NEPAL

Biogas based POR
generation for rural

development in Bangladesl
SWE2011-135

Membrane Dnsullanons

Light/Appliances

Electricit

Agri-Residue

Excess heat for pre-heating

Safe drmkmg water For cookmphesting

v

Plug Flow
Anaerobic Digester
11-17NTS

Cattle Dung

? Kitchen
|
|
]

Final project report
03 February2015

Contact:semida.dlveira@energy.kth.se

\lv/

Slda SCARAB DEVELOPMENT AB ‘*’ Grameen Shakti




Table of ontent

R w (o] [=Tox o (=T Tod o] (o] o RSO 4
2. Methodology and tasKS........uuueiiiiiiiiiiei e 8
2.1  Methodology Of the @NAlYSES........c.uuviiiiieiiie e 8
2.2 ACHVILIES CAMMIEU OUL......eeiiiiieiiiiiiiiii et e e e e e e e e e e s e s eeeae s 8
3. Documented outcomes Of the PrOJECL........uuuiiiiiiiiiiiiceeeee e, 9
4. Technicaperspective of Poly generation SyStems.........c.covvvviiiiiiiiieeee, 11
4.1 POIYGENEIALION......ccoiiiiiiiii e e e e e e e 11
4.2 TeChNdOgy AESCIIPLION. .....ciiiiiiiiiiii it e e e e e e 11
4.2.1  Technical specificatioDiogas digeSter...........ccooiiiiiiiiiiieiniiieee e 12
4.2.2  Parameters affecting the production of biogas indigestion process................... 13
4.2.3 Performance of existing biogas engines and technical specification................. 15
4.2.4  Arsenic removdechnologies and role of membrane distillation.......................... 15
4.2.5 Remineralization of distilled Water...............ccccoiiiiiiiiiiiiciic e 16

5. Energy needs assessment and potential of {BEREration...........cccccovveuvieeveennniiiiiieeee e 17
5.1 Case study of Pani Para Village...............ooooiiiiiiiiiiee e 17
5.1.1 Energy demand aSSESSMENL. .......cccuiiiriiiiiee et e e e e e e e 17
ENEIGY MiX oo e e e et e e e e e e e e e e e e e e e e e e e e e e e e e s e e e e e aa——aa—————— 18
5.1.2  Preferential ChOICES..........oiiiiiiiieiii e 18
5.1.3  Total biogas requirements and potential in the village..............cccccccvvvvvvrvinrnnnee. 19

6. Economic analysis and BuSiNeSS MOdEL.............ccoooiiiiiiiiiiiiiie e 21
6.1 Economic analysis of pefieneration technology............c.eeveieiiiiiiiieiie e 21
6.1.1  Capital investment, payback and IRR ... 21
6.1.2 Levelized cost of produCtionS............cccoiiiiiiiiiiiiiieeee e 22

6.2  Proposed business model and CanVas..........ccccuvuuiiiiiiiiiiiiiiieiieeeeee e eea e e e e e e 22
7. Opportunities, challenges and fUture Strategy.........cccccuvvrriiiiiiieiieiieeieer e re e 24
7.1  Opportunities and ChallENgES..........ccooiiiiiiiiiiie e 24
4 T R @ o] o To 11 (0 1 =2 ST OP T PPPRPT P 24
7.1.2  CRAIIBNGES....cccoiieeeeeee et a e e e e e e aaaaens 25

7.2  Strategies: technology development to deployment.............ccccooiimiiiiiiiiiiiieieeeeeeeenn. 26

8. Conclusions and way fOrWaId.............ouuiiiiii e e 28



Executivesummary

Bangladesh is denselypopulated country withwidespreadpoverty. The country faceextreme
shortages of electricity iboth rural andurban areas Large territories of rural Bangladesh have no
access to electricityt all and rely on traditional biomass for cooking. Most areash@& country
suffer fromground water contaminated withraenic which kills thousands every year. The arsenic
problem is beingtackled through greater understandingmong the population identification of
contaminated wells and drillingf new deeper wellsin areas not yet contaminated. Sonagsenic
removaltechniquesare also being applied which, although reducihg arseniccontent, but do not
guarantee thedrinking quality of the water.

Rural development is a mulimensional challengeThus, it is important to couple policies and
measures to alleviatpoverty and promote development. In addition, solutions proposed to address
the needs of the poor have toe affordable and environment friendlyzor example, energy systems
solutions have tdit local conditions, providing not only physical infrastruetdor energy provision,
but also a vector to promote sustainable development. In this cont&XtH and collaborating
partners in Swedenand Bangladesh have evaluated a sreaille biogatased polygeneration
technology for delivering electricity, cookimgas and arsenifree drinking water in rural areas of
Bangladesh. The collaborating partners w&earab Development AR Swedish company involved
in developing watepurification technologiesand Grameen Shakta non-profit organizationwith
long trackrecord of work inenergy and developmerin Bangladesh.The project was developed
during three years between 2012 and 2014, and fundedhieySwedish International Development
Cooperation Agency (SIDA)

The polygeneration conceptproposed in this projet includesthree distinct units: (i)a biogas
generation unit, (ii)an electricity generation unit and, (iida membrane distillation unit for water
purification. The system uselw value productssuch as agricultural waste arahimal dung to
produce muliple service output of high value viz. electricity, clean water and cooking gas.

The research carried out included lakperiments andocal case studiesTheMD unit is a relatively

new concept and itperformancewastested in lab experiments twerify its efficiency while using

low heat from a biogas unit to deliver clean drinking watStakeholder workshops, one to one
consultations, questionnaire survey amadparticipatory rural appraisal method (PRA) were uged

case studiedor analyzingthe feagbility of implementing the pokgeneration 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 cisdiesserved toverify

energy reeds and evaluatdh o us e h ol d’' sTogethar,fthese assessnents served to better
understand how the technology may be adapted to solve energy and water problemgah
communiies of Bangladesh_evelized cost, IRR and payback gehave been used as economic
indicators to evaluate the feasibility of the project. Canvas model has been used to analyze business
modek, and ICA (life cycle assessmertips been performed to estimate the climate change
mitigation potential ofthe poly-generation technology.



The analysis of dchnical system performance at different conditions revealed that plody-
generation unit can deliverelectricity, cooking gas, and drinking water. The experimental
performance test ofthe MD unit showed that thearsenic contaminated watercan be cleaned,
resulting insafe drinking waterThe arsenic separation efficiency was extremely high, as arsenic
levels were below detection limits in all cases evaluated. In faetsystem configuration is such that

it canclean various impurities includiragsenc contaminated ground water amather contaminated
surface water The connection of théMD unit to the system, allows the use wfaste heatfrom the
biogas production, thus increasing the total energy efficienaphefsystem, while delivering purified
water.

