and
within the national limit of 50mg/kg.

5.2.2 Hybrid Cow Manure

5.2.2.1 Feedstock Composition

All evaluated characteristics of CM from hybrid cow (HC) are collected and presented
below, in table 11.

The pH value for dry manure fed with roughage was measured 7.38 and concentrate feed-
ing 7.17 and for slurry fed with roughage 6.63 and concentrate mix 6.78. Values can be
considered as neutral and within reported range for CM pH 6.2—8.8 (Weinfurtner, 2011).
As for DM/TS in range from 12—20% and ODM/VS 10 -14% for dry manure, it is expected
that hybrid cow dry mix (HCDM) should yield more biogas compared with hybrid cow
dry roughage (HCDR), since the ODM/VS content is higher. Also for DM, the values lie
within reported range 12—25% for CM (Korres et al., 2013; FNR, 2010; IEA Bioenergy,
2013). However, in case of HCDM, the ODM of the DM of 70% seems to be lower than
the reported average of 80% CM (Korres et al., 2013; FNR, 2010; IEA Bioenergy, 2013).

The DM/TS and ODM/VS content for the hybrid cow flush roughage (HCFR) and hybrid
cow flush mix (HCFM) is identical with DM/TS 4% and ODM/VS 50% and lies below the
reported range for slurry 5—12% for DM/TS and ODM/VS 75—82% (Korres et al.,
2013)(FAO, 2015). However, the DM/TS and ODM/VS content for slurry is very dependent
onthe amount of water used while cleaning the stable and can deviate each time, it is also
expected to yield significantly less biogas.

The C:N for HCDR with 40:1 and HCDM with 41:1, both feedstock seems to be relatively
high on carbon to nitrogen and higher than reported C:N literature values 6:1—32:1 (Korres
et al., 2013; FAO, 2015)and slightly apart from FNR, suggested optimal C:N range between
10:1—30:1, higher C:N could mean that all the carbon cannot completely converted and
the maximum methane yieldeventually not achieved (FNR, 2012). According to Braun,
C:N ratios are acceptable in range from 10:1—45:1, that means that both substrates are

492
492 493



within the range, and it might be expected lower biogas yield but higher methane com-
position for HCDR. In case of slurry for HCFR, C:N ratio is within an ideal range for biogas
digestion with 29:1 in contrast to HCFM, where C:N 57:1 is higher. It seems that hybrid
cow fed with concentrate mix have higher carbon content comparedto roughage where
N remains similar. To achieve more favourable C:N ratios, CM could be collected together
with urine, C:N ratio of 0.8:1 or mixed with fresh grass clipping C:N ratio of 12:1(GTZ,
1989).

Comparedto other assessment of CM in Bangladesh for fertilizer values (Naher & Paul,
2017)reports C, N, P, K, S: 36%, 0.9—1.2%, 0.7—1%, 0.75%, 0.21—0.35%, obtained fertil-
izer values for dry CM are close or within the expected range C, N, P, K, S: 37.5—38.3%,
0.94%, 0.6—1.9 %, 0.17—0.19%. As expected for cow slurry, the nutrient content is lower
and ranged for C, N, P, K, S: 1.1—2.1%, 0.4%, 0.2—0.4%, 0.3—0.5%. Compared to the ni-
trogen content reported fertilizer values of CM in Europe, the nitrogen content in
Bangladesh is lower, where reported N: 2.4—3.5% (Korres et al., 2013; FNR, 2010; IEA
Bioenergy, 2013).

5.2.2.2 BMP Assessment

All over eight batches were prepared for the trial, four of each with and without inoculum,
with following characters as summarized in Table 10. For all inoculated batches, the C:N
was indeed in the range of acceptable (Braun, 1982; Bischofsberger etal., 2005) 10:1—
45:1, but not ideal as suggested (FNR, 2010), in range between 10:1—30:1, due to relatively
high content of carbon that may lead to lower methane yield, pH values of the batches
are considered as ideal for methane bacteria. The batches were observed over specified
period of 40 days by ambient temperature in mesophilic range between 27.3—31.7°C with
median temperature of 29°C. Different DM/TS contents for dry CM were achieved by
using CM and water 1:1 ratio commonly used in Bangladesh.

Following results in terms of CH4 were achieved during the trial as presented in Figure 5,
it shows the cumulated methane yield in norm mL (NmL) from 100g of substrate. Unex-
pected, HCDR2 with lower ODM/VS of 2.5% produced 2032 NmL of CH4 or 216 NmL
more than HCDM2 with 6% ODM/VS of 6%. However, as expected the difference be-
tween dry and liquid CM was more significant thereby dry CM generated 3 to 6 times
more CH4, than liquid.

493

very low — forexample, German’s compost standards are about 100mg/kg and in Spain
even higher with 1200mg/kg. Cd range was found to be 0.84—3.32mg/kg, lower than na-
tional limit of 5mg/kg. In case of Cr the range was observed between 6.1—46.7mg/kg and
within the national limit of 50mg/kg.

5.2.2 Hybrid Cow Manure

5.2.2.1 Feedstock Composition

All evaluated characteristics of CM from hybrid cow (HC) are collected and presented
below, in table 11.

The pH value for dry manure fed with roughage was measured 7.38 and concentrate feed-
ing 7.17 and for slurry fed with roughage 6.63 and concentrate mix 6.78. Values can be
considered as neutral and within reported range for CM pH 6.2—8.8 (Weinfurtner, 2011).
As for DM/TS in range from 12—20% and ODM/VS 10 -14% for dry manure, it is expected
that hybrid cow dry mix (HCDM) should yield more biogas compared with hybrid cow
dry roughage (HCDR), since the ODM/VS content is higher. Also for DM, the values lie
within reported range 12—25% for CM (Korres et al., 2013; FNR, 2010; IEA Bioenergy,
2013). However, in case of HCDM, the ODM of the DM of 70% seems to be lower than
the reported average of 80% CM (Korres et al., 2013; FNR, 2010; IEA Bioenergy, 2013).

The DM/TS and ODM/VS content for the hybrid cow flush roughage (HCFR) and hybrid
cow flush mix (HCFM) is identical with DM/TS 4% and ODM/VS 50% and lies below the
reported range for slurry 5—12% for DM/TS and ODM/VS 75—82% (Korres et al.,
2013)(FAO, 2015). However, the DM/TS and ODM/VS content for slurry is very dependent
onthe amount of water used while cleaning the stable and can deviate each time, it is also
expected to yield significantly less biogas.

The C:N for HCDR with 40:1 and HCDM with 41:1, both feedstock seems to be relatively
high on carbon to nitrogen and higher than reported C:N literature values 6:1—32:1 (Korres
et al., 2013; FAO, 2015)and slightly apart from FNR, suggested optimal C:N range between
10:1—30:1, higher C:N could mean that all the carbon cannot completely converted and
the maximum methane yieldeventually not achieved (FNR, 2012). According to Braun,
C:N ratios are acceptable in range from 10:1—45:1, that means that both substrates are

492
492 493



Ltd., 2015)converted to a tonne 37m3t-1 or 40m3t-1, it shows that actual biogas yields of
33m3t-1 and 38m3t-1 for HCDR2 are even higher, however under ideal condition. Compared
to values from the literature, where methane yield (Nm3/t) for cow manure/slurry reported
to be in range 11—36m3t-1 obtained results are within lower range what is possible and in
case of liquid CM the methane yields even lower, caused by the high dilution. However,
if compares the specific methane yield, all feedstock is within the reported range of 110—
360 Nm/tODM/VS (FNR, 2010; IEA Bioenergy,2013).

Dry CM without inoculation started to produce CH4 from 3rd to 5th day and liquid at 3rd
day after the set up. As expected, inoculation speed up the anaerobic digestion process
and all batches started to produce CH4 on the 2nd day after the start up.

If one observes methane production as shown in Figure 2 can see that 90% of CH4 is gen-
erated in 30 days for liquid CM and dry CM from 35 days. The average CH4 concentration
in biogas for dry CM: HCDR2: 53%, HCDM2: 55 %, and for liquid HCFR2: 51% and
HCFM: 56%, the highest.

After the period of 40 days, substrate was analysed once more for parameters as summa-
rized in table 13. It is observed that strong decline of C and N for dry CM in average of
90% and 83% respectively, what can be observed in biogas production itself and adjust-
ment of C:N for batches with inoculums closer to ideal range 10:1—30:1, indicator that
carbon was utilized faster than N. As pH was within favourable range for methane pro-
ducing microorganism, pH 6.5—8 (FNR, 2010).

However, the N, P, K values are relatively low compared with other observation, like one
for (Islam, 2006), who reports N, P, K, S slurry CM from biogas plants in range from 1.23—
1.35%, 2.71—2.89%, 0.62—0.88%, 0.67—0.71% respectively as well as for VFA which are
within the ideal range below 1000mg/L for stable biogas process.

5.2.2.3 Applied Results

If one takes an average size of 4 people per family in Bangladesh as reported byBangladesh
Bureau of Statistics, 2016 and biogas consumption for one meal and person of 0.1—
0.2m3/meal/person reported for Bangladesh (Talukder, 2010; Zaman, 2007)with two meals
per day. The daily biogas demand for a family would be for two meals around 0.8—1.6m3.
On the supply side, therefore, 21 to 42kg of CM from hybrid cow, fed by roughage would
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If obtained converted values to what would be possible to produce from one tonne of the
CM, then HCDR2 would yield 38m3t-1 of biogas and for CH4 20m3t-1 and specific per
tonne of ODM/VS 200m3. In case of HCDM2, 33m3t-1 of biogas would be possible to
achieve with 18m3t-1 of CH4 per tonne of fresh substrate or 128 m3t-1 of CH4 per tonne of
ODM/VS. One tonne of liquid CM, could produce 8—12m3t-1 of biogas and 4—7m3t-1 of
CH4, 3—5 times less than solids, with specific methane yield from one tonne of ODM/VS
is 200—350m3. All yield for tonnes of substrate are presented in the following Figure 8.

