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Abstract

Close to a half of the global population is curhgnteprived of clean and reliable energy
for cooking. Majority of the energy poor live in\ddoping countries where use of
traditional biomass is prevalent and associatedh wseveral social, economic,
environmental and technological challenges. Regebithited Nations General Assembly
emphasised the importance of access to sustaimsiadegy to all, most especially in
developing countries. It noted that access to claad reliable energy is critical to
meeting the millennium development goals and engusustainable development. This
suggests the need for more efforts to incorporastamability concerns in planning
energy systems in developing countries. This cde#tl to the identification of more
sustainable technologies for cooking, and also igdesv benchmarks to help monitor
progress towards sustainable development of eneggtems. To achieve these
objectives, availability of suitable tools to hedplicy and decision makers in selecting
energy systems in developing countries would beg eeitical. However, planning for
sustainability is a very intricate endeavour andspnts a knowledge gap especially in
developing countries where it is a relatively neanaept. This study was therefore
carried out with the aim of developing an apprderisustainability assessment method
for selecting bioenergy systems for cooking in digpieg countries.

The proposed sustainability assessment frameworkans integrated method that
incorporates the social, economic, environmentdl tachnological concerns of biomass
energy systems to aid decision making. It is basecdhulti-criteria decision analysis as a
tool to aid participatory ranking and selection mbmass energy systems to ensure
sustainability. The framework provides for partatipry appraisal of a finite set of energy
alternatives at the beginning of the assessmeas $0 identify and eliminate options that
are obviously unacceptable by stakeholders. Methfmis selection, ranking and
evaluation of sustainability criteria were propaos&dnodel based on Preference Ranking
and Organisational Method for Enhanced EvaluatBROMETHEE) and Graphical
Analysis for Interactive Aid (GAIA), was proposes a tool for final ranking of biomass
cooking technologies on the basis of a set of swatdity criteria. The methodology was
applied in Uganda to rank domestic biogas, brigug#sification and Jatropha plant oil

cooking energy systems with charcoal system asefieeence.
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Participatory appraisal of the energy systems teduh Jatropha oil system as the best
cooking energy system according to Ugandan stakeh&l It was followed by biogas and

briquette while charcoal, ranked last. A set of Qiteria for assessing sustainability
bioenergy systems was developed under Ugandan tmorgdiand weights assigned to

them by a multi-stakeholder panel using the amalyigrarchy process. Economic criteria
were ranked as most important considerations influig sustainability of bioenergy

systems in the country, while technical criteriangmlly ranked lowest. Results of

environmental assessment of the energy systemsatedi that biogas is the most
environmentally sustainable alternative, while cbat was the worst option. The

environmental performances of biogas and Jatropysterms were observed to

significantly improve with recycling of waste prarts as fertilizer. Results of multi-

criteria sustainability assessment showed that rutide business as usual scenario,
charcoal and biogas were incomparable under PROMHEET Hpartial ranking, but better

than Jatropha and briquette gasification systembBichw were also found to be

incomparable. Biogas was ranked as the best alteenasnder PROMETHEE Il complete

ranking, while Jatropha and briquette systems pméd worse than charcoal. Biogas
systems was again ranked as the best alternatiem Wi-products were recycled as
fertilizer. It was followed by Jatropha and brigeetystems, which performed worse than
charcoal. The study further showed that the chammmaking is inefficient and pose high

health risks to users compared to the other thneegg alternatives.

In summary, the study showed that economic facpbey a predominant role in the
decisions by households to adopt more sustainabémérgy technologies for cooking in
Uganda. Also, the environmental performance of &sognd Jatropha energy systems
significantly improve with increase in recycling ddfy-products as fertilizers, and
avoidance of open air burning of residues. Recygclof by-products significantly
improves overall sustainability of biogas and Jalt@ bioenergy systems. Biogas energy
system seems to be the most sustainable energynsyst cooking in Uganda. The study
further showed that the proposed method for padiorry appraisal of bioenergy systems,
based on strengths, weaknesses, opportunitiehesats; analytic hierarchy process, and
desirability functions seem to be a very promidiogj. In conclusion, the proposed multi-
criteria sustainability assessment framework shoavéibh potential to be used as a tool

to aid decision-making when selecting cooking epesgtems in developing countries.
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Abstract — Italian version

Circa meta della popolazione mondiale e attualmernite di energia pulita e sicura da
utilizzare per la cottura dei cibi. La maggior gadi questa risiede nei paesi in via di
sviluppo, dove l'uso delle biomasse tradizionalprevalente e pone problemi sociali,
economici, ambientali e tecnologici. Recentemelssemblea Generale delle Nazioni
Unite ha sottolineato la necessita, per questi ipadis poter accedere all'energia
sostenibile, in quanto tale accesso e fondamep&ieaggiungere gli obiettivi futuri di
crescita e di sviluppo sostenibile. Tutto cio suggge la necessita di integrare nella
progettazione dei sistemi energetici anche aspitostenibilita volti a individuare
tecnologie piu sostenibili per la cottura deglingnti e fornire anche dei punti di
riferimento per monitorare i progressi verso ldgyo sostenibile dei sistemi energetici.
A tal fine si rende necessaria I'individuazioneadférta di strumenti adeguati di supporto
ai soggetti politici e decisionali, affinché siasgile I'implementazione degli stessi
sistemi energetici. La pianificazione degli intemtieper la sostenibilita rappresenta,
quindi, un grande sforzo che necessita il supertondinun notevole gap di conoscenza,
soprattutto nei paesi in via di sviluppo in cuetargomento € un concetto relativamente
nuovo. Questo studio € stato quindi effettuato boiniettivo di sviluppare un metodo
appropriato di valutazione della sostenibilita j@eselezione dei sistemi bioenergetici nei

paesi in via di sviluppo.

Il framework di valutazione della sostenibilita proposto e uetedo integrato che
incorpora i problemi sociali, economici, ambientltecnologici dei sistemi energetici a
biomassa per facilitare il processo decisionale.stasso si basa su analisi decisionali
multi-criterio per consentire, attraverso un “metopartecipatorio”, la selezione di
sistemi energetici a biomassa che garantiscanmdtemsbilita. 1| quadro decisionale
prevede la valutazione partecipativa di un insi¢mi¢o di alternative energetiche nelle
fasi preliminari di implementazione, al fine di imdiuare ed eliminare quelle
inaccettabili dalle parti interessate. Pertantogeso proposti dei metodi dettagliati per la
selezione, I'assegnazione di priorita e la valuagidei criteri di sostenibilita. | metodi di
analisi multicriterio proposti sono basati dateference Ranking and Organisational
Method for Enhanced EvaluatiofPROMETHEE) e sulGraphical Analysis for
Interactive Aid (GAIA). Questi vengono adottati per I'assegnaziatedle priorita di
sostenibilita ad una serie di tecnologie di cotegli alimenti con l'uso di biomassa. La

metodologia e stata applicata in Uganda, dove staid comparati differenti sistemi di
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cottura a biomasse con il sistema a carbone. emistonfrontati sono: il biogas
domestico, lebriquette per la gassificazione e i sistemi di cottura eatcg ad olio

vegetale di Jatropha.

Gli stakeholdersugandesi, attraverso la valutazione partecipatiaano assegnato un
punteggio piu alto al sistema energetico di cotalmmentato ad olio di Jatropha, che &
quindi stato classificato come il miglior sisten&eguono nella classifica il biogas e le
briquette, mentre il carbone si & posizionato all'ultimo posAllo scopo sono stati

sviluppati una serie di criteri di sostenibilitar pesistemi bioenergetici: in riferimento alle
condizioni ugandesi sono stati assegnati valoremivda un pannellmulti-stakeholder,

utilizzandol’Analitic Hierarchy Procesq§AHP). | criteri economici sono stati classificati
come i piu importanti tra le considerazioni di ¢ener conto nel confronto dei sistemi
bioenergetici sostenibili nel paese. Invece, iecritecnici sono stati classificati come
ultimi. | risultati della valutazione ambientaleid®@stemi energetici hanno indicato |l
biogas come l'alternativa piu sostenibile per I'mmte, mentre il carbone e risultato

essere il peggiore.

E stato inoltre osservato che le prestazioni anliedel biogas e dei sistemi con olio di
Jatropha migliorano in modo significativo quand@aapiati, con successivo riutilizzo
dei prodotti di scarto come fertilizzante in aghaooa. | risultati della valutazione di
sostenibilita multi-criterio hanno dimostrato chee uh punto di vista dddusinesscome
scenario immutato, il carbone di legna e il biogas sono confrontabili con il ranking
parziale di PROMETHEE I. Anche l'olio di Jatropha sistemi di gassificazione con
briquettesi sono dimostrati altrettanto inconfrontabilibibgas é stato classificato come
la migliore alternativa con il ranking totale di BRIETHEE II, mentre la Jatropha e le
briquettehanno mostratperformancepeggiori rispetto al sistema di riferimento. Quand
si e ipotizzato di riciclare come fertilizzante at®prodotti, i sistemi a biogas si sono
ancora una volta classificati come la migliore ralédiva, seguiti da Jatropha e, in ultimo,
dalle briquette,classificate come peggiori anche rispetto al aaebd.o studio ha inoltre
dimostrato che il carbone utilizzato per la cottdegli alimenti in Uganda e inefficiente e

pone elevati rischi per la salute degli utentieisp alle tre alternative considerate.

In generale lo studio ha mostrato che, in Ugandattori economici giocano un ruolo
preponderante nella decisione delle famiglie diti@ide tecnologie bioenergetiche
migliori per cucinare. Inoltre, & stato dimostrate le prestazioni ambientali del biogas e
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dei sistemi energetici con olio di Jatropha miglimw significativamente se si aumenta il
riciclaggio dei prodotti di scarto, come fertilizeg e se si evita la combustione in
ambiente aperto dei residui. Il riciclaggio deitsptodotti migliora in modo significativo
la sostenibilith complessiva del biogas e dei sistaoenergetici con olio di Jatropha. Il
sistema energetico con biogas sembra risultardogpgl sostenibile per la cottura dei
cibi in Uganda. Il metodo proposto per la valutagopartecipativa dei sistemi
bioenergetici, basato sul confronto delle carattietie forza-debolezza e opportunita-
minaccia, sul’AHP e sulle funzioni di desideratailisembra essere uno strumento molto
promettente. In conclusione, il quadro di valutaeiai sostenibilita proposto, basato su
analisi multi-criterio, ha mostrato un alto potexiei come strumento di supporto alle
decisioni per la selezione dei sistemi di cottugglidalimenti piu sostenibili per un paese

in via di sviluppo.
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Chapter 1 — Introduction

Summary

Currently, about 2.6 billion people use traditiobadmass for cooking resulting in over 2
million premature deaths annually due to indoorpaittution. Traditional biomass use is
also associated with a variety of social, economid environmental challenges.
Provision of clean and reliable energy for cookingdeveloping countries is therefore
recognised as critical to sustainable developmemt attainment of the millennium

development goals. This Chapter provides importhatkground information that

motivated this study. It provides an overview o tthallenges facing the global energy
supplies with a particular focus on developing ddes, leading to the objectives of the
study. The chapter also provides detailed inforomaton the scope and general

organisation and presentation of the thesis.

1.1 Background

1.1.1 Global energy outlook

Energy is an indispensable necessity of human IBadically, development of the world
is largely dependent on the availability and accesslean, affordable and reliable
energy. The growth and sustainability of all thejonaectors of the modern economy
such as industries, agriculture and services slyatgpend on various forms of energy.
The household sector requires energy for spacénigeat ensure comfort of occupants as
well as for cooking and water heating. Currentlyergy supplies are predominated by
fossil fuels with an estimated share of 82% in tiebal energy mix (IEA, 2013).
However, use of fossil fuels is faced by severalllehges; for example, deposits are not
uniformly distributed over the earth’s surface,utéag in concerns of energy security of
countries without the resource. Moreover, they rama-renewable; thus, threatened by
depletion (Shafiee and Topal, 2009).

Fossil fuels are also the main source of greenhgases (GHG), which lead to global
warming and ultimately climate change. Global clien&ghange is one of the major
development challenges of the modern era becausevefal risks it poses to the stability
of our planet. Consequently, there are currentbpgl commitments such as the United
Nations Framework Convention on Climate Change (ORE), which aims at

stabilising anthropogenic GHG concentration in #tmosphere to levels that do not



interfere with the global climate systems. The Ky®&rotocol in particular sets binding
GHG emissions reduction targets for industrialiseountries, though developing
countries do not have set targets. These globahgtnents, coupled with the need to
ensure energy security of nations have led to redenterest in renewable energy.

A wide range of renewable energy sources are dlyrbaing explored as alternative to
fossil fuels. Examples include solar, wind, biomdsgiropower, ocean and geothermal.
Apart from being C@ neutral, renewable energy contributes to reductibpollutants
emissions, and promotes energy security. Othelsdaccreation of local employment
and savings of foreign currency that could havenlseent on importation of fossil fuels.
However, renewable energy have generally had lesgetitive prices than fossil fuels,
though this trend is observed to be reversing iceme past (Caspary, 2009). The
contribution of renewable energy to the world’swatry energy use in the year 2011 was
estimated to be 13%, but was projected to reach B%2035 (IEA, 2013). Biomass in
woody form remains the world’'s single most impottaenewable energy source,
contributing 9% of total primary energy demand &336 of primary renewable energy

consumption in the year 2010 (Lauri et al., 2013).

1.1.2 Overview of biomass and bioenergy

By definition, biomass is organic material of plamtanimal origin. Bioenergy is energy
derived from biomass materials such as wood fuedghaceous energy crops, vegetable
oils, plant and animal residues (Mohammed et 8l132. Biomass is an important source
of energy, contributing about 18% of the globalther@ergy use in the year 2011. The
building sector is the main user of biomass acdngnfor 65% of bioenergy used
globally and 75% in developing countries (IEA, 2D1iterest in bioenergy and other
renewable energy increased since the oil crisisthef 1970s. Biomass energy, in
particular, has attracted a lot of research andeldpment interests because of its
flexibility to be processed into a variety of solidjuid and gaseous fuels (Demirbas et
al., 2009). This makes it possible for biomassuiossitute fossil fuels in both stationary
and mobile applications such as transport. Wheh-mwahaged, bioenergy has a potential
to be carbon neutral since the carbon dioxide ethitiuring combustion is reabsorbed by
plant during photosynthesis. However, as noted d&ychi et al., (2012) when the rate of
biomass extraction exceeds growth rate, bioeneygyems could result in net GHG

emissions to the atmosphere.



Energy from biomass can be broadly classifiedtraglitional and modern biomass
(Goldemberg and Teixeira Coelho, 2004). Modern lissninvolves conversion of
biomass from agricultural, forest and municipaldass into heat, electricity or transport
fuels (Goldemberg, 2007). Provision of modern bissna@nergy is generally done
sustainably, and the products are traded as comahduels, and are mainly used in
industrialised countries. It includes second geimra biofuels, derived from
lignocellulosic biomass, using less conventionahvassion routes (Eisentraut, 2010).
Second generation biofuels are believed to be nsastainable than first generation
biofuels derived from sugars and oils from aralbtgs, which could result in competition
with food production. Traditional biomass on théet hand involves inefficient use of
biomass as fuelwood and is generally consideredistasable. It is the predominant
source of energy for cooking and heating in devalprountries. According to IEA
(2012), traditional biomass use accounts for 59%hefglobal bioenergy use in the year
2011.

1.1.3 Bioenergy in the context of industrialised @momies

It is estimated that biomass contributes 9 to 13%he primary energy supplies of
industrialised countries, and is the most widelgdisenewable energy source (Faaij,
2006). The challenge of climate change, coupletl eammitments such as the UNFCCC
and the Kyoto Protocol have resulted in a tremesdonarease in the share of bioenergy
in the energy mix of developed countries. Bioeneuglisation in these countries is
mainly through modern biomass, and aims at supplgimergy requirements for industry,
power generation and transport. Bioenergy developnmethe European Union (EU) is
closely linked to climate change mitigation effortwhich aims at reducing GHG
emissions, by substituting fossil fuels with biosmasd other renewable energy sources.
The main driving policy is European Commission Remigle Energy Directive (EC-
RED), which sets targets for member states to ael2€% reduction in GHG emissions
by using 20% renewable energy by the year 2020oft&aan Commission, 2009).

The United States of America (USA) so far remaims world’s leading producer of
biofuels, mainly from corn and oil crops (Sordaakt 2010). Like in the EU, bioenergy
development efforts in USA aim at achieving sigrdfit increase of the share of biofuels
in the transport sector. The US renewable fueldsteds (USEPA, 2010) sets stringent
targets aimed at increasing production of biofuel436 billion litres by the year 2022



(Goldemberg et al., 2014). The challenges with eogy development in developed
industrial economies however hinges on the comypetiess of biofuels compared to
fossil fuels. The challenge of competition with doproduction is being overcome by
efforts to use second generation biofuels usindulosic biomass. In most cases,
developed countries have well developed policiesedi at promoting renewable energy
use while minimised environmental and social impaat development of the sector
(Sorda et al., 2010).

1.1.4 Bioenergy in the context of emerging and dele@ing economies

Energy profiles of developing countries is charasésl by high levels of biomass energy
use. Biomass contributes one-fifth to a third ofmary energy use in developing
countries. Considering developing countries as aleyvhabout 83% of the rural
population use biomass for cooking, and this proporis up to 90% in sub-Saharan
Africa (SSA) (Kaygusuz, 2011). Unlike in industis@d countries that mainly use
modern biomass, bioenergy use in developing casis predominantly in traditional

form.

However, there are a few examples of emerging ena@®like Brazil, India, China and
Thailand, which have registered considerable rebeand development in modern
biomass use including second generation biofuekse(iEaut, 2010). Brazil is probably
one of the best success stories of bioenergy deweot due to the ethanol programme,
which has resulted in a significant share of bibfige in its transport sector. The success
of the Brazilian biofuel programme is mainly due gooduction of bio-ethanol from
sugarcane. Current policies in Brazil require thHtgasoline sold on the market is
blended with 20 to 25% bio-ethanol (Balat and B&809). China recently developed the
Renewable Energy Promotion Law of 2005, with tha af increasing national energy
supply from renewable sources (Cherni and Kent®)Q7). This is also leading to

increased use of modern biomass in the country.

Generally, the bulk of biomass energy use in deetp countries is predominantly in
traditional form using inefficient technologies. Btoof the biomass used in developing
countries is solid fuels such as firewood, charco@lps residues and animal dung. Direct
combustion of the biomass usually takes place adlitional stoves with very low
efficiencies. Recent estimates by the IEA (2013)jdated that at least 2.6 billion people

use traditional biomass for cooking and heatingstnad them in Africa and Asia. This



number is currently still increasing due lack ofigies to promote use of modern biomass
energy. Pachauri et al., (2013) estimated thahtimeber of people using traditional fuels
and stoves will increase by 50 to 220 million betwe2005 and 2030, if favourable
policies are not implemented. This trend needsetadversed due to the sustainability

challenges of traditional biomass use discussédkeriollowing section.

1.2 Bioenergy and sustainability in developing couries

Bioenergy use in developing countries is faced wittumber of sustainability challenges
including severe impacts on human health and twvera@mment, as well as gender and
socio-economic issues. Use of traditional biomasséoking and heating in developing
countries often times takes place in poorly vetgdandoor environment. This results in
high levels of indoor air pollution (IAP) caused ggses such as carbon monoxide (CO),
particulates matter, and non-methane volatile aogaompounds (NMVOC). Indoor air
pollution is one of the major causes of prematwatid amongst children and adults in
developing countries (Foell et al., 2011; Kaygus21?). It is associated with illnesses
such as pneumonia, chronic obstructive pulmonasgadie and lung cancer. It is also
believed to cause asthma, cataracts, low birthhweigd still birth, tuberculosis and lung
cancer (Lim et al., 2013; Norma, 2011). Recennesties indicate that every year, up to 2
million people die prematurely due to ailments eaudy IAP (Martin et al., 2011;
Norma, 2011). The most vulnerable population gratg children and women who are

the most exposed to the risk.

Possibility of wood fuel crisis due to depletionasesult of excessive harvesting was a
major concern in the 1970s. However, since the 498t scientific community has
generally accepted that fuelwood use may not naobstead to deforestation, and that
fuelwood crisis may not necessarily become a re@iatsika et al., 2013). Nevertheless,
intensive use of charcoal majorly in urban areaS®A is known to have potential to lead
to deforestation and forest degradation local s¢hleell et al., 2011; Mwampamba,
2007). This could result in reduction in soil fétyi and lead to negative impacts on the
general health of the ecosystem. Other impactudeclreduction in soil infiltrations
capacity and sedimentation of rivers (Butz, 201Bherefore, energy supply from
charcoal could result in negative impacts on theirenment, with possible adverse

consequences on the socio-economic status of fhégimn of developing countries.



Traditional biomass use is also known to contribsiggificantly to the global climate
change phenomenon due to emissions of GHGs sucitrass oxides and methane. It is
also known to contribute to about 18% of the glolaéinospheric black carbon
concentration (Foell et al., 2011). Apart from cdniting to global warming, black
carbon is also known to increase melting of glaci@nd impact regional rainfall and

monsoons (Venkataraman et al., 2010).

Another major sustainability challenge with tragiital biomass fuel use in developing
countries is associated with social and gender msmoas. Women and children lose time,
which could have been spent on more productivevides on biomass collection and
processing. The collection process in particulassociated with considerable amount of
human drudgery and time loss (Foell et al., 20Tfh)s could result in serious social and
economic challenges by excluding women from pardithg in social and economic

development.

Though not specifically having a target in the emiiium development goals (MDGSs)
access to clean and affordable energy has beetifiggras critical to achieving the
MDGs. This is due to the benefits it renders, saglimproved maternal health, reduction
in premature death and environmental impacts, gagfntime for fuelwood collection.
Overall, improving access to clean energy for cogkis expected to contribute to
achieving the MDGs, improve human welfare and ¢buate to sustainable development,
most especially in developing countries (Haineslgt2007). Consequently, there are a
number of global and national efforts aimed at iowprg access to clean, reliable and

efficient energy for cooling in developing counsiie

1.3 Initiatives to improve sustainability of traditional biomass

The health and environmental challenges of traditidiomass use has attracted attention
of the global community in the recent past. Consdmreduce indoor air pollution and
other environmental impacts of traditional biomass have resulted in the formation of
the Global Alliance for Clean Cookstoves (GACCY kg the United Nations Foundation
(Smith, 2010). The GACC is a coalition of governtaénNGOs, private sector and civil
society organisations with a common goal of scalipguse of improved cooking stoves
in developing countries. The stoves promoted aferaddble, acceptable, require less
fuels, with reduced indoor air pollution, and requiess time for cooking (GACC, 2014).

The GACC has set a target to install 100 milliorpioved cook stoves by the year 2020



(Bond and Templeton, 2011; Smith, 2010). This ipeeted to improve the health and

financial status of households.

Recognising that clean and affordable energy isomant to the achievement of the
MDGs, and sustainable development, United Natiorene@al Assembly (UNGA)
recently declared the year 2012 as the Interndtigear of Sustainable Energy for All
(UNGA, 2011). The resolution 65/151 recognises ribed to reduce the proportion of
people using traditional biomass for cooking in@leping countries. Further, recognising
the fact that 1.3 billion people do not have actesdectricity, and that 2.6 billion people
use traditional biomass for cooking, UNGA furthectared the period from 2014 to 2024
as the United Nations Decade of Sustainable En&gyAll (UNGA, 2012). These
resolutions are expected to bring renewed inténestistainable energy and in particular

lead to increased efforts to reduce traditionairi@es use in developing countries.

Several developing countries have taken the iiigatto promote modern biomass and
other improved technologies for cooking. The Chenasd the Indian biogas programmes
are very good examples of efforts aimed at imprpancess to clean cooking energy in
developing countries. As of the year 1988, thereevabout 4.7 million domestic biogas
plants in China; however, due to a strong suppamnfthe Chinese government, the
number increased considerably to about 26.5 millioris by the year 2007 (Bond and
Templeton, 2011). Similar efforts have resultednistallation of about 4 million biogas
plants in India (Surendra et al., 2014). There ase efforts to promote the domestic
biogas technology in the SSA. A notable examplehies Netherlands Development
Organisation (SNV) biogas programme, which is @&tyiyoromoting biogas energy use in
both Asia and SSA (Ghimire, 2013).

Several development countries have also made daféefforts to promote the use of
improved biomass cook stoves, though the leveluostass remains low. Examples of
notable success include the Chinese Cookstove {Satital., 1993) and the Kenya

Ceramic Jiko stove programmes (Vahlne and Ahlg2éa4).

1.4 Need for sustainability assessment of bioenergystems

Due to sustainability challenges facing traditionmbmass use, several developing
countries are currently running programmes aimegbramoting improved bioenergy
technologies for cooking. Efforts include introdoat of technologies such as domestic
biogas systems (Landi et al., 2013), gasificatiaaseld on short rotation forestry
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(Buchholz et al., 2012), and use of oil from plasush as Jatrophddtropha curcad..)
(Van Eijck and Romijn, 2008). These technologie$erofseveral advantages over
traditional biomass systems, including improvedindair quality, higher fuel efficiency,
and opportunities for employment in the supply nkaHowever, they are also faced by
several challenges including high initial investineosts, potential competition with food
production, impact on the environment and low |s\@lsocial acceptance (Buchholz and
Volk, 2012; Phalan, 2009).

The multiplicity of challenges and benefits of bieegy systems suggest the need to
incorporate sustainability aspects during planrbggholistically considering the social,
economic, environmental and technological conceBustainability assessment is a tool
used guide policy and decision makers to seledbractor policies that can enhance the
sustainability of the society (Pope et al.,, 200#4)was derived from the concept of
sustainable development, which is defined by thenBtland Commission in 1987 as
“development that meets the needs of the presardrgegon without compromising the
ability of future generations to meet their own da&e (World Commission on
Environment, 1987). Sustainability assessment isngortant tool for decision making in
order to justify choice of technologies for devetemt and promotion. To aid analysis,
sustainability has concept traditionally been deddinto three pillars or dimensions,
popularly known as the triple bottom line, whicte;afpeople, planet and profit”, also
referred to as “people, planet and prosperity” sTtheans that sustainability assessment is
usually carried to ensure that projects lead todég&red socio-economic benefits to the
target population while ensuring protection of #evironment (Hacking and Guthrie,
2008).

1.5 Problem and rationale for the research

The background information given in this chapteggasts that access to clean and
reliable energy for cooking is critical for the alement of the MDGs and attainment of
sustainable development. In addition, there is eawi@ of increasing commitments at
global, regional and national levels to reduce eskvémpacts of traditional biomass use
in developing countries. Currently, there are aeniange of technologies that could play
an important role in achieving the objective of noygng access to modern biomass

energy to households in these countries. Faaij@R0fave a comprehensive review of



possible conversion routes through which biomass lm& used in a more sustainable

manner.

However, the diversity of the technologies posesraus challenge to decision makers in
developing countries to objectively prioritise taclogies to be promoted. Generally
however, choice of technology should be determimethe principles of sustainability to
ensure that they fulfil the energy needs of theenirgeneration without compromising
that of the future. The preferred choice shoulddftge ensure harmony with the social,

economic, environmental and technological contéxte target society.

Achieving the goal of attaining sustainability iswever a very intricate problem, since
the social, economic, environmental and technolgobjectives are often conflicting.
This therefore calls for suitable decision makingl$ to guide policy and decision
makers on the most suitable bioenergy technologyréonote. The current challenge is
that there are generally limited proven decisiokimgiaids to guide sustainable choice of
biomass energy technologies in developing countiésst of the existing tools were
developed in industrialised countries and wouldunegsome tailoring to suit application
in developing countries. Also, there is generak latknowledge about the sustainability
performance of the various modern biomass energstesys being promoted in
developing countries. This therefore poses serichalenges to decision and policy
makers on how to effectively select the most snatde choice of modern biomass

energy technology to promote.

1.5.1 Goal of the study

The overall goal of this study was to contributartoreased use of sustainable cooking
energy in developing countries by improving theisiea making process when selecting

bioenergy technologies.

1.5.2 Specific objectives

The objectives of the study were to:

1. develop and implement a multi-criteria decision mgkmethodology for assessing
sustainability of bioenergy systems in developiagrdries;

2. develop and implement a tool for participatory apgal of bioenergy systems;

3. evaluate the relative environmental performancéoaf bioenergy systems used in

developing countries; and
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4. investigate the configurations of biomass energstesys under study that could

result in their improved sustainability.

1.5.3 Research questions

The study aimed at answering the following resegrastions:

1. What are the perceptions of Ugandan stakeholdeyatdilogas, briquette, Jatropha
charcoal cooking technologies, and how can it bessed?

2. Can introduction of biogas, briquettes and Jatropbaking technologies lead to
improved environmental performance compared toofisbarcoal?

3. Does use of biogas, Jatropha and briquette leanyecall sustainability of biomass

cooking in developing countries, and how can thatikee sustainability be measured?

1.5.4 The scope of the study

Uganda was purposely selected as the geograpbaaity for the study. This choice was
made basing on the fact that Uganda is one of éweldping countries with very low
level of access to modern energy services. AccgrtbrBuchholz and Da Silva, (2010),
only 5% of Uganda population have access to etgtyiriTraditional biomass energy
provides more than 90% of the primary energy neddde country. The country has
developed the Renewable Energy policy that encesragstainable utilisation of modern
biomass energy. Also, there is several developreffotts aimed at promoting a variety
of modern biomass energy use in the country. Exespiclude biogas, Jatropha plant
oil, and briquetting. Detailed analysis of the iesyy situation in Uganda is given in
Chapter 2 of this thesis and in Okello et al., @8)1 The cooking energy technologies
included in the study were the biogas, briquettsifigation, Jatropha plant oil cooking

and charcoal was taken as the reference system.