The totd cost for an integrated biogasased polygeneration systento serve30 householdis USD
26,050 andJSD 33,000 for 52 householdsdicating economies of scale. Tieyback period of such
system may vy from 2.2 yearso 5.2 years depending upaystem 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%magaindepending upon slurry sales. Though slurry lsygoroduct from the biogas
digester, its market value has provenfluential in determining the economic feasibility of the
project. Altogether, the integrated approach to energy and water service provision based on the
poly-generation systenprovides anattractive option to solving problems commonly found in rural
poor communities of Bangladesh.

Whenevaluating the conditions for promoting clean cooking fuel in the form of biogas, our study in
the village of Panipara indicated very high willingness tdctéwio 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 han 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 wastesprovide the necessary feedstock tgenerat biogas and to execute pely
generation. In one of the studies we made, we estimatteat it is feasible and reasonable to supply

all the householdsn Paniparawith electricity and clean drinking water, and two third tife
household with cooking gas. This requires 90CG af gas per household annugliyhich could be

easily met with the available resources in the villagewould be useful to explore ways for
enhancing the biogas generation so that all households easelved with cooking gas. Meanwhile,
improved cooking stoves can be also introduc&de typical case studiescarried out under this
project give usndicationsthat poly-generation system could be a means to address some of -multi
dimensional rural devefament problems in Bangladesh.

We have als@roposed amarketbasedbusiness model fathe biogas based polgeneration system

In this model,the feedstock for thebiogas production idought locally. Likewise, the services
provided from thesystem(e.g. electricity, cooking gas and clean drinking waimre sold tolocal
householdsat a price determinedn relation tothe capital investment, operational cost and local
market conditiors. The business modelvas analyzed using a CANVAS approach through which core
activitieswere identified together wittkey resources and partnets start and run thebusinessThe
analysis stressethe need forcreating awareness regarding tipeoducts and services, guaranteg

their quality, and settingcompetitive and affordable pris to attract the customers The



implementation of the production unitrequires resourceand investment allocatiorviz. land
acquisition,logistics for feedstock collectiopurchase of generatounit and membrane distillation

unit, water, and labor trainingin addition marketing channels are crucial for the business expansion
and its sustainable operatioim particular, marketing the slurry as organic fertilizer will be crucial for
the econonic 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 fndings of the project allow us to: @apitaliz on the proven benefits of available technology to
solve immediate problems and alleviate povert§i) define a site for demonstration of the
technology on the ground in collaboration with local agents amirepreneurs; (iii) develop a
scheme thatis line with local conditions and capabilities afig) establish a monitoring system with
local organizations to guarantee quality of the results and the dissemination of the model

In line with these findingsand in consultation with local stakeholders, we propose new steps to
move from theresearch phase t@lemonstration anddisseminationin rural areas of Bangladesh.
While the research phase has contributed to show the feasibility of the technology in thextof
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 (PGUWo contribute to fair and sustainable global developmenie 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 eaitih.h
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 pnote 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 documentedt journal paers (2 published and 2 under
publication process)Besides, ie results of the research wemgresentedas 4 conferencespapers
and 3 posters in international conferences and workshops during the three years of the pidject
project has als@ontributedto the examination of 4 MSc theses, oligentiate thesis, an@ne PhD
thesis.



Foreword

Rural development is a muitimensional challenge. Addressing such challenges needs a holistic
approach coupling policies and measures to alleviate povertypsoohote 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 o 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.-3WWE135) led by KTH in
collaboration with Scarab Development AB (Swedish company involved in developing water
purification technologies), and Grameen Shakti (a-pofit organization with long track record of
work in energy and development in Bangladesh) and fdndey the Swedish International
Development Cooperation Agency (SIDA). The report has evaluated sseatalbiogatased poly
generation technology for delivering electricity, cooking gas and arfexecdrinking water in rural
areas of Bangladesh.

| 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 MarBnijgdh Mainali, Mr.

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

| would also like to recognize the valuable inputs provided by Mr Abser Kamal, Managing Director of
Grameen Shakti and his entire team. miust 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
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 RgBneration project in Bangladesh
Professor, head of dision Energy and Climate Studies, KTH

Feb 2015



1. Projectdescription

Rural development is a mulimensional 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 havieetaffordable 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 coitbns, 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 agendategash 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 marlset

In this contextthis project has evaluatetthe feasibility of a smalicalebiogas based polgeneration
technology for electricitygeneration andprovision of arseniefree drinking water productiorin
BangladeshThe proposed pokgenerationtechnolagy usesagricultural waste or animal dunip
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 ural communities.

The research projectvas 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 departmentScarab DevelopmemB (Swedish companinvolved indevelopingwater-
purification technologies) an@rameen Shakinon-profit organization working in rural energnd
developmentin Bangladesh The project wasunded by the Swedish International Development
CooperationAgency (SIDA), project No. S 1-135. Initially, MSEK.49 were requested to
implement the projectApproved research furgltotaledMSEK2.7 fora 3-yearproject starting from

15t Jan 2012and ending 3D Dec 2014Despite the 39% budget cut, the projgeam 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.@nida Silveira (Team leader)

2. ProfessoiDr. Andrew Martin (Senioeam member)
3. Ershad Khan (Team member)

4. Dr.Brijesh Mainali (Team membegdordinator)

In addition the Masters interndHassan Ahmed, Nasrin Akter, Caroline Saul and Saad Been Emran
have beerinvolved in tle project particularly contributing witHield work.

Team members from Partner organizatsn
5. Mr. Aapo Saask (SCARAB AB, Sweden)



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

2. Methodology and tasks

2.1 Methodology of the analyses

This projecthasused case studies and lab based experimental mettiodest the performance of

membrane distillation unit in removing arsenic and other elements from the contaminated water.
Stakeholder workshops, one to one consultaicandquestionnaire survey were gste of the tools

used in the process to analyze the cases anddmmunicatethe results The participatory rural

appraisal method (PRA) has been used for conducting the energy need assessment and to
under st and househol d’ s p r enf) edagatian et neva technolpge.r c e pt |
Levelized cost, IRR and payback period has been used for economic araly@svasmodel has

been used to analyze the business moddfe cycle assessment has been performed to analyze the

climate change mitigation potgial of the poly generation technology.

