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Executive summary 

Bangladesh is a densely populated country with widespread poverty. The country faces extreme 

shortages of electricity in both rural and urban areas. Large territories of rural Bangladesh have no 

access to electricity at all and rely on traditional biomass for cooking. Most areas in the country 

suffer from ground water contaminated with arsenic which kills thousands every year. The arsenic 

problem is being tackled through greater understanding among the population, identification of 

contaminated wells and drilling of new deeper wells in areas not yet contaminated. Some arsenic 

removal techniques are also being applied which, although reducing the arsenic content, but  do not 

guarantee the drinking quality of the water.  

Rural development is a multi-dimensional challenge. Thus, it is important to couple policies and 

measures to alleviate poverty and promote development. In addition, solutions proposed to address 

the needs of the poor have to be affordable and environment friendly. For example, energy systems 

solutions have to fit local conditions, providing not only physical infrastructure for energy provision, 

but also a vector to promote sustainable development. In this context, KTH and collaborating 

partners in Sweden and Bangladesh have evaluated a small-scale biogas-based poly-generation 

technology for delivering electricity, cooking gas and arsenic-free drinking water in rural areas of 

Bangladesh. The collaborating partners were Scarab Development AB, a Swedish company involved 

in developing water-purification technologies, and Grameen Shakti, a non-profit organization with 

long track record of work in energy and development in Bangladesh.  The project was developed 

during three years between 2012 and 2014, and funded by the Swedish International Development 

Cooperation Agency (SIDA).  

The poly-generation concept proposed in this project includes three distinct units: (i) a biogas 

generation unit, (ii) an electricity generation unit and, (iii) a membrane distillation unit for water 

purification. The system uses low value products such as agricultural waste and animal dung to 

produce multiple service output of high value viz. electricity, clean water and cooking gas.  

The research carried out included lab experiments and local case studies. The MD unit is a relatively 

new concept and its performance was tested in lab experiments to verify its efficiency while using 

low heat from a biogas unit to deliver clean drinking water. Stakeholder workshops, one to one 

consultations, questionnaire survey and a participatory rural appraisal method (PRA) were used in 

case studies for analyzing the feasibility of implementing the poly-generation concept in the local 

context of rural Bangladesh. On the supply side, the case studies included a resource assessment to 

verify the potential for biogas production. On the demand side, the case studies served to verify 

energy needs and evaluate household’s preferences. Together, these assessments served to better 

understand how the technology may be adapted to solve energy and water problems in rural 

communities of Bangladesh. Levelized cost, IRR and payback period have been used as economic 

indicators to evaluate the feasibility of the project. Canvas model has been used to analyze business 

models, and LCA (life cycle assessment) has been performed to estimate the climate change 

mitigation potential of the poly-generation technology. 



 

The analysis of technical system performance at different conditions revealed that the poly-

generation unit can deliver electricity, cooking gas, and drinking water. The experimental 

performance test of the MD unit showed that the arsenic contaminated water can be cleaned, 

resulting in safe drinking water. The arsenic separation efficiency was extremely high, as arsenic 

levels were below detection limits in all cases evaluated. In fact, the system configuration is such that 

it can clean various impurities including arsenic contaminated ground water and other contaminated 

surface water. The connection of the MD unit to the system, allows the use of waste heat from the 

biogas production, thus increasing the total energy efficiency of the system, while delivering purified 

water. 

The total cost for an integrated biogas-based poly-generation system to serve 30 households is USD 

26,050 and USD 33,000 for 52 households, indicating economies of scale. The payback period of such 

system may vary from 2.2 years to 5.2 years depending upon system size, amount of slurry sales and 

the feedstock handling charge. The Internal rate of return (IRR) was estimated to be in the range of 

13.8% to 31.6%, again depending upon slurry sales. Though slurry is a by-product from the biogas 

digester, its market value has proven influential in determining the economic feasibility of the 

project. Altogether, the integrated approach to energy and water service provision based on the 

poly-generation system provides an attractive option to solving problems commonly found in rural 

poor communities of Bangladesh. 

When evaluating the conditions for promoting clean cooking fuel in the form of biogas, our study in 

the village of Panipara indicated very high willingness to switch to the clean fuel. Apparently, the 

local population is well aware of the negative health effects of inhaling smoke while cooking, and 

would be willing to shift to a cleaner fuel. However, not surprisingly, willingness to pay for electricity 

is higher than for cooking gas, particularly as the population is poor and may have to make a choice 

on where to put its disposable income. 

The locally available cattle dung and agriculture residues viz. rice straw, husk, wheat straw, jute and 

vegetable wastes provide the necessary feedstock to generate biogas and to execute poly-

generation. In one of the studies we made, we estimated that it is feasible and reasonable to supply 

all the households in Panipara with electricity and clean drinking water, and two third of the 

households with cooking gas. This requires 900 m3 of gas per household annually, which could be 

easily met with the available resources in the village. It would be useful to explore ways for 

enhancing the biogas generation so that all households can be served with cooking gas. Meanwhile, 

improved cooking stoves can be also introduced. The typical case studies carried out under this 

project give us indications that poly-generation system could be a means to address some of multi-

dimensional rural development problems in Bangladesh.  

We have also proposed a market-based business model for the biogas based poly-generation system. 

In this model, the feedstock for the biogas production is bought locally. Likewise, the services 

provided from the system (e.g. electricity, cooking gas and clean drinking water) are sold to local 

households at a price determined in relation to the capital investment, operational cost and local 

market conditions. The business model was analyzed using a CANVAS approach through which core 

activities were identified together with key resources and partners to start and run the business. The 

analysis stressed the need for creating awareness regarding the products and services, guaranteeing 

their quality, and setting competitive and affordable prices to attract the customers. The 



 

implementation of the production unit requires resource and investment allocation viz. land 

acquisition, logistics for feedstock collection, purchase of generator unit and membrane distillation 

unit, water, and labor training. In addition, marketing channels are crucial for the business expansion 

and its sustainable operation. In particular, marketing the slurry as organic fertilizer will be crucial for 

the economic sustainability of the whole enterprise. While the business can generate multiple 

revenues, it implies also the need to create markets for multiple products and/or services which 

constitutes a challenge not least in terms of managerial capacity.   

The findings of the project allow us to: (i) capitalize on the proven benefits of available technology to 

solve immediate problems and alleviate poverty; (ii) define a site for demonstration of the 

technology on the ground in collaboration with local agents and entrepreneurs; (iii) develop a 

scheme that is line with local conditions and capabilities and; (iv) establish a monitoring system with 

local organizations to guarantee quality of the results and the dissemination of the model.  

In line with these findings, and in consultation with local stakeholders, we propose new steps to 

move from the research phase to demonstration and dissemination in rural areas of Bangladesh. 

While the research phase has contributed to show the feasibility of the technology in the context of 

rural communities, it is first when the solution is demonstrated that it can contribute to alleviate 

poverty and promote development.  

The project has been developed in line with the overall objectives of the Swedish Global 

Development Policy (PGU) to contribute to fair and sustainable global development. The research 

done helped address some of the challenges identified by the Swedish government in relation to 

development particularly when it comes to economic marginalization, climate change and health. 

Through our research, we have been able to identify a potential solution for specific energy and 

water problems found in rural communities of Bangladesh. In the next steps, it will be possible to 

more directly contribute to alleviate poverty and promote development in a community, while also 

opening for disseminating these benefits to others. New funding is needed for project 

implementation and continued engagement in the next steps.  

The results of the research project are documented in 4 journal papers (2 published and 2 under 

publication process). Besides, the results of the research were presented as 4 conferences papers 

and 3 posters in international conferences and workshops during the three years of the project. The 

project has also contributed to the examination of 4 MSc theses, one licentiate thesis, and one PhD 

thesis. 



 

 

Foreword  

Rural development is a multi-dimensional challenge. Addressing such challenges needs a holistic 

approach coupling policies and measures to alleviate poverty and promote development. Solutions 

proposed to address these challenges have to be affordable, environment friendly and should be a 

vector to promote sustainable development. Most of the rural areas in Bangladesh have no access to 

electricity at all and rely on traditional biomass for cooking. Most areas in the country suffer from 

arsenic contaminated ground water  that seriously impact on human  health killing thousands each 

year. 

The report was developed within the research project (Project No. SWE-2011-135) led by KTH in 

collaboration with Scarab Development AB (Swedish company involved in developing water-

purification technologies), and Grameen Shakti (a non-profit organization with long track record of 

work in energy and development in Bangladesh) and funded by the Swedish International 

Development Cooperation Agency (SIDA). The report has evaluated a small-scale biogas-based poly-

generation technology for delivering electricity, cooking gas and arsenic-free drinking water in rural 

areas of Bangladesh. 

I am grateful to the contributions provided by the various institutions directly involved in the 

development of the project, KTH, Scarab Development AB from Sweden and Grameen Shakti from 

Bangladesh. Special thanks goes to my team members Prof Andrew Martin, Dr Brijesh Mainali, Mr. 