1.6 Outline of the thesis

This thesis is divided into two parts. Part | corsgrof Chapter 1 to Chapter 3, and
provide a general introduction to the study inahgdstudy goals and objectives. It also
gives detailed information on the status of bioggetechnologies and results of an
assessment of energy potential of biomass residudsganda. Part I, begins from
Chapter 4 to Chapter 9 of the thesis. Chapters3daiee dedicated to the development and
implementation of sustainability assessment methGtspter 9 gives general summary
to the study and highlights the main conclusions.
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Part I: Introduction and state of the art analysis

This part of the thesis provides pertinent infororatthat motivated the study. It is
composed of three chapters. Chapter 1 gives therglentroduction to the study, starting
with a brief overview of the status of global enesgipply. This is followed by an outlook
of status of biomass energy use in developed amdl@@ng countries. Challenges of
biomass sustainability in developing countries weliscussed. Finally, the goal,
objectives and scope of the study were articulaldte second chapter of the thesis
provides overview of biomass energy technology igatba in particular. Detailed
information about efforts made so far to promot@roved bioenergy technologies and
progress made by the government and other develdppeatners is provided. The
chapter also contains useful information on biogpestakeholders in Uganda. An
evaluation of the bioenergy potential of biomassdees in Uganda was also carried out.
Detailed description of the methods used and residlthe study is given in Chapter 3 of
the thesis. Results obtained in Chapter 2 and & wery important for formulating the
conversion technology and choice biomass feedsameitysed in later chapters of the

thesis.
Part II: Methodological development and application

The second part of the thesis provides resulteefievelopment and implementation of a
sustainability framework of biomass energy systeins.Chapter 4, the concept of
sustainability was introduced, followed by a suctineview of relevant literature on
sustainability assessment methods. A justificaibmethods used in this study is given.

This was followed by a presentation of sustaingbéssessment framework developed.

Sustainable development of bioenergy systems resjpiarticipation of stakeholders. An
innovative method for participatory appraisal ofodmergy technologies in an

environment with limited data was developed andlamented. Description of the

method and results of an appraisal study of fooemergy technologies in Uganda in
provided in Chapter 5. The sustainability decisfmmework developed in Chapter 4
requires suitable set of criteria for its implenaitn. Twenty one criteria were selected
to suit Ugandan environments by a panel of expamnts multi-stakeholders and results
given in Chapter 6. Chapter 7 provides an analyStbe environmental impacts of four

energy systems under Ugandan conditions. The Jifdecassessment method was used
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for the analysis. Results of the study were alssd s evaluations of the environmental

criteria for energy sustainability.

The aggregation of criteria to derive sustainap#itores for the bioenergy technologies
was carried out in Chapter 8. The chapter providietsiled description of the multi-
criteria methodology used for sustainability assesg of four energy systems in
Uganda. Different scenarios were analysed to etalpassible feasible energy system
orientations that results in better sustainabilitgstly, in Chapter 9, an overview of the
results of the study is given followed by genengktdssions. Relevant conclusions were
also highlighted and proposals for future reseanehtioned.
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Chapter 2 — State of the art of bioenergy technetom Uganda

Parts of this chapter was publishedRi@newable and Sustainable Energy Reveesys

Okello, C., Pindozzi, S., Faugno, S., Boccia, L., 2013. Dgwaent of bioenergy
technologies in Uganda: A review of progress. Reai#@/and Sustainable Energy
Reviews. 18, 55-63.
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Chapter 2 — State of the art of bioenergy technolags in Uganda

Summary

Biomass is a renewable energy resource; howewgeexjbloitation raises concerns about
its ability to sustain the growing demand and ikgative impacts on the environment,
particularly in developing countries. These consesre more prominent on the African
continent where high population growth rates islieg to high rates of deforestation due
to expansion of agricultural land and increased atedrfor bioenergy. Use of traditional
and inefficient bioenergy technologies and appksnalso exacerbate the problem. This
chapter presents a review of the efforts and pesgnreade by different organisations in
promoting improved bioenergy technologies in Ugantle study was based on an
extensive review of available literature on modbeiwenergy technologies introduced in
the country. It was found that there is high leselvastage of biomass resources since an
estimated 72.7% of the population use traditionabking stoves with efficiency
estimated to be less than 10%. Inefficient cooldgtayes are also blamed for indoor air
pollution and respiratory illness reported amongist users. Modern bioenergy
technologies such as biomass gasification, cogtoeryabiogas generation, biomass
densification, and energy-efficient cooking stofiase been introduced in the country but
have certainly not been widely disseminated. Thentty should pursue policies that will
accelerate proliferation of more efficient bioenetgchnologies in order to reduce the
negative environmental impacts of bioenergy utiisa and to ensure sustainability of

biomass supplies.

2.1. Introduction

Adequate supply of energy is crucial for the depeient of any nation. Currently, fossil
fuels are the dominant global source of energy @&woberg and Teixeira Coelho, 2004).
However, use of fossil fuels is associated witregh®use gas emissions (GHG), which is
blamed for global warming, and consequently, clenelbange. Therefore, emphasis is
currently focussed on promoting use of renewabgrgnsources such as biomass, solar,
wind and tidal energy. Biomass, in particular, éers as a possible substitute to fossil
fuels, and many developed countries are strivingntvease the proportion of their

primary energy supply from it (Faaij, 2006).

The situation in developing countries is howevdfedent because biomass has all along

been the major source of energy (Akylz and Balal@d]1). In Africa for example,
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biomass accounts for about 30% of the energy copgsam Its use is more prominent in
sub-Saharan Africa where it account for up to 80Remergy supply (Kebede et al.,
2010). In Uganda, biomass contributes over 90% rergy requirements. However,
despite the high contribution, the production angpdy of biomass is still managed by
the informal sector. Technologies employed from pweduction to consumption of
biomass fuels are majorly traditional and ineffitiand are associated with high levels of
pollutants’ emission. Extensive use of inefficidnibenergy technologies implies that
biomass resources are being wasted; thus, conhgotd increased rates of deforestation
and related environmental concerns such undesichiaiege in biodiversity, degradation
of soil and water resources. Improving the efficierof bioenergy technologies could
therefore, play a major role in conserving energngnce, reducing the rate of

environmental degradation.

In this perspective, the Government of Uganda, gavernmental organizations (NGOs),
and several private agencies are currently promotiproved bioenergy technologies in
the country. Examples of technologies promoted uithel improved (energy-saving)
biomass cooking stoves, biogas, and biomass gasuirctechnologies. Overtime, several
independent reports of these programmes have beenged by the different actors in
the sector. However, because they are made byratiffeorojects and individuals, it is
very difficult to understand the overall impacttbg bioenergy technology programmes
in the country. Therefore, the aim of this studysvi@a a conduct review of the progress
made in the implementation of improved bioenerght®logy programmes in Uganda.
The objective is to present a succinct accounheflével of proliferation of improved

biomass technologies in the country.

2.1.1 Geographical, demographic and economic inforation

Uganda is a land locked country located in EasicAfrbetween latitudes 01°'3® and 4°
00 N; and longitudes 29° 3& and 35° OOE (Otim, 2005). It is bordered by Kenya in
the east, Tanzania and Rwanda in the south, Detioé&apublic of Congo in the west
and South Sudan in the north. Figure 2.1 showdadtetion of Uganda on the African
continent. The area of the country is approximags{,550 krfi, out of which 41,743
km? is covered by open water bodies and swamps. Tregtaphy comprises plateaus in

the central and northern parts of the country andntains of Elgon and Rwenzori on the
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eastern and western borders, respectively. Ovdhall elevation ranges from 620 m to
5110 m above mean sea level (UBOS, 2010a).

Figure 2.1.Map showing the location of Uganda on the Africantinent

According to UBOS (UBOS, 2002), by the year 200 tountry had a population of
24.4 million, characterized by an annual populatawth rate of 3.4%. At the time,
about 88% of the population lived in rural areascé&ht estimates by UBOS (UBOS,
2010a) indicate that the country's population bydiyeéar 2010 had grown to 31.8

million. A summary of the demographic and economiformation on Uganda is given in
Table 2.1.

2.1.2 Overview of the Ugandan energy sector

The per capita energy consumption of Uganda isnestid to be 1.63 GJ, which is very
low compared to that of Kenya at 3.35 GJ and #l$23.89 GJ (2013). Energy supply in
the country is predominated by biomass in formimwood, charcoal and agricultural

residues. Electricity and petroleum fuels are alsed, but contributes is less than 10% of
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the total energy use. The contributions of theowsiforms of energy are illustrated in
Figure 2.2.

Oil products Electricity
7.4% 1.1%

Residues
4.8%

Charcoal
5.9%

Fuel wood
80.8%

Figure 2.2.Energy use by category in Uganda

Electricity and petroleum fuels are considered asiwroercial energy in the country;
however, biomass is not included in this categprgbably because trade in biomass is
predominantly informal, and in some cases illealJganda, biomass energy is used for
cooking and heating in households, commercial andlip institutions such as hotels,
schools and hospitals. It is also used in smalkedoaustries such as brick production and

in various industries to supply process heat (Naughreves et al., 2007).

Table 2.1.Demographic information and economic indices fgalbda

Parameter Value Year
Population mid-year (millions) 31.8 2010
Population density (persons per square km) 131.3 0820
Population growth rate (%) 3.3 2005 to 2010
Urban population (%) 12.8 2007
Gross domestic product (GO®nillions USDY 15,829.00 2008
GDP per capita (USD) 500 2008
Forested area (%) 17.5 2007
Energy production, primary (x2@J¥ 5.7 2008
Energy consumption per capita (GYy 1.6 2012
CO, emission estimates (xinnes) 2704 2006
CO, emission per capita (tonnes) 0.1 2006

Sources: UBOS, (2010a) and United Nations, (2013)
8GDP - gross domestic product
PUSD - United States Dollars
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Table 2.2.Bioenergy consumption by sector in Uganda

Sector Type of fuel (TOE® per year)

Wood Charcoal Residues
Residential 5,957,976 406,756 488,106
Commercial 1,242,267 195,855 0
Industrial 999,213 0 0
Total 8,199,456 602,611 488,106

Source: MEMD (2008)
4TOE - tonnes oil equivalent

Urban households predominantly use biomass in foiroharcoal, while firewood and

agricultural residues are principally used by rudaellers. Table 2.2 shows the
distribution of biomass consumption by sector (MEMIDO08), from which it can be

observed that the residential sector is the biggeasumer of biomass energy in the
country. However, bioenergy technologies used irandi@g are mainly traditional and
inefficient. Therefore, several organisations argrently promoting improved bioenergy
technologies in the country. Table 2.3 gives adisthe organisations that are currently

promoting improved bioenergy technologies in Uganda

Table 2.3.List of organisations involved in improving bioegg technology in Uganda

Name of Organisation Type of organisation Bioepe¢eghnology promoted or
used

Ministry of Energy and Mineral ~ Government agency Policy formulation and regulatjon

Development and project implementation

Centre for Research in Energy andlakerere University; Research, development and

Energy Conservation institution of higher dissemination of improved biomass
learning technology

Appropriate Technology and National Agricultural Biogas technology

Agricultural Engineering ResearchResearch Organisation

Centre

Nyabyeya Forestry College Institution of higher Training in biomass energy
learning technology

Promotion of Renewable Energy German Agency for Improved biomass stoves

and Energy Efficiency Programmelnternational Cooperation

SNV Uganda Netherlands DevelopmentBiogas technology
Organisation

Joint Energy and Environment ~ Non-Governmental Biogas technology, improved biomass

Project Organization (NGO) stoves

Heifer International NGO Biogas technology

United Nations Development United Nations agency Multifunctional platform bdson

Programme biodiesel

19



Table 2.3. Continued ...

Norwegian Refugee Council NGO Improved biomassestov

Agency for Cooperation and NGO Improved biomass stoves

Research in Development

CARITAS International NGO Improved biomass stoves

African Medical Research NGO Biogas technology

Foundation

SEND A COW Uganda NGO Biogas technology

Africa 2000 Network Uganda NGO Biogas technology

KULIKA Community NGO Biogas technology

Development and Education in

Uganda

Sustainable Sanitation Water NGO Biogas technology

Renewal Systems

East African Energy Technology NGO Bioenergy technology promotion,

Development Network capacity building, networking

Pamoja Inc. NGO Gasifier stoves for domestic

applications

Kakira Sugar Works (1985) Sugar manufacturing Combined heat and power generation

Limited company

Kinyara Sugar Works Limited Sugar manufacturing Combined heat and power generation
company

Sugar Corporation of Uganda Sugar manufacturing Combined heat and power generation,

Limited company ethanol production

Uganda Stove Manufacturer’s Private company Production of improved biomass

Limited stoves

Nexus Bio-diesel Limited Private company Biodigzedduction from jatropha

Royal Zan Zanten Private flower growing firBiodiesel from jatropha

Muzizi Tea Estate Private tea producing Gasification for electricity generation
company

Paramount Cheese Dairies Limited Private company sifiéation for industrial heat

production

Green Heat (U) Limited Private company Biogas arquetting technologies

Kampala Jillotine Suppliers Private company Biomass briquetting

Limited

Petroleum fuels contribute about 7.4% of primargerggy consumption in Uganda. The
major forms of petroleum products used are: gaspldiesel fuel, kerosene, fuel oil,
aviation fuel and liquefied petroleum gas (LPG)esal fuel takes the biggest share of
petroleum consumption and is mainly used to poveavii vehicles, and for electricity
generation. Gasoline is used for powering lightielels and small engines. Kerosene is
mainly used by the rural households for lightingos¥ipetroleum products are imported
into the country and their prices usually fluctuatgh international rates. Recent

development in the petroleum sector includes aosiexty of an estimated 2.5 billion
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barrels of petroleum reserves in the western datieocountry (Veit et al., 2011). In the
short term, the government plans to build a mifinexy of 6,000 to 10,000 barrels per

day to supply the country’s growing petroleum fneéds (GTZ, 2009).

Electricity, mainly from hydropower generation gias is also used in the country.
However, the level of access to electricity in Udgims estimated to be only 5%, making
it one of the lowest in Africa. In rural areas wihabout 84% of the population leave,
access to electricity is less than 2% (Buchholz RadSilva, 2010; Kaijuka, 2007). Even
in urban areas, with higher accessibility rategonitg of households still heavily rely on
charcoal to meet their daily energy needs. Theltasl of access could be explained by
the low generation capacity and the high capital aperating costs for developing the
electricity sector, especially for less developedrnemies like Uganda (Kaijuka, 2007).
Currently, the installed capacity of main hydrogéiecpower complex located in Jinja is
380 MW. However, the effective generation capaditypped considerably to about 100
MW in 2005, before rising eventually to about 148Wh the year 2010 (Muhoro, 2010).
The drop in generation capacity was attributechto drastic fall in Lake Victoria water
levels as a result of prolonged drought in the BBdstan region (UBOS, 2010a). As a
result, the country faced a major electricity @isince the year 2005. In order to
overcome the shortfall, the government contractependent power producers, which
by the year 2010, were supplying about 150 MW dcticity mainly from diesel
powered generation plants to the national grid (332010a).

Meanwhile, to meet the shortfall, construction &=® MW Bujagali hydroelectric power
station is currently on-going. Biomass, mainly kesgafrom sugarcane processing, is also
used in Uganda to produce about 22 MW of elecyrithirough cogeneration (GTZ,
2009). Several stand-alone diesel and gasolineeplvgenerators are also installed in
the country by individual consumers. However, thaintribution to the total electrical

power consumption is not known.

Nevertheless, Uganda has high potential to prodydeoelectricity. It is estimated that
the hydroelectric power potential along the riveileNalone is about 2000 MW.

Additional potential of about 200 MW is availabl®r several other smaller waterfalls
distributed all over the country (Muhoro, 2010). ddda is also rich in other energy

sources such as solar and geothermal resourcagn@yy there is effort to promote solar
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photovoltaic (PV) and thermal systems but theirtgbations still remain insignificant to

the country’s energy supply.

2.2 Bioenergy conversion technologies

There are several routes through which biomasdearonverted into different forms of
liquid, solid or gaseous fuels. These processeslassified broadly as thermo-chemical,
biochemical and mechanical extraction (McKendryD24) Panwar et al., 2012). A
detailed illustration of the processes is showirigure 2.3. In this study, we examined
the level of penetration of each of these convarsmutes in Uganda. In addition, we also
discussed the combined heat and power generatibliP)@nd biomass densification
technologies. A brief explanation of the principbeshind these processes is introduced in

each section followed by a detailed review of el of penetration of each technology

in Uganda.
Thermo-chemical conversion Biochemical conversion
: . 5 Mechanical
Direct s Pyralysis/ Anaerabic ’
i Gasification : j : : Fermentation extraction (oil
combustion Liquefaction digestion
seeds)
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Distillation Esterification
y Y h A 4 Y A4
Pracucer Charcoal Bio-oil Fuel-gas Biogas Ethanol Bio-diesel
gas
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Figure 2.3.Bioenergy conversion technologi&odified from Faaij, (2006), McKendry,
(2002a) and Panwar et al., (2012).

2.2.1 Traditional biomass combustion technologies

It is estimated that about three billion people ldwide use solid fuels such as coal,
wood and animal dung to meet their domestic eneeggds (WHO, 2006). Such fuels are
mainly used in developing countries, where an extuh 2.2 billion people burn them in

traditional cooking stoves. Use of traditional €8s more prominent in sub-Saharan
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Africa, where it is estimated that 94% of the p@pioin use them for cooking and heating
(Legros, 2009). For the case of Uganda, it is edtoh that about 87.5% of households
use traditional stoves for domestic energy conwarapplications. The three-stone stoves
and the traditional charcoal stoves are used by%Z2and 14.8% of households,
respectively (Byakola and Mukheibir, 2009). In #nstone stoves, firewood is burnt
between three stones that act as the hearth asawedupport to the cooking vessel.
Firewood is pushed into the hearth through the gparces between the stones as it burns
(Jetter and Kariher, 2009). Traditional charcoalves, on the other hand, are locally
made using scrap metal materials such as roofiegtskand oil drums, but do not have
insulation lining; therefore, leading to excesdingat loss during operation. The efficiency
of these stoves is reported to be less than 10%ilgSLet al., 2010; Faaij, 2006).

The tradition stove technologies, are also knowbedaa source of indoor air pollutants
such as particulate matter and carbon monoxidei(sdit al., 2010). Exposure to indoor
air pollutants emitted by these stoves causesratagion and respiratory related diseases
that mainly affect women and children in developoagintries (WHO, 2006). According
to World Health Organisation (WHQO), about 1.5 noifli people die annually due to
illnesses caused by exposure to indoor air poltatamitted by inefficient cooking stoves
(WHO, 2006). In sub-Saharan Africa, the mortalityden is estimated at 400,000 people
annually (Kebede et al.,, 2010; WHO, 2014). Anotlmoblem associated with
combustion of biomass in traditional stoves isdstribution to global warming resulting
from products of incomplete combustion (Legros, 200

2.2.2 Improved biomass combustion technologies

Improved biomass stoves are built to have highisiefcies compared to the traditional
counterpart. They have been in use for at leasty#@s, but recent emphasis to their use
arose due to the petroleum crisis of the 1970se&sed petroleum prices coupled with
anticipated fuel wood exhaustion led to renewed leamis on promoting improved
biomass cooking stoves (Barnes et al., 1994). Rgcemvironmental concerns, together
with the need for improved health of rural housdbdiave given more legitimacy to the
promotion of improved biomass stoves (Garcia-Fiapolal., 2010). Improved biomass
stoves have several advantages over their tradltmounterpart including increased fuel
savings, reduced cooking time and costs for theltthesector, increased forest

conservation, and reduced emissions of air poltatéikees and Feldmann, 2011). There
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are several designs of improved biomass stovesaal@ion Ugandan market, examples
can be found in Jetter et al., (2009). The prircipbnsiderations in the design of
improved stoves include reducing heat loss by atswd the walls of the combustion
chamber and controlling air flows during combustibigure 2.4 illustrates a comparison
between traditional charcoal stoves (Fig. 4a) amproved ones (Fig. 4b), both of which
are commonly used in Uganda. The principal diffeeem this case is that the walls of

improved stoves are insulated while that of thditi@nal one is not.

Figure 2.4. Charcoal stoves. (a): traditional cbarstove, (b): improved charcoal stove

The Government of Uganda underscores the importahceproved biomass stoves and
has a set target of installing 4 million improvedad fuel stoves and 250,000 improved
charcoal stoves by the year 2017 (Panwar et al2)2@Energy-saving stoves, based on
the rocket stove principle are being promoted lgygbvernment with support of German
Agency for International Cooperatiaimder the “promotion of renewable energy and
energy efficiency programme”. Under this programmae)east 500,000 energy-saving
biomass stoves have so far been installed sincgetie2005 (Kees and Feldmann, 2011).
Makerere University is currently spearheading regeaand development of energy
saving stoves in the country and several NGOsrar@ved in dissemination programmes

through training of artisans in stove production.

The role of the private sector in the disseminatbmproved biomass stoves in Uganda
is also becoming important. An example of a privatctor involvement is the

“UGASTOVE” project that specialises in producingpraved charcoal stoves for use in
the domestic and commercial sectors such as resitisurschools and hospitals. A
detailed illustration of the design of UGASTOVE tmass cooking stoves is given by
Adkins et al., (Adkins et al., 2010). The UGASTO¥Z&mpany also produces improved

24



wood stoves for rural households and institutidgngias estimated that over a seven-year
period, the company would sell 180,000 improvedestonits resulting in a potential of

saving approximately 600,000 tonnes of carbon dexquivalent (Simon et al., 2012).

However, despite these efforts, the current levieladoption of improved biomass
combustion technology is still low in the countAccording to Byakola and Mukheibir
(2009), only 8.7% of Ugandan households use imatdiemass stoves.

2.2.3 Biomass pyrolysis

Pyrolysis is the thermo-chemical conversion of agsunder limited supply of oxygen
at temperatures ranging from 350°C to 700°C, (Geyall., 2008). Products of pyrolysis
include charcoal, bio-oil or fuel gas, the propamtiof which varies depending on the
temperature and residence time of the biomass mlaterthe reactor (Panwar et al.,
2012). Explanations of the effects of temperaturd eesidence time on the pyrolysis
process and products are available in literaturey&bGet al., 2008; McKendry, 2002a,;
Panwar et al., 2012). The most common pyrolysishogetis carbonisation, which is a
slow pyrolysis of biomass at temperatures of ab&@d°C (Panwar et al., 2012).
Carbonisation is widely used in developing coustrier the production of charcoal
(Adam, 2009). There are several technologies &daildor carbonisation including

traditional methods such as earth pit, and eartbrdokilns. Examples of improved

technologies include brick and metal kilns (Bodt@83).

Charcoal making is a major source of employmentiandme in Uganda and is mainly
carried out by numerous small, economically weald amorganised individuals
(Sankhayan and Hofstad, 2000). However, theseareatessarily the poorest clusters of
their communities (Khundi et al., 2011). The tramhtl earth-mound kiln (Adam, 2009)
is the dominant type of carbonisation technologie’lganda. It involves stacking wood
lots in mounds of about 1.5 m high, followed byls®awith earth to limit air during
carbonisation. An opening is provided for ignitiolhthe wood, after which it is sealed off
with soil. However, the sealing is not uniform ahés common for air to escape into the
kilns leading to complete combustion of the biom&snsequently, the efficiency of this
method is very low, estimated to be between 1®Gté&el(Kndpfle, 2004). Significant loss
of the product also occurs at the production site tb the difficulty in recovering the
charcoal that has been mixed with soil during thébanisation stage. The packaging

technology used also contributed to material Idseugh crushing into powder during
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transportation. Opportunities therefore exist feducing charcoal losses both during

production and transportation stages.

2.2.4 Biomass gasification

Gasification is the partial oxidation of carbonacedeedstock such as coal and biomass
materials, at elevated temperature, into a gaseoesgy carrier (Bridgwater, 1995).
Gasification takes place when biomass is heateal gasification medium such as air,
oxygen or steam (McKendry, 2002b). The productiofrass gasification is a mixture of
several gases, collectively called producer gassymthesis gas. Constituents of the
producer gas include carbon dioxide, carbon morgxidydrogen, methane, steam,
together with traces of higher hydrocarbons. Otlaesinert gases that result from the
gasification agent, and contaminants such asdhes,particles, ash and oils (Belgiorno et
al., 2003). Gasification process takes place ieagtor called gasifier, which vary greatly
in design, but are broadly classified as fixed bkdid bed and moving bed. Other design
configurations are; rotary kilns, cyclonic and esrreactors (Knopfle, 2004). In general,
fixed-bed gasifiers are known to be the most sletdtwr gasification of solid biomass.
Producer gas can be used as fuel in internal caimobusngines, burned to produce heat,
or used in the synthesis of liquid transportatioel$, hydrogen and other chemicals
(Balat et al., 2009).

Gasification technology is not widely used in Ugandevertheless, a case of interest is
reported at Muzizi tea estate, located in the wespart of the country (Buchholz and
Volk, 2007; Mangoyana and Smith, 2011; von Malatd Staffor, 2011). The company
installed a GAS 250Dsystem manufactured by Ankur Scientific in Indéomass for the
gasifier is from 99 ha of Eucalyptusycalyptus grandjsplantation, part of which is used
in a boiler to generate steam for drying black(@amellia sinensis Though rated at 200
kW electrical power, the average power output vegp®rted to be only 87 kW (Buchholz
and Volk, 2007). Available literature did not giham explanation for the low output
reported. Nonetheless, the unit cost of electrifiityn the gasifier was estimated to be
0.03 United States Dollars (USD) per kilowatt h@amnd was much lower than that of
diesel generated electricity, which was approxifyae3 USD kWH'. The system was
estimated to replace 120,000 litres of diesel @a&ryor an equivalent of 314 tonnes of
carbon dioxide emission. The challenge of the sysieas that its capital cost of 2087

USD kW* was very high, especially for developing countiige Uganda. Economic
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analysis showed that the gasifier plant was onlygmally viable with a payback period

of about 9.5 years (Mangoyana and Smith, 2011).

2.2.5 Biogas generation technology

Biogas is a mixture of gases produced during atéeiiecomposition of organic matter
and is mainly composed of methane and carbon deoxidl trace gases such as hydrogen
sulphide, ammonia, water vapour and volatile orgampounds (Tsai, 2007). Slurry,
the by-products of the digestion process is a érahizer and soil conditioner, which can
be used to improve crop yields (Walekhwa et alQ@Q0The main advantage of biogas
technology is that it utilises wastes from the agtural, industrial or municipal sectors
and therefore, its use does not exhaust crop ptioduesources. Other benefits include
contributions in slowing down deforestation ratasd reducing over dependence on
fossil fuels (Parawira, 2009). The technology ateduces drudgery associated with
firewood collection and leads to time savings tbatild be used for other economic
ventures (Mwakaje, 2008). Combustion of biogas peces less pollutants; therefore, its
use leads to improved indoor air quality resultingimproved health of women and
children, who are the most exposed group to thke(8sinivasan, 2008). Use of biogas for
energy purposes is also an effective means ofitigpmnitnethane flows to the atmosphere

from decaying organic matter, thus contributingegduction in greenhouse gas emission.

Biogas technology was introduced in Uganda in tBB0% by the Church Missionary
Society. Currently, the technology is being prordoby government agencies such as
National Agricultural Research Organization (NAR&)d the Ministry of Energy and
Mineral Development. Non-governmental organizatisugeh as Heifer International
Project, Adventist Development and Relief Agenayoagst others are also promoting
the technology. The most commonly used type ofdigester is the fixed-dome design
that was modified from the Chinese design by thet@efor Agricultural Mechanisation
and Rural Technology (CAMARTEC) in Tanzania (Sasse al.,, 1991). The
CAMARTEC bio-digester design that is usually cousted below ground surface is

illustrated in Figure 2.5.

Volumes of these digesters range from 8ton16 ni. The floating-dome and the tubular
bio-digester designs were introduced in the counttynot commonly used (Walekhwa et
al., 2009). The fixed-dome digester is preferredabse it is more durable than the

tubular design and cheaper to install than theifigadome counterpart. Costs of floating
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dome digesters are higher because of the high obsteel used in the fabrication of gas
chamber. Designs of the floating dome and tubuigesiers introduced in Uganda are

similar to those illustrated by Nzila et al., (2012

1 h,

//
T

Figure 2.5.The CAMARTEC biogas digester. 1: mixing tank, 2sigalder, 3: digester,
4: compensation tank, hlevel of slurry before gas production,:Hevel of slurry when
with gas is in the holder. Source: Parawira, (2009)

The main material used for biogas generation inndgas cow dung and it is estimated
that the dung generated could support installatioover 250,000 family-sized digesters.
The government has a target of installing 100,@00ily-sized digesters by the year 2017
(MEMD, 2007). Overall, it is estimated that abo@0D%iogas digesters have so far been
installed, however, less than 50 % are operati@ivalekhwa et al., 2009). A good case
study of bio-digester installed in the country ieavith a 50 mcapacity per day at Waga
Waga School (Mangoyana and Smith, 2011). The lovell®f adoption of biogas
technology has been attributed to limited techngtall, for installation, operation and

maintenance and high capital costs (Kariko-Buhwetzdl., 2011; Sengendo et al., 2010).

2.2.6 Fermentation

Bioenergy conversion through fermentation involpesduction of ethanol from sugar or
starch-rich biomass, and is the most widely usefubl production method in the world
(Faaij, 2006). The ethanol is purified through arergy-intensive distillation process
(McKendry, 2002a). The technology is widely usedBrazil, the United States and
Europe for the production of fuel ethanol.