2.2 Activities carried out

Task I: Technical solution for pelyeneration in Bangladesh

An integrated biogas based technical system has been developed and analyzed as a technical solution
to meet the cooking energy,giting and cleardrinkingwater need in the rural villageThe mly-
generationconcept includeshree distinct units: (i) hiogas generation unit, (ii) electricity generation

unit and (iii) membrane distillation unit for water purification. Technical #mations of these
components have beenvaluatedand performance has been analyzed at different conditiortse
simulations show that the system is capable of meeting demand for electricity, cooking fuel, and
drinking water for the village under considerati@fhan et al., 204; Khan, 2014)The experimental
performancetest of MD unit for arsenic contaminatedlater hasbeen performedwith existing lab

scale MD unitsetup. The arsenic separation efficiency was extremely high, as arsenic levels were
below detection limits in all casg&han and Martin, 2014; Khan, 2017hese findings provide a
strong basis fothe technical viability of the chosen approach.

Task II: Socieconomic and institutional framework for the implementation of polgeneration
solutions in Bangladesh

In this project we have madean economic analysifor a polygeneration projectin the context of
Bangladesi{Khan et al., 2014; Khan, 2017he capital cost of the technological system, leesl
cost of energy production, safe drinking water productmmst, payback period and internal rate of
return of the project have been evaluated fom villagewith 30 households and 52 households.
guestionnaire survey was conducted‘fpani Paravi | | age i n Faridpur distr.i
Jessore district of Bangladesh to (i) investigate the cooking and lighting energy deeanal
houselolds across different income groups and analyze theéferential chice and (ii) analyze the
potential of the polygenerationsystem The results have been presented in MSc thesis report
Hassan (2013) and Akter (20d also in a journal papdi Mainali et al, (2015p

Any business idea or any technological development needhsisiness model for its successful
implementation. A business model is a framework that describes the architecture of the value



creation, and captures its functioning mechanssnn delivering value to customers, tempts
customers to pay for value, and creates profiteece, 2010)Hght different rural business
enterprises (private and community basd@jve been evaluateh termsof their operation anchave
developeda business model appropriate for supplying multiple serviegscooking gas, electricity
and safe drinking water from a biogas based py#yeration project. Theesults arepresented irthe
MSc thesis bfpaul (2013and also in thegurnal papelV Maindi et al. (2015h)

Task lllStrategies for developing potgeneration as a technical solution in Bangladesh

If a technology is worth further development afat deployment what should be thecoming
strategies in this directioh How to capitalize on thepportunities 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 monitothe benefits? What types of schemes would be appropriate for devising
projects applying sut technology in rural areasPo capturethese issuesa draft strategy was
formulated with four key phaseand discussed in a stakeholder consultation meeting. A final
strategy document has been preparadcorporating the feedback received frometttonsuliation
workshop Gee section 7.2 for detajls

Task IV: Dissemination of information and results

In the starting of this project, a hatfay initial workshop was organized on ®19uly, 2012 in Dhaka
jointly by KTH and Grameen ShaRtihe workshop countedith forty participants from 24 different
organizations including government, ngovernment, donor organization, private companies and
biogas plant owners. The aim of theorkshop was to inform the stakeholdeabout the project and

to identify issuesrelated to promotion of new technological solutions. The feedback from that
consultation meeting was incorporated in defining and updating the project activitiesN@a®li,
2012for details). Afinal workshop was organized in Dhaka o' Zct 2014 byKTH in association
with Grameen Shakto presentthe preliminary results of the projecandto formulatea strategy for
technology deployment in Bangladesh. The workshop counted Wittty tsix participants from 22
different organizations including gowvenent, norgovernment, donor, private companies and power
plant owners(SeeMainali, 2014for details). Apart from this, a half day seminar was also organized
in KTHStockholm in July 2014 to discuss the initial findings the project with relevant andsted
organizations in Sweden.

The results of the research wedacumented in 4 conferences papers and 3 posters nedented
in international conferences and worksr®gduring the three years of tharoject.

3. Documented outcomes of the project

The outcanes of theresearch projectare documented irfour journal papers (2 published and 2
aimed for publication soor). The outcome has been further disseminated in various international
conferences in Sweden and abroad. Fneject has resulted in 4 nsat e re&es andbrie licentiate
thesisat KTH In addition the project contributed tol PhD thesisn which the sustainability of
energy access in Bangladesh has been assessed alontpggthobther developing countries

Peer Reviewed Journal Papers
1.Khan BU . , Mai nal i B. , Ma r t i-BEcondinic Analgsis lof\6mall Scale S . 201
Biogas Based Pefieneration Systems: Bangladesh case study, Sustainable Energy Technologies



al

and Asessments, 7, 6§8. (Paper I) Available at:
http://www.sciencedirect.com/science/article/pii/S2213138814000319

2. Khan E. U., Martin A.R. 2014. Water purification of arsgmtaminated drinking water via
air gap membrane distillation (AGNICPeriodica Polytechnica, Mechanical Engineering, Vol. 58
paper 7422. (Paper IBIso available atittp://www.pp.bme.hu/me/article/view/7422

3. Mainali B., Hassan A., Silveira S. 20B&mas basd Polygeneration: an alternative to meet
rural energy services in Bangladesh. (to be submitted soon) (Paper IIl)

4. Mainali B., Saul C., Silveira S. 2015b. Assessment of Business Models for providing clean
energy and safe drinking water in ruéngladesh(to be submitted soon) (Paper 1V)

International Conference/workshop Papers and Posters

1. Er shad Ul |l ah Khan and Andr ew Martin, “Hybr
Distillation Polygeneration for Rural Households in Bangladesh: Pani PagaevillalCa s e St udy
3rd International Conference on Renewable Energy Research and Applications, Milwaukee
USA, 122 Oct 2014.

2. Mainali B., Hassan A., Silveira S. 2@e&keloping pohgeneration as an alternative to meet

rural energy services in Bangladesh. Mébop in Falsterbo, June L5, 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
energylCAE2014Taipei, Taiwan.

4. Khan E. U., Mainali B., Martin A., Silveira S., 2012, Tdéetmmomic Analysis of Small Scale

Biogas Based Pefieneration Systems in Bangladesh, Sustainable EiEsgpveries and
Applications, Leuven, Belgium94November 2012.