If comparing values used for biogas yield estimation of cow manure in Bangladesh, with
0.037m3kg-1 (Naher et al., 2016; Islam et al., 2017) or 0.04m3kg-1. (e.Gen Consultants

494
494 495



Ltd., 2015)converted to a tonne 37m3t-1 or 40m3t-1, it shows that actual biogas yields of
33m3t-1 and 38m3t-1 for HCDR2 are even higher, however under ideal condition. Compared
to values from the literature, where methane yield (Nm3/t) for cow manure/slurry reported
to be in range 11—36m3t-1 obtained results are within lower range what is possible and in
case of liquid CM the methane yields even lower, caused by the high dilution. However,
if compares the specific methane yield, all feedstock is within the reported range of 110—
360 Nm/tODM/VS (FNR, 2010; IEA Bioenergy,2013).

Dry CM without inoculation started to produce CH4 from 3rd to 5th day and liquid at 3rd
day after the set up. As expected, inoculation speed up the anaerobic digestion process
and all batches started to produce CH4 on the 2nd day after the start up.

If one observes methane production as shown in Figure 2 can see that 90% of CH4 is gen-
erated in 30 days for liquid CM and dry CM from 35 days. The average CH4 concentration
in biogas for dry CM: HCDR2: 53%, HCDM2: 55 %, and for liquid HCFR2: 51% and
HCFM: 56%, the highest.

After the period of 40 days, substrate was analysed once more for parameters as summa-
rized in table 13. It is observed that strong decline of C and N for dry CM in average of
90% and 83% respectively, what can be observed in biogas production itself and adjust-
ment of C:N for batches with inoculums closer to ideal range 10:1—30:1, indicator that
carbon was utilized faster than N. As pH was within favourable range for methane pro-
ducing microorganism, pH 6.5—8 (FNR, 2010).

However, the N, P, K values are relatively low compared with other observation, like one
for (Islam, 2006), who reports N, P, K, S slurry CM from biogas plants in range from 1.23—
1.35%, 2.71—2.89%, 0.62—0.88%, 0.67—0.71% respectively as well as for VFA which are
within the ideal range below 1000mg/L for stable biogas process.

5.2.2.3 Applied Results

If one takes an average size of 4 people per family in Bangladesh as reported byBangladesh
Bureau of Statistics, 2016 and biogas consumption for one meal and person of 0.1—
0.2m3/meal/person reported for Bangladesh (Talukder, 2010; Zaman, 2007)with two meals
per day. The daily biogas demand for a family would be for two meals around 0.8—1.6m3.
On the supply side, therefore, 21 to 42kg of CM from hybrid cow, fed by roughage would

495

If obtained converted values to what would be possible to produce from one tonne of the
CM, then HCDR2 would yield 38m3t-1 of biogas and for CH4 20m3t-1 and specific per
tonne of ODM/VS 200m3. In case of HCDM2, 33m3t-1 of biogas would be possible to
achieve with 18m3t-1 of CH4 per tonne of fresh substrate or 128 m3t-1 of CH4 per tonne of
ODM/VS. One tonne of liquid CM, could produce 8—12m3t-1 of biogas and 4—7m3t-1 of
CH4, 3—5 times less than solids, with specific methane yield from one tonne of ODM/VS
is 200—350m3. All yield for tonnes of substrate are presented in the following Figure 8.

If comparing values used for biogas yield estimation of cow manure in Bangladesh, with
0.037m3kg-1 (Naher et al., 2016; Islam et al., 2017) or 0.04m3kg-1. (e.Gen Consultants

494
494 495



DM/TS for dry CM varies depending on the dominant feed with 15% for roughage and
24% for concentrate mix — a similar pattern of hybrid cow, where manure from hybrid
cow fed with concentrate mix that demonstrates higher DM/TS content of 20% compared
to 14% from roughage. This compares to the values for DM/TS from the literature of 12-
25% for CM (Korres et al., 2013; FNR, 2010; IEA Bioenergy, 2013). Samples from flush
cleaning method of local cow were less diluted compared to hybrid, and range 8—10%
DM/TS.

With 83% of ODM/VS for dry CM is higher than reported average of 80% (Korres et al.,
2013; FNR, 2010; IEA Bioenergy, 2013). Totals ODM/VS of 20% for LCDM is the highest
among analysed CM and is expected to yield most of the methane, also with favourable
C:N ratio of 32:1, which is slightly closer to suggested range of 10:1—30:1, because of its
slightly higher nitrogen content of 1.2% (from DM/TD).

The dry CM, relatively high on carbon and low nitrogen content, with C:N ratios 35:1 and
41:1, and is higher as reported ratios from literature with 6:1—32:1 (Korres et al., 2013;
FAO, 2015). For slurry, the C:N ratios were lower on carbon caused the dilution and there-
fore can vary very strongly among each sample depending on each concentration, meas-
uring C:N ratio for this samples were close to reported range, with 26:1 and 33:1. Also in
case of CM from local cow, to achieve optimal C:N ratio, the manure can be collected to-
gether with urine C:N ratio of 0.8:1 or mixed with fresh grass clipping with C:N ratio of
12:1 (GTZ, 1989).

All dry CM nutrient values such as C, N, P, K, S: 37.5—38.3%; 0.92—1.2%; 0.6—0.8%; 0.68—
0.7%; 0.17—0.19% are like dry CM from hybrid cow and reported (Naher & Paul, 2017;
Naher et al., 2016) with C, N, P, K, S: 36%; 0.9—1.2%; 0.7—1%; 0.75%; 0.21—0.35%.

5.2.3.2 BMP Assessment

Like assessment of HC, eight batches were prepared for the trial, four with and four without
inoculate, with characters as summarized in table 15.

The batches were set up for a period of 40 days by ambient temperature in mesophilic
range between 27.3—33.7°C with median temperature of 29°C, ideal conditions for anaer-
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be necessary.

Assuming the quantity of CM produced by HC, 14—15 kg/cow/day, according own meas-
urement, 2 to 3 cow would be required, for two meals per day.

Defining hydraulic retention time for 35 days and mixing ratio with water 1:1, commonly
used in Bangladesh, digester from 1.5 to 2.9m3 would be necessary for two meals. By sim-
ple changing of the mixing ratio to 2:1, still 8—9% of DM/TS, reduction of digester volume
could be achieved to 1.1—2.1m3.

Notably, this estimation can be applied only at temperatures between 27.3°C and 33.7°C
in mesophilic range. 

5.2.2.4 Conclusion

�The C:N are within the range but not optimal due to relatively high content of
carbon.

�1 kg of dry hybrid cow manure can produce 18—20L of CH4, 2.5 to 5 times more 
than that of the liquid.

�Highest yield of CH4 was achieved with hybrid cow dry roughage 20m3/t, and 26kg
of it could generate 1m3 of biogas.

�In 35 days, 90% of biogas was generated for dry CM and 30 days for slurry.

�Low N, P, K, S of digestive.

�2—3 hybrid cow would be necessary to supply enough gas for preparing two meals
for an average size family in Bangladesh. 

5.2.3 Local Cow Manure

5.2.3.1 Feedstock Composition

The results from characteristics assessment of the CM from local cow are summarized in
the following table 14. As expected pH, independently from stable cleaning method or
dominant feed, observed in range close to neutral with 6.69 and in most of the cases neu-
tral pH 7, like hybrid cow where pH was measured 6.6—7.3, and is within the reported
range of pH 6.2—8.8 for CM (Weinfurtner, 2011).
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inoculate, with characters as summarized in table 15.

The batches were set up for a period of 40 days by ambient temperature in mesophilic
range between 27.3—33.7°C with median temperature of 29°C, ideal conditions for anaer-
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be necessary.

Assuming the quantity of CM produced by HC, 14—15 kg/cow/day, according own meas-
urement, 2 to 3 cow would be required, for two meals per day.

Defining hydraulic retention time for 35 days and mixing ratio with water 1:1, commonly
used in Bangladesh, digester from 1.5 to 2.9m3 would be necessary for two meals. By sim-
ple changing of the mixing ratio to 2:1, still 8—9% of DM/TS, reduction of digester volume
could be achieved to 1.1—2.1m3.

Notably, this estimation can be applied only at temperatures between 27.3°C and 33.7°C
in mesophilic range. 

5.2.2.4 Conclusion

�The C:N are within the range but not optimal due to relatively high content of
carbon.

�1 kg of dry hybrid cow manure can produce 18—20L of CH4, 2.5 to 5 times more 
than that of the liquid.

�Highest yield of CH4 was achieved with hybrid cow dry roughage 20m3/t, and 26kg
of it could generate 1m3 of biogas.

�In 35 days, 90% of biogas was generated for dry CM and 30 days for slurry.

�Low N, P, K, S of digestive.

�2—3 hybrid cow would be necessary to supply enough gas for preparing two meals
for an average size family in Bangladesh. 

5.2.3 Local Cow Manure

5.2.3.1 Feedstock Composition

The results from characteristics assessment of the CM from local cow are summarized in
the following table 14. As expected pH, independently from stable cleaning method or
dominant feed, observed in range close to neutral with 6.69 and in most of the cases neu-
tral pH 7, like hybrid cow where pH was measured 6.6—7.3, and is within the reported
range of pH 6.2—8.8 for CM (Weinfurtner, 2011).
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Comparedto the values from the literature for manure/slurry in range 11—36m3t-1, the re-
sults are in the range of possibilities (FNR, 2010; IEA Bioenergy, 2013). For liquid CM, the
CH4 results were with 8 and 11m3t-1 lower than the range. Also for CM from local cow,
the actual production was higher with 41m3t-1 than 37m3t-1 or 40m3t-1, values used for es-
timation of biogas yield from CM in Bangladesh (Naher et al., 2016; Islam et al., 2017;
e.Gen Consultants Ltd., 2015).

When observing the starting point for inoculated batches to produce CH4, for dry CM
started onthe 2nd and 3rd day, and liquid on the 2nd after the set up. In contrast, batches
without inoculation started to produce on the 5th and 8th day for dry CM and,the 9th and
13th day for liquid, later than in case of HB were for dry CM, CH4 started to produce on
the 3rd and 5th day and liquid on the 3rd, a possible indicator that different composition
of microorganism is at work.