In Uganda, molasses from sugarcane processing é&rs identified as a possible raw
material for production of ethanol with an estintapotential of 119 x 10litres per year

(Jumbe et al., 2009). Sugar Cooperation of Ugandaiteéd, a mill sugar production
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company, has the only ethanol production plant gatéla with annual production of 1.5
million litres (Batumbya Nalukowe, 2006). The compais expanding is production
capacity to 9 million litres. The ethanol produdsdised as an industrial chemical, and
not used widely as a bioenergy source. Howevek, ¢h@ppropriate policy to guide the
development of this sector is reported to be aiplesbarrier to the development of bio-
fuel in the country (NEMA, 2010).

2.2.7 Mechanical extraction

Mechanical extraction is the separation oils fraeeds of plants with high oil contents
under pressure. Examples of seeds from which aits e extracted include rapeseed,
sunflower, soya bean (Demigya2001). The oils can then be converted into esters
through a process called esterification. The estds® called biodiesel, can be used to
substitute diesel in engines (Faaij, 2006). Thdlehge with the technology is currently

the high cost of the esters compared to fossikfuel

The use of biodiesel for motive power generatios witiated in Uganda through a pilot
project supported by the United Nations Developmerdagramme (UNDP) in 2007
(Karlsson and Banda, 2009). The project was ieitiabn the basis of multifunctional
platforms (MFP) that was successfully implementedMali (Brew-Hammond, 2010;
Denton, 2004; Nygaard, 2010). Two MFPs, poweredibgxtracted from Jatropha seeds,
were installed in Masindi district (Karlsson andnBa, 2009). The engine provided
motive power source to equipment such as grindinits,noil presses and generators.
There are also small scale biodiesel productioivides in Mukono district, where a
flower firm and local farmers are using Jatrophd fmr biodiesel production
(Kyamuhangire, 2008; Pillay and Da Silva, 2009)ofker pilot project was also initiated
through collaboration between GTZ and ministry afemy in Luwero district
(Kyamuhangire, 2008). Nevertheless, biodiesel islatively new bioenergy conversion

technology in Uganda and most trials are still dotfgcales.

2.2.8 Cogeneration

Cogeneration, also known as combined heat and pdq®@e&iP) generation, is the
simultaneous production of mechanical or electrexadl thermal energy from a single
energy carrier such as oil, coal, natural or ligeetfgas, biomass or solar (Biezma and

Cristébal, 2006; Onovwiona and Ugursal, 2006). atleantage of cogeneration is that it
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is more energy efficient compared to when mechénibarmal or electrical energy is

produced independently (Mbohwa and Fukuda, 2003).

Biomass materials which provide opportunity for eogration in Uganda include
bagasse; a by-product of mill sugar processingeeodnd rice husks, and wood wastes
such as wood shavings, saw dust and off-cuts. Bagasparticular provides an excellent
opportunity for CHP because they are producedrgelguantities, mainly in three sugar
factories: Kakira Sugar Works, Kinyara Sugar Woaksl Sugar Corporation of Uganda
Limited. The three factories process a combinedaaeeof 130,000 tonnes of mill sugar
annually (UNDP and UNEP, 2009). According to UND#®I&JNEP (UNDP and UNEP,
2009), the bagasse generated from the factoriespbEntial to generate 46 MW of
electricity, in addition to process heat. Currentlye combined electricity generation
from bagasse from the three factories totals 22 MwWof which 12 MW is supplied to
the national grid and the rest is used internadly Sugar processing (Kaijuka, 2007).
However, the installed CHP capacity cannot consathéhe bagasse generated during
sugar processing; consequently, it is common m&adt burn the excess bagasse in open
fire (Bingh, 2004).

2.2.9 Biomass densification

Biomass densification is the conversion of loosarass into high density solid material
through application of pressure (Okello et al., PONormally, biomass materials such as
agricultural and forest residues have high moisturetent, irregular shapes and sizes,
and low bulk density, making it very difficult toahdle, transport, store and utilize.
Combustion of loose biomass is associated withtloevmal efficiency, high particulate
matter emissions (Chen et al., 2009). Biomass tleatson provides the solution to these
problems by increasing the initial bulk densitytloé loose biomass making it easier and
cheaper to handle, transport, and store. Densiiethass, are also easily adopted for
direct combustion, gasification and pyrolysis officmg with coal (Kaliyan and Vance
Morey, 2009). Products of biomass densificationehaell defined shape and size and are
broadly classified as pellets, briquettes and cutiés bulk density ranging from 450 to
700 kg m® (Kaliyan and Morey, 2010). There are a numbereshhologies that have
been developed for biomass densification includitige piston press, screw press,

hydraulic press and the roller press (Chen e2@09).
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Biomass densification could play an important nolemproving the utility of the large
quantity of loose biomass materials generated irandg. Biomass densification is
currently being employed in Uganda but the leveladbption of the technology still
remains very low. Briquetting technology has intjgatar been taken up by poor urban
communities of Kampala as an adoption strategyntwerasing cost of energy in the
country, and as a measure for solid waste managermba technology used by the
community is very crude. It involves mixing banapeelings with charcoal dust and
anthill soil to make briquettes (Kareem and Lw&&al1; Lwasa, 2010). At industrial
scale, briquetting is being used by a private cargpEampala Jellitone Suppliers, which
produces 2000 tonnes of briquettes annually. Tihepemy uses biomass residues such as
rice husks, coffee pulp, maize stalks and sawdushdke biomass briquettes, which is
sold to various institutions such as hospitalspethand universities as fuel for cooking
(Ashden Awards, 2009). Apart from these examplbesret are several informal small

scale producers of briquettes.

2.3. Discussions

The present review has shown that biomass remiaspredominant source of energy in
Uganda. The level of adoption of improved bioenaephnologies in the country is still

very low. It is predicted that the in the near fetuthe country's demand for biomass
energy will increase in line with population growtHigh rate of urbanisation in the

country is likely to result in increased demand trarcoal fuel. Dissemination of

improved bioenergy technology could play an impartale in ensuring sustainability of

biomass supply through efficiency improvement. Heeve despite the concerted efforts
by various players in the bioenergy sector, usemoidern and efficient bioenergy

technologies in the country remains intangible.

The level of dissemination of improved bioenergshtelogy in Uganda is similar to that
of other sub-Saharan Africa countries, where m@joof the population still rely on
inefficient traditional cooking stove technologieldowever, some countries on the
African continent have had very successful programghe bioenergy technology
development. An example is Mauritius where co-gati@n of bagasse meets over 25%
of the country’s electricity supply. Other coungrithat registered significant success in
bioenergy programmes include Kenya, Malawi and Zbwe. The bioenergy

programmes in these countries aimed at producingnet for blending with petroleum
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for use in vehicles (Karekezi, 2002). However, tiverall picture is that promotion of
modern bioenergy technologies is very low on thecah continent. This could probably
be explained by the inadequate support to modeavenergy technology in Africa as
explained by Amigun et al., (2008).

Elsewhere, it can be observed that countries the¢ had strong institutional support to
bioenergy programmes have registered significardcess in promoting improved
bioenergy technologies. A good example is Indiaictviegistered significant success in
modern bioenergy development through governmengrpromes implemented by the
Ministry of New and Renewable Energy. Between 1884 2003, an estimate of 35
million improved cooking stoves had been dissenethalhe biogas programme of India
also had over 3.8 million bio-digesters install€te success was attributed to investment
in research and technology development and dissgimmthrough policy measures and
incentives (Ravindranath and Balachandra, 2009)ziBis another example of a country
with very successful bioenergy programme based tbanel produced for molasses.
Currently, over 80 % of vehicles in Brazil operate a blend of ethanol and petroleum
resulting in over 20 % substitution of petroleune urs the vehicle industry (Hira and De
Oliveira, 2009). The Brazilian success is attributeo state intervention in the
establishment and support to the ethanol progranmfrastructural development as well
as research and development (Hira and De Oliv20@9). In the European Union (EU),
development of bioenergy technologies is being [@tech by various EU policies aimed
at increasing the use of renewable energy sourddsder the current EU directive,
member states have targets for renewable energgaisieat the overall EU renewable
energy share is at least 20 % of the total pringsmgrgy consumption by the year 2020
(European Commission, 2009). The EU policies iseetgr to almost double electricity
generation from biomass from about 22.5 GW in 2@il083 GW in 2020 (Jager-Waldau
et al., 2011).

In all examples of successful bioenergy developrpeniects above, it is pointed out that
favourable policies and incentives, research angldpment played an important role in
the development of the technologies. However, tlagee several barriers that seem to
hinder the development of bioenergy technologiesr Example, Painuly (2001)
identified barriers to renewable energy penetratidrnich include market failure and
distortions, economic and financial constraintstitational and technical barriers, social

and cultural behaviour, lack of infrastructuresygmment policies, and environmental
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barriers. Barry et al., (2011), identified up to fa8tors that may influence the choice of
renewable energy in Africa. Also, Walekhwa et @Q09) found that socio-economic and
demographic characteristics of households play mapbroles in the adoption of biogas
technology in Uganda. However, it is generally werty clear which of these factors have
predominant roles in Uganda. One question that irsm be answered is whether
Ugandan policy framework is favourable for promgtithe development of bioenergy

technology.

2.4. Conclusions

From this study, it can be concluded that the odt@doption of improved bioenergy

technology remains very low in Uganda. The reasonthe slow technological adoption

and diffusion have been attributed to high captats, and lack of technical expertise,
amongst others. However, more effort is still regdiin developing clear understanding
of the reasons for the low levels of disseminatddnmproved bioenergy technologies,

and to developing suitable policy frameworks fardriergy technology development.
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Chapter 3 — Bioenergy potential of agricultural dokst residues

in Uganda

Parts of this chapter was publishedBiomass and Bioener@s;

Okello, C., Pindozzi, S., Faugno, S., Boccia, D12 Bioenergy potential of agricultural
and forest residues in Uganda. Biomass and BiognBfg 515-525.
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Chapter 3 — Bioenergy potential of agricultural andforest residues in
Uganda

Summary

Biomass is the major source of energy in most @g@net) countries. However, there are
concerns about the sustainability of biomass sappéind the environmental impacts
resulting from their use. Use of residues couldticonte to ensuring sustainable supply
of biomass energy. This study presents findingenoévaluation of the energy potential of
agricultural and forest residues in Uganda usingsgs data of the year 2008/20009.
Annual productions of crop and forest residues vestémated using residue-to-product
ratio (RPR) method. Energy potential of each residiass was then determined basing
on their respective lower heating values. The Bog@neration potential of each animal
category was used to evaluate the energy poterftaiimal manure. Results showed that
the total energy potential of the residues amoairthiout 260 PJ¥ which is about 70%
of gross biomass energy requirement of Ugandahryear 2008. Crop residues had the
highest contribution of about 150 PJ, yollowed by animal residues with a potential of
65 PJ ¥. Maize residue is the predominant crop residuk ®itergy potential of 65 PJ'y
followed by beans and banana, each at 16'PThjis study indicates that agricultural and
forest residues can be a major renewable energgesdar Uganda. When sustainably
utilised, biomass residues could contribute to cédn in environmental degradation in

the country.

3.1 Introduction

Biomass is the major source of energy contributimgr 90% of the energy requirements
of Uganda (MEMD, 2008; Okello et al., 2013b). Howevof recent, rapid population

growth, urbanisation and industrialisation havereased the demand for biomass
resources in the country. Annual demand for woadynass and charcoal is reported to
be increasing at about 3% and 6%, respectively dKahita, 2001). The main source of
biomass energy in the country is from wood harvkdtem unmanaged natural forests.
Natural forests in Uganda are dominated by slowvgrg species, thus high rates of
harvesting may lead to deforestation and envirotaheshegradation. A report on the

global forest resource assessment of 2005 (FAOG)20@dicates that between the year
2000 and 2005, the annual deforestation rate inndgavas 2.2%, and is one of the
highest in the world. Moreover, the demand for lassenergy is expected to increase
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with increasing population in most sub-Saharan cafmi countries (Karekezi and
Kithyoma, 2002; Kebede et al., 2010). One woulddfmre expect a similar trend in
Uganda, where population growth rate is about 3p&¥oyear (Okello et al., 2013b). This
leads to concerns about the sustainability of tol@emass to supply the increasing

demand in the country (Kayanja and Byarugaba, 2R@iighton-Treves et al., 2007).

It is therefore important to source for alternatamergy sources to meet the increasing
demand for biomass energy. Several options ardabl@i but among the most promising
is the use of biomass residues. The potentialahbss residues to meet energy needs has
attracted interest of several researchers in thentepast. For example, Fernandes and
Costa (Fernandes and Costa, 2010) evaluated tlent@btof agricultural and forest
residues in Marvao province of Spain and found mamual potential of 160 TJ. Also,
Vasco and Costa (Vasco and Costa, 2009), evaluhtecenergy potential of forest
residues in Maputo province of Mozambique, and rtejlothat residues could substitute
about 32% of the 2004 energy requirements of tbeipce. Other examples of studies on
energy potential of biomass residue were carried abunational levels in Zimbabwe
(Shonhiwa, 2013) and Romania (Scarlat et al., 200ther studies have also been
conducted at a global scale; for example, Gregg &mith (Gregg and Smith, 2010)
evaluated the global and regional potential of @dtiral and forestry residues, and
reported a global potential of 50 E3.yThe main advantage of national level studies is
their ability to provide more detailed informatioequired for decision making at local

levels.

This study therefore aims at evaluation the engrgiential of agricultural and forest
residues in Uganda. Being a predominantly agricaltbased economy, large quantities
of biomass residues from the crop and animal prilalusectors are generated throughout
the country. It is a common practice to burn tredwaes in cultivated areas as a means of
agricultural land preparation. Residues generatenh fagricultural processing facilities
are burdensome to processors because of costsadduartheir disposal. Forest residues
are also generated during logging and wood proocgssierations. However, their use as
an energy source is still very limited in the coyntUse of biomass residues for energy is
of advantage since it does not require major chanie the current combustion
technologies in the country. Also, when well-marthgese of residues is not competitive
with land and water resources required for fooddpaobion. It also results in reduced

deforestation and environmental degradation.

36



One of the most important steps in developing besrenergy supply from residue is to
evaluate their spatial and temporal availabilitycls an analysis would provide useful
information for decision makers on the opportusitier using biomass residues for
energy application in different parts of the coyntdowever, the temporal and spatial
distribution of the energy potential of biomassdess in Uganda is currently not known.
The present study was therefore conducted withotijective of evaluating the energy

potential of agricultural and forestry residuediganda.

3.2 Materials and methods

3.2.1 Estimating potential of crop residues

To estimate the energy potential of crop residtles,procedure documented by Sigh et
al., (Singh et al., 2008) was used with some minodifications. The energy potential of

agricultural residues was calculated using Equagian

n

Qur =2 (C xRPRxLHV) (3.1)

i=1
where, Qar IS the annual gross energy potential of agricaltuesidues at 100%
efficiency, C; is the annual production of crepFactor,n is the total number of residue
categories. The variablRPR is the residue-to-product ratio of crgpand LHV; is the
lower heating value of a given crop residue. Patareesuch as moisture content, lower
heating values and residue to product ratio wermiodd from available literature
(Amoo-Gottfried and Hall, 1999; Bhattacharya et 2005; Duku et al., 2011; Koopmans
and Koppejan, 1997; Perera et al., 2005). Otherralitire from which data were obtained
are (Clarke et al., 2008; Jingura and Matengald882 Junfeng et al., 2005; Qingyu et al.,
1999; Tock et al., 2010)

3.2.2 Animal manure

To estimate the energy potential of animal residuganure generated by cattle, sheep,
goats, pigs, poultry and humans were considerexpeptiies of animal manures necessary
for estimating their energy potential include daibfatile solid production per animal and
biogas vyield per kilogramme of volatile solid. Theparameters were obtained from
literature (Bhattacharya et al., 1997; Sajjakulbwkial., 2005) and used to estimate the
amount of biogas that can be produced by eachtdigkscategory. The energy potential

of biogas was assumed to be 20 M3 as recommended by Perera et al, (2005).
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3.2.3 Determining the potential of forest residues

Forests residues are of two types, namely; theingggesidues and wood processing
residues. Logging residues are generated duringhdineesting operations and include
stumps, roots, branches, and saw-dust. Wood pliagassidues arise from saw-mill and
plywood processing operations and include discatdgs, barks, saw-dust and off-cuts
(FAO, 1990). Data of annual production of round @nolcessed wood for the year 2010
were obtained from the statistical abstract (UB2(H,0a) and used to estimate the annual
forest residue production. The procedure for edtimgathe energy potential of forest
residues proposed by Smeets and Faaij (Smeetsamig F007) was used. The energy

potential of logging residues was calculated ugiggation 3.2,

n

Qe = (W xhxLHV), (3.2)

i=1
where, QR is the energy potential of logging residues #ds the annual production of
round wood of category Factor,h is logging residue generation ratio and was assumed
to be 0.6 (Smeets and Faaij, 2007; UBOS, 2010ag d@hergy potential of wood

processing residue generated was estimated usungfibq 3.3.
Qpr = IRW x px LHV (3.3)

where, Qg is the energy potential of wood processing resdaed IRW annual
consumption of industrial round wood. Factpris wood processing residue generation
ratio. It is the fraction of logs that is convertedo residues during the processing of
wood and depends on the efficiency of sawmills. Wéed ap value for developing
countries of 70 % (Howard and Stead, 2001). TH¥ at 50% HO mass fraction was
assumed to be 8 MJ kdMcKendry, 2002a).

3.2.3 Sources of data

Annual production of crops, woody biomass, livektand human population data used
for the study were obtained from various sourcesodFcrop production data were
obtained from volume IV of the Uganda census oicagfure 2008/2009 (UBOS, 2010b).
The report presents data that was collected frdnthal districts of Uganda through a
nationwide census. Procedures used in the cendawéd generally standard scientific

methods. The methodologies used for sample desigmeration plan, data processing

38



and analysis are well explained in volume Il of bda census on agriculture 2008/2009
(UBOS, 2010c). Production data for coffee, cottowl sugarcane were obtained from
reports in references (UBOS, 2009), (CDO, 2009) Au8CTA, 2009), respectively.
Livestock data was obtained from the summary repbtte national livestock census of
the year 2008 (UBOS/MAAIF, 2009), which gives atireate of livestock numbers in all
the districts of Uganda. Human population data usdtie study were obtained from the
2009 statistical abstract (UBOS, 2009) and woodlpcton data from the 2010 statistical
abstract (UBOS, 2010a). To estimate the quantityesidues generated, the residue-to-
product ratio (RPR) method was used. The RPR vatiegifferent crops and their
respective heating values were obtained from plubdisliterature. This also applied to

heating values of biomass residues and biogas gedeirom animal manure.

3.3 Results

3.3.1 Potential of crop residues

The energy potential of crop residues is given abl& 3.1. Crop residues represent a
gross energy potential at 100% efficiency of alidi@ PJ . The results show that maize
residues have the highest energy potential of ab6uPJ ¥ followed by banana and
beans residues, each with 16 PJ $econdary residues in Table 3.1 include corn,cobs
rice husks, coffee husks and bagasse. The totedepetential of the secondary residues
is approximately 10 PJ'y representing about 7% of the total crop resichtergial.
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Figure 3.1.Distribution of the theoretical energy potentiatoop residues in Uganda
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Table 3.1.Theoretical energy potential of crop residues gahba

hieO Residue to Lower Ener
Crop Annual crop Type of mass Quantity of A 9y
: . - product h heating potential
produced production  residue fraction . residues | 1
(kt) %) ratio (RPR) (k) value (L!—1|\£) (PJy")
(MJ kg™)
Maize 2363.00stalk 15.00 2.00 4726.00 16.30 65.50
cobs 8.70 0.27 638.01 12.60 7.40
Millet 263.59 straws 15.00 1.40 369.03 13.00 4.00
Sorghum 373.34stalk 15.00 1.40 522.68 13.00 6.25
Rice 189.18 straws 10.00 0.45 85.13 8.83 0.97
husks 13.30 0.23 0.00 12.90 0.58
Beans 928.87trash 4.50 1.40 1300.42 14.70 16.44
trash and
Groundnuts 244 .58shells 8.20 2.10 513.62 11.20 5.33
stalk and
Banana 4297.07peels 85.40 2.00 8594.14 13.10 16.44
stems and
Cassava 2893.7eels 20.00 0.40 1157.5 13.10 7.58
vines and
Sweet potato 1817.66eels 20.00 0.40 727.06 16.00 9.31
Pigeon peas 10.9Gtems 20.00 1.40 15.26 12.80 0.20
Soybea 23.1Z trast 15.00 2.6¢€ 61.t 18.00 1.11
Sesam 97.€0 trast 5.50 2.00 195.¢ 15.50 3.0¢
Sugar 197.37bagasse 50.00 0.25 49.34 15.40 0.38
tops 50.00 0.32 3.16 15.80 0.50
Coffee 211.7¢ husks 15.00 1.00 211.7¢ 15.€0 2.8¢€
Cotton 23.18 stalks 9.30 2.10 48.68 15.90 0.75
Total 148.67

The energy potential of crop residues for Uganda amalysed and presented spatially
using geographical information system (GIS) assitlated in Figure 3.1. The map
excludes the energy potential of residues of coftetton and sugarcane because the
available data did not provide production statssfior these crops in each district. The
figure shows that there is regional variation i t#nergy potential of crop residues.
Mubende district in the central region exhibited thghest crop residues energy potential
of about 8 PJ Y, followed by Iganga at about 7 P3,while Kampala had the lowest
potential of 30 TJ V. Other districts with crop residue energy potérfanore than 4 PJ
ytinclude Tororo, Kabarole, Luuka, Serere and Ntomma

3.3.2 Potential of animal manure

The energy potential of animal residues in Ugarsdgiven in Table 3.2, including the
potential to produce biogas from human manure. fEselts show that the total energy
potential of animal residues amounts to about 6§'PJn the year 2008, the country had
about 11.7 million heads of cattle producing mamwita an energy potential of 45 P3,y
followed by goats with a potential of 9 PJ.y
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Table 3.2.Theoretical energy potential of animal manure

Animal Population * 1 w3 g Potential
category (millions) ve (egery B, (mkg™) (PJ ¥y
Cattle 11.71 2.67 0.20 45.64
Goats 12.29 0.33 0.31 9.18
Sheep 3.58 0.30 0.31 2.43
Pigs 3.18 0.59 0.30 4.25
Chicken 37.58 0.02 0.18 0.99
Ducks 1.47 0.02 0.22 0.05
Human 30.66 0.06 0.20 2.69
Total 65.23
_ Volatile solids per animal
Biochemical methane potential

Animal manure

(PJ per year)
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Figure 3.2.Distribution of the theoretical energy potentibbhaimal manure in Uganda

The spatial distribution of the energy potentialanimal manure in Uganda is given in
Figure 3.2. The distribution is characterised hmgtential along a corridor from the
south-west to the north-east of the country. Theidar is known to have a high density
of cattle in Uganda and is generally referred totrescattle corridor (Mulumba and
Kakudidi, 2010). Kotido district reported the highenergy potential from manure of 3.5
PJ y'. Other districts with more than 2 PJ ynclude Nakapiripirit, Kaabong, and
Amodat.
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3.3.3 Spatial distribution of crop and animal residies potential

The spatial distribution of the combined energyeptial of crop and animal was analysed
using GIS and presented spatially, as shown inr€i§u3. Mubende district reported the
highest overall biomass residue energy potentiad ¢J V', followed by Iganga and

Ntungamu at 8 PJyand 7 PJ Yy, respectively. Other districts with residue energy

potential of at least 5 PJ'ynclude Luuka, Serere, Kabarole and Tororo.
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Figure 3.3.Distribution of combined the theoretical energygmdial of crop residues and
animal manure

The compositions of the residues in the differastrigts of the country were analysed
using GIS and presented spatially as illustrate&igures 3.4 to 3.7. Figure 3.4 shows
biomass residue composition in northern regioshtiws that the north-eastern part of the
region is predominated by cattle manure while crepidue potential is very low.
However most of the districts in the region do halve a single source of residue
exceeding over 50 % of the energy potential, thomgize and beans residues are more
prominent. Figure 3.5 is an illustration of the quosition of biomass residues in eastern
region. It shows that maize residues are dominarthis region followed by banana
residues. Central region, shown in Figure 3.6 kaglues energy potential predominated
by maize, cattle manure and banana. Cattle masum®ie prominent in the northern part

of the region while maize is predominant in mid tcanregion. Finally, the western
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region is majorly rich in banana residue, whiclmigre prominent in the southern part of

the region and maize residues in the northern paritjustrated in Figure 3.7.
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Figure 3.4.Composition of biomass residue in Northern Uganda
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Figure 3.5.Composition of biomass residue in Eastern Uganda
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3.3.4 Potential of forest residues

Results of energy potential of forest residuesmesented in Table 3.3. In this study,
forest residues were categorised as logging andepsing residues. Results show that
about 5.0 kt ¥ of forest residues are generated during loggireyatfpns. The processing
residues are however much less corresponding tat&b85 kt ¥*. In terms of energy
potential, residues from firewood production has tiighest potential of about 20 P3 y
followed by charcoal production at about 17 PJ Vhe total energy potential of forest

residues in Uganda is estimated at about 44'PJ y

Table 3.3.Theoretical energy potential of forest residues

Energy
Wood Quantity Logging Processing Total residues potential
category (Mty™)*  residues residues Mty  (PJy-1)
Sawn timber 1027 308.10 359.45 667.55 5.34
Poles 888 266.40 - 266.40 2.13
Firewood fuel 5088 2526.40 - 2526.40 20.21
Charcoal fuel 6963 2088.90 - 2088.90 16.71
Total 44.39

* Source: UBOS, (2010a)

3.3.5 Total energy potential

Table 3.4 gives a summary of the energy potermiiath fthe sources analysed in this study.
The total energy potential from all the sourcedigtmi is about 260 PJ'y The overall
result shows that crop residues exhibit the higkesrgy potential of about 150 P3.y
Therefore, crop residues alone contribute over %%he overall energy potential of

biomass residues in Uganda.

Table 3.4.Total energy potential of residues

Source of energy Energy potential (PJ y*)
Crop residues 148.67

Animal residues 65.23

Forest residues 44.39

Total 258.29

3.4 Discussions

In this study, we evaluated the energy potentiabgficultural and forest residues in
Uganda and the findings indicate that the totaéptial is about 260 PJ'y This is close
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to 70% of the total biomass energy requirement&Jfganda in the year 2008, which was
estimated at about 385 PJ (MEMD, 2008). Crop ressicexhibited the highest theoretical
energy potential of about 150 PJ. yHowever, it is important to note that the accyrat
the estimated energy potential of biomass residnag be subject to errors that are
inherent during the collection of census data (Ebret al., 2008), and seasonal variation
in production levels. According to volume IV of tHéganda census of agriculture
(UBOS, 2010b), the estimates in crop production aambefficient of variation of 20%.
This suggests that the estimates in energy potertiidd be subject to similar levels of
accuracy. The energy potential reported here awssgvalues at 100% efficiency. The
actual implementation potential is determined byesal factors including economic,
social, environmental, and institutional and polingentives. Logistical considerations,
infrastructural and technological constraints ali agavailability of skilled personnel are

other factors that determine the implementableryiate

3.4.1 Recoverability of potential of agricultural residue

Recoverability of agricultural residues is deteraetinby the type of residues; need to
retain some residues to maintain the quality ofcaffural soils amongst other factors.
Generally, crop residues are classified as primamyg secondary residues. Primary
residues are generated during harvesting and pyipracessing of the crops in farms and
crop plantations. The residues are normally seadtaver a large geographical area,
therefore presenting a major logistical challenge their collection for energy
application. Primary residues are usually in a éoé@m and may require bailing or
densifying in order to improve their collection antilisation efficiency. For developing
countries like Uganda, provision of the necessajyimment and skilled personnel for
collection of loose biomass may present a challeAgether important consideration is
that residues perform ecological functions likeviong soil nutrients, control of soil
erosion and some fraction should therefore beitethe fields (Govaerts et al., 2006).
The amount of primary residues that can be recdiyi harnessed is estimated using
recoverable fraction of biomass. The actual valokesecoverable fraction of biomass
residues for different crops have been estimatedreported in literature (Cornelissen et
al., 2012; Haberl et al., 2010) and may vary frahPd to 75 %.

Secondary residues on the other hand are genedat®ag secondary processing of

agricultural produce in large quantities at specifbcations. Common examples in
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Uganda include coffee husks, rice husks and bagaBsese residues have other
applications, for example, coffee husks are fretjyarsed as bedding material in poultry
housing. However, secondary residues are genetalhgidered to be problematic to
agricultural processing industries because of costsrred in their disposal. As a result,
many agricultural processing facilities in Ugandarbthe secondary residues in open air

near the agro-processing facility, therefore présgrserious environmental problems.

3.4.2 Recoverability of animal residues

Results show that annual energy potential of animeture is about 65 PJ wvith cattle
manure having the highest contribution of abouPd5/*. The current government policy
targets cattle manure for biogas production, witlarget of installing 100,000 domestic
biogas digesters based on cattle manure by the2pdar (MEMD, 2007). The findings of
this study seem to support this policy since cattéure has the highest energy potential
amongst the animal manure. However, it should kechthat there are several factors
that influence the actual implementation potendiathe animal residues. First, a large
percentage of cattle in Uganda are reared in distivith highest potential are under
pastoralism system, therefore posing constraingstalwifficulty in collecting the manure.
Normally, domestic biogas technology common in dtgyieg countries is best suited for
zero-grazing systems because it reduces the comst manure collection. Also, the
systems usually require large quantities of watdrich is often a challenge to access in
many cattle producing areas of Uganda. It showdd Bk noted that human manure has a
potential to produce 2.69 PJ.ySome of the energy potential could be harnessed i

public institutions such as schools, hospitals, amgersities.