Ershad Khan from KTH, Dr M. S Islam from Grameen Shakti and Mr Aapo  Sääsk from Scarab, Sweden. 

I would also like to recognize the valuable inputs provided by Mr Abser Kamal, Managing Director of 

Grameen Shakti and his entire team.  I must also thanks various government officials and 

organizations in Bangladesh, and the participants of the initial consultation workshop in 2012 and 

final workshop in 2014 held in Dhaka as part of this project’s efforts. Last but not the least; thanks 

are due to our Masters students who did their thesis in this project and all the local respondents for 

their valuable contribution during field studies. 

 

Semida Silveira 

Project leader, Biogas based Poly-generation project in Bangladesh  

Professor, head of division Energy and Climate Studies, KTH 
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1. Project description 

Rural development is a multi-dimensional challenge. Access to clean energy and services such as 

lighting, clean water, pumping water and irrigation are genuine needs of the poor living in many 

developing countries. Solutions to address these needs have to be affordable and environment 

friendly. Exploring the symbiotic relation between energy, economic growth, environment and health 

is vital when designing technical systems to meet the multiple needs of developing regions. Such 

systems have to fit local conditions, providing not only physical infrastructure for energy provision 

but also a vector to promote development. This means the services provided should help to alleviate 

poverty and stimulate economic activities, and also address the climate agenda so as to push the 

rural areas into the path of sustainable development. The vector of development embodies among 

others technological advancement, social changes through new services, institutions to regulate and 

monitor development, and the formation of markets.  

In this context, this project has evaluated the feasibility of a small-scale biogas based poly-generation 

technology for electricity generation and provision of arsenic-free drinking water production in 

Bangladesh. The proposed poly-generation technology uses agricultural waste or animal dung to 

produce multiple service output viz. electricity, clean water and cooking gas. Input and output in the 

system are based on the combination of resource availability at the local level and the immediate 

needs of rural communities.  

The research project was led by the Energy and Climate Studies group at the Department of Energy 

Technology at KTH. The project was implemented in cooperation with the Division of Heat and Power 

in the same department, Scarab Development AB (Swedish company involved in developing water-

purification technologies) and Grameen Shakti (non-profit organization working in rural energy and 

development in Bangladesh). The project was funded by the Swedish International Development 

Cooperation Agency (SIDA), project No. SWE-2011-135. Initially, MSEK 4.49 were requested to 

implement the project. Approved research funds totaled MSEK 2.7 for a 3-year project starting from 

1st Jan 2012 and ending 30th Dec 2014. Despite the 39% budget cut, the project team has managed to 

perform all the key activities that were proposed in the initial proposal and has been successful to 

achieve the objectives and targeted goals (see section 2.2 and section 3 for details). 

Project research Team 

From KTH 

1. Professor Dr. Semida Silveira (Team leader) 
2. Professor Dr. Andrew Martin (Senior team member) 
3. Ershad Khan (Team member) 
4. Dr. Brijesh Mainali (Team member/coordinator)  

 
In addition, the Masters interns Hassan Ahmed, Nasrin Akter, Caroline Saul and Saad Been Emran 

have been involved in the project particularly contributing with field work.  

Team members from Partner organizations 

5. Mr. Aapo Sääsk  (SCARAB AB, Sweden) 



 

6. Dr. MS Islam (Grameen Shakti, Bangladesh) 

2. Methodology and tasks 

2.1 Methodology of the analyses  

This project has used case studies and lab based experimental methods to test the performance of 

membrane distillation unit in removing arsenic and other elements from the contaminated water.  

Stakeholder workshops, one to one consultations and questionnaire survey were some of the tools 

used in the process to analyze the cases and to communicate the results. The participatory rural 

appraisal method (PRA) has been used for conducting the energy need assessment and to 

understand household’s preferences and perception regarding adaptation to new technology. 

Levelized cost, IRR and payback period has been used for economic analysis and Canvas model has 

been used to analyze the business model. Life cycle assessment has been performed to analyze the 

climate change mitigation potential of the poly generation technology.  

2.2 Activities carried out 

Task I: Technical solution for poly-generation in Bangladesh 

An integrated biogas based technical system has been developed and analyzed as a technical solution 

to meet the cooking energy, lighting and clean drinking water needs in the rural village. The poly-

generation concept includes three distinct units:  (i) biogas generation unit, (ii) electricity generation 

unit and (iii) membrane distillation unit for water purification. Technical specifications of these 

components have been evaluated and performance has been analyzed at different conditions. The 

simulations show that the system is capable of meeting demand for electricity, cooking fuel, and 

drinking water for the village under consideration (Khan et al., 2014; Khan, 2014). The experimental 

performance test of MD unit for arsenic contaminated water has been performed with existing lab 

scale MD unit setup. The arsenic separation efficiency was extremely high, as arsenic levels were 

below detection limits in all cases (Khan and Martin, 2014; Khan, 2014). These findings provide a 

strong basis for the technical viability of the chosen approach.  

Task II: Socio-economic and institutional framework for the implementation of poly-generation 

solutions in Bangladesh 

In this project, we have made an economic analysis for a poly-generation project in the context of 

Bangladesh (Khan et al., 2014; Khan, 2014). The capital cost of the technological system, levelized 

cost of energy production, safe drinking water production cost, payback period and internal rate of 

return of the project have been evaluated for a village with 30 households and 52 households. A 

questionnaire survey was conducted in ‘Pani Para’ village in Faridpur district and in ‘Matipukur’ in 

Jessore district of Bangladesh to (i) investigate the cooking and lighting energy demand of rural 

households across different income groups and analyze their preferential choice and (ii) analyze the 

potential of  the poly-generation system. The results have been presented in MSc thesis report 

Hassan (2013) and Akter (2014) and also in a journal paper III Mainali et al, (2015a).  

Any business idea or any technological development needs a business model for its successful 

implementation. A business model is a framework that describes the architecture of the value 



 

creation, and captures its functioning mechanisms in delivering value to customers, tempts 

customers to pay for value, and creates profit (Teece, 2010). Eight different rural business 

enterprises (private and community based) have been evaluated in terms of their operation and have 

developed a business model appropriate for supplying multiple services e.g. cooking gas, electricity 

and safe drinking water from a biogas based poly-generation project. The results are presented in the 

MSc thesis by Saul (2013) and also in the journal paper IV Mainali et al. (2015b). 

Task III: Strategies for developing poly-generation as a technical solution in Bangladesh 

If a technology is worth further development and/or deployment, what should be the coming 

strategies in this direction?  How to capitalize on the opportunities at hand to explore this type of 

technology? What are the issues to be considered when it comes to testing the technology on the 

ground? How to monitor the benefits?  What types of schemes would be appropriate for devising 

projects applying such technology in rural areas? To capture these issues, a draft strategy was 

formulated with four key phases and discussed in a stakeholder consultation meeting. A final 

strategy document has been prepared incorporating the feedback received from the consultation 

workshop (See section 7.2 for details).  

Task IV: Dissemination of information and results 

In the starting of this project, a half-day initial workshop was organized on 15th July, 2012 in Dhaka 

jointly by KTH and Grameen Shakti. The workshop counted with forty participants from 24 different 

organizations including government, non-government, donor organization, private companies and 

biogas plant owners. The aim of the workshop was to inform the stakeholders about the project and 

to identify issues related to promotion of new technological solutions. The feedback from that 

consultation meeting was incorporated in defining and updating the project activities (See Mainali, 

2012 for details).  A final workshop was organized in Dhaka on 20th Oct 2014 by KTH in association 

with Grameen Shakti to present the preliminary results of the project, and to formulate a strategy for 

technology deployment in Bangladesh. The workshop counted with thirty six participants from 22 

different organizations including government, non-government, donor, private companies and power 

plant owners (See Mainali, 2014 for details).  Apart from this, a half day seminar was also organized 

in KTH-Stockholm in July 2014 to discuss the initial findings the project with relevant and interested 

organizations in Sweden.  

The results of the research were documented in 4 conferences papers and 3 posters and presented 

in international conferences and workshops during the three years of the project.  

3. Documented outcomes of the project 

The outcomes of the research project are documented in four journal papers (2 published and 2 

aimed for publication soon). The outcome has been further disseminated in various international 

conferences in Sweden and abroad. The project has resulted in 4 master’s theses and one licentiate 

thesis at KTH. In addition, the project contributed to 1 PhD thesis in which the sustainability of 

energy access in Bangladesh has been assessed along with cases of other developing countries. 