5. Mainali B, Silveira S, Khan E. U., Martin A. 2@sing 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 Stinvar2012. 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-geheration for providing access to clean amer

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 o#ie-one stakeholder consultation meeting and a lddfy

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 pgegneration. Organized in
Dhaka on Oct 2014.
d0SNDRa ¢KSaaAa

1. Ahmed, H2013. Energy need assessment amneferential choice survey of rural people in
Bangladesh (Supervised by Dr Brijesh MaiAaigilable athttp://kth.diva-
portal.org/smash/get/diva2:626362/FULLTEXTO1.pdf

2. Emian, SB. 2014. Study on the climate change mitigation potential of a-{gelgeration

system in Bangladesha supply chain analysis (Supervised by Dr Brijesh Mahvailable
at: http://kth.diva-portal.org/smash/get/diva2:746639/FULLTEXTO1.pdf
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http://kth.diva-portal.org/smash/get/diva2:626362/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:746639/FULLTEXT01.pdf

3. Saul, C2013. Assessment of business models for providing energy services in rural
Bangladesh. (Supervised by Brijesh Mainalifvailable at:http://kth.diva-
portal.org/smash/get/diva2:649564/FULLTEXTO1.pdf

4. Nasrin A2014. Energy Need Assessment and Preferential Choice Suivieyipfikur Village
in Bangladesh (Supervised by Dr Brijesh Main&ljailable at: http:/kth.diva-
portal.org/smash/get/diva2:781657/FULLTEXTO1.pdf

Licentiate Thesis

KhanE U. 2014. Feasibility analysis of biogas basedgaigration for rural development in
Bangladesh, Licentiate Thesis (Supervised by mnof Andrew Martin) Available at:
http://kth.diva-portal.org/smash/get/diva2:717213/FULLTEXTO1.pdf

PhD Thesis

Mainali. B. 2014Sustainability of rural energy access in developing countiestoral Thesis
(Supervised by Prof. Dr Semida Silvedadilable at:http://kth.diva-
portal.org/smash/get/diva2:693663/FULLTEXTO04.pdf

4. Technicabperspective of Poly generation Systems

4.1 Polygeneration

A few researcher@araver et al., 2012; Maya et al., 2011; Serralet2009; Rubio et al., 2008; Uche

et al., 2004; Foronda et al., 200ave 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 tliugh 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 theemonomic analysis we
presented by the authorgColella and Uche, 200 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 frieedrinking water. Clearly there is scope

for investigating new concepts for tackling this multifaceted problem.

4.2 Technology description

A diagram illustrating the polgenerationsystemproposed in this projectincluding the inputs and
various levels of wtputs is shown in Figure .1n brief, cow dungand agriculture residue ammixed

and fed into a plug flow digester to produce biogas. The feedstock ihgaed The digester
operates at constant temperatures under mesophilic conditions, with gravity & dischargelhe

biogas is either routed to a cooking stove or is burnt in a biogas erigigenerate electricity.
BExhaust flue gas passes through a heat exchanger for heating up arsenic contaminated feed water,
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which is supplied to the feed side ofr@mbrane distillation (MD) unit. The cooling circuit of the MD
unit is heat exchanged with the digester and enhances the anaerobic processes.

Contaminated Flue Gasto
MD IU'"" Makeup Water Atmosphere
(2 4

MD Mot Side

Exhaust Heat
Exchanger

MO Cold Side

|

Digester Blogas

Blogas
Engine

Bioges for
Cooking

Effluent for
Agriculture

L
I Animal and ““'m““

9

Clectricity for
Rural Houses

Figurel: Integrated systems for electricity, cooking gas and safe watetuction

Scalability of the system depends primarily on the size of the digester and engine; a rough range of
10 kW to 100 kW electricity capaei$ is anticipated to bethe most feasible. Tiee sets of
technolodcal units have been integrateid supplybiogas, 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 unifThe 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 tlekany scleme 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 digeers 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 Banglad€Bim, 1989. Anaerobic djester output depends on several
different factors for optimum performance. Biogas contains7®% methane (CH and 3050%
carbon dioxide (C£), depending on the substratg&asse, 1988; Bond and Templeton, 2Cdsljvell

as small amounts of other gases limting hydrogen sulphide ¢H). The typical calorific value of
biogas is about 224 MJ/n# (Dimpl, 2010)pr around 6 kWh/m which correspond 60% of methane
contains in biogas. The efficiency of the digestepends on many factors such as technological
conditions (pH, temperature, etc.), micmyganisms, type of substrate and itguality and



degradability, etc.(Omar et al., 2003; Schwart, 2005; Chynoweth, 2001; Rajendran et al., 2012;
Baldwin et al., 2009;dbotka, 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 fgdi&nmpacts 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 tan the locally made digess (Islam et al., 2013)Cow dung is easily
biodegradable. The daily production of manure depends on the feed type, levetrafaruand body
weight of cow(Hossain, 2003; Rongdu, 200@ablelshows sources of feedstocks, body weight,
manure yield, téal solids (TS) and percentage of methanesf@Hproduct biogas.

Tablel the TS%, C/N ratio, daily gas yield per kg TS and CH

Manure Body weight Manure TS% C/Nrdio Gas yield CH4%

source (kg) yield (m3/kg TS, a
(kg/day) 25-35°C)

Chicken 1 0.1 25 9.6:1 0.33 60-65

Cow? 500 35 17 25:1 0.25 50-77

Cowp 200 1015 8-14% 24:1 0.25 50-70

Cow 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.

Tablelillustrates that the biogas production per cow is relatively low in South Asia compared to
Europe and the US; this discrepancy is I|inked
and the design and operation conditions of digestdiise 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 typ&8CC, SNV 2011; FAO, 3996

Table 2Different types of digesters

Type of digester Technical level Influent  solid Solid Supplement Hydroulic
concentration  allowable heat Retention
Time (day)
Covered lagoon Low 0.1-2% Fine No 40+
Complete mix Medium 2.0-10% Coarse Yes 15+
Packed reactor Medium 0.52% 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 reanfed 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 insiitient 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 hbgestion can play significant role to overcome thelgems. Ce

t



digestion is the simultaneous digestion of a homogenous mixture of two or more substrates with
complementary characteristics so as to enhance biogas produ¢8env, et al., 2009; Braun and
Wellinger, 2002; Campos, et al., 1999; MAlaarez et al., 2000. T h e b e n-@igedtian lieoih ¢ o
balancing the carbomitrogen (C/N) ratio in the esubstrate mixture, as well as macro and
micronutrients, pH, inhibitors/toxic compounds and dry matteiartmann and Ahring, 20Q5The
C/Nratio 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 highatile fatty acid (VFA) accumulation in

the digestion process [Banks and Humphreys, 1998; Campos et al., 1998fie€tion of manure

and other substrates overcomes those problems by maintaining a stable pH within the
methanogenesis range due to theithierent 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 digest{btansen et al., 1998; Prochazka &t a
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 dige§tiashimoto, 1988
Although much research provides support for conéhgtco digestion in rural areas with animal
manures and agroesidues, little information is available about the digestion process of multi
component substrates containing various manures and -agstdues (Alvarez and Liden, 2008;
Ashekuzzaman and Poeis 2011; Misi and Forster, 2001

Table3 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 forhe 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 ceubstrates does not meet the optimal TS content,gasiing 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 characteristicas well as resource availability in rural villages in Bangladesh, must be
considered for feedstock composition.