By observing the methane yield, most of the methane is generated for dry CM in 30—35
days, for liquid CM most methane was produced in 25 days. Average concentration of
produced methane in biogas were at 53% for LCDM2, 62% for LCDR2; 52% LCFR2; and
50% for LCFM2 being the lowest.

After 40 daysof retention time, the quality of digestive was measured with following results
as presented in table 16.
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obic m3t-1 digestion. The different DM/TS are the result applying always the same ratio of
mixing CM with water 1:1 as it is commonly practiced in Bangladesh.

All batches were within the acceptable C:N range from 10:1—45:1 for anaerobic digestion
(Bischofsberger et al., 2005; Braun, 1982) and one LCFR1 even within ideal C:N ratio of
10:1—30:1 (FNR, 2010). According to the feedstock and batch characteristics, it is expected
for LCDM2 to achieve the highest biogas yield. Figure 9 shows the results of cumulative
CH4 yields NmL/100g.

As expected, LCDM2 with 2150NmL adjusted to 100g of feedstock materials, achieved
the highest methane yield among all samples assessed for CM, due to the highest propor-
tion of 8% ODM/VS to total weight. Also during this trial, samples with dry CM yield more
methane than liquid, 2—3 times higher yield, however, this time the difference was smaller
than HB where dry CM yields 3 to 6 times more than liquid for same reason: higher content
of ODM/VS available in the feedstock. Converting the obtained values of biogas and CH4

to yield per tonne, by that LCDM2 could generate 41m3t-1 of biogas and 22m3t-1 of CH4

with an average methane quality of 53%. In other words, 24kg of CM would be necessary
to produce 1m3 of biogas. In case of LCDR2, it would be 31m3t-1 of biogas and 19m3t-1 of
CH4. An overview of different biogas and CH4 yields for each type of feedstock from local
cow manure is presented in Figure 10.
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on DM/TS content compared with CM (Korres et al., 2013; FNR, 2010). For ODM/VS,
poultry fed with NC feed contain 61% of ODM/VS, higher than 38.5% of ODM/VS from
poultry fed on COM feed. Therefore, PD from poultry fed with commercial feed is lower
than the reported ODM/VS, 57—80% (Korres et al., 2013; FNR, 2010; IEA Bioenergy, 2013).
As compared to cow manure, poultry droppings are higher on nitrogen, with C:N ratio of
14:1 from COM feed and 17:1 based on NC, for poultry C:N can vary from 7:1 to 18:1
(FAO, 2015). Both values 14:1 and 17:1 are within the ideal range of 10:1—30:1 for biogas
production. Nutrient content of PD for N: 1.45% and 3.95%; P: 1.1% and 1.5%; K: 1.5 %
and 2.2 % and S: 0.2% and 0.7 %, comparing with values reported are similar, with N:
1.6—1,9%; P: 1.5—1.6%; K: 0.85—1.7% and S: 1.6% (Naher et al., 2016; Islam et al., 2017).

5.2.4.2 BMP Assessment

Four batches with 150g were prepared for the trial, two of each with and without inocu-
lum, with respective characteristics as described in the following table 18. The batches
were set up for the period of 30 days, by ambient temperature in mesophilic range between
28.5—33.7°C with median temperature of 30°C, ideal conditions for anaerobic digestion.
The mixing ration PM and water was 1:1, which explains high DM/TS of 22% and 26%
for batches without inoculum. For inoculated batches DM/TS content was 14%, usually
achieved by mixing PD and water 1:1.

The pH during the start-up is neutral with 7.5. For all inoculated batches, the C:N were
found to be for NC ideal in their ratios and for COM not or even in acceptable range, usu-
ally low C:N ratio, will lead to liberation of surplus in nitrogen to form ammonia (NH3),
can inhibit bacterial grow or even stop the process of anaerobic digestion. (Braun, 1982)
and (Bischofsberger et al., 2005) Acceptable range for C:N between 10:1—45:1 and sug-
gested ideal range (FNR, 2010)is 10:1—30:1. Therefore, some problems might occur for
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The pH of the digestive was in favourable range for methanogenic microorganism as re-
ported between pH 6.5—8 (FNR, 2010). VFA concentration where favourable for stable
biogas process as well in range from 56mg/L to 256mg/L and thus below the recommended
maximum limit of 1000mg/L (IEA Bioenergy, 2013). On average, C and N was reduced at
a rate of 75%, slightly less than the HB. The C:N ratio was for most of the batches within
the actable range of 10:1—45:1 with exception of two batches — LCDM1 and
LCFR1(Bischofsberger et al., 2005; Braun, 1982). Also, N, P, K, S concentration are lower
compared to the reported fertilizer values for CM in Bangladesh for N: 1.23—1.35%; P:
2.71—2.89%; K: 0.62—0.88%; S: 0.67—0.71% (Islam et al., 2017).

5.2.3.3 Applied Results

Applying same assumption to estimate demand of biogas for average family in Bangladesh
to prepare two meals,0.8—1.6m3 of biogas would be necessary and 19.5—39kg of CM from
local cow.

Assuming the quantity of CM produced by LC, 9 kg/cow/day, according to own measure-
ment, 2-4 cows are required to produce enough feedstock.

Defining hydraulic retention time for 35 days and mixing ratio with water 1:1, commonly
used in Bangladesh, digester from 1.4 to 2.7m3 of biogas.

By simple change of the mixing ratio to 2:1 and 8—9% of DM/TS reduction of digester vol-
ume,it could achieve 1—2m3 for two meals.

Notably, this estimation can be applied only at temperatures between 27.3°C and 33.7°C
for mesophilic range.

5.2.3.4 Conclusion

�The C:N is within the range but not optimal due to relatively high content of carbon.

�With 1kg of dry CM from local cow, it is possible to produce 19—22L of CH4, 2 times
more than that of the liquid.

�Highest yield of CH4, also compared with hybrid cow, was achieved by local cow
dry concentrate mix 22m3/t, therefore, 24kg could generate 1m3 of biogas.

�HRT 35 days would be enough for dry CM and 30 days for slurry.

�Low N, P, K, S of digestive.

�2—4 local cows would be necessary to supply enough gas for preparingtwo meals 
for an average size family in Bangladesh.

5.2.4 Poultry Manure

5.2.4.1 Feedstock Composition

Two different types of feedstock from poultry manure (PM) were analysed with the differ-
ence in type of dominant feed— commercial (COM) and non-commercial (NC) grain mix-
tures. The result of the qualitative analyses is presented in table 17.

Poultry dropping were found with pH 7.1 as neutral, pH values for poultry could range
from 5.6—9.4 from acid to alkaline (Sharpley et al., 2009) DM/TS for PM with 36% for
COM feed and 26 for NC 26%, both within typical range of DM/TS 10—45% and higher
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CH4 as presented in the following Figure 12.

For PM, values used in Bangladesh for the potential estimation of biogas with 0.071m3kg-
1 or 71m3kg-1 could not be achieved as compared to the range reported in the literature
for methane yield from 12.6—48 m3t-1 depending on ODM/VS content, the results however
were within the possible range (IEA Bioenergy, 2013).

After 30 daysof retention time, the quality of digestive was measured with following results
as presented in table19.

Obtained result of pH 8.1 for PDC2 confirms the doubt that due to low C:N ratio of 6:1,
ammonia inhibition may take place during the anaerobic digestion and lead to a sudden
stop of biogas production after 25 days since accumulated ammonia increases the pH of
the digestive. By the end of the trial, the C:N was slightly higher with 10:1 than at the be-
ginning with 6:1, good example for quicker utilization of nitrogen compared to carbon.
VFA in case of PDC2 were within the limit, meaning below 1000mgL-1 (IEA Bioenergy,
2013).

In case of PDNC 2, pH with 7.8 remained within the range favourable for methane pro-
duction of pH 6.5—8 (FNR, 2010). However, the VFA was measured at 4808 mgL-1, which
is in the problematic range, and concentration above 4,000mgL-1 is considered as unsta-
ble in the practice for anaerobic digestion. But, it is still possible to have stable degradation
process due to higher ammonia concentrations, which act as a buffer and preventing pH
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batches with COM. To achieve more favourable C:N ratio, PM could be mixed with ma-
terials high on carbon, such as CM measured C:N range of 32:1—40:1 or even with grain
straws C:N ratio in range of 80:1—140:1.

As shown in the next Figure 11, following results in terms of CH4 were achieved during
the trial it shows the cumulated methane yield in norm mL (NmL) from 100g of substrate.

As indicated by higher concentrations for (86%) ODM/VS for PDC2 sample, it yielded the
most amounts of biogas, 4949NmL and 100g of feedstock materials. However, even if the
total biogas yield of PDNC2 with 4525NmL is lower, the most CH4 yield was achieved by
PDC2 with 2695mL, or +230NmL more comparing with PDC2. The reason is higher CH4

concentrations with 58% for PDNC2 comparing with 49% for PDC2. However, for
PDNC2, also the H2S amount was higher and reached its peak at 1000ppm on the 9thand
10thdays. For PDC2, the concentration of H2S was not that high and reached it maximum
of 200ppm on the days 9thand 10th, and climbed down to zero by the day 15; on the day
25, the biogas production was stopped abruptly, which can be interpreted as an indicator
for ammonia inhibition caused by low C:N ratio at 6:1. Also observing the methane yield
for PDNC2, the 90% of methane is generated in the first 25 days and might suggested the
optimal hydraulic retention time for PM. Both batches without inoculation failed to start
the biogas production.

Converting the results to more practical numbers, the yield of methane per 1t of feedstock
material, PM was found to be able to produce 45—49m3t-1 of biogas and 24—27m3t-1 of
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tion is biodegradable/organic household food waste. It has been divided into two groups
— food waste (FW) originated from cooked food that remained after the consumption and
soft organics (SO) which are not processed organic food waste such as peals of fruits and
vegetables but also weeds, grass and flower clipping. Household food waste is available
year-round at low cost (Brown & Li, 2013).