3.4.3 Recoverability of forest residue

The study showed that the energy potential of foresidues is about 44 PJ3.yForest

residues are generally classified as logging residand processing residues. Logging
residues are generated during logging operationsichw usually take place in

geographically sparse locations making it diffictdt collect the residues for energy
utilisation. There are also technical, ecologicatl &nvironmental considerations that
limit the quantities of forest residues that canpb&ctically recoverable for energy. For
example, it may be difficult to recover stumps andts in many developing countries
due to technological constraints. Environmental scgrations also require that the

stamps and roots are not harvested since theydamoil stabilisation function. The
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amount of logging residues that can be practidadlvested is estimated using logging
residue recoverability fraction. This is the fractiof the generated logging residues that
can be realistically harvested for energy applwatnd is estimated to be about 25% in
developing countries (Yamamoto et al., 1999). Re=sdare also generated during
processing of wood and are estimated using woodepsing residue recoverability
fraction. Available literature indicates that up4t® % of wood processing residues can be
recovered from saw mill in developing countries éoergy application (Yamamoto et al.,
1999).

3.4.4 Economic, social and environmental consideians

Sustainable utilisation of biomass residues forrgya@lepends on a number of factors
including economic, social and environmental comsitions. The cost of the logistical
operations for energy conversion of biomass resichas been identified as one of the
major bottlenecks in their utilisation. This is base of the complex supply chains
usually involved (lakovou et al., 2010). Economagpects greatly depend on the cost
associated with the collection, transportationregie and processing of residues. These
costs are influenced by specific site conditiongilability of biomass and supply chain
design, investment and operational costs (Batidataal., 2006). The logistics for
biomass residue utilisation may be influenced bg thomass distribution density,
operating scale and window, relative distance tgpbu destination, and the
characteristics of the energy conversion technolegyployed. Usually, use of residues
for energy entails gathering of residues from pahgeneration and transportation to
processing facility. This is followed by pre-treant processes such as size reduction,
drying densification and transportation to mark&#her considerations that may influence
the economics of the system include availabilityirdfastructure, geographical location
of the area, regulatory environment and competiwath other fuels. However, despite
these complexities, Skoulou and Zabaniotou (Skoalod Zabaniotou, 2007) noted that
use of biomass residues can be economically vialllen the logistics is carefully
planned in combination with well established endrphnologies, more so in the error of
increasing fossil fuel prices.

The importance of social aspects in developmentbioEnergy systems is another
consideration that is emphasised in the recent pastelopment of suitable systems for

biomass residue utilisation will therefore haverteolve stakeholders such as potential
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investors, end users, regulators and decision rmak#vironmental aspects should also
be taken into account when designing systems flising biomass residues for energy.
One of the main environmental benefits of utilisingmass residues is the reduction in
net CQ emission to the atmosphere, therefore contributmgreduction of global
warming. A detailed discussion social, economic angironmental consideration in

renewable energy sector is given in Akella et(2D09).

3.4 Conclusions

The energy potential of agricultural and forestdess in Uganda has been evaluated and
the spatial distribution presented. The study shibthat the country has a gross energy
potential from biomass residues equivalent to 70fothe gross biomass energy
requirements for the year 2008. However, use ahbgs residues for energy application
is still limited in the country. For successfullisttion of biomass residues in the country,
a number of technical, environmental, social andnemic constraints need to be
overcome. It is therefore recommended that detasieddlies involving sustainability
analysis of biomass residue utilisation for enasygarried out by integrating technical,
economic, environmental and social considerationsai decision framework. In
conclusion, Uganda has enormous potential to genemergy from biomass residues.
When exploited in a sustainable manner, biomasdues could contribute to reduction

in deforestation and environmental degradatioméndountry.

49



PART Il

Development and application of sustainability assemnt

methodology in Uganda
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Chapter 4 — Sustainability assessment framework

Summary

In this chapter, a sustainability assessment frammewor bioenergy systems in
developing countries was proposed. The chapternbegith an introduction to the
concept of sustainability assessment, followed lsyecinct review of relevant literature
on sustainability assessment methods. Methods peabfor assessing sustainability of
bioenergy systems in developing countries was tleand justification of choices given.
This was followed by presentation of the proposestanability assessment framework.
The proposed method incorporates social, econoemegironmental and technological
aspects of bioenergy systems using multi-critegaision analysis. This chapter gives
explanation of steps required to conduct a sudtditypassessment of bioenergy systems

following the proposed methodology.

4.1 Introduction

Sustainability assessment aims at helping polid detision makers to select actions or
policies that enhances the sustainability of thaedp (Pope et al., 2004). It was derived
from the concept of sustainable development, whics defined by the Brundtland
Commission as “development that meets the needbeofpresent generation without
compromising the ability of future generations teeen their own needs” (World
Commission on Environment, 1987). By this defimtidat is very difficult to rationalise

the concept of sustainability in quantifiable terms

To facilitate assessment, the sustainability conhdegs been broken down in to
dimensions. The most commonly used dimensions distagability analysis are the
social, economic and environmental aspects of yséems under analysis. These three
dimensions are also called the triple bottom lilBL). Other scholars however argue
that there are more considerations than the TBL, eéwample Pawtowski, (2008)
proposed a total of seven sustainability dimensidsachieve sustainable development,
decision makers should therefore aim at takinghadl dimensions of sustainability into
consideration while planning development proje€tese results in conflicting objectives
and therefore interests of multi-stakeholder grobgge to be taken into account. This
poses serious decision making challenge espedraljeveloping countries where the

concept of sustainability assessment is relatiaely.
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The cooking energy is one of the sectors with tlghdst sustainability challenges in
developing countries. The aim of this chapter wesdfore to propose a methodology to
facilitate sustainable decision making in the s@d@cof bioenergy systems for cooking in

developing countries.

4.2 Review of sustainability assessment methods

Currently, there are a variety of tools for susthitity assessment. The tools can be
broadly classified as monetary, indicators, biopdalsand integrated (Gasparatos and
Scolobig, 2012; Ness et al., 2007) as summarisdéigare 4.1. Choice of a given tool

depends on the objectives of the assessment.

Sustainability assessment methods

A 4 A 4 A 4 A 4

Monetary tools Indicator tools Biophysical tools Integrated tools
Life cycle Non-integrate: | Life cycle —
] Costinyg P g P assessme > |V|u|tl-Cl'IterIc
assessme
Ly| Integrated ,| Ecologica
- Cost benef footprint Impac
analysi: ~
» assessment
»| Enegy
analysi:

Figure 4.1.Overview of sustainability assessment methodsel@ed based on
Gasparatos and Scolobig, (2012) and Ness et @07§2

4.2.1 Indicator based methods

Indicator-based sustainability assessment toolyappet of criteria and indicators. The
indicators are used as a measure of sustainabifity can be integrated (also called
composite indices) or non-integrated. They arenithtel for assessing the socio-economic
and environmental sustainability at a national egional level (Ness et al., 2007). The
choice of indicators can include the social, ecocoamd environmental dimensions of
sustainability. Indicator-based methods are us&iulassessing complex systems and
results can be used for policy decisions and connrating about sustainability of
projects to the public (Buytaert et al., 2011).
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A number of bioenergy certification schemes use-integrated indicator-based method
for assessing sustainability. Examples includeRband Table on Sustainable Palm Oil,
Renewable Transport Fuels Obligation and the Gldhiaknergy Partnership. Other
examples of indicator based tools are given in kabagne et al., (2005), Scarlat and
Dallemand, (2011) and Singh et al., (2009).

Integrated indices use composite indicators as asure of sustainability at national or
regional levels. Examples of composite indicatordude human development indices
such as the human development index and humantgardex developed by UNDP. In

the field of bioenergy, Mainali et al., (2014) raetg developed an integrated index for
assessing progress toward sustainable developmeameogy at national level. Mata et
al., (2013) also used composite indicators as &ftwoassessing sustainability of fuel

supply chains.

4.2.2 Biophysical methods

There are several biophysical methods, but the m@stimonly used are the life cycle
assessment (LCA), material flow analysis (MFA) ametrgy analysis. The LCA method
is a well-developed method and is widely used taleate environmental impacts of
products or services from a life cycle perspectthaf is, from cradle-to-grave. Currently
there are International Standard Organisation (IS@)dards to guide LCA studies. The
ISO 14040 standard (ISO, 2006a) provides the ppiesiand framework, while ISO
14044 standard (ISO, 2006b) gives requirements gandelines for LCA studies. The
LCA method is perhaps the most popular bioenerggasuability assessment method,
with several applications available in literatuegamples include Jorquera et al., (2010)

and Buonocore et al., (2012).

Ecological footprint (EF) is another biophysicas&inability assessment method that can
be used for analysis at national, regional or ptogeales. Wackernagel and Monfreda,
(2004) defined EF as the amount of bio-capacityireq by a population, organisation or
process to produce its resources and absorb wastg prevailing technologies. The
analysis mainly focuses on estimating direct amliréct land requirements for producing
a given quantity of product or service (Finnveder &oberg, 2005). Examples of
studies that used EF method for assessing susiiéynabenergy systems include Holden
and Hgayer, (2005), Stdglehner, (2003) and Stoegletind Narodoslawsky, (2009).
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Material flow analysis is a biophysical sustaingpiassessment method used to analyse
material flows at national levels (Bringezu et a2Q03). It aims at supporting
dematerialisation and minimising losses of resai(biess et al., 2007). The methods can
be divided into analysis of total material requiee) material intensity per unit service
and substance flow analysis. Emphasis is mainlgegalaon flows of input materials
(Finnveden and Moberg, 2005).

Energy analysis is based on the first law of thetpmamics and aims at analysing energy
flows at the level of an economy. The analysis eatail different measures of energy
such as available energy exergy(Saidur et al., 2012) and embodied solar energy or
emergy(Zhang and Long, 2010). It aims at evaluating anehere there are wastage of
resources and thus helping in the design possifideacy improvement strategies. Liao
et al., (2011) is a example of sustainability assesnt applying both emergy and exergy

analyses on biofuel systems.

The shortcoming of the biophysical methods is thaly do not adequately address the
social and economic dimensions of sustainabilitheil main emphasis is on the
biophysical environment. Therefore, biophysical I$oodo not adequately suit
sustainability assessment of bioenergy system® ghmey do not address the social and

economic aspects.

4.2.3 Monetary methods

There are a wide variety of monetary tools, mostvbich originate from the economic
literature. Here, only the cost benefit analysiBAY and life cycle costing (LCC), which

are commonly applied in analysis of sustainabditpioenergy systems are discussed.

Cost benefit analysis is one of the monetary soghglity assessment tools originating
from welfare economics. The tool is useful for apging projects or policies on the basis
of the comparison of total project costs and apated project benefits (Buytaert et al.,

2011). Anticipated benefits are usually estimatgdhe beneficiaries’ “willing-to-pay”

for the benefits, while costs are assessed thréoggrs’ “willingness-to-accept” them
(Gasparatos et al., 2008). Examples of biomasggretudies using cost benefit analysis
include studies by Wiskerke et al., (2010), Uellndet al., (2008) and Menegaki,
(2008). Difficulty in estimating costs and benefifsthe actions are the main challenges

of the CBA method.
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Life cycle costing (LCC) is an economic approach dstimating the total incremental
cost of a product or service right from inceptibrough to its end of life (Asiedu and Gu,
1998). The traditional LCC is used for ranking piig for investment decision making
(Ness et al., 2007). Currently, there are a lawgaber of variants of LCC, including full
cost accounting, full cost environmental accounting life cycle cost assessment. Gluch
and Baumann, (2004) gives a comprehensive revietheo CC methods. Examples of
studies using the LCC method for analysing bionemesgy systems include Silalertruksa
et al., (2012) and Luo et al., (2009).

4.2.4 Integrated assessment methods

Integrated assessment methods holistically conditerTBL aspect of sustainability.
Several integrated assessment method are avaidataleexamples are given in Ness et al.,
(2007). In this study, environmental impact assesgmand multi-criteria decision

analysis are discussed since they are amongstdkepapular.

Environmental impact assessment (EIA) was develojpeddentify and predict the
impacts of a project on the biophysical and humiash @nvironment (Noble, 2011). It
aims at identifying the negative impacts priorhie tmplementation of a project therefore
allowing for incorporating measures to avoid origate them. The EIA is an integrated
method that incorporates social, economic and enmental dimensions of sustainability
(Ness et al., 2007). One important aspect of Eltha& it allows for public participation
in the process, therefore allowing for democratcision making. However, the EIA
method is limited in its ability to consider altatives, since it is applied to projects that
are already well in advanced stages (Pope etGi4)2

Multi-criteria decision analysis (MCDA) is a branchoperational research models and is
suitable for solving complex decision problems withltiple objectives and criteria. The
MCDA methods are suitable for analysing problemarabterised by conflicting criteria

and incommensurable units.

Multi-criteria decision methods have a number olveadages over other methods
discussed in this section. The methods improveaspaency and accountability in the
decision making process and the decision processbeaaudited at a later stage. By
allowing stakeholders to state their preferencesduhe decision making process, areas

of contention can be identified and addressed,etbex helping in conflict resolution
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(Hajkowicz and Collins, 2007; Mutikanga et al., 2D1lt can incorporate both qualitative
and quantitative data, making it possible to ingasé and integrate interests of different
actors in the decision making process (Mateo, 20IBgse advantages make MCDA
methods well suited for decision making in energgtsr, which requires that the social,
economic, environmental and technical dimensioestaen into consideration (Nzila et
al., 2012; Wang et al., 2009). The MCDA method whserefore chosen for the

development of the decision making framework foseasing the sustainability of

bioenergy systems in developing countries.

4.3 An overview of multi-criteria decision analysis

4.3.1 Overview of the MCDA procedure

The objective of a MCDA study is to identify thesbeompromise action out of a finite
set of alternatives on the basis of a given setvafluation criteria. Mathematically, a

multi-criteria decision problem can be expressedguEquation 4.1 (Brans, 2002) as:
max ,(a), ,(a),- -, f,(a)., f(a)fam A (4.1)

where,A is a set of alternative actions to be ranked on the baslksedaluation criteria:
f1(), (), ..., §i(), ..., f(*). Parameter§(a) is the evaluation or score of alternatiee,

based on criteriofy(*).

The main steps in MCDA include problem identificatiand structuring, development of
evaluation matrix, preference assessment, assignofiemeights to criteria, aggregation
of result to rank alternatives and sensitivity ge@l. The steps are illustrated
diagrammatically in Figure 4.2. The problem struiciy phase involves recognition of a
need and developing objectives for their fulfilmemfen alternative actions are generated
and suitable criteria for their evaluations arenided. Alternatives and criteria are
entered in the two-way evaluation matrix as illattd in Table 4.1. Each alternative is
evaluated on the basis of all the criteria andetreduationsfj(a) are included in the table.
At this stage, the evaluations have different uaitsl may be on ordinal or cardinal
scales. In order to make them commensurable, vaksessment using preference
functions is carried out using appropriate funcéiohhis transforms the evaluations into
perceived value or preference of a decision makea scale, usually ranging from 0 to 1
(or 1 to 100).
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Table 4.1.Two-way multi-criteria evaluation matrix

Criteria
Alternatives
fa(*) fa(*) fi(*) fi(*)
di f]_(a]_) fz(a]_) . f,-(al) . fk(a]_)
a f1(a) fa(ay) . fi(a2) e f(@z)
a; fi(a) fo(a) e fi(a) e fu(a)
an f1(an) f2(an) - fi(an) e f(an)

Meanwhile, the criteria are usually considered &wendifferent influences on the final
decision, therefore they should be assigned weigbtsesponding to their perceived
relative importance. The transformed evaluatiomstaen aggregated to derive the ranks
of the alternative. The last step is sensitivityalgsis, which helps to evaluate the
robustness of the results to changes in weightsitria. An explanation of the MCDA

procedure is given by Geneletti, (2005).

Problem definition

Objective:

| l

Generate alternative$ Select criteria

.

Develop evaluation matrix

Y
Value assessment
(standardisation)

'

Aggregation to ranking |
alternatives N

A 4
Criteria weights

A 4

Sensitivity analysis

v

Recommendations

Figure 4.2.Work flow of the MCDA process, modified from Geeti, (2005)
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4.3.2 Overview of MCDA methods

Over the years, several MCDA have been developleey Tan be broadly classified into
value measurement models, goal aspiration anderefermodels, and outranking models
(Cavallaro, 2010; Lgken, 2007).

Evaluation of a MCDA problem using value measuremerodels, also called the
“American School” results in numerical scores ass@yto each alternative. The scores
determine the preference order of the alternatiaest the alternative highest score is
preferred over others. These models are known tsirbple and user friendly (Lgken,
2007). Examples of MCDA methods based on value ureagent models include the
analytical hierarchy process (AHP), simple multribtute rating technique, utilities
additives, and the MACBETH methods (Cavallaro, 2010

Goal aspiration and reference models, also calleal grogramming models aims at

finding alternatives which most closely fulfil agpdetermined set of goals or aspiration
levels (Laken, 2007; Mendoza and Martins, 2006k odels can be used as a filtering
tool at an early stage of planning when there amaynalternatives. Examples include the
technique for order performance by similarity teatl the method of displaced ideals, and
the step method (Lgken, 2007).

Outranking methods are also called the “French &thavolves pairwise comparison of
alternatives, to check which of them is preferre@rothe other on the basis of each
criterion. Ranking is based on the degree of oltr@nof an alternative over others. An
alternativea is considered to outrankswhen there are adequate arguments thas ‘at
least as good ab” when all criteria are taken into considerationethbds that use
outranking models include ELECTRE, PROMETHEE, ORESEnd REGIME
(Cavallaro, 2010).

4.4 Conceptual framework of the proposed methodolgg

The conceptual framework of the proposed bioensugyainability assessment method is
illustrated in Figure 4.3. The method assumes sligtainability of a given bioenergy
technology is measured by the relative deviatiammfrthat of a reference system. A
positive deviation means the new technology is nsoistainable and therefore desirable.
Negative deviations implies that the technology leikd to a decline in sustainability and

therefore not desirable. The method was developedntorporating the capacity of
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different sustainability assessment methods inteeasion framework. It incorporates
biophysical and monetary methods of sustainabdggessment, as well as social and
technological aspects. The framework also allowsprticipation of stakeholders both

from the inception and the decision making phase.
Phase 1: Preliminary assessment and problem stingtu

This phase consists of situation analysis, resowssessment and structuring the
sustainability assessment problem. During situatioalysis, information on bioenergy
technologies used in the target area should beysewl This could be through a
combination of literature review and field visitStakeholders in the bioenergy sector
should be identified at this stage. Stakeholdersulsh be carefully classified into

categories to ensure that important groups areonotted from representation in the
decision making process. Legislative requirements@olicy frameworks should also be
reviewed at this stage. Information on the potémticboiomass resources for energy use
should be sourced. This will help in later stagdsemv formulating bioenergy supply

chains to be included in the sustainability analysSituation analysis and resource
assessment for Uganda was conducted in this studlyesults given in Chapters 1 and 2,

respectively.

Next, the structure of the decision problem is ttgwed. This involves formulation of
objectives of the study and development of altéveatto include in the assessment.
Alternatives are formulated by taking into consadem possible technologies identified
during the preliminary assessment stage. At tlagestas many alternatives as possible
should be formulated, and a detailed descriptioaawh alternative developed. The most
commonly used technology for cooking should beudel in the analysis as a reference
system. Where possible, samples should be colldotedemonstration to stakeholders.
Alternatively visual aids such as photographs, @idiéps could be used to demonstrate

the proposed systems to stakeholders.
Phase 2. Pre-screening

The objective of this phase is to identify and @hated trivial alternatives so that only
few more promising alternatives are included inrtiwre detailed phases of sustainability
assessment. A participatory methodology for preesting using strengths, weaknesses,
opportunities and threats (SWOT) analysis, AHP atekirability functions was
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developed. The SWOT analysis was selected becditseease of use. The AHP method
is also easy to use in a participatory setting@ardconvert results of SWOT analysis into
quantifiable parameters. Detailed explanation enpttoposed method, with an example is
given in Chapter 5 and in Okello et al., (2014).

Situationanalysis anc
objective formulation

l » Phase 1

Formulation of
alternatives <

-

J

A 4

Pre-screenin 4
SWOT, AHP and Phase 2
desirability functions

l J

> Criteria identificatiol and

weighting Phase 3
Social Economic Environmenta Technica
criteria criteriaLCC criteriaLCA criteria Phase 4
Formulation of decisio )
matrix
v > Phase 5
Multi-criteria analysis
PROMETHEE-GAIA
J
3\
Result:
L Z?:Lmnglr?ég acceptable to
Stakeholder
> Phase 6
Sustainable choice
J

Figure 4.3.Proposed sustainability assessment frameworkié@niergy cooking systems
in developing countries
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Phase 3. Selection and weighting of criteria

This stage aims at identifying suitable set ofecré for sustainability assessment and
assigning weight to each of them basing on thdatixe importance. The proposed
criteria selection method is a collaborative pracbstween the decision analyst and a
panel of multi-stakeholders of the bioenergy sectbhe same composition of
stakeholders developed in Phase 2 of the framewotkd be suitable. The analyst
develops a comprehensive list of criteria basedawailable literature as well as
consultation with stakeholders. This list then gthgsugh a screening process based on a
number of conditions. Weight can then be assigneghth of the selected criterion, using
the AHP methodology. Detailed explanation on hous thhase can be executed is

explained in Chapter 6 of this thesis.
Phase 4: Evaluation of alternatives

During this phase, each alternative is evaluatetherbasis of each criterion and assigned
corresponding scori(a) in multi-criteria evaluation matrix (Table 4.Ihe evaluations
could be in both ordinal and cardinal scales. Déifie methods of evaluation can be used,
for example biophysical tools such as LCA coulduked to evaluate the environmental
criteria. Monetary tools such as LCC could alsoubed to evaluate economic aspects.
There can be cases where it is not possible totidyaail the criteria; in such cases,
expert judgement on ordinal scales, say from 1 &3 Bxplained in Section 8.3.5 of this
thesis could be employed. For this study, LCA wasduto evaluate the environmental
criteria of four energy systems. Detailed explamabf this method is given in Chapter 7

and additional information is provided in SectioB.8
Phase 5: Aggregation and ranking of alternatives

This phase results in the actual analysis of tHative sustainability ranking of the
alternative bioenergy systems under study. As rirggapoint, a multi-criteria evaluation
matrix illustrated in Table 4.1 is developed, usinfprmation generated in Phases 3 and
4 above. Different MCDA models can then be usectday out the ranking of the
technologies. The outranking method, PreferencekiRgrand Organisation Method for
Enhanced Evaluation (PROMETHEE) and Graphical Asialyfor Interactive Aid
(GAIA) methods were proposed. This is because tlethods have a number of
advantages over other MCDA methods. First, it hasimaple analytical structure
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compared to other MCDA methods. The methods alse ladility to identify cases of
indifferences and incomparability in the ranking afernatives. The GAIA tool has
ability to retain a lot of information about thelagonships between criteria and
alternatives, which would otherwise be lost in othBICDA methods. The
PROMETHEE-GAIA methods therefore enhance ratiorédion of the alternatives
after the ranking phase. During this phase, scenzain be developed and evaluated.
Sensitivity of the results to changes in the weightthe alternatives and preference
functions can also be carried in order to gain mioaght into the ranking of the
technologies. A detailed example of the steps vealin Phase 4 is given in Chapter 8 of

this thesis.
Phase 6: Decision making

In many developing countries, the users of biognérghnologies are also responsible for
provision the energy. This therefore means thakesmwlders should take the final
responsibility of decision making with the aid betanalyst. Where there is no consensus
on the most suitable alternative at the end of @Hasa review of the process could be

carried out from the criteria identification Phaseillustrated in Figure 4.3.

4.5 Conclusions

In this chapter, an integrated framework for asagssustainability of bioenergy cooking
systems used in developing countries was propddss framework is quite generic and
could be applied in a variety of settings. It ispbd that implementation of this
framework in the selection of cooking energy systemould greatly enhance sustainable

development of developing countries.
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Chapter 5 — Participatory appraisal of bioenergshm®logies in
Uganda

Parts of this chapter was publisheEmergiesas;

Okello, C., Pindozzi, S., Faugno, S., Boccia, 0142 Appraising Bioenergy Alternatives
in Uganda Using Strengths, Weaknesses, Opportsndre Threats (SWOT)-
Analytical Hierarchy Process (AHP) and a DesiraépilFunctions Approach.
Energies. 7, 1171-1192.
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Chapter 5 — Participatory appraisal of bioenergy tehnologies

Summary

Low levels of access to clean and reliable eneeghrologies is a major challenge to
most developing countries. The decision to intr@donew technologies is often faced by
low adoption rates or even public opposition. Aldata required for effective decision
making is inadequate or even lacking, thus constrgithe planning process. In this
study, a methodology for participatory appraisatemfhnologies, integrating desirability
functions to the SWOT-AHP methodology was developépplication of the
methodology was illustrated with an example fotipgratory appraisal of four bioenergy
technologies in Uganda. Results showed that théadetogy is effective in evaluating
stakeholder preferences for bioenergy technolodfiefhiowed a high potential to be used
to identify and rate factors that stakeholders take consideration when selecting
bioenergy systems. The method could be used asladotechnology screening, or

reaching consensus in a participatory setup iarsparent manner.

5.1. Introduction

Ensuring sustainable supply of energy is one ofnlagor challenges of the 2entury.
The need for a renewable energy supply is incrghsibecoming more urgent as
conventional sources are blamed for the increakmgls of atmospheric greenhouse
gases, global warming, and climate change. Moreaeserves of fossil fuels are finite,
and threatened by depletion (Shafiee and TopaRQ)2®Jso, fossil fuels reserves are not
uniformly distributed over the world, therefore gmmmising the energy security of
countries without the resource. However, developooyntries have more diverse
concerns including lack of access to adequate @aargy, extensive deforestation due to
fuelwood harvesting and expansion of agricultuaald. The end results are impacts such
as soil erosion, loss of biodiversity and reducedilability and access to fuelwood
resources by the population. With reduced acceéggitn fuelwood, household fall down
the energy ladder; thus, resorting to low qualibergy sources such as agricultural
residues and dried cattle manure, which have ae\verpacts on the health of users due

to increased indoor air pollution (Holdren et 2D00).

Nevertheless, biomass combustion in inefficientcks/remains the dominant household
energy in most SSA countries. In Uganda, for exampler 90% of energy needs is

provided by biomass, mainly in form of firewood,acboal and agricultural residues
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(Okello et al., 2013b). Despite the high potentibrenewable energy resources in the
country, it is estimated that only 5% of the popiola has access to electricity (Kaijuka,

2007). Currently, the country is experiencing higicrease in demand for biomass
energy, estimated at 3% and 6% for firewood andod@ per annum, respectively

(Kanabahita, 2001). The increasing demand couplédaxpansion of agricultural land is

leading to deforestation and consequently fuelwdeficit in many parts of the country

(Drigo, 2005). To ensure sustainability of energyppdy, the country developed the

Renewable Energy Policy (MEMD, 2007) with the airhimcreasing use of modern

energy technologies, that are cleaner and moraisable than existing practices. Under
the policy, the use of improved stoves with higk#iciency is being promoted. The

policy also aims at increasing the use of domdstigas systems for household cooking
and lighting. Consequently, several agencies ae pmmoting improved bioenergy

technologies in the country. Examples of techn@sgpromoted include improved

biomass stoves, domestic biogas systems, biomagseties, and plant oil based systems.
However the level of adoption of improved bioenetgghnologies in Uganda remains
low, with over 70% of the population using ineféat combustion devices (Okello et al.,
2013b).

Generally, efforts to introduce improved renewaldeergy technologies in many
communities are faced by multiple challenges iniclgdow adoption rates (Mobarak et
al., 2012). In some cases, there are direct pugmosition; a phenomenon commonly
referred to as not in my backyard (NIMBY) effectil§®ro et al., 2011). This is probably
due to public concerns such as competition witldfpooduction, change in land use and
aesthetics. In some cases, renewable energy tegiesl are less economically
competitive than fossil fuels or even against calttnorms and believe of the target
population. For the case of Uganda, specific readon slow rates of adoption of

improved bioenergy technologies are not clearlykmo

Involving stakeholders is critical in understandiveyriers to dissemination of bioenergy
technologies and is recognised as key to successflementation of the projects.
Suitable tools are required to ensure successfobultation of stakeholders in the
bioenergy decision making process. So far, seveods are available for the purpose, but
one of the most popular is the analysis of strengdaknesses, opportunities and threats
(SWOT). The method has been widely used for padtory decision making; for

example, Liu et al., (2011) used it to evaluate gheial, economic and environmental
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impacts of bioenergy production on marginal landsoA Lee et al., (2009) employed
SWOT analysis to analyse and develop strategiethéodevelopment of Korean energy
sector. A similar study using SWOT analysis wasdomted in China for planning the
strategic development of the Shale gas industrgdXmg et al., 2013). However, the main
weakness of the SWOT analysis is that the resutsnat quantified and therefore

difficult to attach levels of importance to indivial SWOT factors identified.

Consequently, Kurtilla et al., (2000) developed athod that incorporates results of
SWOT analysis in the analytical hierarchy proceasiK). The method, commonly
abbreviated as SWOT-AHP or AWOT has been widelgdus forest policy decision
analyses, examples include studies by Stainbaei.,e2012), Masozera et al., (2006),
and Dwivedi and Alavalapati, (2009). Other exampéshe application of the method
include studies in the field of safety and enviremin(Eslamipoor and Sepehriar, 2013),
agriculture (Shrestha et al., 2004), and wateresomanagement (Gallego-Ayala and
Juizo, 2011). Ramirez et al., (Ramirez et al., 20&hducted one of the first studies
applying SWOT-AHP method to bioenergy technologiedeveloping countries to assess
stakeholders’ perception about non-traditional cetiéwes in Honduras. However, all
these studies are limited to the quantificationS®VOT factors for a single scheme of
intervention. Use of SWOT-AHP method as a tooldomparative analysis of strategic
alternatives is generally limited in literature; example was proposed by Pesonen et al.,
(2001).