Table 3: Potential cosubstrates, characteristics, advantages, and disadvantagés, 1979;
Cavinato et al., 2010; Lehtomaki et al., 2007)

Waste C/N Ratio pH TS Content (%)
Cow manure 25 7.2 16

Chicken manure 9.6 7.8 25

Rice straw 73 6.6 94

Rice husks 35 6.7 93

Sugarcane bagasse 150 6.1 75

Maize silage 55 4.1 35

Potato waste 35 55 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. Abe@ g6rcent of the
energy can be extracted as electricity and the remainder as heat. There are several tifferen
technical solutions available to produce CHP from faased biogas. The use of internal combustion
(IC) engines with biogas is long established and religigkdlinger and Lindberg, 20Q1As we know

that small and medium sized biogas plants are avilabmany developing countries, however, only
very few plants are used for electricity generation in comparison to Europe and the US. IC engines
are subdivided into two categories: compression engines, and spark ignition engines. Both types of
engine maybe converted to run on the biogas produced by anaerobic digesters. Different types of
engines have different characteristics and in Germany, Cl engines are used primarily in small biogas
plants. Usually large biogas plants are generally more economitalile than smaller ones. On the
other hand, electricity generation from biogas is technically suitable even for relatively srabdl
(10-100kW) applicationgDimpl, 2010)In theory biogas can be used as fuel in nearly all types of
combustion engines,ueh 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 usesinfa 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 ingable alternative for small biogas power plants
(Dimpl, 2010)In terms of fuel quality for IC engines, the presence ofi@®iogas reduces the air

fuel ratio of the engingNadira, 2006)while HS removal is necessary for eliminating unwanted
corrogon. It is for this reason that levels ot$llesgshan 1000 ppm are recommendédiVellinger and
Lindberg, 2001)

4.2.4 Arsenic removal technologies and role of membrane distillation

Comprehensive investigation®al et al., 2007a; Pal et al., 200%jckramasinghe 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.ha@®®een carried out

over the last 4660 yeas on removal of arsenic from ground water. Conventional technologies like
adsorption, chemical coagulatieprecipitation, and iorexchange have been established as the
broad technology options of water purification. Major drawbacks of these conventianakepses

over membrane processes are the requirements of multiple chemical treatments,opreost
treatment of drinking water, skilled operation, different arsenic ions (As(lll) and As(V)) removal rate
efficiency, high running and capital cost and manpartantly, 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 thdyndiiven 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 riéle advantages regarding energy consumption,
utilization for waste heat recovery, simple operation and its ability to integrate withtémperature



heat sources inherenhimany polygeneration concepéObaidani et al., 2008)t operates at feed
temperatures up to 90C.Pal and Manna (201&howed 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 distill§Df2MD), 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 favareMD technology for smaticale 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 fotn@@ment of thefeed

water. Kullab and Martin (201linvestigated semcommercal AGMD demineralization integrated

with combined heat and power (CHP). Results showed that alivatatile components in flue gas
condensate, including arsenic, could be completely separated. The present study considers-the two
stage cascaded MD modulerangementpresented inKullab and Martin (2011yith the number of
cassettes per module scaled down from ten to five. Other parameters are listed in4lable

Table4: Membrane distillation

Membrane distillation unit Parameters

Type of MD AGMDsemicommercial unit

Feed water source Contaminated shallow tubevell water
Membrane material PTFE

Number of modules 2

One module comprises 5 cassettes

Membrane area 0.19 nf/module

4.2.5 Re-mineralization of distilled water

Plants convert inorganiminerals 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 produaty]less than 5%

from drinking watef WHO, 2005; Donohue and Hallberg, 20He drinking water without minerals

can if consumed in large amounts during e.g. hard work or exercising cause "water intoxication",
delirium, including headache, tiredness, naudaiting, and in the end coma. Long term symptoms
include tiredness, weakness, headache, brain edema, dsioms, and metabolic acidosigozisek,
2003; WHO, 1980; Rosborg et. al., 20Mater 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 pinatess 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 (@ad 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 providiess than 5 % of total intak@lAS, 197 AWHO,

1996; FAO, 1996; NAS 198Mlineral addition to distilled water to at least: Ca 20 mg/L, Mg 10 mg/L,



HCQ@G 100 mg/L, the three macro constituents that are identified as the most important, is needed.
Addition of limestone, preferably dolomitic limestenwith addition of C& carbon dioxide, in
general creates such watévWHO, 2005; Donohue and Hallberg, 2011, Kozisek, 2003; WHO, 1980;
Rosborg et. al., 2014; NAS, 19809; Olivares and Uauy).Zllid Recommended Daily Allowances
(RDAS), for zinc is 8 nuigy for females and 11 mg/day for males. WHO report [1980] recommended
that the minimum TDS in ohking water should be 100mg{WWHO, 198Q)The ideal drinking water
concentration of fluoride for dental health is gemdly between 0.5 to 1.0 mg/and depenls upon

the volume of drinking water consumed and the uptake and exposure from other sources. The WHO
drinkingwater guidelire value for fluoride is 1.5 mg/{Cotruvo, 2011; Grandjean, 2004)ater is
usually not a substantial provider to total daily Sadi{Na) intake. The Bd and Nutrition Board
(FNB)(FNB, 2001set the adequate intake (Al) at 120 mg, derived from the intake of bifeast
infants. In Germany, a mean sodium drinking water concentration of 12.4-2400mg/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/loadével in the United State§\(HO, 200h

The RDA for iron is 18 mg/day for females of childbearing age and 8 mg/danalfes. 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 diffeemciceconomic groups olocal villages, and
perception and preferences in switching to teervices provided by the pelyeneration technology

It alsoevaluated the potential ofleployingan integrated biogas based peggneration systermin

rural areas of BangladeshTypical villagesvere identified as case studies:P a n i Par a” i
district and Matipukur in Jessore districthese villages do not haaecess to electricitgr clean
cooking fuels andhey are located in thearsenic affected zoneThe villagesvere selected in
consultation withthe local partner Grameen Shaktigsan, 2013, Nasrin, 2014€ase of Panipara
village has been illustrated here an example.