All over 12 batches were set up using different ratios of 25%, 15%, 10%, and 5% of or-
ganic waste to the total content, for each single group FW, SO and the mixture of SO and
FW at ratio 1:1. Different ratios of organic household were observed to identify the ideal
loading rate of organic matter for FW and SO since organic matter especially for FW is
high 91-95% (Sedláček et al., 2010) and can be easily converted to VFA, leading to accu-
mulation of acids and pH drop, that will inhibit the process of anaerobic
digestion(Cassendra et al., 2017).

Both measured pH for SO: 4.1 and FW: 4.7 values were in acidic range and indicate the
acidification process and can be in the wide range from pH 4.8—8.7 (Sedlácěk et al., 2010).
As expected, both results SO and FW shows that samples are rich on ODM/TS, for FW
with 30% and SO 23% or ODM/VS from DM/TS with 92% and 94%, other studies report-
ing similar findings ODM/VS from DM/TS in range of 91—95% (Sedlác ̌ek et al., 2010). In
case of SO, the sample was rich on carbon, hence the C:N ratio of 53:1 is quite high. In
contrast, reported C:N ratios for fruit and food waste within a range of 7:1 and 34:1 (Korres
et al., 2013; Chandrappa & Brown, 2012). The high content of carbon is probably due to
the high proportion of banana peels that are reported to be rich in carbon with C:N ratios
83:1—102:1 (Mane et al., 2015). For FW measured C:N ratio of 17:1 iswithin ideal range
of 10:1—30:1 (FNR, 2010)for anaerobic digestion due to higher nitrogen content of 2.06%
from DM/TS that seems to be typical and also reported by other studies that food and
kitchen waste with N: 2.02% (Ramzan et al., 2010), N: 2.6% (Chandrappa & Brown, 2012)
and 1.5—2.3% (Vich et al., 2015). For SO with larger proportion of banana peels, it is sug-
gested to combine with feedstock of lower C:N ratios,for example,PM with C:N range of
6:1—16:1 or fresh grass clipping 12:1. However, naturally the C:N content of SO and FW
can vary from one to another by cooking and eating habits, seasons, etc. Hence it is nec-
essary to monitor C:N ratios to achieve ideal ratios for anaerobic digestion, at least for
commercial biogas plants, to ensure optimal conditions.

5.2.5.1 BMP Assessment of 5% of Organic Waste

For the group of 5% concentration of FW, SO, and FW&SO, all over three batches were
set up for BMP assessment with following characteristics as presented in table 21 below.
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from declining (IEA Bioenergy, 2013). High VFA concentrations are indication for organic
overload, when organic load is exceeding total degradation capacity. The total ODM/VS
of 10%, might be too high for given substrate and conditions.

Good example for organic overload is PDC1 batch with VFA concentration measured at
18,627mgL-1, causing decline of pH from 7.5 to 6.3 by acidification due to high VFA con-
tent, leading to standstill of methane production onthe day 7th, measured concentration
of CH4 at10%.

The measurement of N, P, K, S values was conducted only for productive batches, with
results for N: 0.14% and 0.15%, P: 0.05% and 0.09%, K: 0.11% and 0.13% and S: 0.01%
and 0.02%. The fertilizer values for N and K are higher compared to CM and the results
in for N: 0.02—0.08% and K 0.03—0.1%, for P and S results were similar. Compared to
other sources, reported N: 2.71—2.75 %, P: 3.24—3.35%, K: 0.75—0.85%, S: 0.91—1.00%
obtained values appears low (Islam, 2006).

5.2.4.3 Applied Results

Theoretically and under the same assumption about the demand of biogas as in chapter
4.1.3, to prepare two meals,0.8—1.6m3 of biogas would be necessary. To supply the esti-
mated amount of biogas from PD, 18—36kg of fresh manure would be required. 

Assuming the quantity of PD produced by bird, 100 g/bird/day (Islam et al., 2017), there-
fore, 180—360 birds would be necessary.

Defining hydraulic retention time for 25 days and mixing ratio with water 1:2, commonly
used in Bangladesh, digester from 1.3—2.7m3 would be required.

However, it is not recommended to use poultry dropping as single substrate for anaerobic
digestion because of its high nitrogen content and low C:N ratio. To ensure stable anaer-
obic digestion, another co-substrate is recommended.

Mentionably, this estimation can be applied only at temperatures between 27.3°C and
33.7°C for mesophilic range.

5.2.4.4 Conclusion

�The C:N is very low for anaerobic digestion, due to high nitrogen content, therefore,
mono-digestion with dilution ratio 1:1 of poultry manure with wateris not recommended.

�With 1kg of dry PD, it is possible to produce 25—26L of CH4.

�Highest yield of CH4, also compared, was achieved for poultry dropping from birds
fed with non-commercial feed, 26m3/t.

�22kg would be necessary to produce 1m3 of biogas.

�Suggested HRT is about 25—30 days.

�Low N, P, K, S of digestate.

�180—360 birds would be enough to supply enough biogas to prepare two meals for
an average size rural family in Bangladesh. 

5.2.5 Organic Household Waste

In addition to manure, one of the great sources of feedstock materials for anaerobic diges-

504
504 505



tion is biodegradable/organic household food waste. It has been divided into two groups
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The average methane content for 5%SO at 72%, and 70% for 5%SO&FW, 5%FW, at
higher concentration than that of the manure. Also, the H2S concentrations in biogas were
relatively low and even for FW at 0ppm and for 5%SO and 5%SO & FW at a range 40—
90ppm. In case of organic waste, 90% of CH4 yield is generated in first 20 days.

Converting the results to what is possible to achieve by one tonne of substrate? 5%SO&FW
at concentration of 5%, 1t would generate 93m3t-1 of CH4, 76-78% more than it was pos-
sible from trial with dry CM, in 33% less of time. Compared to PD, the SO&FW yield 72—
74%. Also, FW with the lowest yield of 73m3t-1 from the group would still produce
70—73% more of CH4 compared with CM and 65—67% more than PD. Methane yields
per tonne of different feedstock are summarized in Figure 14.

Compared to the values ofthe literature, it is reported that 74Nm3 of CH4 can be produced
from 1t of municipal organic waste (FNR, 2010), others report 150—390 m3CH4t-1 for veg-
etable waste and 160—710m3CH4t-1 for fruit waste (Pabón Pereira et al., 2013) or
39m3CH4t-1(GTZ, 2010).

After the period of 30 days, the digestive was measured once more with following results
as shown in table 22.

507

Due to the dilution by inoculum with 95%, different ODM/VS concentrations to total
weight were achieved from 2% for SO&FW, 4% for SO and 5% for FW and relating to
highest, with ideal pH values for the digestion of 7.0 for SO and SO&FW and 7.5 for FW.
With respect to C:N, the ideal ratio with 10:1—30:1 (FNR, 2010), was obtained for batches
with FW, C:N of 27:1, SO & FW with 37:1 within acceptable range of 10:1—45:1 for feed-
stock materials and their mixtures (Bischofsberger et al., 2005; Braun, 1982). Only for SO,
the C:N ratio of 50:1 is high on carbon, with rapid consumption of nitrogen will occur
compared to carbon, therefore, not all of carbon can be consumed and the result is lower
biogas yield(Abbasi et al., 2012).

As shown in Figure 13, following results could be achieved, during 30 days of trial period
and ambient temperature between 28—33.7°C and median of 30°C, ideal condition for
mesophilic microorganisms. Figure 13 shows cumulated methane yield converted to 100g
of feedstock materials.

The best result was achieved by SO&FW with 9339NmL for 100g of feedstock materials,
19% more compared to 7565NmL yield by FW and 22% more than SO with 7300NmL.
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highest. All the batches are within ideal pH values for the digestion 7.2—7.5. With respect
to C:N, the ideal ratio within 10:1—30:1 (FNR, 2010), was achieved for batches with FW,
C:N of 21:1, SO&FW with 34:1 within acceptable range of 10:1—45:1 for feedstock ma-
terials and their mixtures (Bischofsberger et al., 2005; Braun, 1982). Only for SO, the C:N
ratio of 51:1 seems to be high on carbon and may lead to rapid consumption of nitrogen
than carbon, therefore not all of carbon may be utilized, as a result lower biogas yield
(Abbasi et al., 2012).

As shown in the Figure 15, following results could be achieved, during 30 days of trial
period at an ambient temperature between 28.5—33.7°C and a median of 30.7°C, ideal
condition for mesophilic microorganisms. Figure 15 shows cumulated methane yield con-
verted to 100g of feedstock materials.

Among the groups, the best yield was achieved by 10% SO with 3700NmL for 100g of
feedstock materials, but 51% less compared to 7565NmL yield by 5% SO, also 10%
SOFW yield with 3349NmL are 61% lower than 5% SOFW. For 10%FW,the anaerobic
process stopped on 5th day.
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As the measurements reveal, the condition for anaerobic digestion among the batches
were ideal, pH within optimal range of pH 6.5— 8 for methanogenesis, as well as the C:N
ratio within the range of 10:1—30:1 (FNR, 2010), with a concentration of VFA below
1000mgL-1 (IEA Bioenergy, 2013).

N, P, K, S values for organic waste are comparable with PD, and slightly higher in nitrogen
than digestive from CM.

5.2.5.2 Applied Results of 5% of Organic Waste

With the given results from the feedstock assessment and earlier assumption (chapter 4.1.3)
about biogas demand to prepare two meals for average sized family in Bangladesh, be-
tween 0.8—1.6m3 of biogas would be necessary on the daily basis.

To be able to produce the estimated amount of biogas, around 6—12kg daily of organic
household waste would be necessary or in case of SO around 7.5—15kg day-1. In contrast,
according to the survey of average waste generation per capita in Bangladesh with 0.41
kg cap-1 day -1 with 68% of food and vegetable waste (Waste Concern, 2005). An average
family of 4 people could generate around 1.1 kg day-1, enough to produce 0.145m3. 

To provide enough digester volume for organic waste at concentration of 5%, for 6kg about
2.4m3 digester volume would be necessary and for 15kg about 6m3 with 20 days of hy-
draulic retention time at the organic loading rate (OLR) of 0.56kgODM/VS/m3/d and mixing
ratio of recycled effluent with organic waste at 20:1.