Against this background, the objectives of the gtwdre, to: 1) improve the capability of
the SWOT-AHP methodology as a tool for participgtappraisal of alternative

bioenergy technologies, and 2) illustrate the uséhe proposed methodology with an
application example. The present study gives ailddtaescription of the SWOT-AHP

methodology and its proposed extension with desitylfunctions (Derringer G, 1980).

An application example for participatory appraisaf four different bioenergy

technologies in Uganda is also given.

5.2. Methodology

The proposed methodology incorporates desiralfilibction (Karande et al., 2012) into
the SWOT-AHP method, followed by synthesis of resulsing weighted summation
method (Sudhakaran et al., 2013). In the SWOT aimlyhase, strengths, weaknesses,
opportunities and threats of the technology ardyaed (Koo and Koo, 2007). The AHP
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methodology, developed by Saaty in the 1970s, ban be used to convert SWOT
factors into quantifiable indicators, (Kurttila@&t, 2000). Desirability functions (Karande
et al., 2012) are then used to transform the weigiitthe SWOT group factors into
measures of suitability of each technology. Inldst step, ranks of technologies can then
be subjected to sensitivity analysis (Genelett)3)(s0 as to evaluate their robustness to
changes in weights of criteria. The flow chart obgmsed method illustrated in Figure

5.1, and detailed explanation is given in the fwlltg sections.

Identify goal of the study and
generate alternatives

SWOT-AHP SWOT-AHP SWOT-AHP
Alt1 Alt 2 AltN
v
----------- > Develop a decision matrix

|

.‘ Standardisation of matrix elements using

desirability functions and assignment of
weights to alternatives

\ 4
Aggregation and ranking of alternatives

A 4

------------------------------- »  Sensitivity analysis

A 4

Results and analysis

Figure 5.1. Flow chart of the proposed methodology. Note: ddiees show feedback
between the stagedlt 1, Alt 2, ..., Alt Nrepresents the technologies under appraisal.

5.2.1 Incorporating SWOT in hierarchical decision nodel

The first step is to perform SWOT analysis of ak @alternative bioenergy systems and
incorporate the results in the hierarchical deaisimodel (HDM) (van Blommestein and
Daim, 2013), illustrated by Figure 5.2. At the topthe hierarchy is the decision goal.
The criteria used in the decision model are the SVg@ups (Wang et al., 2009) of the
respective energy systems. The more explicit SWa&gTofs are used as the sub-criteria in
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the model. At the bottom of the hierarchy are thermaative bioenergy technologies to be

prioritised.
Goal to appraise and rank the
energy alternatives
\
Strength Weakness Opportunities Threats SWOT groups
y \

Sl W1 01 Tl
Sz W2 02 T2

: SWOT factors
Sn Wn On Tn

AltN

} Alternatives

Figure 5.2.Hierarchical decision model; S, ..., §; W1, Wy, ..., Wy; O, Oy, ..., O
and T, T, ..., Tn represents strengths, weaknesses, oppiegiand threats of each
technology Altl, Alt2, ..., AltN, respectively.

5.2.2 Quantifying SWOT factors using AHP
In the second step, the SWOT factors (or sub-@ijtemd SWOT groups (or criteria) are

prioritised using pairwise comparison method (Waetgal., 2009). First, pairwise
comparison of SWOT factors is done, followed byt tfaSWOT groups using a suitable
scale, usually ranging from one to nine (Scott let 2012). Results of the pairwise
comparison exercises are transformed into posipagwise comparison matrices,

illustrated by Equation 5.1;

1 01/02 Cl/cn

e T (5.1)

Cn/Cl Cn/CZ 1

where,c; are the relative importance of SWOT factors or SW§doups obtained from
pairwise comparison. Values gfequal to one denotes equal importance betweenea giv

pair of factors or groups while nine indicates tbaé factor is absolutely more important

68



than the other (Chang and Huang, 2006). Then, xnAtis normalised by dividing each

element of a columns by the sum of the column eteésp¢o generate Equation 5.2;

X1 X o X,
g X 52
an Xn2 Xnn

where,B is the normalised pairwise comparison matrix. Wegghted matrixW, is then

generated from the mean of each row of mdrias illustrated by Equation 5.3.

ixl Wll
ij
T W,
W= = (5.3)
n :
Wln

where, w; are the overall weights or scores of SWOT groupdaotors of a given
alternative. The result is then checked throughsistency test by evaluating the value of

consistency ratio, calculated using Equation 5.4.

CR=CI/RI (5.4)

where, CR is consistency ratioCl is consistency index given by Equation 53, is

random index given in Table 5.1 (Scott et al., 2012

Cl =m0 (5.5)

where,Cl, is the consistency indeXmax is the largest Eigenvalue of matdx n is the
number of SWOT groups or factors. It is a geneudd that if the consistency ratio is
greater than 0.1, then the results of the pairetsaparison is inconsistent, and therefore
cannot be accepted (Benitez et al., 2011). Actilssribed in Sections 5.2.1 and 5.2.2 is

repeated for each of the alternative under coneiiber.
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Table 5.1.Values of random indeX®() (van Blommestein and Daim, 2013)

Matrix dimension (n) Random indexRI (n)
0.58
0.90
1.12
1.24
1.32
141
1.45

© 0O NO 01 bW

5.2.3 Ranking of technologies

Ranking of the technologies is achieved by miningsihe weaknesses and threats, and
maximising strengths and opportunities. To achiéwe, a decision matrix (Karande et
al., 2012) is developed from the weights of SWO®ugs, as illustrated in Table 5.2.
Elements of the decision matrix are then transformé a measure of suitability ranging
from zero to one using desirability functions (Kada et al., 2012). A desirability value
of one implies that the SWOT group factor is optinwehile a value of zero means the
attribute is totally undesirable. Transformatiorbeheficial criteria, in this case strengths
and opportunities, is done using Equation 5.6, evtidr non-beneficial criteria i.e.,

weaknesses and threats are using Equation 5.7.

0 if Wy < W
o
W, =W,
_ j min j ;
di R | if Wminj S\Nij SWma\xj (56)
Wmaxj Wminj
1 if vy =W,
1 if Wy < Wi
o
W, =W,
_ j max ;
d = PV — if Wi j S Wy S Wy (5.7)
Wminj Wmaxj
0 ifw, =w

In Equations 5.6 and 5.@; are the individual desirability of SWOT group weig of a
given alternative; Wminj andwmay are the maximum and minimum values of a given set

of SWOT groups weights, respectively; derived udnogn Equation 5.3 and summarised
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in Table 5.2, angy; are SWOT group weights betweeRi, andwma. The parametef is
a constant that determines the shape of the dégyrdbnction. When the value of is
equal to 1, the function varies linearly betweeand 1, in the case whedes greater than
1, the shape is concave, while values t&fss tharl results in a convex function.

Table 5.2.MCA decision matrix diagram

Alternative technologies

Criteria
A Ao . A
C, Wi Wi Win
CZ WZl s e Wn
Cn Wh1 Wh2 e Win

C; are criteria, in this case SWOT groups
A are technologies to be ranked
w; are weights assigned to each SWOT group (seeoc8exi2)

The overall desirability of a given alternative déwen be calculated using the weighted

summation method (Sudhakaran et al., 2013) acaptdiikquation 5.8.

D :Zafdi ; (5.8)

where,D; is desirability of a given alternative bioenergghnology,o; are the weights
assigned to SWOT groupsThe technologies can then be ranked basing ondherall
desirability, and those with higher desirabilityues are the preferred options.

5.2.4 Sensitivity analysis

The last step is to carry out sensitivity analysigletermine the stability of the ranks of
alternative bioenergy systems subject to changeseights of SWOT group factors.
During this process, point data is modified to obsetheir effects on the ranks of

technologies, therefore enabling generation of ages (Geneletti, 2010).

5.3. Application of the methodology

5.3.1 Description of the study area

The study was carried out in Gulu municipality, dted about 330 km by road, to the
north of Ugandan capital, Kampala (Figure 5.3). Tingnicipality is the second largest
urban settlement in Uganda with an estimated pdipulaof 150,000 inhabitants

(Mukwaya et al., 2011). Majority of households rely charcoal and firewood as the
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main sources of domestic energy. However, the bssmasources in the area is being
extracted faster than the rate of replenishmemdHicet al., 2013). A study Drigo (Drigo,

2005), indicated that the municipality is in nefficie of fuel wood resources. Recent
efforts by the government and development partieer$o increased use of energy saving
stoves. Bioenergy technologies such as biomassditing, biogas and gasification are

still new to the area and not widely.
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Figure 5.3.Map of Uganda showing the location of study ameajrcle (Based on UN
map, Source: UN Cartographic section (2014))

5.4 Technologies considered in the study

Literature survey and field visits were carried dot identify possible bioenergy
technologies that could be developed for use instbhdy area. Emphasis was placed on
identifying technologies, which have been succdlysémployed in the country but not
widely adopted. Where possible, samples of the nidogies were acquired for
demonstration during stakeholder workshop, otherwhotographs were taken. The
following is a brief description of technologiesatiwere identified and considered for this
study. More detailed explanation of these techniekgs available in Okello et al.,
(Okello et al., 2013b).
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5.4.1 Biogas system

Biogas technology was introduced in Uganda in tBB0%, and is one of the priority
bioenergy technologies for cooking being promotedthe country (Sengendo et al.,
2010). As per the renewable energy policy, Ugaraiadet a target of installing 100,000
domestic biogas digester by the year 2017 (MEMD720Estimates by MEMD (2007)

indicates that the Uganda has a potential of 2%0,00its of domestic digesters.
Currently, the several governments and developnmtners are promoting the

technology in developing countries, for example 3N/ programme (Ghimire, 2013).

The model of the domestic biogas system is basexkmngrazing cattle, which supplies
manure used as substrate for biogas productionesiigs may be of fixed-dome,
floating-dome or tubular designs (Nzila et al., 200kello et al., 2013b). The fixed dome
design is more popular in the country and was camed for this study. It is built of
masonry and concrete and vary in volume from>8tanl6 ni (Walekhwa et al., 2009).
Digestion chamber is airtight, therefore enablingexobic decomposition of the manure

to produce biogas.

The system modelled in this study involves gradsvation to ensure reliable supply of
feeds to cattle, which are kept under a zero-ggegystem. An acre of pasture is provided
for each cattle; normally a household requires twdhree heads of cattle to generate
sufficient manure for biogas production. The bigediter is constructed, underground and
substrate is mixed with water and fed in the digiesh daily basis. Simple burners are
provided for combustion of the biogas, which isweyed through pipes from the digester
to the house.

Cooking with biogas provides advantages includimproved efficiency and reduced
indoor air pollution compared to traditional meteodBiogas production can also be
integrated with food production and cattle prodwets improve food security and income
of households. Slurry is known to be a very goaghaic fertilizer. However, the level of
adoption is still low therefore requiring more urstanding for the criteria of their

sustainability.

5.4.2 Briquetting system

Biomass briquetting is the conversion of loose l@eshnmaterial into a high density

product by subjecting the material under presswith, or without a binder (Mwampamba
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et al., 2013). The briquetting process involvesemat collection, drying, commutation
and densification, using various types of pres&msmison et al., 2005). The resulting
product is called briquette and is easier to haadi@ has better combustion properties
than the original biomass material. Agriculturabldorest residues could be used as raw
material for briquetting (Okello et al., 2013a; Ramet al., 2013). Being an agro-based
economy, Uganda produces large quantities of dgri@h and forest residues. Recent
estimates by Okello et al., (2013a), indicates thatgross energy potential of agricultural
residues in Uganda amounts to about 260 PJ per Ysaally, the residues are burnt in
the crop plantation during land preparation forngleg, thus posing undesirable

environmental problems.

The modelled briquetting system involves collect@inmaize residues, densifying it to
briquettes, and using the briquettes in top-litraftd( TLUD) gasifier stoves for cooking.
Gasifier stoves were considered for the study bexéiey are known to be more efficient
than traditional stoves (Raman et al., 2013). Tupply chained studied is based on maize
residues, which is collected, sun dried, and comatedtusing a hammer mill to suitable
size for briquetting. Briquetting is then carriedtousing piston press, powered by

electrical energy.

Briquettes are known to have better handling, g@mrdransportation and combustion
properties than the original raw material (Samsoal.e2005). The combustion appliance
is a natural convection gasifier stove, and wascsetl because it is known to have higher
efficiency and reduced particulate matter emissib®0% compared to the three stone

traditional stove (MacCarty et al., 2010).

5.4.3 Charcoal systems

Charcoal is the most widely used energy sourcerbgrupopulation in Uganda and many
other countries in sub-Saharan Africa. Charcoatlpction in Uganda is majorly informal
(Sankhayan and Hofstad, 2000), based on harveatidgcarbonising wood lots from
natural forests. Trees are harvested using singals,tsuch as axe and chain saws and
tacked and covered with soil to form the traditioearth-mound kilns (Knépfle, 2004).
Wood used for the production is from natural foresainly found on privately owned
land. The efficiency of the carbonisation proceskess than 15%, and combustion takes
place in charcoal stoves with efficiencies of abb0% (Knodpfle, 2004; Okello et al.,

2013b). Charcoal production is a major employer iartdlamed for the high deforestation
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rates in Uganda. Due to diminishing forest reservesulting from extensive

deforestation, price of charcoal is currently irsiag rapidly.

Charcoal production takes place in the forest closghere the trees have been harvested.
Processed charcoal is then transported to urbamesemainly using bicycles for short
distances or trucks for long distance delivery.réhe a wide range of stoves designs that
can be used for cooking with the charcoal, somevioich are traditional and others
improved with higher efficiencies. Charcoal fuelpigpular in urban areas of developing
countries because of reduced emissions and higieegy density compared to firewood.
Charcoal value chain is known to be a major emplageUganda (Sankhayan and
Hofstad, 2000). However, presently, there are amsceabout its impacts on the

environments due to deforestation and loss of berdity.

5.4.4 Jatropha system

Under this system, a plantation of Jatropha (Jatxaurcas) is established by households.
Jatropha fruits are harvested and manually de-dthudled sun-dried. Oil extraction is
carried out using expellers, such as the “Sundhaita&xpellers, which are designed for a
variety of oil seeds for use under rural conditig@simsby et al., 2012). Impurities in oil
are allowed to settle before being decanted usiagitgtional method through a piece of
cotton cloth. The oil is poisonous and thus nobkedbut can be filtered and used in crude
form as cooking fuel in plant oil stove such as Bretos (Gaul, 2013; Kratzeisen and
Muller, 2009). The stoves have better thermal efficy and lower specific fuel

consumption compared to the traditional stoves (olet al., 2013).

Jatropha is popular as a bioenergy crop becaugs ability to reduce soil erosion and
grow on marginal land with limited input of watendafertilizers. Jatropha plant has
medicinal properties and is also known to be sietétr intercropping in agro-forestry
system (Achten et al., 2008). The crude oil cao &ks used in Lister Petter® engines to
produce mechanical power. This model is used inesquarts of Africa to power
multifunctional platform to provide mechanical amdkectrical power in rural areas
(Nygaard, 2010). Alternatively the oil can be usedsoap making soap, or upgraded to
biodiesel through esterification and transesteariifan, therefore diversifying rural
economy (Eckart and Henshaw, 2012). However, tlaes@anced uses were excluded
from the current scope of the study.

75



5.5 Data collection and analysis

5.5.1 Selection and composition of stakeholder pane

Data used in this study was collected during a a@enemulti-stakeholder workshop held
at Gulu University in February 2013. The workshogsvattended by 28 participants from
various interest groups. Participants were purposelkected (Stidham and Simon-Brown,
2011) to represent a broad spectrum of stakeholdkrhe bioenergy sector in the
municipality. To ensure representativeness of theous interest groups, stakeholders
were categorised into government, non-governmemggnisation (NGOs), academic and
research institutions, and private individuals &udinesses using biomass for cooking.
At least two participants from each stakeholdewgrparticipated in the workshop. The
NGOs that participated are involved in promotingpioved biomass stoves and biogas
technologies in Gulu district. The researchers plaaticipated in the workshop were from

different departments of Gulu University, also l@chin the municipality.

5.5.2 Implementation of the workshop

The workshop was organised in three main sessizusng the first session, participants
were introduced to the topic of bioenergy techn@sgand the need for improved
bioenergy technologies was explained. Differeneba&rgy technologies currently being
promoted in country were explained to participamsiuding challenges facing their
dissemination and use. This was followed by a thtaxplanation of the four bioenergy
technologies to be ranked in this study. The pro@ess made as participatory as possible
so that participants could freely share their kremlge and experiences with the
technologies. During the third session, participanere divided into four groups, and
each tasked with development of SWOT factors fax ohthe technologies. Results of
SWOT analysis developed by individual groups wemesented to the general
stakeholder’s forum and discussed and a finabiSWOT factors agreed upon. Finally,
the SWOT factors were typed in a specially desigsectadsheet format for pairwise
comparison. These were printed and given to eachcipant to carry out pairwise

comparison.

5.5.3 Analysis of results

Results of SWOT analysis were processed followireyAHP procedure as described in
Section 5.2. A spreadsheet programme was develiopkticrosoft Exce? and used for
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pairwise comparison of the factors. The spreadsiastalso used to test for consistency
of the pairwise comparison. Results were aggregaiethg geometric mean as
recommended by Forman and Peniwati (1998). Ran&ingchnologies and sensitivity
analysis were carried out using the MCA softwardedaDEFINITE (2013). It was
assumed that the SWOT factors had equal weigh®s26f The sensitivity analysis phase
was used to evaluate the effect of varying the tsign the ranks of the technologies. A
numerical example of calculation steps used fokiranthe technologies is given in
Appendix A.

5.6. Results and discussions

5.6.1 Results of SWOT-AHP phase

Results of the SWOT-AHP phase is illustrated inuFég5.4, and details of individual
scores of the SWOT groups and factors are givekppendix A, Table A3. The graphs
show that biogas systems had opportunities rankghdest at 0.390, mainly due to
increasing demand for the systems and its abdifyrovide decentralised energy services
to individual households (Figure 5.4 (a)). Inadeyuaf skilled personnel, lack of
awareness about the technology and high investewsis were identified as the most
detrimental factors to the adaption of biogas tettyy. Results of the briquette systems
are given in Figure 5.4 (b), with its strengthsrsgphighest at 0.397. The most important
strengths of briquettes identified were reductinrdeforestation, cleanness and ease of
handling. However, high investment costs and ldcékdled personnel were identified as
most unfavourable factors to the technology. Farobal systems, threats scored highest
at 0.485 as shown in Figure 5.4 (c). This is maattyibuted to deforestation and land use
change caused by charcoal production from natoralsts. Meanwhile, opportunities of
Jatropha system was greater than that of other S\Wf@p factors with a score of 0.481
(Figure 5.4 (d)), mainly due to job creation, ogdpaities for research and development
of products to diversity rural economy and the faable climate and soils. The
poisonous nature of Jatropha and competition witlerofuels were the most detrimental
factors identified.
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Figure 5.4.Stakeholder rating of SWOT factors and groupsbi@jas, (b) briquettes, (c)
charcoal, and (d) jatropha. (Only data that fudfiliconsistency threshold were included in
the results)

Results of the SWOT-AHP phase presented here ddrates the ability of the

methodology to identify issues that stakeholdersiswer as critical for selecting

bioenergy technologies. Some of the issues idedtifby the stakeholders are in
agreement with available literature, for exampleydvhpamba et al., (2013) observed
that briquetting has environmental benefits suchreathiced deforestation, and offers
opportunity for carbon credit. Threats of deforgsta due to charcoal production
(Chidumayo and Gumbo, 2013), and the environmeautal health benefits of biogas
(Bond and Templeton, 2011) are well documentedenature. High investment cost was
identified as major challenges to the adoptioniofas (Bond and Templeton, 2011) and
briquetting (Mwampamba et al., 2013) technologiesdéeveloping countries. Usually,

success of biogas and briquette programmes in al@wgl countries are attributed to
substantial support from government and aid agen@idumayo and Gumbo, 2013).

On the other hand, the ability of Jatropha to gmwmarginal land is seen as one of its
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main advantages and stakeholders rated this highie views expressed by the
stakeholders were therefore in agreement withrpartiissues concerning the bioenergy

technologies studied.

5.6.2 Ranks of technologies

The ranks of the four bioenergy technologies stlidiee given in Figure 5.5. Jatropha
was ranked as the best technology with an ovemdirdbility value of 0.78, while
charcoal ranked lowest a desirability of 0.13. @merical example illustrating how

scores of energy systems presented in Figure 5& eatculated is given in Appendix A.
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Biogas Briquettes  Charcoal Jatropha

Overall score of technologies

Alternative bioenergy technologies

Figure 5.5.Scores of bioenergy technologies studied - higbheres are preferable

Available literature indicates that Jatropha oidisuitable fuel for small scale projects in
sub-Saharan Africa, when used in multifunctionakfoirms (Eckart and Henshaw, 2012).
It can be processed into biodiesel or used for nwpksoap, therefore supporting
diversification of rural enterprises (Dyer et &012). However, there are debates about
jatropha production; for example, it is reportechtve a negative impact on carbon stock
(Vang Rasmussen et al., 2012). Other challengésdadow yield, limited know-how for
feedstock conversion, high investment costs andeigaate private capacity to support
the development of the sector (Ewing and Msandg)920

5.6.3 Sensitivity analysis

The effect of varying factor weights on the rankioigthe technologies was analysed
through sensitivity analysis, and the results amws in Figure 5.6. Biogas and briquettes
were found to be highly sensitive to variation e tvalues of the weakness factors, with
their scores dropping near to zero with high valokeseaknesses. Charcoal is however

more robust to variation of weakness values. Sgitgianalysis also indicates that rank
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reversal occurs between Jatropha and biogas systathsbiogas ranking highest when
values of strengths were increased beyond 0.6.efdre; both biogas and briquettes
technologies would be acceptable by the commurepedding on management policies

and incentives.
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5.6.4. Discussions on the methodology

In this study, we developed a method that incotesralesirability functions into the
SWOT-AHP methodology for participatory appraisal afernative bioenergy systems.
The AHP methodology used is a very powerful muitiecia analysis (MCA) tool with
capabilities of allowing commensurability of bothagtitative and qualitative variables.
Use of pairwise comparison in AHP enhances theumaiof the decision maker in the
analysis of the alternatives therefore resultingriare rational decision. The method
offers more flexibility over traditional approachssch as contingent evaluation, which
requires that all variables are measured in ddkams. The multi-criteria technique
employed has capability of ranking multidimensiQranflicting and uncertain systems.
Furthermore, participation of stakeholders in AHERJgs is based on opinion leadership
and representative democracy, therefore allowimgshoaller number of samples than in
statistical approaches (Masozera et al., 2006). mieé&od is useful in environments
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where data for decision making is not readily ala#. It could help in identification of

hidden interests, cultural constraints and otherat@alues of the target community.

However, the methodology is based on some assunspéiod has limitations that should
be taken into consideration. First, during the SWAD@&lysis, there is likelihood that some
factors proposed by participants may not be tecliyicsuitable for consideration.

Therefore, the researcher has to ensure the apgtenpess of the factors by ensuring
legibility and avoiding redundancy (Munda, 2004gc8ndly, the assumption of AHP

methodology that the hierarchical factors are iedelent of each other may not
necessarily be true, especially when complex systara taken into consideration. This
weakness could probably be reduced by integratesyrability functions in the SWOT-

ANP (analytical hierarchy process) as suggeste@diyon et al. (2013). Also, the SWOT
methodology does not take uncertainties relatddttoe development into consideration.
As proposed by Kurttila et al., (2000) scenario eitdg using dynamic SWOT analysis

could be a possible solution to this limitation. &sule, the number of SWOT factors for
pairwise comparisons should be limited to 10; otle® human cognition may not be
capable of objectively carrying out pairwise congam. In cases where this rule cannot

be obeyed, grouping the factors under differerggates is proposed as a remedy.

Much as the SWOT-AHP method is a very useful tdoheavily relies on qualitative
judgement of the SWOT factors. It does not incosp®measurable economic, social and
environmental variables of sustainability. It ietbfore recommended that it should be
used to supplement other more rigorous methods ascfinancial cash flow or cost-
benefit analysis (CBA) (O’Mahoney et al., 2013je4cycle analysis (LCA) (Fazio and
Monti, 2011) and life cycle costing (LCC) (Silakerksa et al., 2012) Usually, these
methods require considerable amount of data and tonmplement. So, the proposed
method may help in pre-screening of technologiaswhll most likely be accepted by the
target community prior to more rigorous methodshsas LCA, CBA and LCC. This is
particularly important in developing countries wheequired data and logistics for their
collection are often lacking. Pre-screening of tesbgies is advantageous since it helps
to eliminate trivial options therefore enabling editing resources to a few promising
alternatives. The method could also be used totifgestakeholders concerns about
bioenergy technologies; thus, developing appropristrategies for addressing them.
Alternatively, the method could be used as a toolréaching consensus in cases where

there are conflicting interests among stakeholdeenerally, it could be used as a tool for
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soliciting stakeholder opinion during multi-critaridecision analysis of technologies,
which considers social, economic and environmeagpects simultaneously (Nzila et al.,
2012).

The application example presented is the first®kind and could benefit from further
trials. More rigorous data collection methods cduddtaken into consideration to evaluate
the repeatability of the results. One could atsmys if there would be differences in the
ranking of the technologies amongst different stakder groups. Furthermore, the
possibility of incorporating other participatorychsiques such as Delphi techniques
could be taken into consideration to improve therall rigour of the participatory

process.

5.7. Conclusions

In this study, we proposed a methodology for pgrditory appraisal of technologies, and
applied it in a case study to rank four bioenerggtems in Uganda. The methodology is
intended to identify bioenergy technologies withigher chance of public acceptance at
the early stages of project development. The dasky smplemented showed that the tool
is quite effective for identifying stakeholder pregnce of bioenergy technologies
including the underlying reasons for their choiceélse results of the study suggest that
Jatropha could be accepted as a fuel for housekakfgy in Uganda. Further,
stakeholders regard charcoal as not sustainablelyrtz@cause of the threats it poses to
the environment. Results suggest that suitableipslaimed at increasing affordability of
bioenergy technologies could help increase theiopadn rates in Uganda. Also,
improving the critical mass of skilled personnellcbplay an important role to ensure

increased dissemination of improved bioenergy teldgies.
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Chapter 6 - Sustainability criteria for bioenergystems:
perspectives of Ugandan stakeholders

Parts of this chapter was submittedEteergy for Sustainable Developmast

Okello, C., Pindozzi, S., Faugno, S., Boccia, Lst8inability criteria for bioenergy
systems: perspectives of Ugandan stakeholders. gigndor Sustainable
Development (Submitted in November 2013).
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Chapter 6 — Sustainability criteria for bioenergy ystems: perspectives
of Ugandan stakeholders

Summary

The need reduce greenhouse gas emissions, findcegpént to fossil fuel resources,
ensure energy autonomy and security has increaderest in biomass as a source of
energy. Efforts are being made to ensure sustdityalof bioenergy systems. This
requires context specific criteria for assessingl anonitoring progress towards
sustainability. This study was therefore carrieddganda with the objective to develop a
shortlist of criteria for assessing sustainabibtfybioenergy systems used for domestic
cooking and rank them according to their importarigtable indicators were identified
and selected from available literature and rankgdabpanel of multi-stakeholders.
Pairwise comparison embedded in the analyticalahtbry process methodology was
adopted for the purpose of ranking the criteria.tdtal, 21 criteria were selected on
principles of relevance, practicality, independeaae simplicity. Results show that the
four most important criteria were of economic cleéeg with investment and operational
cost taking the first two positions, respectivéliext in importance were social criteria,
which took the sixth to the tenth positions. Onheaenvironmental criterion was among
the top ten, that is, effects on human health, Wwkook the fifth position. Further, results
showed that environmental and technological cetevere ranked third and fourth in
importance, respectively. This study suggests thiéital attention should be given to
social and economic aspects of the sustainabilityoider to achieve sustainable

development of bioenergy for cooking in Uganda.

6.1 Introduction

Sustainability assessment requires that suitalttlerier and indicators are selected for use
as measures of sustainability. Criteria and indicatre useful tools for benchmarking,
communication and decision making (Heijungs et 2010). Criteria are also used in
assessment of certification schemes such as cleaglappment mechanism and other
biofuel sustainability standards. Progress towasthieving set of sustainability
objectives are measured using indicators. Indisatogasure the state of the environment,
society and economy of a state or region, and eamtegrated in some manner to an
index, (Evans et al., 2009; Grimsby et al., 20I3)ey help to highlight concerns of
experts and stakeholders in the bioenergy sectraam also useful for communicating
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the sustainability of the project or progress tagasustainable development (Kurka and
Blackwood, 2013).

Consequently, there are currently several prograsnnmitiated by national and
international organisations that are developingicped and standards for sustainable
biofuels and bioenergy along with associated smahality criteria. For example, the
European Commission developed the environmentadriifor biofuels and bio-liquids
aimed at reducing greenhouse gas emission, congebidiversity and ensuring good
environmental management practices in the RenewBhlkergy Directive (European
Commission, 2009). Many individual EU member stades also developing national
biofuel sustainability standards and criteria imeliwith the renewable energy directive,
examples include the “Cramer Criteria” for susthihty of biomass and bioenergy
developed in Netherlands (Cramer et al., 2006) eftlare Renewable Transport Fuel
Obligation in the UK, and Renewable Fuel Standardshe USA. Other initiatives
include the Global Bioenergy Partnership, Roundtalbinh Sustainable Palm Oil
production, Roundtable for Sustainable Soy Produactand the Better Sugarcane
Initiative (Scarlat and Dallemand, 2011; Van Dand danginger, 2011; van Dam et al.,
2010). Development of sustainability criteria hdsoaattracted interest of researchers,
with particular emphasis to stakeholder opiniorameples include Buchholz et al.,
(2009), Kurka and Blackwood (2013), and van Dam &nthinger (2011).