Peer Reviewed Journal Papers 
1. Khan E. U., Mainali B., Martin A., Silveira S. 2014. “Techno-Economic Analysis of Small Scale 
Biogas Based Poly-generation Systems: Bangladesh case study, Sustainable Energy Technologies 



 

and Assessments, 7, 68–78. (Paper I) Available at: 
http://www.sciencedirect.com/science/article/pii/S2213138814000319  

2. Khan E. U., Martin A.R. 2014. Water purification of arsenic-contaminated drinking water via 
air gap membrane distillation (AGMD), Periodica Polytechnica, Mechanical Engineering, Vol. 58 
paper 7422. (Paper II) Also available at: http://www.pp.bme.hu/me/article/view/7422 

3. Mainali B., Hassan A., Silveira S. 2015a. Biogas based Poly-generation: an alternative to meet 
rural energy services in Bangladesh. (to be submitted soon) (Paper III) 

4. Mainali B., Saul C., Silveira S. 2015b. Assessment of Business Models for providing clean 
energy and safe drinking water in rural Bangladesh. (to be submitted soon) (Paper IV) 

 
International Conference/workshop Papers and Posters 
 

1. Ershad Ullah Khan and Andrew Martin, ‘Hybrid Renewable Energy with Membrane 

Distillation Polygeneration for Rural Households in Bangladesh: Pani Para Village Case Study,’ 

3rd International Conference on Renewable Energy Research and Applications, Milwaukee 

USA, 19-22 Oct 2014. 

2. Mainali B., Hassan A., Silveira S. 2014. Developing poly-generation as an alternative to meet 
rural energy services in Bangladesh. Workshop in Falsterbo, June 13-15, 2014 organized by 
SASNET. 

3. Khan E. U., Martin A., 2014, Integrated Renewable Energy with Membrane Distillation Poly-
generation for Rural Households in Bangladesh, the 6th international conference on applied 
energy-ICAE2014, Taipei, Taiwan.  

4. Khan E. U., Mainali B., Martin A., Silveira S., 2012, Techno-Economic Analysis of Small Scale 
Biogas Based Poly-generation Systems in Bangladesh, Sustainable Energy-Discoveries and 
Applications, Leuven, Belgium, 4-9 November 2012.  

5. Mainali B, Silveira S, Khan E. U., Martin A. 2014. Using cow dung and agriculture waste to 
provide clean energy and drinking water in rural Bangladesh.  (Poster presented in Energy 
Dialogue, 2014 organized by KTH) 

6. Mainali B., Hassan A., Khan E.U, Silveira S., Martin A. 2012.  Addressing the rural energy and 

drinking water needs by using Biogas in rural Bangladesh. (Poster presented in Energy 

Dialogue, 2012 organized by KTH) 

7. Mainali B, Silveira S 2012. Biogas based poly-generation for providing access to clean energy 
services and drinking water (Poster presented in 40th Anniversary Conference, held on Oct. 
24-26, 2012 and organized by IIASA) 

8. Mainali B. 2012. Report on one-to-one stakeholder consultation meeting and a half-day 
workshop organized in Dhaka on July 2012. 

9. Mainali B. 2014. Workshop report on Solutions to provide clean energy and safe drinking 
water in rural areas – Opportunities based on biogas and poly-generation. Organized in 
Dhaka on Oct 2014. 
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4. Technical perspective of Poly generation Systems 

4.1 Polygeneration 

A few researchers (Maraver et al., 2012; Maya et al., 2011; Serra et al., 2009; Rubio et al., 2008; Uche 

et al., 2004; Foronda et al., 2003) have been trying to look into different integrated polygeneration 

systems in order to achieve better energy efficiency compare to conventional power plants by 

recovering waste heat through additional cooling and heating. A set of alternatives of polygeneration 

systems are studied with diverse combination of technologies, but they rarely provide the 

appropriate results for each particular situation. Energy and thermo-economic analysis were 

presented by the authors (Colella and Uche, 2007) in other polygeneration schemes, but in the 

proposed polygeneration system, we configured some different and very unique integration such as 

renewable energy, cooking gas, electricity and arsenic free safe drinking water. Clearly there is scope 

for investigating new concepts for tackling this multifaceted problem. 

4.2 Technology description 

A diagram illustrating the poly-generation system proposed in this project, including the inputs and 

various levels of outputs is shown in Figure 1. In brief, cow dung and agriculture residue are mixed 

and fed into a plug flow digester to produce biogas. The feedstock is pre-heated. The digester 

operates at constant temperatures under mesophilic conditions, with gravity feed and discharge. The 

biogas is either routed to a cooking stove or is burnt in a biogas engine to generate electricity. 

Exhaust flue gas passes through a heat exchanger for heating up arsenic contaminated feed water, 

http://kth.diva-portal.org/smash/get/diva2:649564/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:649564/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:781657/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:781657/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:717213/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:693663/FULLTEXT04.pdf
http://kth.diva-portal.org/smash/get/diva2:693663/FULLTEXT04.pdf


 

which is supplied to the feed side of a membrane distillation (MD) unit. The cooling circuit of the MD 

unit is heat exchanged with the digester and enhances the anaerobic processes. 

 

 

Figure 1: Integrated systems for electricity, cooking gas and safe water production 
 
Scalability of the system depends primarily on the size of the digester and engine; a rough range of 

10 kW to 100 kW electricity capacities is anticipated to be the most feasible. Three sets of 

technological units have been integrated to supply biogas, electricity and clean water. The biogas 

thus produced can either be supplied for cooking purpose or used to generate electricity. The heat in 

the flue gas coming out of the engine is abstracted in a heat exchanger and utilized to clean 

contaminated water in the membrane distillation unit. The various technologies units are briefly 

described in the following sections. 

 

4.2.1 Technical specification-biogas digester 

Despite of this huge potential, only few number of biogas plants have been deployed till date. 

Besides, most of these plants are unable to produce the expected amount of biogas as most of the 

digesters of these plants are made locally and they lack any scheme for monitoring and controlling 

temperature, pH, bacterial population in digester, mixture of different substrate, hydraulic retention 

time, total solid (TS), periodic agitation, periodic loading and unloading of substrate etc. Types and 

design of digesters is varied based on availability of local feedstock, geographical and environmental 

conditions. It is always preferable to have digesters underground due to its potential benefits in 

tropical countries especially in Bangladesh (Bin, 1989). Anaerobic digester output depends on several 

different factors for optimum performance. Biogas contains 50-70% methane (CH4) and 30-50% 

carbon dioxide (CO2), depending on the substrate (Sasse, 1988; Bond and Templeton, 2011) as well 

as small amounts of other gases including hydrogen sulphide (H2S). The typical calorific value of 

biogas is about 21-24 MJ/m3 (Dimpl, 2010) or around 6 kWh/m3 which correspond 60% of methane 

contains in biogas. The efficiency of the digester depends on many factors such as technological 

conditions (pH, temperature, etc.), micro-organisms, type of substrate and its quality and 



 

degradability, etc. (Omar et al., 2003; Schwart, 2005; Chynoweth, 2001; Rajendran et al., 2012; 

Baldwin et al., 2009; Sobotka, 1983). In general, the amount and quality of biogas depends not only 

on the type of feedstocks, but also on the digester design, temperature inside the digester, C/N ratio, 

mixing and retention time. Recently, one study has been analyzed on focusing the impacts of above 

mentioned factors on biogas production by comparing biogas production between locally made 

digesters and imported digesters. The result reveals that up to 75% more biogas is generated in 

imported digesters than the locally made digesters (Islam et al., 2013). Cow dung is easily 

biodegradable. The daily production of manure depends on the feed type, level of nutrition and body 

weight of cow (Hossain, 2003; Rongdu, 2006). Table1 shows sources of feedstocks, body weight, 

manure yield, total solids (TS) and percentage of methane (CH4) in product biogas. 

 
Table 1 the TS%, C/N ratio, daily gas yield per kg TS and CH4 

Manure 
source 

Body weight 
(kg) 

Manure 
yield 
(kg/day) 

TS% C/N ratio Gas yield 
(m3/kg TS, at 
25-35 oC) 

CH4% 

Chicken 1 0.1 25 9.6:1 0.33 60-65 
Cowa 500 35 17 25:1 0.25 50-77 
Cowb 200 10-15 8-14% 24:1 0.25 50-70 
Cowc 150 10-12 10-16 25:1 0.30 55-65 

Note: TS (total solid), C/N (carbon and nitrogen ratio), a=American and European cows, b= South 
Asian cows, c=Bangladeshi cows. 
 
Table1 illustrates that the biogas production per cow is relatively low in South Asia compared to 

Europe and the US; this discrepancy is linked to the animal’s weight, manure quality and quantity, 

and the design and operation conditions of digesters. The average weight of Bangladeshi cow (150 

kg) is lower than Asian cow (200 kg) and the manure yield, gas production rate and total solid 

content will vary according to body weight and feed type (DBCC, SNV 2011; FAO, 1996).  