5.2.5.3 Conclusion on 5% of Organic Waste

�Organic waste at concentrations of 5% was found as very stable for anaerobic digestion.

�Very good biogas quality was achieved with average CH4 of 70—72% and low H2S
<90ppm.

�Relatively high CH4 yield could be achieved from 73—93m3t-1 per tonne of substrate,
the most yield by SO and FW mixture at 1:1, 7.5kg would be enough to generate 1m3.

�To meet the estimated biogas demand of 0.8—1.6m3, the daily amount of 6—12kg of
organic waste would be necessary. In contrast, an average family could probably
generate about 1.1kg of organic waste, enough to produce around 0.145m3 of biogas.

�To ensure the same conditions for anaerobic digestion with concentration of 5% or
ORL at 0.56kgODM/VS/m3/d to produce around 0.8—1.6m3 of biogas, 2.4—6m3 of
digester volume would be necessary and HRT of 20 days.

5.2.5.4 BMP Assessment of 10% of Organic Waste

Three batches with concentration of 10% were prepared for mono digestion of organic
waste, distinguished in groups FW, SO, SO&FW at mixing ratio of 1:1.

The trials were conducted for batches with following qualitative characteristics, as sum-
marized in table 23.

Due to the dilution by inoculum with 90%, different ODM/VS concentrations to total
weight were achieved from 4% for SO&FW, 4% for SO and 7% for FW and relating to the
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fore, the pH of 7.3 for 10%SOFW is also lower compared to the batches of 5%SOFW and
pH of 8.1. C:N ratios are found to be within the range of 10:1—30:1 (FNR, 2010). In this
case, the N, P, K, S values for organic waste are comparable with PD and slightly higher
in nitrogen than digestive from CM.

5.2.5.5 Conclusion on 10% of Organic Waste

�Organic waste at concentrations of 10% was found not always stable for anaerobic
digestion as in the case of FW. Therefore, it is not recommended. 

�Higher loading rate does not cause higher methane yield, especially for organic 
waste.

�For 10%SO methane yield of 37m3t-1 and 10%SOFW with 33m3t-1 achieved the 
concentration of CH4 were very low at 46%.

5.2.5.6 BMP Assessment of 15%, 25% of Organic Waste

None of the batches could produce biogas at concentration of 15% and 25% of organic
waste and 75% and 85% of inoculums respectively. The digestion process stopped be-
tween 6th and 9th day for concentration of 15% of organic waste, and between 3rd and
7th day for concentration at 25%. 

The pH measurement of the batches reveals that pH dropped for batches with concentra-
tion at 15% to 4.3—4.8 and for 25% to pH 4.2—4.4. Even if the VFA could be not measured
at this pH range, the pH drop is a clear indicator for acidification caused by increasing
VFA concentration because of high load of organic matter and exceeding of the digestion
capacity.

5.2.5.7 Conclusion on 15%, 25% of Organic Waste

�15% and 25% concentration of organic waste exceeding the degradation capacity.
�Stable digestion process was not achieved and therefore no biogas production took
place caused by pH drop between 4.2—4.8 because of acidification caused by VFA.

5.2.6 Co-Digestion

It has been reported that using mixed feedstock can increase biogas production, improve
degradation rates and lead to higher digester capacity(Edelmann et al., 2000; Ebner et al.,
2016). The effects of co-digestion are related to balanced availability of macro- and mi-
cronutrient required by the microbial community, but also can increase buffer capacity
and dilute the inhibitory or toxic compounds (Ebner et al., 2016; Astals et al., 2014). How-
ever, besides all its beneficial effects, the digestion of food waste can cause process insta-
bilities, depending on the organic load as shown in the previous chapters. In this section,
it will be evaluated if co-digestion will increase the biogas production and at what mixing
ratio, of 5%, 10% 15% and 25%, for both main feedstock materials in Bangladesh, cow
manure and poultry droppings.

All over 24 batches were set up for all mixing ratios and types of organic waste such as
FW, SO and the mixture of SO and FW at ratio 1:1 for CM and PD. 
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Also, average methane content measured at lower concentration with 46% for 10%SO
and 10%SOFW as compared to organic waste batches with 5% content. H2S concentra-
tions remains low at 0ppm for 10%SOFW and < 40ppm for 10%SO.

Converting the results to what is possible to achieve by one tonne of substrate. For SO at
concentration of 10%, one tonne would generate 37m3t-1 of CH4, and for 10%SO&FW
33m3t-1 of CH4. It is clear to see the, as illustrated in Figure 16, at higher concentration of
SO and SO&FW, lesser biogas yield is achieved with lower methane concentrations or no
biogas yield,which is the case of FW.

The probable reason for less yield and unstable anaerobic process are higher concentration
of organic matter in organic waste that exceeds the degradation capacity of substrate.

After the period of 30 days, the digestive was measured once more with following results
as shown in table 24.

As results show, the stop of anaerobic digestion for 10%FW was caused by acidification
to pH 4.3 because of high organic load and associated increase of VFA concentrations,
unfortunately the VFA could be not measured, since the chosen method can be used until
pH 5.

Also in case of 10%SOFW, the VFA are slightly higher with 1345mgL-1 than the suggested
for optimal process of anaerobic digestion below 1000mgL-1 (IEA Bioenergy, 2013). There-
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Comparing the yield with the mono-digestion of cow manure, where LCDM2 yield
2150NmL of CH4,is the highest yield achieved. The batch with 5%FWCM yield 22% more
and if comparing with the lowest yield from group for 5%SOCMFW, the yield was about
8% higher than LCDM2. On average, co-digestion with 5% of organic waste would yield
21% more than mono-digestion.

Also, concentration of methane for co-digestion with 75% of CH4 for 5%SOCM, 68% for
5%FWCM and 60% for 5%SOFWCM, are higher compared with mono-digestion, where
concentration of CH4 for dry cow manure was in rangeof 52—60%. The concentrations
above 50% of CH4 were achieved for all the batches on 3rd day. H2S concentrations in
biogas for cow manure and co-digestion of organic waste were not exceeding the level of
100ppm, for all batches.

Converting the results to what is possible to achieve by one tonne of substrate, 5%FWCM
could generate 28m3t-1 of CH4, or 41m3t-1, same biogas yields as for LCDR2, compared
with average yield for CM, it was 20% and 32% more for methane. In case of 5%SOCM,
even if the biogas yield was 3% lower than the average for dry CM, the CH4 was 20%
higher. For 5%SOFWCM, 20% more yield of biogas and 19% for methane. The overview
of methane yields per tonne of different feedstock is summarized in Figure 18.

After the period of 40 days, the quality of digestive was measured with following results
as shown in table 26.
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5.2.6.1 BMP Assessment of Co-Digestion of 5% Organic Household Waste with Cow Manure

For the group of 5% concentration of FW, SO, and FW&SO, three batches were set up for
BMP assessment with following characteristics as presented in table 25.

Due to dilution of manure with water at a ratioof 1:1 and with 50% of inoculum, 6% of
ODM/VS was achieved to total weight. In case of C:N ratio, all batches in acceptable
range of 10:1—45:1 (Bischofsberger et al., 2005; Braun, 1982).

Best result was achieved by 5%FWCM with 2770NmL of methane for 100g of feedstock
materials, 13% more compared to 2414NmL yield from 5%SOCM and 15% more than
5% SOFWCM with 2353NmL. However, if one would like to observe the yield within 30
days, the picture would be slightly different and 5%SOCM would be the batch with the
highest yield and 9% more than 5%FWCM.
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Similar results were observed for 15% of organic waste with 15%FWCM and
15%SOFWCM. The initial biogas production stopped on the 5th and 7th day with methane
concentration below 15%. The pH drop was observed from initial 7 to 4.4 and 4.6. Only
one batch with 15%SOCM produced biogas at reasonable rate of 1348NmL of methane
per 100g. However, this is still lower compared with 2414NmL from 5%SOCM and
1974NmL an average methane yield for mono-digestion of cow manure. Additionally, in
the case of 15%SOCM, one of the major reasons of lower biogas production rate was due
to the higher VFA concentration at 1875mgL-1 and pH 6.3

For concentration of organic waste at 25%, none of the batches could produce biogas due
to the drop of pH from 6.5—7 down to 4.2—4.5. Initial biogas production stopped com-
pletely between the day 3 and8 and the concentration of methane never exceeded 15%.

5.2.6.5 Conclusion for Co-Digestion of 10%, 15% and 25% Organic Household Waste
with Cow Manure

�Co-digestion with 10%, 15% and 25% of organic waste with cow manure was found
unstable for anaerobic digestion due to the pH drop.

�5% of organic waste with cow manure was found more beneficial and within stable 
range for biogas production.

5.2.6.6 BMP Assessment of Co-Digestion of 5% Organic Household Waste with Poultry
Manure

Three batches with the following characteristics as presented in table 27 were set up for
the trial for co-digestion of 5% of organic waste with PM.

Due to dilution of manure with water, ratio 1:1 and with 50% of inoculum, different
ODM/VS were achieved with 2% for 5%FWPM and with 5% for all batches including
SO. Measured pH at the time of the set up was at neutral range from 6.5—7. In case of C:N
ratio, two batches were found to be within the ideal range of 10:1—30:1 (FNR, 2010). The
batch 5%SOFWPM was found to be at lower range and may lead to higher ammonia con-
centration and inhibit the process.

As shown in Figure 19, following results could be achieved, during 30 days of trial period
and ambient temperature between 28—33.7°C and median of 30°C, ideal condition for
mesophilic microorganisms. Figure 19 shows cumulated methane yield converted to 100g
of feedstock materials.
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As the results show, pH condition for anaerobic digestion among the batches were within
the optimal range of pH 6.5—8 for methanogenesis as well as the C:N ratio within the range
of 10:1—30:1 (FNR, 2010).The C:N ratio for 5%SOCM was the lowest with 11:1. VFA con-
centration was ideal as well, below 1000mgL-1 (IEA Bioenergy, 2013).