As noted by van Dam et al., (2010), majority of fmgrammes on development of
sustainability criteria of biofuels and bioenergg generally concentrated in Europe and
north America. Developing countries are generallyging in criteria development, most
especially those in the sub-Saharan Africa (SSAjs Ts notwithstanding the growing

interest and investment in bioenergy projects i égion (Buchholz and Volk, 2012;

Florin et al., 2013). Only few countries in the S®Ave identified and incorporated

sustainability criteria in their energy policiegnse of which include Mozambique and

South Africa (van Dam et al., 2010).

This study was therefore carried in Uganda with dbgctive to develop a shortlist of
criteria for assessing sustainability of bioenesggtems used for cooking and rank them
according to their importance. The ranking of critewas carried out by a multi-
stakeholder panel under four dimensions of sudtditig social, economic,

environmental and technical.
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6.1.1 An overview of the energy sector in Uganda drthe study area

Uganda has one of the lowest access to electrinitAfrica with only 5% of the
households connected to the national (Kaijuka, RO0Fe country has in recent past
implemented reforms aimed at accelerating the deweént of the electricity sector. The
reforms include the enactment of the Uganda E@ttrAct in 1999, which provided for
liberalisation of the sector, hence encouraging pEtition in electricity production,
transmission and distribution. Also, Electricity gréatory Authority was created to
regulate the sector. However, even with these megpit is estimated that over 90% of the
energy needs of Uganda is supplied by biomass {Belshholz and Volk, 2012; Okello
et al., 2013b). About 72% of Ugandan households tisee-stone open fire and
traditional biomass stoves for cooking. The stoars with efficiencies in the range of
only 10% (Kees and Feldmann, 2011; Okello et @13b), and are associated with

indoor air pollutants, with adverse impacts ontikalth of users.

Consequently, under the renewable energy policy Uganda (MEMD, 2007), the
country aims to increase the use of modern renenairgy from 4% in 2007 to 61% in
2017. Actions to achieve the goal include modengisbioenergy use by promoting
production of commercial woodlots and energy crdjee policy set several targets to be
achieved by 2017 including installing 100,000 undb domestic biogas systems,
increasing use of energy efficient charcoal stdvesy 20,000 to 2.5 million units, and
wood stoves from 170,000 to 4 million units. Othengets include blending diesel fuel
and gasoline with 20% biodiesel. Currently the goweent as well as non-governmental
organisations are running several programmes aahedhieving these targets (Ghimire,
2013; Kees and Feldmann, 2011; Okello et al., 2DIRte policy emphasises sustainable
development of biomass energy systems, but cuyrérgle is no national guidelines and
methodology for assessing sustainable biomass ptioduand use.

This study was therefore carried out in Ugandartwvigde a benchmark for bioenergy
sustainability assessment in the country. The ptestedy was specifically carried out in
the municipality of Gulu, in northern Uganda. Themgipality, which is about 330 km

north of Ugandan capital Kampala has a populatioabout 150,000 people, and is the
second largest urban settlement in the country (dyla et al., 2011). It was chosen for

the study because according recent to studies g 2005), the municipality is in net
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deficit of fuel wood resources. Therefore, thereegd to develop sustainable bioenergy

systems for cooking in the municipality.

6.1.2 Technologies for which criteria were evaluate

The criteria were selected to suit sustainabilggessment of domestic biogas system,
Jatropha plant oil, and gasification of densifiedidues. The charcoal systems were also
considered as a baseline scenario. Apart of chiaredaich is widely used in the
municipality, the other three technologies aretnatly new in Uganda, and not widely
disseminated. A detailed description of each teldgyosupply chain is given in Section
5.4 of this thesis.

6.2 Methodology

6.2.1 Overview

An overview of the steps followed for the selectaord ranking the criteria for assessing
sustainability of the bioenergy technologies igstrated in Figure 6.1. First, a literature
review was carried out to develop a preliminary discriteria, which was then subjected
to a filtering process. Filtering was based on domas that suitable criteria exhibit

relevance, practicality, independency and simpliag defined in Table 6.1. Criteria that
fulfilled all the four conditions concurrently weselected for further analysis and ranking
by a multi-stakeholder panel according to their am@nce. Ranking for importance was
conducted using pairwise comparison process oaittadytical hierarchy process (AHP)

methodology.

6.2.2 Identification of preliminary list of criteri a

The preliminary list of criteria was developed tigh a review of relevant literature.
Literature consulted include studies by Beccaliakt (2003), Buytaert et al., (2011),
Kurka and Blackwood, (2013), van Blommestein anthD#2013), Wang et al., (2009),
Perimenis et al., (2011), Nzila et a(2012), and Phalan, (2009). The criteria were
classified under social, economic, environmentald atechnical dimensions of

sustainability.
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Figure 6.1.Chart showing workflow and roles experts and dtalders

6.2.3 Filtering of criteria

According to the Bellagio Principles, (Hardi andazid 1997) criteria should be limited in
number. Consequently, to select the most relevatdria from the preliminary list, a
process of filtering was carried out. This was dasae a set of conditions (Kurka and
Blackwood, 2013; Neves and Leal, 2010; Van de Kamk Manuel, 2008; Zhen and
Routray, 2003) listed in Table 6.1. Criteria thatgtaneously fulfilled all the conditions

qualified for the next stage of analysis.

Table 6.1.Conditions for selecting sustainability criteridbioenergy systems

Selection criteria Brief description

Relevance The criteria for sustainable bioenergyulshbe relevant to the alternatives
under consideration.

Practicality Data should be easily to obtain or saga in a resource effective manner.

Independency Criteria should be independent endhgh|s, they should not duplicate each
other.

Simplicity Criterion can be easily understood hysghkeholders.

6.2.4 Structuring the multi-stakeholders panel

In the selection of the multi-stakeholders paneg adopted a broad definition of
stakeholders by Gold (2011) as any identifiablaviddial or organisation that can affect
the objectives or who may be affected by achieveésnehobjectives of an entity. In this

perspective, stakeholders were broadly classifeethi@rnal or external to the bioenergy
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supply chain. Internal stakeholders are individu@lorganisations directly involved in
the production and use of bioenergy, while exteramd those who may have any
influence on supply the chain. A summary of thdedént categories of stakeholders
groups identified is given in Table 6.2. To ensamnprehensiveness in selecting the
multi-stakeholders panel to participate in the giuithe maximum variation sampling
(Stidham and Simon-Brown, 2011) was adopted. Thas i ensuring that each of the
stakeholder group given in Table 6.2 was represente the panel. In total, 28
stakeholders from the different categories parditgd in the study.

Table 6.2.Classification of stakeholders in Ugandan bioeypeegtor

Stakeholder Role in bioenergy sector

Governmental organisations Renewable energy pdiselopment, approval of bioenergy
projects, ensuring environmental and social suakdlity of projects,
provision of suitable investment climate, provisafrincentives

Nongovernmental organisations Funding, research and development, social watchdqgetects local
and civil society organisations  communities and rights of marginalised, involvesalocommunities,
research and development, outreach

Academic and research Research and development, outreach and technolsggmdination
institutions

Private sector businesses and  Production and market for feedstock, users of ldoggntechnologies.
associations Coordination of land holders and the private biogpeector,
dissemination of ideas

Local community Participation in plantation estabtnent and management, cultivation
of feedstock, provision of land, production and kearfor feedstock,
users of bioenergy technologies.

6.2.5 Ranking of criteria

The pairwise comparison method embedded in theyteell hierarchy process (AHP)
methodology was employed to rank the sustainabditieria. The AHP (Saaty, 1980)
methodology was developed by Saaty in the 1970$hasdeen widely used as a decision
making tool for various applications (Tsita andakédchi, 2013; Uyan, 2013). The
methodology is executed in four steps: first, tkierall objective of the study is specified.
Next, the problem is structured into a decisiorrdrighy consisting of the goal, criteria,
sub-criteria and alternatives. In the third stepgives are assigned to the criteria through
pairwise comparison. This process starts with maitat the lower level of the hierarchy,
and progresses to those at the higher levels regptee preceding steps. Lastly synthesis
of the weights is carried out in order to rank Hieernatives as described by Kablan
(2004) and Saaty (2008). More details on the AHEhowplogy is given in Section 5.2.
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The decision matrix for the problem was developed given in Figure 6.2. Ranking of
criteria was conducted by a panel of multi-stakdbd during a consultative workshop
held at Gulu University in February 2013. The mabjective of the workshop was to
solicit the opinion of stakeholders on the impocgrof sustainability criteria for the

bioenergy systems used for cooking in Uganda.

The workshop was structured into three sessiorst;general background information on
sustainability of energy systems was introducegaxicipants. This was followed by an
elucidation session where the list of selectecegatwere introduced and explained to
participants by experts on social, economic, emvirental and technical issues. At this
stage, further filtering of the criteria was penfmd to come up with the final list. Finally,

stakeholders were provided with forms for pairwegemparison of individual criteria

along with a summary of their definition. Stakeleskl weighted the importance of the
criteria using pairwise comparison, by indicatingieth of a given pair of criteria was

more important than the other and my how much.tRempurpose of this study, the AHP
method was performed up to third step, since thal @b the study was to assign
importance to the criteria. Data of the pairwisenparison was analysed and individual
scores were aggregated using geometric mean (FaandhiPeniwati, 1998) to determine
the aggregated score of the multi-stakeholder pafle¢ alternatives given in the

hierarchical structure in Figure 6.2, were includedthe hierarchy to ensure that the

criteria were relevant to all of them (Kurka ancé&twood, 2013).

Sustainability measure

Social Economic Environmental Technical
Scy, SC,, ... SC, Ec,, Ec,, ..., Ec, Eny, En,, ..., En, Tcy, Tcy, ..., Tc,
Charcoal Biogas system Residue gasificaton Jatropha system

Figure 6.2.Decision matrix for ranking importance of sustailigbcriteria. Sg, EG, En
andTg are social, economic, environmental technicaéoat respectively. Subscript
1, 2, ..., nare criteria number
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6.3 Results

6.3.1 Preliminary list of criteria

The preliminary list of criteria identified fromtdrature review is given in Table 6.3,
totalling 65 in number. The criteria were classlifiender social, economic, environmental
and technical dimensions of sustainability. Théntécal dimension of sustainability had
the highest number of criteria, totalling 20, feWled by economic at 16 and
environmental and social dimensions at 15 anddghectively. Table 6.3 also shows the
suitability of criteria based on their relevancegqticality, independence and simplicity.
From the literature review, it was observed thaheariteria were classified under more
than one dimension of sustainability. For examplegrgy autonomy has featured as a

social as well as an economic criteria, it was méed as social criteria in this study.

Table 6.3.List of Criteria identified from literature withesults of selection criteria

Dimension Criteria Relevance Practicality Independency Simplicity

Social Social acceptability
Job creation
Legislative requirements
Social inclusion
Market maturity
Energy autonomy
Protection of property rights (land tenure cortflic
Protection of human safety and health
Labour conditions and labour income
Capacity building of local human resource
Fair trade conditions
Food security in context of bioenergy development
Accessibility, affordability and disparity
Social well-being

Economic Investment cost
Operation and maintenance cost
Viability - Net present value (NPV)
Payback period
Equivalent annual cost
Labour cost
Energy price to end user
Macroeconomic sustainability
Risk minimisation
Strength and diversification of local economy
No blocking of other desirable developments
Institutional capacity
Service life
Institutional well-being
Utility incentives/rebate
Savings per month

2 X X X X X 2222 2 2 2 222 222xxXx2222 2]

X
X

Environmental Reduction of climate change effects
Particles emission
Land use change
Loss of biodiversity
Noise pollution
Primary energy demand
Soil degradation
Resource depletion
GHG emissions
Water depletion and pollution
Impact on human health
Air quality due to non GHG emissions
Ecological justice

X

2222 2 22 2 2 2 2 22 2 2222222 222222222 222 X 222 2 2 2|
X X 2.2 X X 2 x X 22 222 2 22 2 22 2 2 XX X2 222 X X2 XX X222 X222 2)
X €. 2. 2 2 2 2 2 2 2 2 2]22 X2 X222 X222 2222222 X222222222 2]

X 2.2 2 2 2 2 x 222 2]X X
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Table 6.3 Continued ...

Dimension Criteria Relevance Practicality Independency Simplicity
Technical Functionality

Reliability

Usability

Technical efficiency

Maintainability

Exergy efficiency

Portability

Installed capacity

Energy breeding ratio

Energy payback

Conversion ratio

Complexity

Development status

Technical maturity

Continuity and predictability

Health and safety of energy system
Energy balance

Safety

Effectiveness

Upgradability

Waste generation and management
Natural resource efficiency

2L X 2 X 22 2 X222 222222222 22|
X X X X X X X X X X X X2 X 22 X222 2 2|

B N N N N N N O N S
2L 2 222 2 22 2 22 X X X222 X222 2 2|

6.3.2 Summary and description of selected criteria

The final list of criteria for sustainability of éhbioenergy systems is summarised in Table
6.4 along with a brief description of each. Sixenia were selected for the technical and
environmental dimensions of sustainability, whitecial and economic dimensions had

five and four criteria, respectively.

6.3.3 Ranks of sustainability dimensions

The social, economic, environmental and technigaledsions of sustainability were
ranked by stakeholders using pairwise comparisaording to the AHP methodology,
and the result is given in Figure 6.3. The figuhews that the economic dimension of
sustainability was ranked as most important wiit@re of 0.352. Since the total score of
all the four dimensions add to one, the value 0&G2be interpreted as economic criteria
influence 35.2% of the sustainability consideragiah bioenergy systems for cooking in
the study area. More detailed presentation of thsults of the importance of
sustainability dimensions are given in second colwiTable 6.5. It can be observed that
the social dimension of sustainability was secamdaink with an influence of 25.4%,
while technical dimension had the lowest influerudel7.7%. Stakeholders therefore
consider economic and social considerations as mygxirtant sustainability dimensions
in their decision to select bioenergy systems tmkng.
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Table 6.4.List of bioenergy sustainability criteria for Ugdmand their description

Sustainability criteria Description of criteria
dimension
Social Acceptability Harmony with cultural or tréidnal values and beliefs that may hinder the
dissemination of the technology
Job creation Increase in direct or indirect empilegit due to the introduction of the
technology
Legislative requirements Compatibility with thelipoal, legislative and administrative requirement
Social well-being Impact on income, and food sigurenergy autonomy or any general
welfare of the society
Social inclusion Possibility of use by a broad ctpen of the society irrespective of their
social status such as gender, education levebititgaetc.
Economic Investment cost The cost of introducing tiew technology, including all cost required to

Environmental

Technical

Operation and maintenance cost

Financial viability

Service life

implement the project

Sum of all fixed wmariable costs required for operating the biogper
equipment

Possibility of being profitablas measured by net present value and payback
period

Period of time in years when the eyt is still economically useful

Reduction of climate change effect€ontribution of the technology towards reductiorclinate change, through

Loss of biodiversity

Soil degradation
Impact on water resource
Land use change

Impacts on human health
Functionality

Reliability
Usability
Energy efficiency

Maintainability

Portability

reduction of greenhouse gas emissions

Loss of plant or animal spscias a result of operation of the bioenergy
system

Loss in quality or quantity ofl slue to erosion or pollution
Reduced availabilityuality of water resources

Conversion of existing use lasourees to other activities undesirable
activities of bioenergy production

Injury or negative impact health of users
The capability of bioenergystems to provide functions, which meet stated
and implied.
The capability of bioenergy systemanaintain its level of performance for a
specified period of time
The capability of bioenergy systems te bnderstood learned, used and
attractive to the user.

The capability of bioenergy gyss to provide reasonable output, relative to
the amount of resources input

The capability of the systems te Iodified. Modifications may include
corrections, improvements or adaptations of theréogy systems to changes
in the environment and in the requirements andtfonal specifications

Easy flexibility to current conditionsasy to install, replicate and replace.

0.400
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Figure 6.3.Ranks of sustainability dimension
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6.3.4 Local importance of sustainability criteria

The importance of the social, economic, environ@erand technical criteria of
sustainability is given in Figure 6.4. Actual vatuef the local importance of each
criterion are given in the fourth column of Tabl&.6Figure 6.4 (a) indicates that social
well-being was most significant social criterion thvilocal importance of 0.225.
Meanwhile, Figure 6.4 (b) shows that capital andrapng costs are the most important
economic criteria for sustainability of bioenergy tooking in this study. Capital cost
was scored at 0.314, implying 31.4% of economicsm@rations for sustainability of the
bioenergy systems is contributed by this criteridhis is followed by operation and
maintenance cost with a contribution of 27.1%, whilability was the least important.
For the case of environmental criteria, impact aman health had the highest
importance with a local importance of 26.7%. Algs@an be observed from Figure 6.4(d)
that efficiency was ranked as most significant agsbrithe technical criteria with a local

importance of 21.3%.

Table 6.5.Results of importance ranking of criteria and digien energy sustainability

Sustainability a L Local Global
dimension gl IIES Chicik importance®  importance ©
p p
Social 0.254 Acceptability 0.206 0.052
Job creation 0.192 0.049
Legislations 0.183 0.047
Social well-being 0.225 0.057
Social inclusion 0.194 0.049
Economic 0.352 Capital cost 0.314 0.110
Operating cost 0.271 0.095
Service life 0.232 0.082
Viability 0.183 0.064
Environmental 0.218 Climate change 0.188 0.041
Loss of biodiversity 0.121 0.026
Soil degradation 0.115 0.025
Water degradation 0.166 0.036
Land use change 0.143 0.031
Human health effects 0.263 0.057
Technical 0.177 Functionality 0.158 0.028
Reliability 0.192 0.034
Usability 0.182 0.032
Energy efficiency 0.213 0.038
Maintainability 0.171 0.030
Portability 0.084 0.015

2Scores derived from pairwise comparison of soei@nomic environmental and technical criteria;
PScores derived from pairwise comparison of criterider each dimension of sustainability,
¢ The product of elements of second and fourth coluwith respect to each sustainability dimension
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Figure 6.4.Ranks of criteria under each sustainability dinmems(a) social criteria, (b)
economic criteria, (c) environmental criteria, gdyitechnical criteria.

6.3.5 Global importance of criteria

The global importance of the 21 criteria of biogyesustainability was calculated, and
results of this analysis are shown in the last moluof Table 6.5. To facilitate

interpretation, the relative importance was plotted a graph in descending order as
shown in Figure 6.5. The figure shows that econasriteria were generally ranked to be
more important in comparison to the other dimersioinsustainability. Actually, the first

four most important criteria were of economic disien, with the capital and operating
costs being the ranked as most important, with ajladrores of 0.110 and 0.095,
respectively. This implies that capital and op@&tcost influences almost 20% of the

overall sustainability considerations of bioenesggtems for cooking in the study area.

Figure 6.5 further shows that social criteria wemaked second in importance to the
economic criteria, taking the seventh to the tguakitions. Apart from impact on human
health, which took the sixth position, all the otlevironmental criteria were ranked
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from the eleventh position and above. Also, noneth& technical criteria featured
amongst the top eleven criteria in the ranking. st important technological criterion,
that is efficiency, took the twelfth position inethranking. Stakeholders ranked the

portability of a technology as the least overaljiobal importance.
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Figure 6.5.Global priority ranks of all sustainability critarunder.

6.4 Discussions

This study aimed at identifying and ranking criefor sustainability for bioenergy
systems cooking in Uganda. A total of 21 criteriargvselected and opinion of a multi-
stakeholder panel was solicited to determine tHative importance of criteria for
assessing sustainability of four different bioeyesystems for cooking. In the study,
criteria were categorised under economic, socialirenmental and technological
dimensions of sustainability. The results showed #ustainability of the energy systems
is depend on fulfilment of all the 21 sustainabpittiteria identified. Generally, economic
and social criteria were given the highest imparéam the ranking. This study is one of
the first efforts aimed at identifying criteria feustainable bioenergy systems for cooking
in Uganda and provides useful information for fetunulti-criteria analysis (MCA)

studies in the study area.

6.4.1 Economic criteria

The findings of this study indicate that economimehsion of bioenergy sustainability
was given more weight than the social, environmeatal technical. This finding is
contradicts that by Buchholz et al., (2009), whported that bioenergy experts from
across the world raked environmental criteria asstmmportant followed by social
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criteria, while economic criteria generally rankeder on the list (Buchholz et al., 2009;
Markevkius et al., 2010). This disparity is probably expéal by the fact that of the 66
experts in the study by Buchholz et al., (2009), of6them were from Europe and
America, where there is more knowledge and awaseaé®ut environmental issues.
Better understanding and awareness of the experterwvironmental concerns of

bioenergy systems probably explains the high saperted by Buccholz et al., (2009).

Generally however, developing countries are coimgdh by financial resources for
investment in more sustainable bioenergy techne&gand this probably justifies the
high importance allocated to the economic critefiae finding of this study is also in
agreement with available literature, that have uestdly reported that economic
constraints as a major barrier to disseminationingproved bioenergy systems in
developing countries. Actually, it is reported th@atmost cases, adoption of improved
bioenergy technologies in many developing counthase been because of subsidies
from the government and other development agen@esd and Templeton, 2011;
Chidumayo and Gumbo, 2012; Mwampamba et al., 20L& suggests that strategies
aimed at providing subsidies, such as tax exemgtiand grants for the development of
bioenergy supply chains, would facilitate sustaileatevelopment of bioenergy systems
as recommended by Mangoyana (2009). However, ituldhdve noted that most
governments of developing countries are also regooonstrained and access to credit
facilities from financial institutions is usuallyinlited. Therefore, more innovative
approaches aimed at reducing investment and operatists of the technologies could
probably be worthwhile. This could be achieved tgto research and development of

innovative energy systems for cooking.

6.4.2 Social criteria

Results of this study indicate that stakeholdemsrest social dimension of bioenergy
sustainability second in importance to the econariiteria. Social well-being was given

the highest importance under this category. Gelyeiatroduction of bioenergy systems,

especially large scale projects, are known to Hmth positive and negative impacts on
the well-being of a society (Dale et al., 2013)siBee impacts may include increase in
household health due to reduced indoor pollutioevan new employment in the supply
chain of the technology. However, certain negadispects of the technology could result

in negative impacts on the society, for exampleoghiction of energy crops on a large
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scale may result in competition with food productitherefore negatively affecting the
welfare and sustainability of the society. Conceahsut food security is particularly
important in developing countries where food prduaurcis still inadequate, and has been
widely reported in literature (Dale et al., 20131akxn, 2009). These issues probably
explain the high level of importance given to sbcieell-being as criteria for

sustainability.

Next in importance was social acceptance of biggnéechnology. Acceptance of a
technology may be influenced by a number of factowduding awareness of the
technology, relative advantages, complexity, ad aglperception (Mallett, 2007). As
noted by Wustenhagen et al., (2007), social acneptgan be conceptualised at three
broad levels. First is socio-political level wheeehnology acceptance should be aligned
to existing policies, public and stakeholder insése Next are the market and community
acceptance which involve the actual adoption ofitim@vation. The last two categories
are particularly critical in developing countriekel Uganda, where it is usually the
producer who is the final consumer of the bioengogyducts and services. The high
importance given to social acceptance suggestedabé for transparency in the planning
the bioenergy projects. This should aim at buildingsts in the community about the
information and overall intention of the project lgyving opportunity to relevant

stakeholders to participate throughout the decisiaking process.

6.4.3 Environmental criteria

Environmental dimension of bioenergy sustainabiks rated third in importance in this
study. Generally, bioenergy systems are creditectHeir ability to be carbon neutral
when produced in a sustainable manner. Neverthetbgse several environmental
problems that can arise from bioenergy projectduding emissions of greenhouse gases,
direct impact on human health, land use change,dbbiodiversity and negative impacts
on soil and water resources. Air pollution and #icid@tion and other environmental
challenges are also related to use of bioenergpa@icular concern in this study was the
impact on human health that was rated by stakel®ldes the most important
environmental criteria. Current bioenergy systesedun many developing countries are
characterised by low efficiencies and excessivesgioms of poisonous gases. The
emissions of non greenhouse gasses such NOx, C@.a8® particulates results in

decline in air quality and are a major cause ofoordair pollution resulting in acute

98



respiratory tract infection of users. Other he&@tues are related to workers safety in the

supply chain of the bioenergy system.

Next in importance to human health was the clincii@nge criterion, which comes as a
results global warming caused by increased leviegaenhouse gases such as,QCH,

and SO in the atmosphere. In most cases, productionaeniergy results in a negative
greenhouse balance. However, in certain cases, asiethen carbon-rich vegetation is
replaced by energy crops can result in a positikeerghouse balance. Also, use of
nitrogen-based fertilizers to improve yields of &yecrops could result in emissions of
N>O, which has 100 year global warming potential ® ZRobertson and Grace, 2004).
With this background, production of bioenergy crops degraded land is could be
advantageous as a means of reducing GHG emissindsnay result in negative GHG
balance. The choice of the energy crop is also rapt for exampldatropha curcad..

iIs known to grow well with minimum inputs of feraers and could therefore benefit

from reduced BO emissions.

Impact on water resources was identified as thed tmost important environmental
criteria of bioenergy sustainability. Bioenergy iagps on water resources may be in the
form of reduced availability or quality of wateraf@ should therefore be taken especially
when introducing crops such as of Eucalyptus, whiehknown to result in reduction in
groundwater yields (Hanegraaf et al., 1998; Romnsbal., 2006). This is particularly
important since most of the population in the stadga depend on natural springs as
source of domestic water. Water quality may alsdide due to application of fertilizers
to energy crops resulting in increased phosphandsnérogen concentration thus leading
to eutrophication. Other concerns may include sediation due to increased runoff

caused by land-use change to energy crops.

6.4.4 Technical criteria

Findings of this study indicate that the techna#eria were ranked lowest in importance
amongst the four dimensions of sustainability. Tisisrather a surprise taking into
consideration that many developing countries laekjuired skilled personnel to
implement new bioenergy technologies. The efficyen the bioenergy system was
given the highest score as a criterion for sushalitya of the bioenergy technologies
under study. Generally, improvement of energy gfficy is expected to result in

reduction in energy consumption and related bemefihe environment such as reduced
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deforestation. Consequently, many developing casjtrincluding Uganda are now
promoting use of improved stoves with higher efficies than the traditional types.
However, it has been observed that sometimes thasefits are not necessarily obtained
since increased savings may result in an overatease in consumption, a phenomenon
popularly known as rebound-effect. For examplenZdgabdin (1997), found that up to
41.7% of the designed fuel efficiency gains maydsé from improved stoves programme
in Sudan. More detailed discussions on rebouncieffied generally on Jevons Paradox
can be found in Sorrell (2009). Therefore, it iportant that the changes in bioenergy
demand resulting from improved efficiency is cally assessed. Such information is
generally lacking in many energy programmes in Saharan Africa, and could be of

interest in future studies.

6.4.5 Considerations for future work

Future work could involve developing and quantifyisuitable indicators for all the

criteria identified in this study. The environmdnémd economic indicators could be
developed through the life cycle approaches suchfeasycle costing and life cycle

assessment in order to generate measurable indicktowever, it should be noted the
analyses will most likely be faced with the chafjerof lack of suitable data concerning
bioenergy systems in the study area, as is theiocasany developing countries. Further
work could also involve developing appropriate noefh for aggregation to derive
sustainability indices that can be used to compemdormance of alternative energy

systems.

6.5 Conclusions

In present study, 21 criteria for assessing the¢asability of bioenergy systems for
cooking were identified and ranked according tarthmportance by a multi-stakeholder
panel in Uganda. The findings showed that econ@mitsocial dimensions are the major
drivers of sustainability of bioenergy systems I tstudy area. The investment and
operating costs were found to be the most importaiieria for sustainability of
bioenergy systems. The results of this study pewian important input to multi-criteria
analysis (MCA) study for selecting bioenergy systeafternatives in order to achieve
sustainability goals. As noted by Hajkowicz and dilig (2008), problem structuring
identification of decision options, criteria andteria weights and is one of the most

important step in MCA. Stakeholders panel are paldrly important in the selection and
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assigning weights to criteria to be included in #tedy according to their perceived
values, as demonstrated in this study. This stuugrefore makes an important
contribution towards understanding of criteria adedmergy for cooking in Uganda. In
conclusion, for sustainable development of bioeypdog domestic cooking in Uganda,
critical attention should be given to social an@remmic aspects of the sustainability.
However, considerations should also include enwremtal and technical aspects of

bioenergy systems.
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Chapter 7 — Assessing the environmental impacts dfgandan bioenergy
systems

Summary

Use of bioenergy could result in a variety of eamimental impacts. The level of impacts
could be an important parameter for decision matdren selecting energy systems or
for policy making. In this chapter, the life cycdssessment methodology was used to
evaluate the comparative environmental impacts iofds, briquettes, charcoal and
Jatropha energy systems under Ugandan conditiowsslfound that the domestic biogas
system was the most promising technology with ldvee®rall environmental impacts.
However, results were greatly influenced by theiahof values allocation and system
boundary. Recycling of by-products of biogas anttofdna systems as fertilizer was
observed to significantly improve their environnmargerformances. Future studies could
consider evaluating the sustainability of thesehnetogies by exploring their social,
economic, environmental and technological aspeatsulg&neously in a decision

framework.

7.1 Introduction

Developing countries heavily rely on solid fuels émoking and heating. Most common
solid fuels include firewood, charcoal, coal andi@agdtural residues. When used in the
indoor environment, they lead to pollution, whisha major health risk factor to women
and children who are often the most exposed. Chaincoparticular is more popular
among urban users in developing countries becduseligher energy density and lower
emissions than firewood. However, its productio@nsportation and use results in
environmental pressures ranging from deforestatass, of biodiversity and emissions of
greenhouse gases (GHG) and air pollutants. Thisdcasult in adverse impacts on
human health, land use and depletion of naturaburegs. Consequently, other
technologies are currently being explored to supplg or substitute extensive charcoal
use in developing countries. Amongst these teclymedoare the domestic biogas energy
system, briquetting of biomass residues and ugéaot oil.