Table 2 Different types of digesters 

Type of digester Technical level Influent solid 
concentration 

Solid 
allowable 

Supplement 
heat 

Hydroulic 
Retention 
Time (day) 

Covered lagoon Low 0.1-2% Fine No 40+ 
Complete mix Medium  2.0-10% Coarse  Yes 15+ 
Packed reactor Medium 0.5-2% Soluble Yes 2+ 
Plug flow Low 11-16% Coarse Yes 20+ 

 
Recently, plug flow digesters are gaining interest in south Asia due to its potential benefit and multi 

applicable features. A plug flow digester is a long narrow (typically a 5:1 ratio; 5 times as long as the 

width) insulated and heated tank made of reinforced concrete, steel or fiberglass with a gas tight 

cover to capture the biogas. These digesters can operate at a mesophilic or thermophilic 

temperature.  

4.2.2 Parameters affecting the production of biogas in co-digestion process 

Uncertainties related to insufficient production of biogas (e.g. lack of animal waste as a feedstock, 

poor digester performance) represent a major challenge for the dissemination of this technology. In 

this circumstance anaerobic co-digestion can play significant role to overcome the problems. Co–



 

digestion is the simultaneous digestion of a homogenous mixture of two or more substrates with 

complementary characteristics so as to enhance biogas production (Saev, et al., 2009; Braun and 

Wellinger, 2002; Campos, et al., 1999; Mata-Álvarez, et al., 2000). The  benefits of co-digestion lie  in  

balancing the carbon–nitrogen (C/N)  ratio in  the co-substrate mixture, as  well as   macro  and  

micronutrients,  pH,   inhibitors/toxic  compounds and dry  matter  (Hartmann and Ahring, 2005). The 

C/N ratio is an important indicator for controlling biological treatment systems. Studies show that 

crop residues containing low levels of nitrogen (high C/N ratio) are characterized by a low pH 

substrate, poor buffering capacity, and the possibility of high volatile fatty acid (VFA) accumulation in 

the digestion process [Banks and Humphreys, 1998; Campos et al., 1999]. Co-digestion of manure 

and other substrates overcomes those problems by maintaining a stable pH within the 

methanogenesis range due to their inherent high buffering capacity. In addition, manures that have 

low C/N ratios contain relatively high concentrations of ammonia, exceeding that necessary for 

microbial growth and probably inhibiting anaerobic digestion (Hansen et al., 1998; Procházka et al., 

2012). This implies that added crop materials with high carbon contents could improve the C/N ratio 

of the feedstock, thereby decreasing the risk of ammonia inhibition of digestion (Hashimoto, 1983). 

Although much research provides support for  conducting co- digestion in  rural areas with animal 

manures and agro-residues, little information is available about the digestion process of multi-

component substrates containing various manures and agro-residues (Alvarez and Liden, 2008; 

Ashekuzzaman and Poulsen, 2011; Misi  and Forster, 2001).  

Table 3 shows selected animal and agricultural wastes and their characteristic qualities. As shown in 

Table 3, each animal and agricultural waste has its own set of qualities, some advantageous and 

disadvantageous for the purposes of digestion. For example, sugarcane bagasse and rice straw are 

not ideal candidates as single substrates, due to their extremely high C/N ratios and TS contents. All 

but one of the listed co-substrates does not meet the optimal TS content, suggesting that water must 

be added to slurries to meet the desired quantity. In addition, most of the vegetable and fruit wastes 

are relatively acidic; however, the addition of water to slurry would help balance the pH of the 

mixture. These characteristics, as well as resource availability in rural villages in Bangladesh, must be 

considered for feedstock composition. 

Table 3: Potential  co-substrates, characteristics, advantages, and disadvantages (Hills, 1979; 

Cavinato et al., 2010; Lehtomaki et al., 2007) 

Waste C/N Ratio pH TS Content (%) 

Cow manure 25 7.2 16 
Chicken manure 
Rice straw 

9.6 
73 

7.8 
6.6 

25 
94 

Rice husks 35 6.7 93 
Sugarcane bagasse 150 6.1 75 

Maize silage 55 4.1 35 
Potato waste 35 5.5 19 
Banana stems 40 5.6 8 
Grass silage 17 4.1 26 



 

 

4.2.3 Performance of existing biogas engines and technical specification  

Biogas can be used to produce both power and heat in the same plant. About 30-40 percent of the 

energy can be extracted as electricity and the remainder as heat. There are several different 

technical solutions available to produce CHP from farm-based biogas. The use of internal combustion 

(IC) engines with biogas is long established and reliable (Wellinger and Lindberg, 2001). As we know 

that small and medium sized biogas plants are available in many developing countries, however, only 

very few plants are used for electricity generation in comparison to Europe and the US. IC engines 

are sub-divided into two categories: compression engines, and spark ignition engines. Both types of 

engine may be converted to run on the biogas produced by anaerobic digesters. Different types of 

engines have different characteristics and in Germany, CI engines are used primarily in small biogas 

plants. Usually large biogas plants are generally more economically viable than smaller ones. On the 

other hand, electricity generation from biogas is technically suitable even for relatively small scale 

(10-100kW) applications (Dimpl, 2010). In theory biogas can be used as fuel in nearly all types of 

combustion engines, such as gas engines (Otto engine), diesel engines, gas turbines and Stirling 

engines. Small scale gas turbines are expensive, design and manufacturing is challenging and 

operation and maintenance requires specific skills; therefore they are hardly used for small scale 

application in developing countries. Stirling engines have the advantage of being fuel flexible, but 

they are relatively expensive and characterized by low electric efficiency. Therefore, internal 

combustion engines are considered to be the most viable alternative for small biogas power plants 

(Dimpl, 2010). In terms of fuel quality for IC engines, the presence of CO2 in biogas reduces the air 

fuel ratio of the engine (Nadira, 2006), while H2S removal is necessary for eliminating unwanted 

corrosion. It is for this reason that levels of H2S less than 1000 ppm are recommended (Wellinger and 

Lindberg, 2001).  

 

4.2.4 Arsenic removal technologies and role of membrane distillation 

Comprehensive investigations (Pal et al., 2007a; Pal et al., 2007b; Wickramasinghe et al., 2004; 

Pagana et al., 2008; Hsieh et al., 2008; Xia et al., 2007; Hering and Elimelech, 1996; Greenleof et al., 

2006; Brandhuber and Amy, 2001; Fagarassy et al., 2009; Nguyen et al., 2009) have been carried out 

over the last 40-50 years on removal of arsenic from ground water. Conventional technologies like 

adsorption, chemical coagulation–precipitation, and ion-exchange have been established as the 

broad technology options of water purification. Major drawbacks of these conventional processes 

over membrane processes are the requirements of multiple chemical treatments, pre- or post-

treatment of drinking water, skilled operation, different arsenic ions (As(III) and As(V)) removal rate 

efficiency, high running and capital cost and more importantly, regeneration of medium and handling 

of arsenic contaminated sludge. 

Membrane distillation (MD) could be a promising and novel process that can be adapted for water 

purification effectively in rural areas of developing countries. It is a thermally driven separation 

process in which only vapor molecules (water) from hot feed are passed through porous hydrophobic 

membrane and condensate in cold side, giving contaminated free safe water. Compared to other 

water purification technologies, MD has relative advantages regarding energy consumption, 

utilization for waste heat recovery, simple operation and its ability to integrate with low-temperature 



 

heat sources inherent in many polygeneration concepts (Al-Obaidani et al., 2008). It operates at feed 

temperatures up to 90oC. Pal and Manna (2010) showed in a small pilot scale experiment that MD 

could be an ideal technology option as almost 100% arsenic can be removed from contaminated 

ground water. This study focused on direct contact membrane distillation (DCMD), which in general 

features high yields but low thermal efficiencies owing to thermal bridging between the two liquid 

streams (feed and coolant/distillate) located on either side of the membrane. Air Gap Membrane 

Distillation (AGMD) may be the favored MD technology for small-scale polygeneration owing to 

higher thermal efficiencies (here the distillate is isolated from the membrane and feed via a thin 

layer of moist air; coolant flows on the back side of a condensation surface). Other advantages are 

the ability of the system to operate intermittently without causing damage to the membrane module 

or to the membrane if it dries out, and minimal chemicals are required for pre-treatment of the feed 

water. Kullab and Martin (2011) investigated semi-commercial AGMD demineralization integrated 

with combined heat and power (CHP). Results showed that all non-volatile components in flue gas 

condensate, including arsenic, could be completely separated. The present study considers the two-

stage cascaded MD module arrangement presented in Kullab and Martin (2011), with the number of 

cassettes per module scaled down from ten to five. Other parameters are listed in Table 4.  