Also, fertilizer of digestive is found to be improved compared tothe mono-digestion of
cow manure for N is with 0.11-0.12%, slightly higher than the average from mono-diges-
tion of cow manure with 0.06%. For P, K and S, however, the results were similar.

5.2.6.2 Applied Results for Co-Digestion of 5% Organic Household Waste with Cow Manure

With the given results from the feedstock assessment and earlier assumption about biogas
demand to prepare two meals for average sized family in Bangladesh, between 0.8—1.6m3

of biogas would be necessary on daily basis.

To be able to produce the estimated amount of biogas, around 19—38kg a day of cow ma-
nure would be necessary and 1—2kg of organic household waste, an amount that can be
easily generated by a family of 4 people and 2—4 cows, estimated with per capita waste
generation in Bangladesh with 0.41 kg cap-1 day -1 with 68% of food and vegetable
waste(Waste Concern, 2005).

Sufficient digester volume of 1.4—2.8m3 would be necessary, for 20—40kg of mixed feed-
stock materials, to ensure the organic loading rate of 0.86kgODM/VS/m3/d and hydraulic
retention time of 35 days.

5.2.6.3 Conclusion for Co-Digestion of 5% Organic Household Waste with Cow Manure

�Co-digestion of 5% for organic waste with cow manure was found stable for anaerobic
digestion.

�Higher methane concentrations were achieved with average CH4 of 60—75% and 
low H2S <100ppm.

�On average 13% more of biogas and 24% more of CH4 yield was achieved com
paring with mono-digestion of cow manure.

�To meet the estimated biogas demand of 0.8—1.6m3, the daily amount of 19—38kg 
of cow manure and 1—2kg would be necessary. An average family with 2—4 cows can
meet the demand.

�To ensure the stable conditions for anaerobic digestion with co-digestion of organic
waste ORL at 0.86kgODM/VS/m3/d, is required with 1.4—2.8m3 digester volume and 
hydraulic retention time of 35 days.

5.2.6.4 BMP Assessment of Co-Digestion of 10%, 15% and 25% Organic Household
Waste with Cow Manure

Biogas production and stable digestion process for co-digestion of cow manure and or-
ganic waste concentration of 10%, 15% and 25%, were not possible. For batches with
10%FWCM and 10%SOFWCM,the biogas production stopped on the 5th day, with
methane concentration in biogas < 18%. The pH has been dropped from initial 7 to below
4.5 and 4.8, which is an indication of higher concentration of VFA. Only one batch
10%SOCM hasproduced biogas with a lower level of 396NmL for 100g. The inhibitory
effect was found caused by high concentration of VFA 6027mgL-1 at pH 5.7.
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co-digestion was not an exception for high concentration reaching above 1000ppm.

The batch with 5%SOFW stopped the biogas production on the day 24th, and in general
low methane yield 1378NmL with average concentration of 30%. 

Converting the results to what is possible to achieve by one tonne of substrate,
5%SOFWPM could generate 27m3t-1 of CH4, or 43m3t-1, slightly more methane yield as
the average of 25m3t-1 achieved for mono-digestion. Figure 20, shows different yields
achieved during this study.

By the end of the trial, qualitative assessment of digestive was performed with results as
follows in table 28.

As the results show, pH condition for anaerobic digestion among the batches was within
optimal range of pH 6.5—8 for methanogenesis. However, C:N ratio for 5%FWPM and
5%SOPM were lower than the ideal range of 10:1—30:1 (FNR, 2010). Low C:N could also
explain the reason why the batch of 5%SOPM stops producing biogas at all. For the batch
5%SOFWPM, where the highest methane yield was observed, the C:N ratio 17:1 is found
to be within an ideal range. 

The fertilizer values of digestive are found to be slightly better compared with mono-di-
gestion for Nis with 0.15—0.22% slightly higher than the average from mono-digestion
also for P, K, S values were slightly higher.

5.2.6.7 BMP Assessment of Co-Digestion of 10%, 15% and 25% Organic Household
Waste with Poultry Manure

None of the mixing ratios for 10%, 15% and 25% of organic waste with poultry manure
has succeeded to achieve stable biogas production and process. The reason is high con-
centration of organic matter, which has exceeded the degradation capacity and lead to
high concentration of VFA and acidification.

The pH drops for 10% was from initial 6.7—7.0 down to 4.8—5.6, for batches with pH
above 5, total VFA concentration were measured and found to be for 10%SOFWPM at
8504mgL-1 and for 10%SOFW at 13,785mL-1. The biogas production usually stopped
within 10 days, with methane concentration in biogas below 30%.

For batches with 15%, the pH drop was observed from initial 6.7—7 down to 5.4—5.7, in
all batches total VFA concentrations are found to be very high > 10,000mgL-1, the biogas
production stopped within 12 days, with CH4 concentrations < 20%.

As expected for 25% of organic waste, pH drops from 6.5—7 down to 4.8—4.9, since the

517

Best results were achieved by 5%SOFWPM with 2724NmL of methane for 100g of feed-
stock materials, 40% more compared with 2322NmL yield from 5%FWPM. However, no
significant difference in total methane yield was observed between mono- and co-diges-
tion. In cases of 5%FWPM and 5%SOFWPM, CH4 concentrationswere at 53% and 62%
respectively. For mono-digestion, the CH4 concentration was at average of 55%. Another
drawback for biogas production from poultry manure is the high level of H2S, also the  
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In the first 40 days, LD generated more biogas than that of FD, 48% more. However, after 40
days, the trend has changed for unknown reasons and during the last 20 days, biogas pro-
duction of LD decreased and FD increased slightly by 12%. Observing the total biogas pro-
duction during the period of 60 days, the performance of LD was higher, with all over 95Nm3

or 34% more than FD with 63Nm3. When converting the biogas yield per tonne of substrate,
the yield achieved by LD was about 32Nm3/t and 21Nm3/t for FD, as it shown in the Figure
22. If comparing with the average yield of 35Nm3/t for CM achieved during the batch exper-
iments, LD yield was very close to the average results. However, FD that also represents the
common practice in Bangladesh by daily semi continues feeding, was 40% lower.
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pH was lower than 5 no measurement of total VFA could be performed, the biogas process
stopped within 5 days, with CH4 concentrations < 20%.

5.2.6.8 Conclusion for Co-Digestion of 5%, 10%, 15% and 25% Organic Household
Waste with Cow Manure

�Co-digestion of 5% for organic waste with poultry manure was found with no
significant benefits in terms of methane yield, therefore not recommended at household
level.

�At higher concentration of organic waste from 10%, 15% and 25%, none of the trial
could achieve stable biogas production. High concentration of organic matter exceeds
degradation capacity and leads to high concentration of VFA and pH drop.

5.3 Field Based Findings

5.3.1 Feeding Intervals

Influencing the feeding interval may be one of the simplest but cost-effective methods for
increasing the performance of anaerobic digester. Three different intervals were exani-
mated, for cow manure under mesophilic condition using 5m3 prefabricated and free-
standing PVC digester.

5.3.1.1 Performance of Daily Feeding vs. 4th Day Interval

During the set up, two digesters were fed simultaneously with fresh CM diluted with water
in ratio 1:1, farm digester (FD) on daily basis with 50kg and lab digester (LD) once in four
days with 200kg at once, with loading rate around 1.14—1.64kgODM/VS/m3d-1 digester
volume and day.All over 3000kg of cow manure were used for each of the digesters, with
long hydraulic retention time of 55days. The experiment was conducted over a period of
60 days with average ambient temperature of 29°C. All key figures are summarized in
table29.

During this time, the biogas production was measured, burning biogas with a stove and
measuring with a gas flow meter, until the gas was completely consumed. Daily records
of biogas production and temperature are presented in the following Figure 21. 
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For VFA the general trend for both digesters were observed as followed, at the beginning
the concentrations were higher and dropped slightly towards the end. However, never ex-
ceeding the limit of 1000mgL-1, concentration that might cause process instabilities. Also,
the observation of VFA cannot explain decrease in biogas productivity during last 20 days,
for LD.

5.3.1.2 Conclusion on Daily Feeding vs. 4th Day Interval

�It was found that overall biogas yield for feeding in 4 daysof intervals was 34% higher
compared to praxis as usual, and methane yield 28% more, however another trial
should be conducted to confirm these findings. 

�With obtained results, 48kg of CM would be necessary to produce 1m3 of biogas in
praxis as usual and 32kg feeding in 4 daysof intervals.

�With the given results, the performance of the digester could be increased without 
any additional investment cost, just by changing the feeding intervals and it might
have potential to reduce labour time. 

�In both setups, the digesters could produce enough biogas to cover daily theoretical
demand (0.8—1.6m3) for preparing two meals for the average family size in rural 
Bangladesh, with average daily biogas production of 1.6Nm3 for LD and 1.1Nm3 for
FD. 

�pH and VFA within the range and indicated process stability during the trial for both
digesters.

�The rule of thumb that 27kg of CM can yield 1m3 of biogas could not be confirmed,
during this trial even with ideal ambient temperatures for 4 days feeding intervals 32kg
of CM would be necessary for 1m3 of biogas, it is 14% more. Based on daily feeding,
48kg of CM would be needed or 44% more. 

5.3.1.3 Performance of Daily Feeding vs. 7 Day Interval

During the set up, two digesters were fed simultaneously with fresh cow manure diluted
with water in ratio 1:1, farm digester (FD) on daily basis with 50kg and lab digester (LD)
once in seven days with 350kg at once, with loading rate around 1.14—
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Expressing digester performance in terms of specific biogas productivity per digester vol-
ume, the measured performance was in range 0.11—0.59Nm3BG/m3DGd-1 or in average
of 0.29Nm3BG/m3DGd-1. In case of LD, the range was 0.02—0.54Nm3BG/m3DGd-1 with
average performance 0.19Nm3BG/m3DGd-1 for FD, in which FD was exactly the average
production of biogas from CM reported for Bangladesh by UNFCCC at
0.19m3BG/m3DGand LD higher than the average (UNFCCC, 2012). As it shown in the
Figure 23, comparing productivity with fixed dome digesters based on cow dung, both
digesters were within the range of 0.2—0.5m3BG/m3DGd-1(GTZ, 1989). For methane, the
concentrations for LD where in range of 46—58%, in average with 51%, lower than con-
centration measured for FD, in range of 51—64% with average of 58%, therefore, the dif-
ference in methane yield is smaller with 28% between LD and FD, than for total biogas
yield.