Domestic biogas systems have of recent past attactot of interest from policy makers
in Uganda and other developing countries. Curreritigre is deliberate effort by the
government and development partners to promote téobnology in Uganda. The

technology provides opportunities for integratioithwcrop production since slurry is a
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very good organic fertilizer. This is of great adiage, due to savings of energy,
resources and emission along the supply chain okl fertilizers. The potential to

mitigate atmospheric methane emission from decayimgnass material is another
important advantage of the technology. Utilisatioh biogas for cooking converts

methane that could have been released to the atm@smto carbon dioxide, which has a
global warming potential of about 22 times lessntlihat of methane. Nevertheless,
methane emissions still occur along the biogas Iguppains due to leakages in the
systems. Emissions of pollutants also occur durprgcesses such as feedstock

production, and the use phase of biogas.

An alternative technology that is currently becognaf interest is briquetting of biomass
residues to generate fuels for cooking. This mayolwe collection of agricultural

residues over long distances to a central briquetteluction point. The collection,

transportation and processing of residues intouletigs results in emissions of pollutants,
which can lead to adverse environmental impactdeN#& transportation phase leads to
emissions of air pollutant and greenhouse gasesG)GBepending on the distances
involved, amount of emissions during transportatoonild be considerable, leading to
adverse environmental impacts on human health esource depletion. Like charcoal,
combustion of briquettes in stoves results in elms®f indoor air pollutants, such as

particulate matter, and greenhouse gases.

Recently, plant oil based systems have also gesteratlot of interest as a potential
bioenergy for use in developing countries. Plahstwves have been developed, making
it possible to directly use vegetable oils for dogk Jatropha is one of the crops seen as a
potential biofuel with even a potential to subgétdiossil fuels in the transport sector.
Jatropha cultivation could lead to land use chamgel, if carried out in forested area,
could result in loss of carbon stock. Cultivatiomdaprocessing into oil also requires
energy and resources and is accompanied by ensstiancould result in environmental
impacts.

Since the processes involved in each of the foerggnsystems mentioned here vary in
material and energy requirements, as well as eomissione would expect each to have
different levels of environment impacts. In ordercombat the looming global warming
and climate change, and ensure sustainability, interest of a decision maker is;

therefore, to minimise the environmental impactaoproduct or service. Products and
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services with the lowest environmental impact woblel the best option from the
environmental point of view. However, at the momehneére is lack of knowledge of the

relative environmental performance of these ensygyems used in Uganda.

The objective of this study was therefore to modeld quantify the life cycle

environmental impacts of biogas, briquettes, chalrand Jatropha cooking energy
systems using the life cycle assessment (LCA) nuetlogy. A secondary objective was
to generate key environmental performance indisator each of the technology to be
used as input to multi-criteria analysis study. ®tady used the attributional LCA
approach (Rehl et al., 2012).

7.2 Methodology

The study followed the life cycle assessment (LChethodology. The LCA
methodology was initially developed by the SocietyEnvironmental Toxicology and
Chemistry (SETAC) as an objective method for deteimy energy and material use, and
release of wastes to the environment by a prodectjce or an activity (Klopffer, 2006).
Consequently, the International Organisation foan8ardisation (ISO) developed a
number of standards to guide LCA studies. Currentiye most authoritative LCA
standards are the ISO 14040 and ISO 14044 (Fingbedt al., 2006). The LCA
methodology is executed in four phases as follddsgoal and scope definition, (2) life
cycle inventory (LCI) analysis, (3) life cycle imgaassessment, and (4) life cycle

interpretation.

7.2.1 Goal and scope of the study

The goal of this study was to carry out a compegeaévaluation of the environmental
impacts of four bioenergy technologies for domestioking in Uganda using the LCA
methodology. Energy systems evaluated in the studge: (1) the domestic biogas
system, (2) Jatropha plant oil using fmotos plant oil stove, (3) gasification of maize
stalk briquettes in top-lit updraft (TLUD) gasifiestove, and (4) charcoal system
involving combustion of charcoal produced from matdorests vegetation in th€enya
Ceramic Jiko(KCJ) stove. The charcoal system is the most widskd technology for
domestic cooking in the study area and was thezefaken as the reference system. A
functional unit of 1 MJ of heat effectively used taoking was considered.
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The scope of the study is from cradle-to-cradleluding impacts associated with
material raw material production or extraction, em@ processing, transportation, use,
management and recycling of by-products. The safpbe biogas system (Figure 7.1
(a)) included production of grass and using it feeding cattle, and using the manure
produced as substrate for biogas production. Tvenatos were developed, in the first,
slurry discarded without recycling or reuse, whilethe second it is used as an organic
fertilizer to enhance grass production. Use of feggplements, acaricides, and veterinary
drugs for cattle treatment and maintenance wert&uéad from the scope of the study.
The scope of gasification system (Figure 7.1 (bgjuded the collection of raw material,
transportation, drying and commutation, briquettingd combustion in TLUD stoves.
Raw material for briquetting was maize stalks, aad assumed to be a waste material,
since it is usually burnt in open field, withouteegy recovery during land preparation for
planting crops (Okello et al.,, 2013a). Operatiom&l aesource requirement for the
production of maize was therefore excluded fromsitmpe of the study. Also, disposal of
ashes generated from the TLUD gasifier stove dutireguse phase was excluded from
the system boundary, since it was assumed not ve khay adverse environmental
impacts (Bailis, 2005). Two scenarios were develppethe first, biochar produced from
TLUD stove is used as carbon sink, while in theosdcit is used to substitute charcoal

for cooking.

Processes included in the boundary of charcoaksystwere raw material extraction
from natural forests, pyrolysis using traditionalté mound kilns, transportation to point
of use and combustion in KCJ stoves (Figure 7.). (dke in the case of briquettes,

disposal of ash was excluded from the system bayn@&zing a reference system, only
one scenario was evaluated. The Jatropha systemdaonubegins from Jatropha plant
cultivation, harvesting of fruits, drying and thingsg, oil extraction from seeds, and use
of oil for cooking in theProtos plant oil stove (Figure 7.1 (d)). Two scenariosreve

developed and evaluated; the first assumed that calee is disposed without using as
organic fertilizer, and husks generated duringdhirgg is incinerated in open air. The
second scenario assumed that seed cake is usedtibsef and husks as substitute to
maize residues for briquette production.

The geographical scope of the study was Gulu mpality, located in northern Uganda
and surrounding areas within a radius of 40 km. Rwaaterial production, collection,

transportation, processing, use, and disposarigdaout within this radius.
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Allocation was necessary in the biogas systemswinich cattle rearing results in
production of milk for sale or consumption by hdusids and manure used for biogas
production. Economic allocation was used to distelenvironmental impacts to the milk
and manure. It was assumed that 10% of environhanfzacts resulting from grass
production and cattle keeping are associated witdrgy production and dairy products

account for the remaining 90%.

7.2.2 Life cycle inventory

Life cycle inventory data for this study were magifilom secondary sources. Foreground
data were mainly obtained from available literatéwe each of the technology under
similar environment. Background data were obtaiinech ecoinvent 3.0 database. Details

of the LCI analysis for each of the technologyiigeg in Section 7.3.

7.2.3 Life cycle impact assessment

Eco-indicator 99 (Frishknecht and Jungbluth, 20@v)damage oriented approach for
impact assessment was used in this study. The sasaiycluded 11 environmental
impacts, categorised under three endpoint impadegoaes of human health
(carcinogens, respiratory organics and inorgamiosiate change, radiation, ozone layer,
ecotoxicity and acidification/eutrophication), egstem quality (land use) and resources

(minerals and fossil fuels).

7.2.4 Life cycle interpretation

Interpretation of LCA results was performed usihgeé different methods. For each
technology, contribution analysis was carried auidentify environmental hotspots of
the bioenergy supply chains. Also comparative ptdtsingle score of impacts for each
technology were done in order to understand thativel environmental impacts of the
technologies. Lastly scenarios were developedHaet technologies studied, except the
reference system, by varying the systems param#tersbserve their effects on the

environmental impacts of each technology.
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Figure 7.1.System boundary for the study; (a) biogas (b)uwmitg, (c) charcoal, and (d)
Jatropha

7.3 Life cycle inventory analysis of the energy siams

7.3.1 Inventory of biogas system

Biogas technology is one of the priority bioenertgghnologies being promoted for
domestic cooking in the Uganda (Sengendo et aLQR0n the renewable energy policy
(2007), the country has set a target of installifog,000 domestic biogas digester by the
year 2017. Three different digester designs ardadla in Uganda, namely the fixed-

dome, floating-dome and bag digester designs. Txed4fdome also called Chinese
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digester is the most commonly used. The digestbuils underground of masonry, and
usually range in volume from 8 to 16 @©kello et al., 2013b; Walekhwa et al., 2009).

Cattle manure is the most commonly used substoatbibgas production in Uganda. In
this study, the biogas system was modelled fromsthge of Napier grasPénnisetum

Purpureum cultivation as a feedstock to cattle kept underozrazing. Manure

generated by the cattle is mixed with water inteoraf 1:1 by volume and a fixed amount
fed into the bio-digester on a daily basis. Dilatiof manure with water enhances
gravitational flow of substrate through the systetherefore, avoiding need for
mechanical pumping operations. Gas from the storgggmber of the digester is

conveyed through pipes and used for cooking usioggs burners.

Cultivation, weeding and harvesting of grass apgcally manual operations in Uganda.
Grass production was assumed to be under rainfaditmns without supplementary
irrigation input. To maintain yield, mineral feigérs are applied to grass. The annual
requirement of fertilizer for grass production weken as 200 kg Haof calcium
ammonium nitrate (CAN), triple superphosphate (T&Pingle superphosphate (SSP) at
a rate of 300 kg hand Muriate Potash (KCL) at a rate of 80 kg k@rodho, 2006). All
operations were assumed to take place within thma faemises and therefore, vehicles
were not used for transportation of materials. @tass yield was taken to be 8000 kg dry

matter per hectare in accordance with Lukuyu e{(2012).

A typical head of cattle weighing 400 kg and reogirl2 kg dry matter feed per day was
assumed. Rearing of cattle results in enteric nmetlganissions, which in accordance with
Casey and Holden, (2005) was assumed to be 10T kgrycattle head. Dry matter (DM)
content of manure was assumed to be 15%, and byoglasfrom manure is assumed to
be 0.281 kg kg of DM. Since the digester is not fully airtighgrse methane loss occurs
during digestion through openings such as the gatsinlet pipe and slurry expansion
chamber (Khoiyangbam et al., 2004). Estimated nmetHass from fixed and floating
dome digesters range from 5 to 15% of total methaelel (Griggs and Noguer, 2002;
Pathak et al., 2009). Methane emission from the RIAREC bio-digester was estimated

using the mid value of 10% leakage.

The use phase of the biogas system involves comhust the gas in burners. Burners
are of several designs, some of which are locallyitated by Ugandan artisans and their

emissions and efficiencies are expected to varh wliésign. For this study, it was
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assumed that the efficiency of biogas burner is $S&sse et al., 1991). Heating value of
biogas was assumed 20 MJ%and density as 1 kg ¥Perera et al., 2005). Combustion
of biogas results in emissions such as,GCH,;, NOx and particulate matter. Emission
factors from biogas burners were adopted from Afrand Ntiamoah (2012) and (Smith
et al., 2000).

Table 7.1.Input and emissions LCI data for the biogas sygisen MJ heat effectively
used for cooking)

Quantity per

Process Inputs and outputs MJ of heat Units
Grass cultivation Input

N as Calcium ammonium nitrate (CAN) 3.78E-02 kg

P as Single/triple superphosphate (Mono-calciunsphate) 5.66E-02 kg

K as Muriate Potash (Potassium chloride KCL) 1.9PE- kg

Land occupation 1.888 n

Output

Grass (dry matter) 151 kg
Cattle Feeding Inputs

Grass (dry matter) 151 kg

Water 8.808 L

Outputs

Enteric methane emission 3.45E-02 kg

Manure (dry matter) 3.59E-01 kg
Biogas production Inputs

Water 2.3933 L

Manure (dry matter) 3.59E-01 kg

Outputs

Methane emissions 6.00E-03 kg

CO; emissions kg

Biogas 9.10E-02 kg
Biogas combustion Inputs

Biogas 9.10E-02 kg

Output (emissions kg M)

Co, 1.47E-01 kg

Cco 2.03E-04 kg

NOx 9.15E-05 kg

N2O

SO, 1.02E-05 kg

NMVOC 6.10E-05 kg

CH, 1.02E-04 kg

PM 4.82E-06 kg
Effluent management Inputs

Effluent (volume) 4,790 L

Outputs

NH3 5.500E-04 kg

CH, 3.218E-03 kg

N.O 7.467E-05 kg

Slurry is the by-product of the digestion processl at flows by gravity from the
expansion chamber into a storage tank. It is mchssential plant nutrients, with the DM
comprising of 1.4% nitrogen, 0.5% phosphorus, aB&dpotassium (Pathak et al., 2009).
In the second scenario of this study, was slurrglefied to substitute mineral fertilizers
by applying it in the grass fields. Applicationsitirry was assumed to be manually done,
so does not require machinery operations. Howekerslurry emits gases such as4NH

CH,; and NO during storage and application in crop fields Bmanti et al., 2013).
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Total emissions of Ngj CH, and NO during storage and application were assumed to be
229.9 g ¥, 1344.6 g it and 31.2 g m, respectively (Amon et al., 2006). It was
assumed that negligible loss in mass of the substrecurs during digestion (Pathak et
al., 2009). Therefore, the volume DM content ofrglwas assumed to be equivalent to

that of the initial substrate material fed into thgester.

Based on these assumptions and secondary datatec$ere, the foreground inventory
data of the biogas system were developed and pesséan Table 7.1. Background data
for the system was obtained from the ecoinvent ldafabase.

7.3.2 Inventory of the gasification system

Biomass briquetting is the conversion of loose l@eshnmaterial into a high density
product by subjecting the material under presswit, or without binder (Mwampamba
et al., 2013). The briquetting process involvesamnal collection, drying, commutation
and densification using various types of pressesné®n et al., 2005). The resulting
product is called briquette and is easier to haadi@ has better combustion properties
than the original biomass material. Uganda gengiarge quantities of agricultural and
forest residues that could be used as raw matferiékiquette production (Knépfle, 2004;
Okello et al., 2013a). According to studies by @Okedt al., (2013a), the gross energy
potential of maize stalk in Uganda amounts to 68J5y", and is the highest of all the
crops residues evaluated in the study. Maize stak therefore chosen as the raw

material for briquettes production in this study.

Maize stalk used for briquettes production was meslito be an agricultural waste with
no value attached. Actually, the stalks are usubllynt in open field during land
preparation for subsequent crop planting. Therefsources for production of maize,
such as mechanical power and fertilizers were ebeclifrom the boundary of the current
study. However, maize is grown by individual farsepread over a large geographical
area surrounding Gulu municipality. This therefoequires that it is collected to a central
point for processing into briquettes. Since mosalrareas surrounding the municipality
do not have access to electricity, it was assurhadail processing operations take place
within Gulu municipality. It was assumed that cotlen of maize residues is done within
an average distance of 40 km from the processiagtplsing a truck of 16 tonne
capacity. Use of trucks results in emissions, whias estimated using ecoinvent 3.0

databases.
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Upon arrival at the processing plant, the maiztk stadergoes drying and commutation
into suitable particle size for briquetting. Thadst area receives on average global solar
radiation ranging from about 5 kWhd™ in July, to about 6 kwWh thd™ in January
(Mubiru and Banda, 2012). Therefore, it was assuthatldrying of the maize stalk was
primarily done using solar energy, without addieibnenergy inputs from the
technosphere. Size reduction was assumed to bemplisbed by a hammer mill,
powered by electrical energy from the grid. Energguirements for commutation of
maize stalk was taken to be 18 kWh and for briquetting as 43 kW tof briquettes
produced (Hu et al., 2014). Upon production, thgumttes are distributed to users within

the municipality at an average distance of 10 kingua 16 tonne truck.

Upon manufacture, the briquettes are directly usedcooking using gasifier stoves.
Gasification process was modelled using the TLUBIfga stove. The TLUD stove was
chosen for the study because it known to be moet éfficient and emits less air
pollutant than traditional charcoal and firewoodvets used in Uganda (Martin et al.,
2013). According to Ravindranath and Balachandt@Q9) efficiency of TLUD gasifier
stove range from 25% to 35%; thus, for this stualynid value of 30% was assumed.
Combustion of briquettes in TLUD stoves resultemmissions such as GGCO, CH, and
particulate matter. Emission factors for the stateere obtained from (Sparrevik et al.,
2013).

Gasification of briquettes in TLUD stoves resutischarcoal and ash as by-products. The
recovery rate of charcoal produced was estimatetheta28% of the input biomass
(Sparrevik et al., 2013). The charcoal can be @asefiiel for cooking in charcoal stoves.
Alternatively, the charcoal can be used as soilraimeent to improve crop yields. Use of
charcoal as carbon sink, for long-term storage afben to mitigate atmospheric
greenhouse gas emission is also gaining intereshgsh scientific community (Sparrevik
et al.,, 2013). Disposal of the ash generated wasnasd not to cause any significant
environmental impacts (Bailis, 2005).

Using the assumptions and data available fromalitee cited in this section, the
foreground inputs data for the LCA was calculatedd functional unit of 1 MJ heat and
presented in Table 7.2. Secondary data used fdrGi#ewas obtained from the ecoinvent

database.
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Table 7.2.Input and emission inventory data for briquettsygtem

Quantity per MJ

Process Inputs and outputs of heat Units
Residue collection Input
Transport 16 ton truck 9.68E-03 tkm
Output
Maize stalk 2.42E-01
Drying and commutation  Inputs
Electricity (100% Hydro) 4.36E-03 kWh
Outputs
Maize stalk particles 2.42E-01 kg
Briquetting Inputs
Electricity 1.04E-02 kWh
Outputs
Briquettes 2.42E-01 kg
Briquette distribution Input from techno-sphere
Transport kg
16 t truck 2.42E-03 tkm
Briquette combustion Inputs
TLUD gasifier stove, 30% Briquettes (3.333MJ heat) 2.42E-01 kg
efficiency Output
Useful heat (product) 1.00 MJ
Co-product (Biochar/kg briquettes) 3.600E-01 kg
Combustion emissions per kg feedstock
CGo, 7.604E-01 kg
CcO 1.483E-02 kg
NOx 4.840E-06 kg
N2O 9.680E-06 kg
SO, 0.000E-00 kg
NMVOC 6.171E-03 kg
CH, 2.977E-03 kg
PM,s 1.137E-03 kg

7.3.3 Inventory of charcoal — the reference system

The charcoal system was modelled based on thentwsystem of charcoal production,
which involves harvesting of wood from natural fetrefollowed by pyrolysis in the
traditional earth-mound kilns. The charcoal is themsported using trucks to the urban
areas for cooking in charcoal stoves. All the hstimg and charcoal production
operations are manually done using simple toolsh s axes, hoes and machetes. The
wood harvesting stage involves extracting entieddgve ground portion of the vegetation
and therefore could result in variation in carboock. Carbon stock flux due to wood
harvesting of -1.43 t C per tonne of charcoal poedufrom native vegetation on a 15
year coppice was assumed for this study (Baili®520Not all the above ground biomass
harvested is converted into charcoal. Small bras@rel leaves that is not suitable for
charcoal production is burnt in open fire in theekt, or in some cases collected and used
as firewood for cooking. In this study, it was asgd that unsuitable wood, estimated to
be about 10% of the mass of the total harvesteohdss is burnt in open air. This results
in air emissions that was estimated to be equivdteopen fire burning under savannah
conditions (Akagi et al., 2011).
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Carbonisation was assumed to be in traditionaheadund kilns. It is the most common
technology for charcoal production in Uganda aslvasl other sub-Saharan African
countries. It involves stacking the harvested wiogiles and covering with soil to limit
the oxygen supply during pyrolysis. The efficierafythe process ranges from about 10 to
15% (Knopfle, 2004; Okello et al., 2013b). The warase scenario of 10 % efficiency of
charcoal recovery was used for modelling charcoabdgpction in this study.
Carbonisation process results in emissions of gases as C¢) CO, CH, NMVOC and
particulates. Emission factors for charcoal producin earth-mound kilns were obtained

from Pennise et al., (2001).

Charcoal is then packed in polythene bags andpoates] using trucks to the urban area
where it is used for cooking. It was assumed that6atonne truck is used for
transportation of charcoal and the emission facteese obtained from the ecoinvent
database. Transportation results in GHG and pollueanissions. An average charcoal
collection distance of 40km was assumed, with thekt travelling empty in the return

trip.

Use of charcoal is by combustion in charcoal stpwesulting in emissions of pollutants
and greenhouses gases such as emissions CH, NMVOC and particulates
(Bhattacharya et al., 2002). Level of emissionsedels on the design of the stove. Kenya
Ceramic Jikois a commonly used charcoal stove in Uganda argltherefore used in
modelling the combustion process. Emission factorscooking with charcoal in KCJ
stove was obtained from Jetter et al., (2012). Sthermal efficiency at cold start of 15%
(Oketch, 2012) was assumed, and the calorific vafusharcoal was assumed to be 30.8
MJ kg* (Bhattacharya et al., 2002).

With the assumptions presented in this sectioregimund data for producing 1 MJ of
heat energy effectively used for cooking was cal®d and presented in Table 7.3.
Secondary data such as emissions from trucks daramgportation was obtained from

ecoinvent database.

7.3.4 Inventory of Jatropha system

Under this system, a plantation of Jatropliatropha curcas is established for
production of Jatropha oil. Jatropha can be plaotecharginal land, or intercropped with

food crops in an agro-forestry system (Contranlgt2®13). Cultivation of Jatropha
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requires input of NPK fertilizer. However, as noteg Achten et al., (2008) the
application rate has not yet been optimised. Fis #tudy we assumed an annual
application rate of 81 kg Hanitrogen as N, 31 kg phosphorus a®# and 89 kg
potassium as }O (Eshton et al., 2013). Annual yield of 5000 kgdof Jatropha seed per
hectare was assumed. All the field operations vessuumed to be manually done and
being a tropical climate, irrigation is not requirduring Jatropha cultivation. Harvested
fruits are transported using a 16 tonne truck toeatral processing point at a mean
distance of 40 km from the fields.

Table 7.3.Input and emissions inventory data for the chdrsgstem

Quantity per MJ

Process Inputs and outputs of heat Unit
Wood harvesting Input
Natural forest vegetation (dry) 2.9630 kg
Output
Net CQ flux due to direct land use change  -5.83E-04 kg
Dry wood for charcoal 2.66667 kg
Wood waste (10%) of total 2.96E-01 kg
Emissions from open air wood waste
combustion:
5.00E-01 kg
CcoO 1.87E-02 kg
NOx 1.16E-03 kg
NH3 1.54E-04 kg
N2O 0.00E+00
SO 1.42E-04 kg
NMVOC 1.40E-02 kg
CH, 5.75E-04 kg
PM2.5 2.12E-03 kg
Charcoal production (pyrolysis) in  Inputs
earth mound kilns, 12.5% Dry wood 2.66667 kg
efficiency Outputs
Charcoal 0.33333 kg
Emissions
CGo, 6.01E-01 kg
CcoO 7.43E-02 kg
NOx 2.10E-05 kg
NO 1.87E-05 kg
N2O 5.00E-06 kg
SO, 0.00E+00
NMVOC 3.09E-02 kg
CH, 1.49E-02 kg
PM (TSP) 1.01E-02 kg
Transport Inputs
16 t truck 1.00E-02
Charcoal combustion, Ceramic Jikolnputs
stove, (10% efficiency), 15% Charcoal (equivalent to 5.56MJ heat) 3.33E-01 kg
efficiency Output
Heat (product) 1.00 MJ
Emissions (Per MJ heat effective)
CGo, 6.96E-01 kg
Cco 6.57E-02 kg
NOx 3.33E-05 kg
N-O 0.00E+00
SO, 0.00E+00
NMVOC 3.40E-03 kg
CH, 4.17E-03 kg
PM2.5 1.32E-03 kg
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Jatropha fruit then undergoes processing involveumn-drying and de-hulling, oll
extraction and purification. Due to favourable lisvef insolation in the study area, drying
is carried out under natural conditions in the $omny. Jatropha fruit is composed of 35 to
40% husks, and 60 to 65% seeds which has an estimdtcontent of 34.4% (Achten et
al., 2008). Oil extraction is carried out using ebgrs, such as “Sundhara” oil expellers,
which are designed for a variety of oil seeds (Ghgnet al., 2012). The efficiency of oil
extraction by hand press is about 60% (Brittaind &mtaladio, 2010). In the last
processing stage, impurities in the oil are thdawadd to settle by gravitation before
being filtered through a piece of cotton clothidiéd oil can be directly used in plant oil
stoves for cooking. The oil can also be furthercpssed through esterification to produce
biodiesel, or saponification to produce soap. |a gtudy, it was assumed that filtered oll

is directly used for cooking using plant oil stoves

Jatropha fruit husks and seed cake are by-prodyestsrated during de-hulling and oill
extraction processes, respectively. The husks havenergy content of 16.5 MJ kg
(Eshton et al., 2013), and can be densified intquiette fuel for cooking. In the first
scenario, it was assumed that the husks are ddpafsby open burning, which is a
common practice for disposing of agricultural waste@ Uganda. This results in
emissions, which are estimated to be equivalerthése of other agricultural residues
(Akagi et al., 2011; Estrellan and lino, 2010). &eeke is known to be a good quality
fertilizer (Openshaw, 2000), with composition 0P%% N, 0.90% P and 1.75% K
(Pandey et al., 2012). Alternatively, the cake tenused as a substrate for biogas
production, or as a raw material for syntheticdilproduction. In this study, we assumed

that all the cake is used as a substitute to imdcdartilizer for Jatropha cultivation.

Combustion was modelled to take place in a pldnpreissure stove calld@rotos (Gaul,
2013; Kratzeisen and Mdller, 2009). The density hadting value of Jatropha oil were
assumed to be 932.92 kg®mand 38.2 MJ K{, respectively (Pramanik, 2003).
Meanwhile, the thermal efficiency of the Jatropt@ve was assumed to be 40% (Huboyo
et al., 2013). It was assumed that emissions flRuatos stove are equivalent to that of
Rapeseed combustion iRrotos stove. This is because the data for Jatropha oll

combustion in plant oil stoves is currently notitatze.

With the sets of assumptions presented in thisasedhe foreground inventory data for
Jatropha system, required to generate 1 MJ coameggy was calculated and presented

116



in Table 7.4. Background data for emissions duertidizer application and transport was

obtained from the ecoinvent 3.0 database.

Table 7.4.Input and emissions inventory data for Jatroplssesy for 1 MJ of heat
energy

Quantity per MJ

Process Inputs and outputs of heat Units
Jatropha cultivation Input
Nitrogen fertilizer as N 5.13E-03 kg
P as single/triple superphosphate 1.96E-03 kg
K as Muriate Potash 5.64E-03 kg
Pesticide, delta 2.5% Emulsion Concentrate 2.09E-02 ml
Land occupation 6.34E-01 m
Output
Jatropha fruits 5.28E-01 kg
Drying and de-hulling Inputs
Jatropha fruits 5.28E-01 kg
Outputs
Jatropha seeds 3.17E-01 kg
Jatropha husks 2.11E-01 kg
Oil extraction efficiency Inputs
60% Dry Jatropha seed, 34.4% oil content 3.17E-01 kg
Outputs
Jatropha oil 6.54E-02 kg
Jatropha seed cake, 12.30% oil content 2.51E-01 kg
Jatropha oil combustion,  Inputs
Protosplant oil stove, Jatropha oil (equivalent to 2.5MJ gross) 6.54E-02 g k
efficiency 40% Output (emissions kg Rail)
CO; 2.47E-01 kg
co 1.85E-03 kg
NOx 1.70E-04 kg
N.O 1.85E-07 kg
SQG, 3.50E-02 kg
NMVOC 3.75E-08 kg
CH, 1.90E-04 kg
PM; 5 3.93E-04 kg
Seed cake and husks Inputs
management Husks 2.11E-01 kg
Cake 2.51E.01 kg
Outputs (emissions from husks incineration)
CO, 3.35E-01 kg
co 2.15E-02 kg
NOx 6.57E-04 kg
N.O 1.48E-05 kg
SQG, 4.22E-04 kg
NMVOC 1.63E-02 kg
CH, 2.53E-04 kg
PM;5 1.32E-03 kg

2 EPA database (http://www.epa.gov/climateleadership/d@nis/emission-factors.ggf

® Calculated from Air Pollutant Emission Factor laby, assuming energy production from small
combustion equipment in Europe, using liquid fufels residential application (equipment type — o}her
(http://www.apef-library.fi/).

7.4 Results and discussions

In this section, the results of the environmentapact assessment of the four energy
systems are presented. The results are dividedtimbomain sections: Section 7.4.1

presents results of the baseline scenario, andentidd 7.4.2, results of alternative
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scenarios involving resource by-product recyclingdeiled through system expansion

are presented.

7.4.1 Characterisation results

Environmental impacts were characterised and medoit each of the technology is
presented in Table 7.5 and Figure 7.2. Charactenisaesults show that biogas system
had the highest impact categories of radiationdifacation and eutrophication impacts
compared to the other energy systems. Charcoamysh the other hand ranked highest
In impact categories of carcinogens, respiratoryanics and inorganics and climate
change impacts. Jatropha system had highest impaiggories of ozone layer,

ecotoxicity, land use, minerals and fossil fuels.