Table 4: Membrane distillation 

Membrane distillation unit Parameters  

Type of MD AGMD semi-commercial unit 
Feed water source Contaminated shallow tube-well water 
Membrane material PTFE 
Number of modules 2 
One module comprises 5 cassettes 
Membrane area 0.19 m2/module 

 

4.2.5 Re-mineralization of distilled water 

 
Plants convert inorganic minerals to useful organic minerals and foods are the major source of 

mineral nutrients in the diet. On the average, over 95% of the major and trace minerals consumed 

daily (by weight) come from food (daily foods, fruits, vegetables, animal products) – and less than 5% 

from drinking water (WHO, 2005; Donohue and Hallberg, 2011). The drinking water without minerals 

can if consumed in large amounts during e.g. hard work or exercising cause "water intoxication", 

delirium, including headache, tiredness, nausea, fainting, and in the end coma. Long term symptoms 

include tiredness, weakness, headache, brain edema, convulsions, and metabolic acidosis (Kozisek, 

2003; WHO, 1980; Rosborg et. al., 2014). Water treatment processes such as membrane distillation 

followed by re-mineralization alter the mineral composition of drinking water compared to water 

supply from many fresh and/different water sources. Since distilled water is often steadied by 

addition of lime and blending, some of these ions will be refilled in that process depending upon the 

methods that are utilized. The requirements of added minerals in distilled water for infants and 

children are very much important including calcium, magnesium, and other minerals based upon 

regional food composition. Calcium (Ca) and magnesium (Mg) are the largest proportion of intake (up 

to 20% of the required daily intake) from drinking water compare to that provided by foods. For the 

majority of other components drinking water provides less than 5 % of total intake (NAS, 1977; WHO, 

1996; FAO, 1996; NAS 1980). Mineral addition to distilled water to at least: Ca 20 mg/L, Mg 10 mg/L, 



 

HCO3 100 mg/L, the three macro constituents that are identified as the most important, is needed. 

Addition of limestone, preferably dolomitic limestone, with addition of CO2, carbon dioxide, in 

general creates such water (WHO, 2005; Donohue and Hallberg, 2011, Kozisek, 2003; WHO, 1980; 

Rosborg et. al., 2014; NAS, 19809; Olivares and Uauy, 2011). The Recommended Daily Allowances 

(RDAs), for zinc is 8 mg/day for females and 11 mg/day for males. WHO report [1980] recommended 

that the minimum TDS in drinking water should be 100mg/L (WHO, 1980). The ideal drinking water 

concentration of fluoride for dental health is generally between 0.5 to 1.0 mg/L and depends upon 

the volume of drinking water consumed and the uptake and exposure from other sources. The WHO 

drinking-water guideline value for fluoride is 1.5 mg/L (Cotruvo, 2011; Grandjean, 2004). Water is 

usually not a substantial provider to total daily Sodium (Na) intake. The Food and Nutrition Board 

(FNB) (FNB, 2001) set the adequate intake (AI) at 120 mg, derived from the intake of breast-fed 

infants. In Germany, a mean sodium drinking water concentration of 12.4 (<1.0-210) mg/L has been 

observed (Wolter, 2003). It is important to note that the drinking water guideline for copper in 

Sweden is 2 mg/L, which is greater than the 1.3 mg/L action level in the United States (WHO, 2005). 

The RDA for iron is 18 mg/day for females of childbearing age and 8 mg/day for males. Potassium is 

important for a variety of biochemical effects but it is usually not found in natural drinking waters at 

significant levels.  

5.  Energy needs assessment and potential of poly-generation 

This study explored the energy needs across different socio-economic groups of local villages, and 

perception and preferences in switching to the services provided by the poly-generation technology. 

It also evaluated the potential of deploying an integrated biogas based poly-generation system in 

rural areas of Bangladesh. Typical villages were identified as case studies: “Pani Para” in Faridpur 

district and Matipukur in Jessore district. These villages do not have access to electricity or clean 

cooking fuels and they are located in the arsenic affected zone. The villages were selected in 

consultation with the local partner Grameen Shakti (Hasan, 2013, Nasrin, 2014). Case of Panipara 

village has been illustrated here an example. 

 

5.1 Case study of Pani Para village 

The case study of Pani Para village has been further explored in Mainali et al (2015a).  The Pani Para 

village is situated at a distance of 7 km from Alfa Danga Uppuzilla (Sub district) in Faridpur district of 

Bangladesh. The total numbers of household in the village were 52 with an average family size of 5 

persons/household. The literacy rate was 48% and monthly household income varying from 32 to 

887 USD. 

5.1.1 Energy demand assessment 

Biomass is the main source of cooking and kerosene is the main source of lighting in the non-

electrified villages in Bangladesh (Asaduzzaman et al., 2010). This section presents the estimated 

energy demand and the existing energy mix across different income groups of Pani Para village. 



 

Energy Mix 

Different mix of biomass resources are used for cooking depending upon the availability and ability 

to get hold of a particular fuel resource. Agriculture residue along with leaves and branches covers 

about 50% share in the cooking fuel mix followed by cattle dung (42%) and firewood (8%), 

respectively. The reason behind their reliance on agriculture residue and cattle dung is due to free 

availability of these resources as most of households have agriculture farming and animal husbandry 

as main occupation. Kerosene is the main source for lighting representing 92% of the lighting energy 

followed by solar PV lights and dry cell batteries which are used in a small fraction.  

 

Figure 2 Cooking and lighting energy demand across different income groups  

Household income is one of the social attributes that influences the energy usage pattern. Figure 2 

indicates the trend of overall energy consumption in the village across different income levels. The 

high income households have higher per capita energy consumption comparing to the low income 

groups. The estimated annual average energy consumption per capita is around 8 GJ. This value is 

quite close to the energy consumption (7 GJ/Capita) in another rural village in Kalaroa sub district in 

Bangladesh (Hassan et al., 2012). 

 

5.1.2 Preferential choices 

The attributes that determine the choices of fuel can be broadly categorized into (i) socio-economic 

attributes such as household income, education, age and gender, and (ii) product specific attributes 

such as efficiency of cooking technologies and inconvenience associated with the fuels (Mainali et al., 

2012; Takama et al., 2012). We analyzed the perception of the households in terms of their 

willingness to change to new clean technology and the share of disposable income they are willing to 

spend for lighting and cooking energy.  

When asked about their willingness to pay for the clean energy services, around 80% households 

were willing to pay for clean cooking gas. Around 90% of the households were willing to pay for 

electricity for lighting. Around 5% were already using solar PV. Most of the households which were 

under extreme poverty had no willingness to pay.  

Figure 3 indicates the disposable income that households are willing to spend on clean energy. The 

amount increases along with income levels which means that the households with higher monthly 

income are willing to spend more than the households with lower income. Nevertheless, poorer 

households seem to be willing to put a higher share of their income on clean energy than the higher 

income group (7.5% for low income group and 5.2% for high income group). Not surprising, 



 

willingness to pay for lighting is higher than for cooking in all income groups. One of the possible 

reasons behind this could be, at present, the cooking energy is mostly free. As for lighting, they are 

already spending some portion of their disposable income to buy kerosene. 

 

Figure 3 Willingness to pay in taka/month and in terms of percentage of their disposable income 

 

5.1.3 Total biogas requirements and potential in the village 

As mentioned earlier, one of the objectives of this research is to analyze the potential of biogas 

based poly-generation in the village to meet the demand for cooking energy, electricity and safe 

drinking water. For this analysis it is necessary to estimate (i) total amount of biogas needed to meet 

the demand for cooking fuel, electricity and the safe drinking water1 and (ii) availability of biomass 

resources (agriculture residue and cattle dungs) in the village that can be used to generate biogas.  

Biogas requirement 

The total final energy demand of biogas in Pani Para village for meeting all the cooking needs is 

21045 m3/year (463 GJ/year). It has also been observed that households cook two meals per day in 

an average. So the estimated average demand of biogas per meal per person is 0.11 m3 (Mainali et 

al., 2015a). The biogas demand for cooking can vary from 0.10 to 0.2 m3/meal/person depending 

upon food culture, income level and some other social factors (Talukder, 2010; Zaman, 2007).   

The estimated average household electricity demand was 27 kWh per month, productive end use 

demand in the village (63 kWh/day) and some energy internally consumed in the poly-generation 

plant for running small pumps and lighting (24 kWh/day). Based on these, the estimated biogas 

demand for the electricity generation is around 32,690 m3/year (for details see Mainali et al., 2015a).  