The ambient temperature during the trials was in the range from 25—35°C, ideal for anaer-
obic digestion by mesophilic microorganism and like the temperature condition in the lab
with 27—33°C. Within the mentioned temperature range, weak positive correlation be-
tween ambient temperature and daily biogas production was determined with factor 0.11
and 0.17 as well as for temperature in digester and biogas production with factor 0.14
and 0.20. However, a moderate positive correlation was determined between ambient
and digester temperature with the factor of 0.72 and 0.76.

The measured pH values were for both digesters mostly ideal in range of 6.5—7.5, excep-
tion is pH measured for both digesters on day 28 with 6.2 but without any impact on bio-
gas production. The reason for declining productivity for LD during the last 20 days cannot
be explained with pH. Hence, the measured values were with 6.5 and 7.0 within the ideal
range for anaerobic digestion. 
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Expressing digester performance in terms of specific biogas productivity per digester vol-
ume, the measured performance was in range 0.11—0.59Nm3BG/m3DGd-1 or in average
of 0.29Nm3BG/m3DGd-1. In case of LD, the range was 0.02—0.54Nm3BG/m3DGd-1 with
average performance 0.19Nm3BG/m3DGd-1 for FD, in which FD was exactly the average
production of biogas from CM reported for Bangladesh by UNFCCC at
0.19m3BG/m3DGand LD higher than the average (UNFCCC, 2012). As it shown in the
Figure 23, comparing productivity with fixed dome digesters based on cow dung, both
digesters were within the range of 0.2—0.5m3BG/m3DGd-1(GTZ, 1989). For methane, the
concentrations for LD where in range of 46—58%, in average with 51%, lower than con-
centration measured for FD, in range of 51—64% with average of 58%, therefore, the dif-
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for both digesters occurred during the last week of trial. The overall range of the perform-
ance for FD was observed in range of 0.08—0.56Nm3BG/m3DGd-1 and for LD in range of
0.08—0.41Nm3BG/m3DGd-1. 

Comparing the FD, with the previous trial, this time the average digester performance was
slightly higher with 0.23m3BG/m3DGd-1 compared with average 0.19m3BG/m3DGd-1, the
higher productivity can be explained by higher average temperature of 31°C compared
with average 29°C, during the first trial. On the daily basis, the slightly change of ambient
temperature, has only weak positive correlation with biogas production, the determined
factor of 0.10 and 0.20, as well as for digester temperature and daily biogas production
with correlation factor of 0.15 and 0.16. The correlation between the ambient and digester
temperature, was similar as for previous trial with moderate positive correlation and factors
of 0.43 and 0.59.

Methane concentrations in biogas for LD measured in range of 43—79% and in average
with 62% of CH4, higher than for FD with the average concentration of 56%, or in range
of 45—73%. Therefore, also the total CH4 yield with 37.5Nm3/t for LD was slightly higher
than for FD and 35Nm3/t. H2S concentration were monitored within the range of 20—
200ppm.

Compared with the biogas yield of 32Nm3/t previously achieved by feeding in 4 days of
interval, the biogas yield from 7 days feeding interval with 21.5Nm3/t and in case of daily
feeding with 22Nm3/t, is 33% lower. Different yields achieved during the trials are pre-
sented in Figure 26.

For pH, the values in case of LD were between 6.2—7.8, the lower pH of 6.2 was measured
during the days 30 and 36 however without any noticeable impact on biogas production

523

1.64kgODM/VS/m3d-1 digester volume and day, all over 3000kg of cow manure were used
for each of the digesters, with long hydraulic retention time of 55days. The experiment
was conducted over a period of 56 days with average ambient temperature of 31°C. All
the key figures are summarized in table 30.

Obtained daily biogas production is presented in Figure 25, the biogas yields for both di-
gesters were similar, with total yield for FD of 62m3, slightly higher than 60m3 for LD. Gen-
eral trend of overall biogas production was increasing of the digester performance
observed during the 4th week for FD from average 0.13Nm3BG/m3DGd-1 to
0.24Nm3BG/m3DGd-1 and for LD during 5th week from 0.15Nm3BG/m3DGd-1 to
0.22Nm3BG/m3DGd-1. Highest average specific biogas production of 0.33Nm3BG/m3DG d-1
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avoid dependency on imported prefabricated digesters, it has been tried to develop an al-
ternative with locally available materials. In this process, a locally available water tank
was converted into biogas reactor. Two different models have been developed, one step
and two steps digesters, for digestion of cow manure with 5% of organic waste.

5.3.2.1 Performance of 1 Step - 1000L WTD

During the trial, the biogas production was recorded and observed for 29 days with aver-
age ambient temperature of 30°C. The trial started after the initial preparation of the di-
gester, by first loading with slurry from another digester, leaving for ca. 1.5 weeks,
meanwhile checking for leakages and sealing if required, until the system was gastight.
All over 196kg of CM and 47kg of organic waste were used. Organic waste was pre-treated
in the blender and 1.5kg were mixed with 7kg of CM and 22L of recirculated digester
slurry (DS) were fed on the daily basis, at OLR of 2.09kgODM/VS/m3d-1 and HRT of 30
days. All the key figures are summarized in Table 31. The total cost for the digester was
BDT 7,500.

During the trial following daily biogas production was achieved by respective daily tem-
perature as presented in theFigure 28. All over 19Nm3 of biogas and 12Nm3 of CH4 were
generated in range of 44—84% with average 63% of methane.

The average specific biogas production rate of the digester was with 0.43Nm3BG/m3DG
d-1 the lowest during the first week, increasing up to 0.78Nm3BG/m3DGd-1 in the second
week and remained above 0.70Nm3BG/m3DGd-1, with 0.71Nm3BG/m3DGd-1 in the 3rd
week and 0.77Nm3BG/m3DGd-1 during the 4th and last week. The overall range of per-
formance varied during the trial, between 0.30—1.14Nm3BG/m3DGd-1 with average of
0.67Nm3BG/m3DGd-1.

The ambient temperature during the trial was observed to be within the optimal range for
digestion and has only little effect in this range on biogas productivity, weak positive cor-
relation between digester temperature and daily gas production was determined with factor
0.12, as for the correlation between ambient and digester temperature, moderate positive
correlation was determined with factor 0.79. The methane concentrations were decreasing
slightly during the period from initial 65% of during the first week, gradually to average
57% during the 4th week. Besides the methane concentrations, H2S was measured within
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itself, specific biogas production rate for 5th and 6th weeks were 0.23 and
0.21m3BG/m3DGd-1 like FD where pH never was lower than 6.4 and in range from 6.4—
7.5 and the average specific biogas production rate of 0.23m3BG/m3DGd-1. 

Comparing all over productivity with values for average digester performance for
Bangladesh with 0.19m3BG/m3DG (UNFCCC, 2012), the performances of both digesters
were above the average, with 0.23m3BG/m3DG for FD and 0.22m3BG/m3DG for LD. How-
ever, it is related to higher ambient temperatures in average of 31°C, during the trial. Dif-
ferent specific biogas production rates are presented in Figure 27.

5.3.1.4 Conclusion on Daily Feeding vs. 7-Day Interval

�There is not much difference to feed digester on the daily basis or only once a week,
with an average specific biogas production for FD 0.23m3BG/m3Dd-1 and for LD
0.22m3BG/m3DGd-1.

�Average methane concentration for digester fed once a week was slightly higher
with 62% than feeding on the daily basis 56%. 

�Both setups could provide enough biogas to cover the estimated demand of biogas
(0.8—1.6m3) for preparing two meals for average size family in Bangladesh, with average
daily biogas production of 1.1Nm3 for both feeding intervals.

�The rule of thumb that 27kg of CM can yield 1m3 of biogas could be not confirmed,
even during the ideal ambient temperature for digestion. In case of daily feeding, 45kg
of CM or 40% more would be necessary to produce 1m3 of biogas, and 46kg for feeding
in 7-days interval.

5.3.2 Performance of Converted Water Tank Digester (WTD)

To be able to provide low cost alternatives for widely disseminated fixed dome digester or
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Expressing digester performance in terms of specific biogas productivity per digester vol-
ume, in case of WTD, the average was at 0.67Nm3BG/m3DGd-1. It is 72% more than the
reported performance for mono digestion of CM at 0.19m3BG/m3DG(UNFCCC, 2012).
Comparing with PVC digester during mono digestion of CM, fed in 4 days of intervals, best
case during this trial with 0.29 Nm3BG/m3DGd-1, WTD performance was in average 57%
higher and even 72% higher comparing with PVC digester fed on the daily basis. Also,
compared with other systems like fixed dome 0.2—0.5m3BG/m3DGd-1 or floating drum
0.3—0.6m3BG/m3DGd-1, the performance of WTD is above reported range, can be achieved
with the respective model and CM. A performance overview is presented in Figure 30.

Comparing the investment cost based on expected biogas production in range of 1.6—
1.8m3, the cost for brick based fixed dome digester is about BDT 35,000, in case of fibre-
glass digester BDT 40,850 (UPM & Young Consultants, 2017). For PVC bag digesters, it is
estimated to be BDT 40,080 if imported and in case of WTD, if converting the existing
water tank available in the market, the price is estimated to be about BDT 30,000; consist-
ing of water tank cost, at lowest price available at local market with BDT 19,500; and es-
timated cost for piping and gas storage bag for BDT 10,500. The initial investment costs
are indeed lower for WTD; however, the operational lifetime is expected to be about 15
years and compared with fixed dome digester with long operational lifetime of 20 years,
significantly shorter. A detailed cost-benefit analysis, comparing both systems would be
required, as soon as the more data is available for WTD.