5.1 Casestudy of Pani Paravillage

The case studgf Pani Para village has been further explored/imnali et al (20%a). The Pani Para
village is situated at a distance of 7 km from Alfa Danga Uppuzilla (Sub district) puFdigdrict of
Bangladesh. The total numbers of household in the village W2r@ith an aerage family size of 5
personshousehold. The literacy rate was 48% and monthly household ina@ngngfrom 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 BangladeghAsaduzzaman et al., 2010)his section presdgs the estimated
energy demand anthe existing energy mix across different income groups of Pani Para village.

n



Energy Mix

Different mix of biomass resources are useddooking 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 mosthofuseholdshave agriculture farming and animal husbandry

as main occupation. Kerosene is the main source for lighéipgesering 92% of the lighting energy
followed bysolar PV lights and dry cell batterighichare used in a small fraction.
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Figure 2 Cooking and lighting energy demand across different income groups

Household income is one of the social attributes thatui@fices the energusage pattern. Figure 2
indicates the trend of overall energy consumption in the village across different income levels. The
high income househoflhave higher per capiteenergy consumption comparing the low income
groups. The estimatk annual average energy consumption per capita is arou&l.8This value is
quite closeto the energy consumjan (7 GJ/Capita) in anotheural village in Kalaroa sub district in
BangladestiHassan et al., 2012).

5.1.2 Preferential choices

The attributes that determine the choices of fuel can be broadly categorized into (i}esmmimmic
attributes such ashousehold income, education, age and gender, and (ii) product specific attributes
such as efficiency of cooking technologies and incoieree associated with the fuelsiéinali et al.,
2012; Takama et al., 20L.2We analyzd the perception of the households in terms of their
willingness tachange to new clean technologydthe share of disposable income they are willing to
spendfor 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% wex already using solar PV. Most of the households wiietre

under extreme povertyrad no willingness to pay

Figure 3 indicates the disposable income that households are willing to spend on clean energy. The
amountincreases along with income levels whiclkeans that the households with higher monthly
income are willing to spend more than the households with lower incoNeverthelesspoorer
households seem to be willing to put a higlsérareof their incomeon clean energyhan the higher
income group (75% for low income group and 5.2% for high income groljnt surprising



willingness to pay forighting is higherthan for cooking in all income groups. One of the possible
reasons behind this could be, at present, the cooking energy is mostlyAsetw lighting, they are
alreadyspending some portion of their disposable incotaduykerosene.
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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 menioned earlier, one of the objectives of this research is to analyzeptitential of biogas
based polygeneration in the village to meet the demaridr cooking energy, electricity andafe
drinking water. For this analysis it is necessary to estimatetél) amount of biogas needed to meet
the demandfor cooking fuel, electricity and the safe drinking waétand (ii)availability of biomass
resources (agriculture residue and cattle dungs) in the villlagkecan be usetb generate biogas.

Biogasrequirement

The total final energy demand of biog&as Pani Para villagier meeting all the cooking needs is
21045 nilyear (463 GJlyedr It has also been observed that households cook two meals per day in
an average. So the estimated average demand afds per meal per person is 0.1% iainali et

al., 2015a) The biogas demand for cooking can vary from 0.10 to 0%2mmal/person depending
uponfood culture,income levebnd some other social facto($alukder, 2010; Zaman, 2007)

The estimated avege household electricity demand was 27 kWh per month, productive end use
demand in the village (63 kWh/day) and some energy internally consumed in theeudyation
plant for running small pumps and lighting (24 kWh/da&gased on these, the estimatduiogas
demand for the electricity generation is around 32,698 year (for details se®lainali et al. 20159.

Biomass resource and biogas potential

It has been found that there werg3 cows irPani Para Village and ori§ percent of the households

own attle. The available cattle dung is only sufficient to produce 10,876frniogas per year. Thus
available cow dung is neither enougth meet the demand for cooking gas and electricity in the
village nor provides the basis for a biogas based-geheratian that can also provide clean water to

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

13 liters per person per day



of codigestion. 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 th@<smmiltivated in the village is shown

in Table5

Table5 Agriculture residue and potential biogas estimation

Crops Residue Residue to final Amount of Amount of
types economic residue (Kg/yr) residue available
product ratio for biogas (kg/yr)
(RPR)
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 % ¢ Waste - 3,828 3,828

total production)

The cedigestion of this available feedstock (agriculture residue and cattle dung) wiippropriate

mix ratio can increase the production of biogBéfferent 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., 201Phehigher carbon content helps in increasing methane,JCH
production whereas lower level of nitrogen restricts microbial actifztyu, 201Q0)Crops residues are
normally cedigested 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 mixiriylurphy et al., 2011)It has been assumed that biogas
production will be improved by0 to 25% in the caligestion as comgred to the case of mono
digestions of individual substrates. With the-digestion, the estimated potential biogas production
per year in the village is around 48,248.m

Two service scenarios have been analyzed for providing rural energy servicesilhatiee 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 ofi biogas per year, while only around 48,245 aoh
biogasproduction per year is avéable even in caligestion mode. There is a deficit of 5490 of
biogas per year to fulfill the multiple needs (clean cooking fuel, electricity, and clean drinking water)
in the village. Spthis scenario is not feasibl&he second scenario is to provitlee 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 fothe cooking fuel and the low income household has difficulties to
afford the cooking gas. Under such circumstance, remainingtiing households (low income) is
proposed to be served with improved cooking stoves so that they géebigidoor environment.

2 This is the ratio ofhe residie to final economic product. Eg: 1 kg of final product of rice producekdl &
residue



Table6 Two Service Scenariagth biogas based polgeneration plant

Services Scenarios Total biogas Deficit of biogas Remarks/ Recommendation
requirement
(m®lyr)
(Cooking gas + electricity 53,735 5490 ni/yr Not feasible
clean water) to all deficit of biogas
household
(Electricity + water) for al 48,245 Available  resource 1/3™ households (low income
households and biogas fc will meet the should be provided with
cooking to 2/3 household requirement improved cooking stoves to mee

their cooking demand

6. Economicanalysis and Businessodel

To evaluate the economic attractiveness of the proposed biogas basedj@odyation system, we
have analyzed systems that are suitable fol3()Householdsnd (ii) 52 househoklin Khan et al.
(2014) and Khan (2014hd havesummarized inthe section 6.1 of this report. In this section we have
summarized the capital investment, payback periods, internal ratestofn (IRR) and Levelized cost
of production for biogas, electricity and water pnaction for a biogas based pefyeneration sysm.
Our research also proposed a business model for biogas basedgeonération and analyzed its
elements. This includes identification of the key activities, key resources and key parteeded to
start and runthe businessThe husiness model has beetiscussed ifMainali et al.(2015b)and also
presented in section 6.2.