Biomass resource and biogas potential 

It has been found that there were 73 cows in Pani Para Village and only 58 percent of the households 

own cattle. The available cattle dung is only sufficient to produce 10,870 m3 of biogas per year. Thus, 

available cow dung is neither enough to meet the demand for cooking gas and electricity in the 

village nor provides the basis for a biogas based poly-generation that can also provide clean water to 

the village. So, other available resources like agricultural wastes are also scrutinized for the possibility 

                                                           
1 3 liters per person per day 



 

of co-digestion.  Among the various agricultural residues that are available in the village, rice, jute, 

wheat and vegetables can be used as feedstock for biogas. Jute and rice are extensively cultivated 

crops and hold the major share in the total cultivation followed by vegetables, wheat and maize 

respectively. The amount of crop residue calculated from the crops cultivated in the village is shown 

in Table 5 

Table 5 Agriculture residue and potential biogas estimation  

Crops 
 
 

Residue  
types 

Residue to final 
economic 
product ratio 
(RPR)2 

Amount of 
residue (Kg/yr) 

Amount of 
residue available 
for biogas (kg/yr) 

Rice Straw + Husk 1.8 1,47,492 29,450 

Wheat  Straw 1.6 16,320 3,264 

Jute  Waste 1.6 1,09,343 54,670 

Vegetables (10 % of 
total production) 

Waste - 3,828 3,828 

 

The co-digestion of this available feedstock (agriculture residue and cattle dung) with an appropriate 

mix ratio can increase the production of biogas. Different substrates and substrate mixtures can have 

different carbon to nitrogen (C/N) ratio that can have a significant impact on the biogas production 

(Kayhanian, 1999; Wang et al., 2012). The higher carbon content helps in increasing methane (CH4) 

production whereas lower level of nitrogen restricts microbial activity (Zhu, 2010). Crops residues are 

normally co-digested with manure and urine substrates for creating homogenous or stable 

conditions within the digesters. This enables keeping dry solids content within the digester below 

10% that allows effective reactor mixing (Murphy et al., 2011). It has been assumed that biogas 

production will be improved by 20 to 25% in the co-digestion as compared to the case of mono-

digestions of individual substrates. With the co-digestion, the estimated potential biogas production 

per year in the village is around 48,245 m3.  

Two service scenarios have been analyzed for providing rural energy services in the village with the 

co-digestion (Table 6). First service scenario is to provide entire households with all three services. 

For this condition, there is a need of 53,735 m3 of biogas per year, while only around 48,245 m3 of 

biogas production per year is available even in co-digestion mode. There is a deficit of 5490 m3 of 

biogas per year to fulfill the multiple needs (clean cooking fuel, electricity, and clean drinking water) 

in the village. So, this scenario is not feasible. The second scenario is to provide the facilities of 

(electricity and clean drinking water) to entire households, and cooking gas to two third of the 

households. This proposition is also logical from the analysis of willingness to pay. Willingness to pay 

for electricity is higher than for the cooking fuel and the low income household has difficulties to 

afford the cooking gas. Under such circumstance, remaining one-third households (low income) is 

proposed to be served with improved cooking stoves so that they get better indoor environment. 

 

                                                           
2 This is the ratio of the residue to final economic product. Eg: 1 kg of final product of rice produces 1.8 kg of 
residue 



 

Table 6 Two Service Scenarios with biogas based poly-generation plant 

Services Scenarios 
 

Total biogas 
requirement 
(m3/yr) 

Deficit of biogas Remarks/ Recommendation 

 (Cooking gas + electricity + 
clean water) to all 
household 

   53,735 
 

5490 m3/yr  
deficit of biogas 

Not feasible 
 

 (Electricity + water) for all 
households and biogas for 
cooking to 2/3rd household 

  48,245 
 

Available resource 
will meet the 
requirement 

1/3rd households (low income) 
should be provided with 
improved cooking stoves to meet 
their cooking demand 

6. Economic analysis and Business model  

To evaluate the economic attractiveness of the proposed biogas based poly-generation system, we 

have analyzed systems that are suitable for (i) 30 Households and (ii) 52 households in Khan et al. 

(2014) and Khan (2014) and have summarized in the section 6.1 of this report. In this section we have 

summarized the capital investment, payback periods, internal rates of return (IRR) and Levelized cost 

of production for biogas, electricity and water production for a biogas based poly-generation system. 

Our research also proposed a business model for biogas based poly-generation and analyzed its 

elements. This includes identification of the key activities, key resources and key partners needed to 

start and run the business. The business model has been discussed in Mainali et al. (2015b) and also 

presented in section 6.2. 

6.1 Economic analysis of poly-generation technology 

6.1.1 Capital investment, payback and IRR 

The total cost for an integrated poly-generation system for the family size of 30 household meeting is 

USD 26,050. The cost of the MD unit is about 25%, biogas production unit is about 37% and 

electricity generation unit is about 38%. The cost of the integrated system suitable for 52 households 

is estimated to be USD 33,000. So, in terms of capital investment per household it can vary between 

USD 615 and 870. The payback period is an indicator to see the economic attractiveness of the 

technology. The estimation has been done for two different cases. Case I where the payback is 

calculated only considering the revenue from selling electricity, biogas and water, Case II where 

revenues from case I and sales from slurry is also taken into account. The analysis shows that 

payback period varies from 2.2 years to 5.2 years depending upon the system size, amount of slurry 

sales and with the feedstock handling charge. Though slurry is a by-product from the biogas digester, 

the analysis revealed its importance in determining the economic feasibility of the project. Thus, 

slurry management and its market development are equally important. The Internal rate of return 

(IRR) was estimated to be in the range of 13.8 to 31.6% depending upon the slurry sales which is very 

attractive comparisons to any other renewable business in rural areas. 



 

6.1.2 Levelized cost of productions 

The levelized cost of producing biogas, electricity and pure water production with such integrated 

poly generation system has been analyzed (Khan et al., 2014). The estimated levelized cost of biogas 

production is 0.015 USD/kWh. The sensitivity analysis has shown that the levelized cost of biogas 

production may vary in the range of 0.009–0.03 USD/kWh depending upon variation in the feedstock 

handling cost and the biogas digester cost. A fivefold increase in FHC (feedstock handling cost) results 

in about half as much an increase in levelized costs, demonstrating the importance of proper 

feedstock management and handling. The levelized cost of biogas production also increases with the 

increase in the capital invest in the biogas digester but such increment is not so significant. 

The levelized cost of electricity is estimated to be 0.048 USD/KWh. The sensitivity analysis has shown 

that levelized cost of the electricity production may vary from 0.028 USD/kWh to 0.058 USD/kWh 

depending upon the biogas production cost (0.009–0.03 USD/kWh) and also based upon the 

generator capital costs (from-50% to 50%).  The electricity generation from the biogas is one of the 

least cost decentralized options provided there is sufficient feedstock available (Timilsina et al, 2011). 

For comparison, in Bangladesh, the levelized cost of electricity from solar PV is 0.525 USD/kWh and 

from wind turbine is 0.646 USD/kWh (Nandi and Ghosh, 2009). 

The safe drinking water production cost is 0.003 USD/liter. We have assumed 3 liters of water per 

day per person for drinking purpose. Though the membrane distillation process needs energy, the 

cost of energy here is set at zero because it is waste heat recovery from the flue gas. The water 

purification cost is 3 to 5 times higher when using conventional or renewable energy as sources of 

heating energy (Shatat, 2013). 

 

6.2  Proposed business model and canvas 

Any technological development needs an appropriately designed business model for its successful 

implementation. The business model proposed for the poly-generation system is shown in figure 4  

 

Figure 4 Proposed business model for biogas based poly-generation (Modified from B-energy, 2014) 

 

The unique part in this business model is its compatibility to use any kind of ownership (private, 

community or cooperative) depending upon the local conditions. The model is purely market based 



 

meaning all the input raw materials (local bio resources) are bought locally and the output services 

such as electricity, cooking gas and clean drinking water are priced based on the capital investment, 

operational cost and the local market condition.  

The Canvas model is a strategic management tool for analyzing businesses. It is a graphical plan 

illustrating nine specific segments of the business viz. key partners, key activities, and key resources, 

value propositions, channels used for the business, customer segments, cost structure and revenue 

streams which helps the business in streamlining their activities, improving business strategy, and in 

revealing potential trade-offs (Shimasaki, 2014; Morrisa et al., 2005). Table 7 summarized the key 

parameters of the CANVAS model. Details discussion on each of these parameters can be found in 

Mainali et al, (2015b).   