5.3.2.2 Applied Results of 1 Step - 1000L WTD

With the current results, it is already possible to produce enough biogas to cover the lower
demand of 0.8m3 (0.8—1.6m3) for preparation of two meals for average size family in
Bangladesh. The daily feedstock requirements are 7kg of CM and can be provided by one
cow and 1.5kg of OW. According to Waste Concern, average daily food and vegetable
waste generation per capita in Bangladesh is 0.33kg/d. Therefore, around 1.3kg can be
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range of 150—200ppm during the 1st week, 200ppm during the 2nd, 200—450ppm for 3rd
and 60ppm for 4th, shows that additional desulphurizer unit for the system would be nec-
essary.

In combination of all factors such as feedstock mixture, pre-treatment of organic waste, re-
circulation of digester slurry, WTD, and ideal ambient temperature, one tonne of the mix-
ture would yield 79Nm3 of biogas or expressed in a different way 13kg of feedstock would
be necessary to produce 1m3 of biogas. It is 58% more yield than the average for CM
achieved during the batch experiments, 60% more than it was achieved with feeding in-
tervals of 4 days, and 73% more compared with the yield achieved with daily feeding.
The overview on different yields achieved during the experiment is presented in Figure 29.
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quires additional monitoring, so not recommended at household level as mono substrate.
It, however, can always be added for digestion with cow manure.

In the case of mono-digestion of organic household waste, high biogas yield could be
achieved in range of 105—132Nm3/t with CH4 concentrations of 70—73%like the reported
values from the literature. However, only concentration of up to 5% are recommended.Re-
sults revealthat at concentrations higher than 10%, the digestion capacity of the feedstock
is exceeded and stable anaerobic digestion is not possiblebecause of acidification and pH
drop caused by high concentration of VFA.

For co-digestion of 5% organic waste with cow manure, methane concentrations ranged
59—75%, on average the biogas yield was 13% higher and for CH4 24% more yield com-
pared to mono-digestion. However, the co-digestion of cow manure is only beneficial with
up to 5% of organic waste, at higher proportion >10% stable anaerobic digestion is not al-
ways possible for the same reasons as in the case of mono-digestion with organic waste,
where degradation capacity of a substrate is exceeded and high VFA concentration leads
to acidification.

In the case of poultry manure and 5% of organic waste, no significant benefits were ob-
served in terms of biogas yield with average yield of 45Nm3/t.In fact, in one case, the av-
erage methane concentration was measured at 30%, an indicator for disturbance of stable
anaerobic digestion. At higher proportion of >10% organic waste, no stable anaerobic di-
gestion was possible by exceeding degradation capacity of the substrate. At household
level, the co-digestion of poultry manure with organic waste is, therefore, not recom-
mended.

Among different feeding interval, comparing daily, each 4th day and each 7th day, the 4th
day feeding interval produced the most of biogas, 34% more yield and 28% more methane,
compared with the praxis as usual, by feeding the digester daily. The yield of biogas per
tonne of cow manure, 4 days of interval feeding was 32Nm3/t with average methane con-
centration of 51%. It is, therefore,suggested to feed digester in 4 days of intervalsif space
for storage of cow manure is available and adequate dung storage for 3—4 days to prevent
easy growth of various vectors, it is important to prepare environmentally friendly fresh
cow dung and slurry storage pits. For these, a single chamber of fresh cow dung storage
pit can be made by low cost safety tank with concrete floor and covered with RCC slab /
washable and reusable plastic sheet which prevent leakage and evaporation of water and
gases from cow dung.

For any DG, to avoid fluid leakage from slurry contaminated with disease producing mi-
crobes, slurry management can be done by using two steps/chambers of slurry pits. For
this, two-chambered brick wall or water tank should be installed. In case of brick-build
wall of the chamber should be made with 7.5cm thick wall and floor of the chamber should
be filled with sand. There should be inter-linked pipe between the pits and roof of the pits
should be covered with nylon or window net to protect the environment from contamina-
tion of disease producing microbes present in the slurry, which is transmitted by flies and
mosquitos. Additional precautionary measure can be taken to protect beneficial microbes
present in the slurry, which have fertilizer role by using sunlight protecting shed made of
straw, which is very low cost. The procedure of management of fresh cow dung and slurry
by preventing disease producing microbesby using single- and double-chambered pit as
per the instruction followed by the EHS guidelines of the WB.
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generated by four-person household, slightly less than required, however the small differ-
ence can be always covered by grass clipping or leafs.

To generate 1.6m3 of biogas, two cows would be necessary and 3kg of OW, but that could
mean for the household to ensure external source of supply for the organic waste. Also to
increase, the digester volume would be necessary to enlarge from 1m3 to 2m3.

5.3.2.3 Conclusion on 1 Step - 1000L WTD

�It was found that overall biogas yield of 79Nm3/t for feedstock mix with (23%) CM,
(5%) OW and (72%) recirculated slurry, during the digestion with WTD, was above
average and 60—73% more yield with lower investment cost, compared with mono digestion
of CM in PVC. 
�Good biogas production rate of the WTD with 0.8Nm3BG/m3DGd-1.
�With obtained results, 10kg of CM and 2kg of OW mixed with 31L of DS would be
necessary to produce 1m3 of biogas and 1300L of digester volume. 
�On average, the digesters could produce enough biogas to cover lower daily theoretical
demand of 0.8m3 for biogas (0.8—1.6m3) to prepare two meals for average size family
in Bangladesh, with average daily biogas production of 0.8Nm3.

5.3.2.4 Performance of 2 Step - 500L WTD

The model consisted of open hydrolysis chamber, 150L barrel adjusted to retain the feed-
stock for 5 days and main airtight chamber, of 500L. During the trial conducted, the digester
was fed with pre-treated 0.8kg of OW, mixed together with 3.5kg of CM and 12L of DS.
The trial was initially set up for 29 days, but was interrupted after 11 days due to a design
issue. The feedstock was constantly clogging the connection pipe between the hydrolysis
and main chamber. The generated biogas measured during this time was low with
0.22Nm3BG/m3DGd-1as the significant amount of the solid remains in the hydrolysis cham-
ber, and only liquid could reach the main digestion chamber, before it was completely
clogged. Afterwards, the digester design was adjusted where hydrolysis of 3 days was per-
formed in the buckets before applying into digester.However, the trial could only be con-
tinued for four more days when the performance doubled to 0.47Nm3BG/m3DGd-1.

6. Conclusion

41Nm3/t was the highest yield achieved with manure from the local cow, with concentrate
mix as main feedstock. The average yield was 13% higher than 36Nm3/t among the group,
dry stable cleaning method yieldedtwo times (61%) more on biogas compared with flush
with higher average methane concentration of 55%. In the field, the average biogas yield
was 21Nm3/t lower, for the set up simulating the common practise in Bangladesh, obtained
during a 121days of observation. Therefore, it is recommended to use more realistic values
of 0.020Nm3/kg for feasibility studies of biogas project, instead of optimistic values of
0.037m3/kg or 0.040m3/kg.

The yield achieved from poultry manure through batch trials, mixed in ratio of
PM:H2O:INCL (1:1:1), with 45Nm3/kg and 49Nm3/kg, with CH4 concentration of 49—
58%on average lower than the rule of thumb applied in Bangladesh with 71m3/kg. Low
biogas yield is related to low C:N ratio and leads to surplus in nitrogen to form ammonia
(NH3) and inhibitory effect on bacterial grow. Therefore, mono digestion of poultry manure
with dilution of 1:1 is not recommended. Ensuring ideal digestion of poultry manure re-
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EMB Eosin Methylene Blue

FD Farm Digesters

FNR Fachagentur Nachwachsende Rohstoffe e.V (Agency for Renewable Resources)

FW Food Waste

FWCM Food Waste and Cow Manure

FWPM Food Waste and Poultry Manure

g Gram

H2O Water

H2S Hydrogen Sulphide

HC Hybrid Cow

HCDM Hybrid Cow Dry Mix

HCFM Hybrid Cow Flush Mix

HCDR Hybrid Cow Dry Roughage

HCFR Hybrid Cow Flush Roughage

HH House Hold

HRT Hydraulic Retention Time

IAP Indoor Air Pollution

IDCOL Infrastructure Development Company Limited

INCL Inoculum 

IFRD International Foundation for Research and Development

K Potassium

KfW Kreditanstalt für Wiederaufbau (Reconstruction Credit Institute) 

kg Kilogram 

L Litre

LC Local Cow

LCDM Local Cow Dry Mix

LCDR Local Cow Dry Roughage

LCFM Local Cow Flush Mix

LCFR Local Cow Flush Roughage

LD Lab Digester 

LPG Liquefied Petroleum Gas

N Nitrogen

NC Non-Commercial

NDBMP National Domestic Biogas and Manure Programme

NGOs Non-Government Organizations

Ni Nickel 

NmL Norm Millilitre

m3 Cubic Metre
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Abbreviations

°C Celsius Degree 

AU Aarhus University 

ARF Animal Research Farm

BAB Biogas AuditBangladesh

BARC Bangladesh Agricultural Research Council 

BARD Bangladesh Academy for Rural Development

BAU Bangladesh Agricultural University

BBDF Bangladesh Biogas Development Foundation

BBS Bangladesh Bureau of Statistics 

BCSIR Bangladesh Council of Scientific and Industrial Research

BDT Bangladesh Taka 

BERF Bangladesh Environmental Research Foundation

BG Biogas

BINA Bangladesh Institute of Nuclear Agriculture

BMP Bio Methane Potential 

BRF Biogas Research Farm

BSERT Bureau of Social Economic Research and Training

C:N Carbon/Nitrogen 

CH4 Methane 

C Carbon

cap Capita

Cd Cadmium

COM Commercial 

cm Centimetre

CM Cow Manure 

CNG Compressed Natural Gas

Cr Chromium

CSES Centre of Sustainable Environment Sanitation

Cu Copper

d Day

DBD Domestic Biogas Digester

DG Digester

DS Digester Slurry 

DM Dry Matter

DVM Doctor of Veterinary Medicine 

EHS Environmental and Health Standards 
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