6.1 Economic analysis of polygenerationtechnology

6.1.1 Capital investment, payback and IRR

The total cost for an integrategoly-generation system for the family size of 30 household meeéting
USD 26,050. Theost of the MD unit is abouR5%, biogas productionunit is about 37%and
electricity generation unit is about 38%he cost of the integrated system suitable for 52 households
is estimated to be USD 33,000. So, in terms of capital irvea® per household it can vary between
USD 615 and 870. The payback periodrisindicatorto see the economic attractiveness of the
technology The estimation has been done fowo different cass. Case | where the payback is
calculated only considering the revenue from sellielectricity, biogas and wateCase lwhere
revenues from case | and sales from slurry is also taken into account. The analysis shows that
payback periodiaries from 2.2 yaa to 5.2 years depending upon the system size, amount of slurry
sales andvith the feedstock handling charg€hough Rirry is a byproduct from the biogasligester,

the analysis revealed its importande determining the economic feasibility of the proje Thus,
slurry management ands marketdevelopmentare equally importantThe Internal rate of return
(IRRwas estimated to be in the range of 13.8 to 31.8épending upon thelurry saleswhich is very
attractive comparisons to any other renewablesmess in rural areas.



6.1.2 Levelized cost of productions

The levelized cost of producing biogas, electricity and pure water pradtuetith such integrated
poly generation system has been analyztian efal., 2014) The estimated levelized cost of biogas
production is0.015USD/kWh. The sensitivity analysis has shown thatlekelized cost of bioga
production may vary in the range 6f009-0.03 USD/kWh dependingpon variation in the feedstock
handling cost and the biogas digester c@stivefold increasen FHC (feedstodkandling cost) results

in about half as much an increase in levelized costs, demonstratiegimportance of proper
feedstock management and handlinghe levelized cost of biogas production also increases with the
increase in the capitahvest 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 levelizedcost of the electricity productiomay vary from 0.28 USD/kWhto 0.058 USD/kWh
depending upon the biogas production co€.009-0.03 USDKWh) and also based upon the
generator capitabosts(from-50% to 50%). The elgicity generation from thebiogas is one of the

least costdecentralized options provided theressifficient feedstock availabl@imilsina et al, 201

For comparison, in Bangladeshetlevelized cost of electricityom solar PV is 0.5253D/kWh and

from wind turbine is 0.646 USD/kWNRandi and Ghosh, 2009

The safe drinking water production cdst0.003 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 aero becauset is waste heat recovery fronthe flue gas. Thavater
purification cost is 30 5 times higher when using conventional renewable energy asources of
heating energyShatat, 2013)

6.2 Proposed business model and canvas

Any technological development needs an appropriately designed business model for its $uiccess
implementation The business model proposed for the pghneration systenis shown infigure 4

Business Model € per kwh electricity
e and € per liter water
Electricity & water Customers
Customer
_______________ €Costsof tm?} water and
: E electricity
v € Start-up investment )
Biogas Customers ] /‘\o Bag/pipe
. distribution
AN Poly generation
5 Customer
Biogas
Fertilizer Customers

Entrepreneur
L

fA € Maintenance +
L 4 e eeeeneemescesameseasssnsasanentas 2l

Supplier Cow Dung . € Costs of fertilizer Customer
Enterprise Fertilizer

Figure 4 Proposed business model for biogas basedgewigration (Modified from ®nergy, 2014)

The unique part in this business model is its compatibility to use any kigvioérship (private,
community or cooperative) depending upon the local conditions. The model is purely market based



meaning all the input raw materials (local bio resources)areghtlocallyand 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 analyzisigesses. 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 helpthe business in streamlining their activities, improving business strategy, and in
revealing potential tradeoffs (Shimasaki, 2014; Morrisa et al., 200bable7 summarized the key
parameters of the CANVAS model. Details discussion on each of theseepamanan be found in
Mainali et al, (2015h)

Table 7. CANVAS model of the proposed poly generation business

Key partners

9 Bankers providing
loan for capital
investment

flocal community
based organizatior|
(CBOs) helping t
reach out to the

Key activities
A Feedstock
management
Plant O&M
Product/service
distribution
Tariff collection
financial

A
A
A

and
management

Product/service
Marketing

A

customers

9 farmer
associations for
purchasing
feedstock and

selling them slurry
fusers groups
i after sales service
providers

Key resources
A Production
resources viz. land fo

installation of the
biogas plant,
generator and

membrane distillation
unit agriresidue,
dungs

Governing
resources viz.Capital

A

investment, finance,
plant managers,
operators, capacity
building systems,

A Marketing
resources viz,
promotion channels,
negotiation
capabilities,
collaboration skills

with other enterprises

Value Customer

propositions relationships

fValueadded A Partnering

products relationship  with

Residue and customers

manure A Security of

management supply

Energy Access

flimprove living

standards

flincrease

productivity

Driver for | Channels

development Electricity
distribution through
local grid , water

bottling (10 to 20
litters jars) and gag
via pipelines

Business promotior
through local
community  based
organization

Customer
segments
A All income
groups in village
Electricity

Cooking
gas users,

Safe
drinking water
Farmers

organic

A
A
A
A
for

fertilizers

Cost structure

Capital investment (61870 USD/household).

The levelized cost for biogas production is about O.
USD/kWh, biogas based electricity is 0.042 USD/K

water production cost is 0.003 USD/liter

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




Costs are sensitive to the feed handling cost and cog per household and water 0.005 USD/liter.
digesters and generators. (these cats 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 sofrte key partners in the business. Electricity
distribution through local grid, watedistribution through bottling (10 to 20 Bts jars) and gas via
pipelinesare the suggested distribution channels for the services. Business promotion through local
community based organization to readut more customersand proper channels for after sales
services to assure reliable asdstainable 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 businessnguye€esources 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
capabilites 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 ditiad, the sales of slurry as
organic fertilizer.

7. Opportunities, challenges andiuture 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 andmicro credit market has been well establishedall favorable towards the
dissemination of pokgeneration technology. Policy interventions are other tools to push technology

in the market. The existing Bangladesh renewable energy policy (2008) has/eérb&igas based
electrification as an alternative during the case of load shedding. So, there is a need to explore the
conditions under which biogas based pglneration could be the mainstream supply source
meeting a rural v i | and gleah svatec meedsHornan ,examepleedlicy r i ci t vy
enforcement for the construction of biogas plant in poultry and dairy farm for their waste
management could be effective in promoting commercial biogas plants andgpalration. It has
already seen that theale 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 promotdugms 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 techngies 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 limitagoare 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 metings 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 employmemtd aincome
generation, and in overall quality of lifélepal and Amatya, 2006)Biogas based poebeneration

have multiple benefits. Such technological systems can contribute in better health, poverty
reduction, social gender benefits, waste management aelimate mitigation/adaptation etc.

The possible job opportunities created by the pgbneration 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 fiewood 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 lightingsedlior 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 slury 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 ctienghange.