Table 7. CANVAS model of the proposed poly generation business  

Key partners 
 
¶ Bankers providing 

loan for capital 
investment  

¶ local community 
based organization 
(CBOs) helping to 
reach out to the 
customers  

¶ farmer 
associations for 
purchasing 
feedstock and 
selling them slurry  

¶ users groups 

¶ after sales service 
providers 

 

Key activities 
 
Å Feedstock 

management  
Å Plant O&M 
Å Product/service 

distribution 
Å Tariff collection 

and financial 
management 
Å Product/service 

Marketing  

 

Value 
propositions 
 
¶ Value-added 
products 

¶ Residue and 
manure 
management 

¶ Energy Access 

¶ Improve living 
standards 

¶ Increase 
productivity 

¶ Driver for 
development 

Customer 
relationships 
 
Å Partnering 

relationship with 
customers  
Å Security of 

supply 
 

Customer 
segments 
 
Å All income 

groups in village 
Å Electricity 

users 
Å  Cooking 

gas users,  
Å Safe 

drinking water  
Å Farmers 

for organic 
fertilizers 

 
Key resources 
Å Production 

resources viz. land for 
installation of the 
biogas plant, 
generator and 
membrane distillation 
unit agri-residue, 
dungs 
Å Governing 

resources viz. Capital 
investment, finance, 
plant managers, 
operators, capacity 
building systems,  
Å Marketing  

resources viz. 
promotion channels, 
negotiation 
capabilities, 
collaboration skills 
with other enterprises 

Channels 
Electricity 
distribution through 
local grid , water 
bottling (10 to 20 
litters jars) and gas 
via pipelines  
 
Business promotion 
through local 
community based 
organization 

 

Cost structure 
Capital investment (615-870 USD/household).   
The levelized cost for biogas production is about 0.015 
USD/kWh, biogas based electricity is 0.042 USD/kWh, 
water production cost is 0.003 USD/liter 

Revenue streams 
Sales of electricity, gas, water and bio fertilizers 
Recommended selling price (based on consultation 
meeting) 
Electricity 0.06 USD/kWh cooking gas 8.5 USD per month 



 

Costs are sensitive to the feed handling cost and cost of 
digesters and generators.  

per household and water 0.005 USD/liter. 
(these costs are competitive in the existing market) 

 

Bankers providing loan for capital investment, local community based organization (CBOs) helping to 

reach out to the customers, farmer associations (for purchasing feedstock and selling them slurry) 

and after sales service providers are identified as some of the key partners in the business. Electricity 

distribution through local grid, water distribution through bottling (10 to 20 liters jars) and gas via 

pipelines are the suggested distribution channels for the services. Business promotion through local 

community based organization to reach out more customers and proper channels for after sales 

services to assure reliable and sustainable operation is important. 

The business requires production resources viz. land acquisition, purchase of generator unit and 

membrane distillation unit, feedstock (animal dung and agricultural waste) for the biogas digester, 

water and labors.   The business also demands business governing resources viz. capital investment, 

human resources like plant managers, operators, and capacity building facilities. Marketing channels, 

negotiation capabilities with the customers, logistics and transportation resources, and collaboration 

capabilities are notable marketing resources crucial in terms of business expansion and its 

sustainable operation.  The attractiveness of this business is its multiple revenue streams viz. the 

sales of biogas for cooking, electricity and the drinking water and in addition, the sales of slurry as 

organic fertilizer.  

 

7. Opportunities, challenges and future strategy  

7.1 Opportunities and challenges 

7.1.1 Opportunities 

In Bangladesh, many partner organizations working in the biogas sector have strong network across 

the country and micro credit market has been well established – all favorable towards the 

dissemination of poly-generation technology. Policy interventions are other tools to push technology 

in the market. The existing Bangladesh renewable energy policy (2008) has perceived biogas based 

electrification as an alternative during the case of load shedding. So, there is a need to explore the 

conditions under which biogas based poly-generation could be the mainstream supply source 

meeting a rural village’s cooking, electricity and clean water needs. For an example: Policy 

enforcement for the construction of biogas plant in poultry and dairy farm for their waste 

management could be effective in promoting commercial biogas plants and poly-generation. It has 

already seen that the sale of slurry influences the financial attractiveness of the system. Bio slurry 

may be considered as a good quality organic fertilizer for agriculture and has a potential market in 

Bangladesh. Grameen Shakti (GS) and IDCOL have put efforts to promote use of biogas for household 

cooking and bio slurry as organic fertilizer. However, the management of feedstock and slurry has 

been challenging. Concerted efforts are absolutely essential in facilitating development and 

dissemination of such integrated technologies to harness the inherent potential that is currently 

underutilized or unexploited in the rural areas. A consolidated effort on research, implementation 

and policy will always help in this direction. 



 

Existing sectorial realities, strengths and limitations are essential elements to take into account for 

designing any new energy system. Various stakeholders (governmental organizations, NGOs, private 

sectors, donors) consulted in the beginning of the project in 2012 as well as in 2014. These 

consultation meetings have been important to identify key opportunities and barriers in defining the 

poly-generation concept as a sustainable solution. Access to clean energy like biogas has strong 

correlation with education, health, women empowerment, local employment and income 

generation, and in overall quality of life (Nepal and Amatya, 2006).  Biogas based poly-generation 

have multiple benefits.  Such technological systems can contribute in better health, poverty 

reduction, social gender benefits, waste management and climate mitigation/adaptation etc.  

The possible job opportunities created by the poly-generation system and the various productive end 

uses thus created will help in reducing poverty.  The lower time women have to spend on the kitchen 

and collecting firewood and safe drinking water are some of the benefits that have strong gender 

connection.  

Global attention to climate change has favored the use of low carbon technologies and the creation 

of carbon markets. The displacement of kerosene for lighting, diesel for electricity (running small 

business, farms and water purification unit) along with decreasing deforestation due to substitution 

of firewood by biogas for cooking and reduction in the uses of natural gas due to substitution of urea 

fertilizer by slurry is some of the potential areas in the reduction of greenhouse gases. Our study has 

also revealed that apart from providing clean cooking energy, electricity and safe drinking water, the 

poly-generation system has significant potential to mitigate climate change.  

One of the studies done under this project has shown that about 565.06 kg  emission is 

produced per ton of manure in a cow farm if the manure is disposed to open environment. If such 

cow farm is facilitated with proposed poly generation system, the emission can be brought down to 

negative 42 kg  per ton of manure which means that it will help to avoid 42 kg  

emission done by other sources. 

Similarly with the poultry farm, the emission can be brought down from 1401 kg  to 56 

kg  per ton of manure (Saad, 2014). This can also be translated into national level avoidable 

emission. According to a recent survey in 2013, estimated number of cattle in Bangladesh was found 

to be 2,46,88,000. Assuming same average emission, daily emission from the cattle manure is 

estimated to be 1,39,502 ton  , which could be reduced to -11072 ton  by the 

application of poly-generation. The estimated number of chicken (broiler and layer) in Bangladesh 

was 31,98,00,000. Daily emission from the poultry manure is estimated to be 44815 ton . The 

emission values are estimated to be reduced to 1462 ton   per day, if poly-generation 

technology is adopted. 

 

7.1.2 Challenges 

 
The poly-generation technology is economically attractive and technically also feasible (Khan et al., 

2014). However, to provide all three mentioned services, (cooking gas, electricity and safe drinking 



 

water); there is a need of about 8 cattle per household in an average for producing biogas with mono 

digestion (with only local cattle dung). This has been identified as a major challenge unless villages 

are selected with significant animal husbandry or if the biogas plant is linked to a large dairy farm or 

poultry farm.  

As illustrated in the case study of Pani Para district, the problem of feedstock can be possibility 

addressed utilizing agricultural waste and cattle dung in a proper mix in co-digestion mode. However, 

for co-digestion, agriculture residues and animal dungs as well as domestic organic wastes such as 

garden wastes and leaves need to pass though certain pre-treatment stages. Chopping of the 

feedstock material in the appropriate sizes, sieving, mixing of feedstock homogeneously are 

important in increasing biogas yields. Some of the individual plant developer are reluctant and are 

not willing to do the dung mixing job as they consider this as dirty job. This challenge could be 

addressed at the community level project by hiring full time operators for the plant. 

Feedstock characteristics are crucial in co-digestion and actual biogas yield depends largely on above 

factors.  If excess pesticide has been used during the crop cultivation, it may have severe effect with 

agriculture residue as a substrate in the digestion process. Besides, presence of antibiotic, metal 

pieces can also have impact on the yield of biogas.  Nevertheless, provided adequate protection is 

taken, mixing cow dung with rice husks, jute waste or similar could very well actually increase yields. 

Collection of feedstock and maintaining it over the year is another challenge. Cattle in rural areas are 

raised and grazed most often in an open environment rather than in a specified regulated 

environment. This possesses a challenge to collect all the manure in one place. Also agriculture 

residues are seasonal and their biogas production varies a lot on their types. Therefore, maintaining a 

regular flow of feedstock to meet the demand throughout the year needs a serious consideration.  

The capital investment for implementing such a poly-generation system is around USD 615-870 per 

household. Even if financially viable, there is still the matter of up-front costs. This is relatively very 

high especially in the rural context where people are financially poor.  So, implementing such scheme 

is not feasible without strong government or donor support at least in the initial stage. Some pilot 

projects deemed necessary to create a demo effect in rural communities.   Once it is demonstrated 

that the investment is viable, a credit line on commercial terms would suffice.   

 

7.2 Strategies: technology development to deployment  

Developing a technological system as a sustainable solution is not possible without integrating or 

associating such development to the human needs, behavior, acceptability and adoptability (Un and 

Price, 2007).  Technology development strategy is basically plan from taking a new technology from a 

research phase to its dissemination. A clear strategy is necessary for further development of the 

technology, its demonstration and implementation.  Some of the key points that need to be explored 

for formation of the strategies are (i) capitalizing the opportunities at hand to explore this type of 

technology, (ii) Identifying the issues to be considered when it comes to testing the technology on 

the ground, (iii) identifying the types of schemes that would be appropriate for devising projects 

applying such technology in rural areas and (iv) a proper plan to monitor benefits. We have identified 

four key phases for a new technological system to take it from development to dissemination viz. (i) 



 

feasibility phase (ii) Pilot or demonstration phase (iii) market development phase and (iv) 

deployment phase. Various steps that need to be considered under each phase have been developed 

in consultation with the stakeholders.  

Feasibility Phase 

Identifying the needs of such technological system in terms of the services it provides is always 

important. The technological system needs to be developed meeting the local needs. Testing and 

evaluating the performance of system in the local context is important. The economic analysis of 

such technological system is important to evaluate if the technology is commercially viable, cost 

competitive and the services it provides are affordable. Exploration of possible business model that is 

appropriate for the sustainable operation of such technological system is also a crucial step. The 

proof of concept in terms of integration of various sub components with the dynamic performance 

onsite test is crucial. The analysis made in the feasibility stage is theoretical and static in nature. 

Dynamic performance test on site is the next step for taking this technology development ahead.  

Pilot/Demonstration Phase 

Validation of the concept in a pilot demonstration is must not only from technological aspect but also 

from the socio-economic aspect.  Testing and evaluating of such pilot project is required in terms its 

technical performance and overall business model. Since the poly generation is a multi-disciplinary 

scheme producing clean cooking gas, electricity and safe drinking water, multi-sectoral collaboration 

is deemed necessary to have synergy effect. It has been suggested to have multiple sites with new 

biogas plants for such demonstration. Also a close monitoring with proper documentation and with 

the observation period of at least a year deemed necessary. It is also recommended to select at least 

one strategic location with easy accessibility so that various high officials from government, donors, 

researchers and others stakeholders could be taken there for the demonstration of the technology. 

It is important to co-create the technological system involving the local private sector (manufacturing 

companies and or local NGOs).  This will help to reduce the cost of the technology and to develop 

local ownership in the development of the technology. Local ownership in the technology 

development is also an advantage in creating a sustainable local technological base. Creating 

institutional support for sustainable operation and management of such technological systems are 

necessary. Building the local capacity for the operation and maintenance (O&M) of the technology is 

important for the same. O&M training, plant managers trainings are some of the identified activities 

under local capacity building. Besides, developing O&M manual capturing the whole technological 

system (translated in local language) is must to assure reliable operation.  

Market Development Phase 

For marketing such new technology identifying appropriate customer segments is an important step. 

Market demand is a function of need and ability and willingness to pay. To bridge the gap between 

the affordability of the rural people and the upfront cost of the technology, such technological 

system will need access to finance. The provision of subsidy or grant at the initial stage of the market 

development would certainly greatly accelerate implementation but a credit line on affordable terms 

will suffice where the systems are viable. The effort should be focused on identifying early adopters 

rather than focusing on subsidy based mechanism from day one. Mobilizing micro finance institution, 



 

bankers and other local NGOs, and local private resources is a challenging task in developing the 

market. It is probably best undertaken in a proactive process during the demonstration phase. 

Focus should be given to local capacity building   (i.e. training the local manufacturer/installer about 

the technology should be prioritized for the sustainable market development. Locally available 

technologies and resources should get priority whenever possible without compromising on quality. 

So as mentioned previously, co-creation of the product taking local partners on board could help in 

developing the sustainable market. Standardization and certification of such poly-generation system 

could help to create market reliability.  

Technology Deployment 

Designing the Institutional framework taking all key stakeholders into account is the basic step to go 

for the technology deployment. Most often, clean technologies deployment are scaled up with 

specific government or non-government led dissemination programmes.  Quality assurance system 

with regular monitoring and feedback system is very important for maintaining the standardization 

of the technological system. Non-quality product can ruin the market and may have very negative 

impact in the technology deployment. Quality should be assured both at the product level and at the 

service level. Establishment of poly-generation equipment test station (PETS) collaborating with local 

university or research institute at national level can help in maintaining the quality of the equipment. 

Selection of pre-qualified suppliers/installers, skill testing of local technicians for installation, 

operation and maintenance will help to maintain the service quality. 

Exploring the public-private partnership and industry academia synergies can help to scale up the 

dissemination. Designing appropriate national policies and regulations may help to scale-up the 

commercialization of such technological system and create domestic markets, and drive down the 

costs. For example, relaxation on import tax and VAT exemption on the equipment that need to be 

imported could help to create a favorable market for such technology to go for mass dissemination. 

Another would be creation of a level playing field in terms of electricity tariffs for the existing urban 

utilities and decentralized rural electrification. 

8. Conclusions and way forward 

This three years project has developed an integrated biomass based poly-generation system and 

validated it’s feasibility in meeting the cooking energy, electricity and safe drinking water needs of 

small rural villages of Bangladesh. Integration of three different components (biogas digester unit, 

electricity generation unit and membrane distillation unit for water cleaning) and supplying services 

with a system approach is the innovation within this developed technological solution. Study has 

shown that these kinds of integrated systems are technically feasible and very attractive in terms of 

their socio-economic benefits. The Levelized costs of production of various services from such 

technical system are market competitive and financial returns are also very attractive.  

The field studies were carried out to assess the energy needs and potential of an integrated poly- 

generation system in the rural context. The study for an example conducted in Pani Para village 

showed that the average annual per capita energy consumption, mostly dominated by biomass, was 

around 8 GJ. Majority of these households were willing to change their current energy use pattern. 



 

The large amount of cow dungs and agriculture wastes available in the vicinity could be used for 

generating biogas. It was observed that the mono digestion of the available bio-resources wouldn’t 

be able to meet the all the demands (cooking, electricity and safe drinking water) of typical rural 

villages. However, with co-digestion of available cattle dung and agricultural residue, the biogas 

production can be increased. The study demonstrated that it is feasible to supply all the households 

with electricity and clean drinking water and two third of household with access to cooking gas, 

considering both the supply and demand sides. The poor sections of the population had constraint to 

pay for the bill of cooking gas. One option for such poor households could be providing with 

improved cook stoves for better cooking environment. 

So, there is resource potential and public willingness to shift towards new clean technology, however 

the implementation of such poly-generation is not free of challenges. Appropriate business model to 

maintain the regular supply of the various feedstocks is crucial to make this technology sustainable. 

The study has proposed a business model for biogas based poly-generation system and analyzed the 

model using CANVAS. The key activities, key resources and key partners of the business, the 

customer segment that it serves, value propositions of the business, how it reaches out to the 

customer with its various products/services, cost structure and revenue streams of the business have 

been identified for the proposed business model.  The proposed business model  is a market based 

model where all the input raw materials (local bio resources) are bought from the locales and valued 

services such as electricity, cooking gas and clean drinking water are sold to the locales at a price 

determined by the capital investment, operational cost and the local market condition.  Also, the 

proposed model is unique due to its compatibility with any type of business ownership (private or 

community).  

Clear strategies to move from the technology development to deployment have been devised for the 

dissemination of biogas based poly-generation in consultation with the stakeholders. These 

strategies have been developed considering the possible social-economical, institutional and initial 

investment challenges in the implementation and dissemination of new technology in the rural 

context. 

Furthermore, dynamic performance of such system needs to be taken into account.  This would be a 

logical continuation of this investigation in future, which will allow having a deeper understanding of 

the dynamic system operation and optimization. What is required is to demonstrate the system in 

the field and to refine the possible configurations in design and in practice.  

The promotion of this kind of integrated poly-generation system will definitely be in line with the 

goals under global development policy (PGU). Therefore, demonstrating this feasible concept in the 

actual field is the way forward in the advancement of such technological system development. 
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ANNEX-1 

Photographs 

(Workshops in Bangladesh 2012, 2014, Stakeholder consultation, site visits) 

 

 

 



 

 

Initial consultation workshop organized in 15th July 2012. 

 

Group discussion during the initial consultation workshop in 15th July 2012. 

 

 

 

 

 

 

 

 

Experimental setup of air gap membrane distillation (AGMD) at KTH Lab. 



 

 

 

 

 

 

 

 

 

Ms Nasrin Akter  (MSc intern). interviewing with  the locale during field visit in 2012. 

 

 

 

 

 

 

 

 

 

 

Ms Caroline Saul  (MSc intern),  interviewing with  the locale during her field visit in 2013. 

 

 



 

 

From right: Mr Abser Kamal (Grameen Shakti), Prof Semida Silveira (KTH), Prof M. Alamgir (KUET) and 

Dr Brijesh Mainali (KTH) in the final workshop organized at Dhaka on 20th Oct 2014. 

 

Mr. Magnus André, Swedish Embassy/SIDA presenting on the workshop 

 

Various stakeholders participating on the workshop at Dhaka on 20th Oct 2014. 