One of the studies done under this project has shown that about 565.&9?(@:1 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 gengom system, the emission can be brought down to

negative 42 kﬁﬂhq per ton of manure which means that it will help to avoid 42(3?@ eq
emission done by other sources.

Similarly with the poultry farm, the emission can be brought down frof01 k&ﬂzeq to 56

kgcﬂz eq 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

estimaed to be 1,39,502 tort0z eq , which could be reduced tel1072 ton €03 by the
application of polygeneration. The estimated number of chicken (broiler and layeBangladesh

was 31,98,00,000. Daily emission from the poultry manurstisnated to be 44815 tofQ2eqa . The

emission values are estimated to be reduced to 1462 e ea per day, if polygeneration
technology is adopted.

7.1.2 Challenges

The polygeneration technology is economically attractive and technically also fegsibkn et al.,
2014).However, to provide all three mentioned services, (cooking gas, electricity and safe drinking



water); there is a needf about 8 cattle per houseld in an average for producing biogas witiono
digestion(with only local cattle duny) 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 distriog, problem of feedstock can be possibility
addressed utilizing agricultural waste and cattle dung in a proper mixdligestion mode. However,

for co-digestion, agriculture residuesnd animal dungs as well as domestic organic wastes such as
garden wastes and leaves need to pass though certaintrpegment stages. Chopping of the
feedstock material in the appropriate sizes, sieving, mixing of feedstock homogeneously are
important inincreasing biogas yields. Some of ihdividualplant developer are reluctant and are

not willing to do the dung mixing job as they consider this as dirty Jdfis challenge could be
addressedat the community level projedty hiring full time operatoréor the plant

Feedstock characteristics are crucial indigestion 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 substrabe 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 actuafigsecyields.

Collection of feedstock and maintaining it over the year is another challemgie @ rural areas are

raised and grazed most often in an open environment rather than in a specified regulated
environment. This possesses a challenge to doldicthe 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 cajtal investment for implementing such a peajgneration system is around USD &R per
household. Even if financially viable, there is still the matter ofrapt costs. This is relatively very
high especially in the rural context where people are firially 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 invesment is viable, a credit line on commercial terms would suffice.

7.2 Strategies: €chnology development to deployment

Developing a technological system as a sustainable solution is not possible without integrating or
associating such developmito the human needs, behavipacceptability and adoptabilityn 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 developntbet of
technology, its demonstration and implementation. Some of the key points that need to be explored
for formation of the strategies are (fapitalizing the opportunities at hand to explore this type of
technology, (ii) Identifying the issues to be smered 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 uratdr 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 meetindoted 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 prigles 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 rpeafuce

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 congpt in a pilot demonstration is must not only from technological aspect but also
from the socieeconomic aspect. Testing and evaluating of such pilot project is required in terms its
technical performance and overall business model. Since the poly gemeiata multidisciplinary
scheme producing clean cooking gas, electricity and safe drinking water;sectibiral collaboration

is deemed necessary to have synergy effect. It has been suggested to have multiple sites with new
biogas plants for such demstmation. 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 freetrgoent, donors,
researchers and others stakeholders could be taken there for the demonstration of the technology.

It is important to cecreate the technological system involving the local private sector (manufacturing
companies and or local NGOs). Twik 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 sofrthe identified activities

under local capacity building. Besides, developing O&M manual capturing the whole technological
system (translated in local language) is ntosassure reliable operation.

Market Development Phase

For marketing such new techtogy 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 t&cigical
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 viablkhe 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 deveping th
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 sustairabharket development. Locally available
technologies and resources should get priority whenever possible without compromising on quality.
So as mentioned previously, -coeation of the product taking local partners on board could help in
developing the suainable market. Standardization and certification of such jg@Egeration 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 negovernment led dissemination programmes. Quality assurance system
with regular monitoring and feedback system is very important for maintaittiegstandardization

of the technological system. Neajuality 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 pajgneration 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 pregualified suppliers/installers, skill testing of local technicians ifwstallation,
operation and maintenance will help to maintain the service quality.

Exploring the publiprivate partnership and industry academia synergies can help to scale up the
dissemination. Designing appropriate national policies and regulations bk to scaleup 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 favorableanket 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 threeyears project has developed an integrated biombased polygeneration system and
validated it's feasibility in meeting the cooki
small rural villages of Bangladesh. Integration of three differentpmments (biogas digester unit,

electricity generation unit and membrane distillation unit foater cleaning) and supplyirggrvices

with a system approach is the innovation within this developed technological solution. Study has
shown that these kinds dhtegrated systems are technically feasible asdy attractive in terms of

their sociececonomic benefits. The Levelized costs of production of various services from such
technical system are market competitive afiithncial returns are alseery attractiwe.

Thefield studieswere carried out to assess the energy needs and potential of an integrated poly
generation system in the ruralontext The studyfor an example conducted in Pani Para village
showed that the average annual per capita energy consionpmmostly dominated by biomass, was
around 8 GJ. Majority of these households were willing to chahg# turrent energy use pattern



The large amount of cow dungs and agriculture wastes available in the vicinity could be used for
generating biogas. MWas observed that the mono digestion of the availablethie s our ces woul
be able to meet the all the demandsooking, electricity and safe drinking wate) typical rural

villages. However, with edigestion of available cattle dung and agriculturasidue, 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 demasidles. The poor sections of the population had constraint to

pay for the bill of cooking ga®One option for suchpoor households could b@roviding with

improved cook stovefor better cooking environment.

So, there is resource potential and public willingness to shift towards new clean technology, however
the implementation of such polgeneration is not free of challenges. Appropriate business model to
maintain the regular supply of the variofmedstockds crucial to make this technologgustainable

The study has proposed a business model for biogas basedygogration system and analyzed the
model using CANVAShe key activitieskey resources ad key partners of the businesshe
customer segment tat it serves, value propositions of the businelsw it reaches out to the
customer with its various products/services, cost structure and revenue streams of the busavess
been identified for the proposed business moddlhe proposed business modéd 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 investmgnoperational cost and the local market conditioilsqg 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 bmased for the
dissemination of biogas based pajgneration in consultation with the stakeholders. These
strategies have been developed considering the possible seoigiomical, institutional and initial
investment challenges in the implementation andsskemination 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 systm operation and optimizationWhat 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 pefjeneration system will definitely b line with the
goals under global development policy (PGIHerefore, demonstrating this feasible concept in the
actual field is the way forwarih the advancement of such technological system development.
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ANNEXL
Photographs

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



Experimental setup of air gap membrane distillation (AGRIIXTH Lab.



Ms Caroline Saul (MSc internjpterviewing with the locale duriniger field visit in 203.



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'b®@&®014.

Various stakeholders participating on the workshop at Dhaka 82l 2014.