Table 7.5.Comparative characterised results of the environiaiénpacts of the four
energy systems under baseline scenario using Ebcaior 99 impact assessment method

. Biogas Briquette Charcoal  Jatropha oil

Impact category Unit - g h {
cooking gasification cooking cooking

Carcinogens DALY 8.59E-09 1.27E-08 3.39E-08 2.82E-08
Respiratory organics DALY 2.29E-10 7.94E-09 6.21E-082.1E-08
Respiratory inorganics DALY 8.18E-08 8.1E-07 2.66E-0 1.37E-06
Climate change DALY 4.73E-08 1.19E-08 8.43E-08 1-08E
Radiation DALY 1.02E-10 6.45E-12 6.85E-12 8.71E-11
Ozone layer DALY 1.61E-12 4.44E-13 5.19E-13  4.12E-1
Ecotoxicity PAF*m2yr 8.90E-03 2.64E-03 8.14E-04  TE502
Acidification/ Eutrophication PDF*m2yr 9.88E-03 5B-04 9.78E-03 7.06E-03
Land use PDF*m2yr 1.09E-01 6.12E-05 5.82E-05 7.80E-
Minerals MJ surplus 1.48E-03 3.14E-04 4,10E-05 E:03
Fossil fuels MJ surplus 1.66E-02 3.28E-03 3.77E-03.82E-02

Results presented in this section are indicatorsach impact category over the entire
supply chain of each technology; therefore theynoarexplain the specific processes
contributing to the impacts. Also, it can be obseérthat the results presented in Table 7.5
have different units. These have been convertex petcentage values, to illustrate the
relative environmental impacts of the four techga#és shown Figure 7.2. Each impact
category has not been assigned relative importahtieeir impacts on the environment
and therefore cannot be used as a basis for s#leoti ranking of the technologies.
However, they provide insight to the impacts ofteé&chnology relative to each other,

and therefore important to identification of impactspots per technology.
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Figure 7.2.Relative environmental impacts of producing 1M&abking energy from
biogas, briquette gasification, charcoal and J&imagystems

7.4.2 Normalised results of the environmental impas of the technologies

Normalisation stage of LCIA expresses the impact damage categories of a product
LCA in a form that allows for comparison of theelative severity in comparison to a
reference value. Unlike characterisation, the ndis@d results presented in Figure 7.3 (a)
and (b) have the same units. This therefore alltwscomparing the contribution of
particular impact or damage category to global mmmental burdens in comparison with
a reference normal value. Figure 7.3 (a) shows that environmental impacts of
respiratory inorganics of the charcoal system Has highest environmental load,
followed by that for Jatropha system and then lafigu gasification. This could be
explained by the high levels of emissions of pattites, S@ and NOx during
combustions process. The land use impact categorydtropha system is relatively
higher than those for charcoal, biogas and briqug#sification systems. This can be
explained by the land requirements for Jatrophawed@r, radiation, ozone layer,

ecotoxicity and minerals impact categories are@ety close to reference levels.

Figure 7.3 (b) gives the results of normalisatiar gdamage categories human health,
ecosystem quality and resources for each of theggrsystems. It indicates that charcoal
system has the highest damage to human health avithalue of about 3.25E-04

person*year per MJ of cooking energy. Damage todrimealth by Jatropha system is
however lower than that of charcoal by about 50&xopha on the other hand has the
highest damage to the ecosystem quality followeddimgas systems. This is perhaps
explained by land requirements for Jatropha plartivation, and for biogas is also

probably due to land occupation for grass cultoratieeded for cattle feeding.
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Figure 7.3. Normalised results of the comparativarenmental impact of producing 1
MJ of cooking energy — (a) indicators of the 11 aoig categories, (b) indicators per
damage categories

7.4.3 Comparison of single scores of environmentahpacts

Results presented in Figure 7.4 shows the singleesaf the environmental impacts of the
four cooking energy system. This is obtained byreggtion of the 11 impact categories
using Eco-indicator 99 method to enhance the cosgrarof the total damage to the
environment by each of the technology. Figure @)4sbhows that Jatropha system has the
highest potential damage to the environment, mathlg to land use and respiratory
inorganics which together contribute over 90% af thtal Eco-indicator points of the
system. Respiratory inorganics have severe impattiuman health, resulting in very
high damage to human health by the charcoal syasesimown in Figure 7.4 (b). Severity
of the environmental damage of the charcoal systesecond to that of Jatropha system.
However, the damage is primarily due to respiraiaprganics such as S@nd NOX,
which contribute over 90% to the total damage ef¢harcoal system. The results show
that briquette gasification and biogas system hthe less environmental damage

compared to the charcoal and Jatropha systems. \+owdike charcoal system,
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respiratory inorganics are the predominant contirigu factor to the environmental
damage by briquettes gasification. The lower impaatls are perhaps explained by the

lower emission levels of the TLUD gasifier stoves.
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Figure 7.4.Comparison of environmental impacts, single scqesresults showing
impact categories (b) results showing damage cee=go

7.4.5 Contribution of systems processes to envirorental impacts

In this section, the contributions of individualopesses to the total impacts of each
system are presented. Results of process contrbfmr the technologies to their total
environmental impacts are given in Figure 7.5. Grasltivation had the highest
contribution to the environmental impacts of thedais energy system shown in Figure
7.5 (a). The results of biogas presented assumayaigal allocation of 5% of the
environmental impacts of grass cultivation is btited to manure production. The other
95% is attributed to dairy products resulting froattle kept for manure. However, if it is
assumed that manure is a waste with no value, ithpacts from grass cultivation will
fall to zero. Increasing the allocation of enviramtal impacts of grass cultivation will on
the other hand significantly increase the impaagrass cultivation stage. Major impacts

of cultivation of grass are land use and emissifsom fertilizer application. This
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suggests that reducing mineral fertilizer use iasgr cultivation phase would reduce
environmental impacts of the process. Biogas priialug@rocess also has a contribution
of 3.5 mPt, which is quite high in comparison t@kiag process with impact of less than
1 mPt. This can be explained by emissions of metidare to leakage from parts of biogas
digesters that are not fully sealed. Additionaltabation is from emissions of N1CH,

and NO from slurry storage.
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Figure 7.5.Process contribution analysis; (a) biogas, 0.6@¢off (b) gasification, 0.2%
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Figure 7.5 (a) further shows that the cooking staaea relatively low impact of less than
1 mPt, which can be explained by the relatively ewissions from biogas combustion.
This suggests that the cooking process using biagasdd result in lower health impacts

on users.

Contributions of different processes to the totapacts for the briquette gasification
system are shown in Figure 7.5 (b). The figure sstgythat the largest environmental
load for this system is during the use phase. Thidue to emissions of gases during
combustions of briquettes in the TLUD gasifier goVotal impacts due to the use phase
is about 30 mPt, which is much higher than cookiath biogas, which is less than 1
mPt. Other processes such as transport, and eicttid not contribute significantly to
the total environmental impacts of the system.sltimportant to note that residue
collection could result in reduced soil organic t@atcontent, therefore reducing its
productive capacity. Agricultural residues also tdbate to reducing soil erosion,
increasing activity of soil organisms that helpetesure improved soil productivity. These
impacts were not modelled in the present study, tduack of suitable modelling data.
The actual impact of the briquette system couldetfioee be much higher than that
depicted in this study.

Figure 7.5 (c) shows results of the process canioh analysis for the charcoal system.
It indicates that wood harvesting process, with astpof about 55 mPt is the highest
environmental impacts in the charcoal supply chaims is mainly attributed to emissions
resulting from open air burning of wood debris thamains in the forest after wood
harvest. Next in level of environmental impacthe tooking process with an impact of
about 35 mPt, which arise as a result of emissimomm KCJ during cooking. This is a
major concern since the emission takes place imth@or environment leading to indoor
air pollution, a major cause of ill health amonggslid fuel users in developing countries.
The results further show that the charcoal makirnggss contributes less environmental
impacts compared to the wood harvesting and coofiimngesses. These results suggest
the need to improve wood residue management dhangesting, reducing the emissions
of cooking stoves and followed by the charcoal pygis process. The latter two could be
achieved by adopting better technologies, while tbemer by improving residue

management practices.
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For Jatropha system, the cultivation process hadhighest environmental impact, of
about 63 mPt as shown in Figure 7.5 (d). Like ia ttase of biogas system, factors
responsible for this are land use and fertilizepligption. Further improvement could be
achieved by intercropping Jatropha plant with crapsder agro-forestry system. Also
recycling of Jatropha seed cake as a fertilizelccpuobably reduce the environmental
impacts due to mineral fertilizers. This is invgated in Section 7.3.2. Next in

importance is the environmental impact due to pétaoseed extraction. This is perhaps
explained by emissions from open air burning ofajdta seed husks. Better utilisation
method of the seed husks, such as use for brigoegthiction could most likely result in

improved environmental performance of the Jatropysiem. In Section 7.3.2, effect of
using Jatropha seed husks to substitute maize stalklues is investigated, through

system expansion.

Of interest to compare are environmental impacslteg from the use phase of each of
the technology. This is because the emissionscthate these impacts occur in the indoor
environment, therefore pausing serious health iskssers. Cooking with biogas had the
lowest impact of about 0.5 mPt followed by Jatromghk briquette gasification and
charcoal with 10 mPt, 30 mPt, and 35 mPt, respelgtivi his suggests that cooking with
biogas has lower health impacts due to indoor allupon than the other three energy

systems.

7.5 Analysis of scenarios and suggestions for redaog environmental impacts

In this section, alternative scenarios of biogagjuette gasification, and Jatropha oil
systems were developed and the results are préséftie aim was to investigate any
possible improvement to the energy systems. SaeBaaf the biogas system was based
on the assumption that manure is waste materi& mot economic value attached to it.
Therefore, grass cultivation process was assumédonoontribute to the impacts of

biogas production. Also, all slurry produced frotme tdigestion process is used as
fertilizer to substitute mineral fertilizer. Thisas modelled through system expansion.
Scenario B of the briquette system was developedaking into consideration that

charcoal generated from cooking with TLUD stoveised to substitute forest charcoal.
System expansion was used to model the substitygioness. For Jatropha system,
scenario B assumed that seed husks generated dleihglling substitutes maize stalk

for briquette production, unlike in the previouseavhere they were burnt in open air.
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Also, all the seed cake generated during Jatrojghextraction is used as substitute to
NPK mineral fertilizer, and was modelled througlsteyn expansion. The charcoal system

was kept constant as a reference system.

7.5.1 Characterisation results of comparative scemias

Characterisation results of the baseline scenari@and the alternative scenario B with
recycling and system expansion is given in Figu& T indicates that scenario B of
biogas, Jatropha oil and briquette gasificationwsineduction in characterisation values
for majority of the impact categories. Both biogasl Jatropha oil systems registered
negative values for carcinogens, radiation, ozayerl ecotoxicity minerals and fossil
fuels. These are perhaps explained by the substitof mineral fertilizers by slurry for

the case of biogas production, and by seed cakdawopha, which results in reduced
environmental impacts of mineral fertilizers. OJkracenario B showed reduction in

environmental impact categories for all the thesshhologies.
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Figure 7.6.Relative environmental impacts of producing 1M&abking energy from
biogas, briquette gasification, and Jatropha systemder two scenarios compared to
charcoal

7.5.2 Comparison of the single scores of environmih impacts under the two
scenarios

Results of the single score environmental impaetsipppact and damage categories are
illustrated in Figure 7.7 (a) and (b), respectivéjgnificant reduction is observed in the
land use impact category of scenario B of biogasesy. This is probably explained by
the reduction of allocation of impacts due to grasHivation for biogas production.
Briquette gasification system also showed a redncin total environmental impact of
about 50% compared to the first scenario. Thipdshaps explained by decrease in

impacts of respiratory inorganics. The reductiottewels of respiratory inorganics in this
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case is possibly attributed to avoided emissiongdiharvesting and pyrolysis of wood
during charcoal production as a result of substitutwith charcoal produced by the
TLUD gasifier. Lastly, scenario B of the Jatrophd system showed improved

performance compared to scenario A. Most of theetdn is attributed to the respiratory
inorganics impact category. This is most likely kexped by avoided emission from open
air burning of Jatropha seed husks. However, ittmobserved from Figure 7.7 (b) that
the most significant damage category of Jatroplséesy is on ecosystem quality, which
is perhaps attributed to the land use impact cayego
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Figure 7.7.Comparison of single scores environmental impaitier two scenarios: (a)
results with impact categories (b) results with dgecategories

7.6 General discussions and limitations of the styd

Results of this study showed that biogas systentlimatbwest environmental damage of
the four energy systems studied. One main advarghgjee biogas system observed in
this study is the low level of respiratory inorgasimpacts. This could be explained by
lower levels of emissions such as particulates, &@ NOx compared to the other three
systems in this study. This therefore results duoced damage to human health compared
to charcoal, briquettes and Jatropha cooking. &mfihdings were reported by other
scholars (Afrane and Ntiamoah, 2011; Afrane andmtah, 2012). Damage to human
health by indoor emissions due to use of solidsfiglone of the main causes of ill health
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and mortality in developing countries. This studyggests that biogas systems are a
promising technology to combat this problem. Depeg@dn assumptions concerning the
system boundary and allocation, the land use impattbiogas system due to grass
production could increase significantly. Figure 3ttbws that the total impacts of biogas
system could increase from less than 5 mPt to dld®snPt if allocation of impacts of
grass production to the system is increased from t0%20%. The 0% scenario
corresponds to a situation where all environmembg@acts due to grass production are
attributed to dairy products. This therefore suggsat for reduced impacts of the biogas
system, the productivity of the dairy enterprisesinbe maximised so that relative

economic value of manure is low.
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Figure 7.8.Effect of varying the allocation value to manuretbe singe score of
environmental damage by the biogas system

From the results of this study, it can be obsethatithe briquette gasification system has
less environmental impacts compared to charcoalJatepha oil systems under both
scenarios considered. One advantage of this systerhe reduced impacts from
respiratory inorganics during the use phase condpayewhen cooking with charcoal.
This is due to the lower levels of particulates,,S@d NOx emissions from TLUD
gasifier stoves compared to the latter systemsefadiy, the total environmental damage
by briquette gasification is less than both thercba and Jatropha systems. However, it
Is important to note that loss in soil quality doecollection of maize residues from fields
was not considered in this study, since it was rassuto be waste. In reality, crop
residues play important ecological functions sushreducing erosion and soil sealing,
and ensures favourable biological activity of agiticral soils (Govaerts et al., 2008;
Okello et al., 2013a). Collection of crop resid@@senergy application should therefore

take into consideration the ecological importanterop residues. Use of recoverability
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fraction could provide suitable guidelines on tluauwgity of residues that can be left in the
fields. Several factors affect the recoverabletiomcand actual fraction may vary from
19% to 75% (Cornelissen et al., 2012; Haberl eal10).

Charcoal system showed the highest levels of r@spy inorganics compared to the
other three technologies studied. This is perhaptamed by high levels of particulates,
SO, and NOx emissions during all the unit processeth®fcharcoal system. Of concern
is the emission in the indoor environment duringking and charcoal so far has the
highest indoor pollution impact compared to theeotiiree technologies evaluated in this
study. Efforts to improve the technology such asgibetter stove designs and charcoal

making kilns could be beneficial to the environment

Results of Jatropha plant oil cooking system shothatithe land use impact category is
the single most important contribution to enviromta¢ damage. Efforts aimed at
reducing the land use impact of Jatropha can tbexebe very beneficial to its
environmental competiveness. This could be by gngwiatropha on degraded land, since
the plant is known to have capacity to improve fyaif degraded soils, with low water
requirements. It is also known to offer benefitctswas reducing soil erosion and
improvement in soil properties (Ogunwole et al.0&0 Conversely, clearing forested

lands for Jatropha production could greatly inceggsimpacts on ecosystem quality.

Alternatively, production of Jatropha in an agroelstry system could be another
plausible consideration, since the plant is knownintercrop well with a variety of
agricultural, horticultural, silvicultural plantgpscies (liyama et al.; Misra and Murthy,
2011). Some scholars have reported improved yield$ood crops that have been
intercropped with Jatropha (Makkar and Becker, 200Be use of Jatropha as a support
for vanilla plants has so far been reported in WigaEjigu, 2008). The tree can also be
used for fencing and land demarcation, while prauyuseeds as well, therefore reducing
land requirements. Currently, Jatropha is not d-wederstood plant and its yields are
known to vary greatly under field conditions (liyanet al.). Improving yields through
proper selection of planting materials or genetipiovement could result in reduced land

requirements.

This study has also shown that proper handling rude of by-products of Jatropha
processing like seed cake and husks can signijcaeduce its environmental impacts.

Use of seed cake as a fertilizer results in pasi@mvironmental impacts by reducing the
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use of mineral fertilizers, therefore improving thevironmental competitiveness of the
Jatropha energy system. Utilisation of seed husksw material for briquette production

Is also another possibility of reducing environna¢dtamage of Jatropha plant oil system.

However, it should be noted that this study had esdimitations. Firstly, there were
limitations of data from the actual context of gtady area. In most cases, the data used
were from laboratory settings which might diffeorft the actual emissions under field
conditions. However, effort was made to get repregare data from other developing
countries with similar technologies and socioecoieasettings to Uganda. The results of
this study therefore present a fairly accurate geatsve of the actual environmental
impacts of the four technologies studied. Nevee$gl efforts to verify the findings of
this study with data collected from the study apraferably under field conditions could
provide better insight into the environmental imggaof the technologies. The other
important limitation is that social, economic amdlinical aspects of these technologies
have not been considered in this study. It is irtgodrto holistically assess these aspects
since they all have influence on the sustainabditioenergy technologies. Future work
could consider inclusion of these aspects to baksess the sustainability of each of the
technology.

7.7 Conclusions

In this chapter, the environmental impacts of femergy systems for cooking were
evaluated using the life cycle assessment methggoResults show that biogas systems
have the lowest environmental impact compared toogla, briquettes and charcoal
systems. However, with improved recycling, botlgbette and Jatropha systems showed
better environmental performance than charcoal. tA# three technologies showed
reduction in respiratory inorganics compared torcba. Their use could probably be an
important means of reducing indoor air pollutiorhieh is one of the major causes of ill
health and premature death in many developing cegntFindings also showed the
performance of Jatropha and biogas systems coujpldaly improved through recycling
of by-products to replace mineral fertilizers. bnclusion, use of Jatropha oil, biogas and
briquette gasification in TLUD stoves as cookingelfu could result in improved

environmental performance compared to charcoal.
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Chapter 8 — Multi-criteria sustainability assessmenhof Ugandan
bioenergy systems

Summary

Sustainable development aims at achieving sociagn@mic, and environmental
objectives simultaneously. These are conflictingectives, for which multi-criteria
analysis is well suited for their solution. In thikapter, sustainability of the biogas,
briquettes, charcoal and Jatropha cooking energesys were evaluated under Ugandan
conditions. The study was based on multi-criteriecision analysis model using
Preference Ranking and Organisational Method forrichkment Evaluation
(PROMETHEE) and Graphical Analysis for Interactidééd (GAIA) methods. Under
business as usual scenario, biogas and charcdahsysvere found to be incomparable
under the PROMETHEE | partial ranking scheme. Alsiquettes and Jatropha energy
systems were incomparable. However, the PROMETHEBMplete ranking resulted in
highest preference to biogas, followed by charcedlile briquettes registered worst
performance. In an alternative scenario with inseelarecycling of by-products as
fertilizer, biogas system had the best sustaingb#inking under PROMETHEE | patrtial
ranking. This was followed by charcoal and Jatrop¥tach were incomparable and again
the worst performer was the briquettes system. HROMETHEE Il complete ranking
resulted in biogas as most sustainable, followedl&tyopha, charcoal and briquettes,
respectively. The study therefore suggests thajdsios the most sustainable energy for

household cooking in Uganda.

8.1 Introduction

One of the major challenges faced by developinghtes today is provision cooking
energy that is compatible to the socio-economitustaf the population, technologically
appropriate and environmentally friendly. Currentiyajority of the urban population in
sub-Saharan Africa (SSA) rely on charcoal as theidant source of cooking energy
(Kammen and Lew, 2005; Zulu and Richardson, 20TBg charcoal value chain is a
major employer, with significant contribution toethrural economy of developing
countries (Zulu and Richardson, 2013). The techmolis simple, cheap, readily
available, and easy to use as well as to replitkdiever, its use is faced with challenges
and uncertainties. For example, indoor air pollutimm use of solid fuels is one of the
major causes of health challenges in developingtrims today. Use of charcoal is also
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blamed for its contribution to deforestation ande& degradation (Chidumayo and
Gumbo, 2013), and its long term sustainability t@et growing demands remain
uncertain (Mwampamba, 2007). Moreover, devices tisedharcoal production and use
are inefficient leading to wastage of biomass re=esi(Okello et al., 2013b).

Consequently, there are various efforts aimed ptowing the efficiency of the charcoal
production and combustion processes (KshirsagaKatainkar, 2014). Other efforts aim
at finding alternative technologies to replace obsditute charcoal. Domestic biogas
system is one of the technologies being promotedctmking in many developing

countries. The model is based on cattle manureubstrsite with the fixed dome bio-
digester design as the most popular technologySA §himire, 2013). Biogas systems
provide several benefits including, reduction idaor air pollution and deforestation. It is
also a means of sanitising wastes such as cattheinmawnhile the slurry is a very good
organic fertilizer. However, the technology is fdosith challenges that limit its large

scale adoption in developing countries. High inmesit cost and inadequacy of skilled
personnel to provide technical support are exangfleballenges limiting adoption of the

technology (Surendra et al., 2014).

Briquetting of agricultural and forest residuesaisother technology that is also being
promoted as an alternative to charcoal in UgandagiMpamba et al., 2013). Just like
biogas, briquetting of biomass residues could pday important role in reducing
deforestation rates in the country. However, tetdgioal barriers due to lack of skilled
personnel and high investment costs, higher praslucosts of briquettes compared to
wood and charcoal are some of the challenges to técbnology (EEP, 2013).
Combustion of briquettes could also lead to envirental challenges such as indoor air
pollution and emissions of greenhouse gases. Lésiezfcies of combustion appliances
and emissions concerns are currently being addtelgethe introduction of top-lit
updraft (TLUD) gasifier stoves (Martin et al.,, 2013 he high initial investment and
operating costs of briquetting system remains arotmajor challenge to the

dissemination of the technology in Uganda.

Recently, Jatropha plant oil is also being intratbuas a possible fuel for direct use in
cooking stoves and some engines powering multifonat platforms to provide
mechanical and electrical power in rural areasfimcA (Avinash et al., 2014; Eckart and
Henshaw, 2012). Advantages of Jatropha as a biggreop includes its ability to grow
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and even restore degraded land with minimum inptitsater and other crop production

requirements. Jatropha is also known to have mwlisialue and is one of the plants
used in Uganda for indigenous livestock treatmalabikenya et al., 2014). However, it
is a relatively new technology in Uganda and otthereloping countries. Its production

might cause severe impact on crop production dumtapetition for resources for food

production such as agricultural land and labouk@gcand Henshaw, 2012). Being a new
technology, it still faces challenges with limitedceptability, lack of skilled personnel

and proven technologies for its use in Uganda (Oletlal., 2014).

With this background, it becomes apparent that deeision to select a suitable
technology for use in developing countries is ayveomplex problem, since each
technology has a number of benefits and challengeseover, the right choice should
ensure sustainability of energy supply for the entrgeneration without compromising
the needs of the future generation. Thereforegdbmes critical that suitable tools to aid
decision making to ensure sustainable energy sgstemdeveloping countries are
developed, and tested under such conditions. CQilyyehis remains a major challenge
since there are generally limited examples of pmot@ols and methodologies to aid

selection of sustainable choice of energy systengeveloping countries.

The work presented in this chapter therefore airmedeveloping a decision making
methodology for selecting the most sustainableomgtiamongst a finite set of bioenergy
systems in developing countries. The method waseldped based on Preference
Ranking and Organisation Method for Enrichment Bsabn (PROMETHEE) and
Graphical Analysis for Interactive Assistance (GAlAnd applied for ranking four

bioenergy systems for cooking in Uganda.

The methodology used for sustainability assessrmetioenergy systems is based on
multi-criteria decision analysis (MCDA). Specifibgl this study employed the
PROMETHEE and GAIA methods. The PROMETHEE methodsvided ranking
schemes while the GAIA tool was used for descrgtwalysis of the MCDA problem.
Analysis was carried out with the aid of Visual FRETHEE 1.4 software (VP
Solutions, 2013). Choice of the method was baseisazase of use due to its rather less
complex algorithms compared to other MCDA methodehgkar and Ramachandran,
2004). The PROMETHEE methods belongs to the “Freéddmool” of MCDA methods
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and uses outranking principle to prioritise a #nset of alternative actions on the basis a

given set of evaluation criteria (Lagken, 2007).

8.2 The PROMETHEE methods

8.2.1. Alternatives, criteria evaluation and weighd

Implementation of the PROMETHEE method require$ tha set of actions to be ranked
are well defined. A set of criteria suitable forakwating all the alternatives is then
defined. This is followed by an evaluation proced@isere each alternative action is
evaluated on the basis of the criteria. Since ther@a do not have equal importance, the
decision maker is required to assign weightsto all the criteria on the basis of their

perceived relative importance.

8.2.2 Transformation of pairwise deviations using peference functions

Mathematically, a multi-criteria decision problem lie solved using the PROMETHEE
method can be expressed using Equation 8.1 (B2&02).

max f,(a), f,(a)---, ,(a),-, f(a)}a0 A (8.1)

where,A is a set of alternative actions to be ranked on the baslsedaluation criteria:
f1(), f20), ..., §(), ..., f(’). Parameter§(a) is the evaluation or score of acti@nbased

on criterionfj(*).

For each criterion, a suitable preference functamch transforms the deviation between
evaluations of paired actions into a degree ofguegfce ranging in value from 0 to 1
should be defined (Behzadian et al., 2010). Faartiqular alternative, a preference value
of 0 means that it has no preference at all, wlN@lue of 1 translates to full preference.
Each criterion is therefore associated with a paldr preference function, which

measures the perception of the decision-maker aheutriterion. There are six types of
preference functions given in Appendix B, Table(Btans and Mareschal, 2005; Mateo,
2012), all of which are available in Visual PROMEHH 1.4 software (VP Solutions,

2013) used in this study. This step can be predengghematically by supposing a pair
of actionsa;, a;[1A; the degree of preference for actmmnovera, can be expressed using

Equation 8.2.
Pi(al’az) = Gj{fj(al)_ fj(az)} (8.2)
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where,G; is a non-decreasing function of the deviation éweenfj(a;) andfi(ay). The
degree of preference for actiam over a, increases with increasing values of the
deviation fj(a;) — fj(a2)]. Therefore, the degree of preference function lba expressed
using Equation 8.3.

[0 it fi(a)<f(a,)
Pi(aﬂ’az)‘{ej[n(al)—n(az)] 1,(a)21,(a) ©3)

8.2.3 Calculation of the multi-criteria preferenceindex

The multi-criteria preference index is used to datee the degree of preference of action
a, over a; when all the criteria a considered simultaneoullyepresents the overall
preference of one action over another. Supposeemn giriteriafi(*), for j = 1, 2, ... )k, is
associated with weighw;, then the multi-criteria preference index of aet& overay is
calculated using the weighted average of the degfegreferencen(a;,az), given by

Equation 8.4.

> w(a,a,)
na,a,)= 15— (8.4)

2
j=1

8.2.4 Calculation of outranking flow indices

Preference flow indices are the basis for rankimggactions using PROMETHEE | partial

ranking and PROMETHEE Il complete ranking. They swa the degree of dominance
of a given alternative over all other alternativeach alternative can be associated with,
the leaving or positive flow*(a), the entering or negative floyi(a), and the net flow

#(a) given by Equations 8.5, 8.6 and 8.7, respectively

¢*(a)=ni_1§ﬂ(a1 X) (8.5)
v (a) =ni_1§ﬂ(x, a) (8.6)
da)=¢'(a)-¢(a) (8.7)
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The leaving flow is a measure of dominance or akiray character of alternative,
over all the other alternatives in s&t High values of the leaving flow indicates high
preference for an alternative. Meanwhile, the emgeflow measures the outranked
character, or how much a given action is dominatedll others alternatives in the get
Lower values of entering flows indicates higherf@rence of a given action over all other
alternatives in the sét. Lastly, the net flow indicates the preferenceadjiven action,

with higher values implying greater preferencetfa action.

8.2.5 PROMETHEE | partial ranking of alternatives

The PROMETHEE | partial ranking results in outcomgth some actions may not be
prioritised due to incompatibilities and indiffeis. It utilises the positive and negative
¢"(a) flows. In PROMETHEE | partial ranking, acti@n is preferred t@, if and only if it

is preferred ta, for both preference flows. This can be expressathematically using
Equation 8.8 (Sultana and Kumar, 2012).

either, ¢la)>¢'(a,)andg (a)< ¢ (a)

o, dfa)2¢'(a)andg ()< (a) &9

aP'a,if : {
whereP' meansis “preferred to” in the relationship between acti@a and a,. Using
PROMETHEE | partial ranking can result in indifface in ranking of alternatives.
Indifferences are situations where both actiapsand a, have the same leaving and
entering flows. Indifference between two actiamsand a, is denoted asyla,, and is
given by Equation 8.9

ala,if : ¢f(a)=¢(a)andg(a)=¢(a) (8.9)

Two actions are incomparable;Ra&, under the conditions given in Equation 8.10.
Literally, an incomparable situation does not imihigit two actions cannot be compared,
but that it is difficult to perform the comparisamd thus the decision maker has to be

more critical in selecting the options.

aRa if : {eitheﬂ 40:(61)>¢+(az)and¢‘(a1)>¢‘(a1)

o, ¢(a)<g(a)andg(a)<y(a) ©19
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8.2.6 PROMETHEE II complete ranking of alternatives

To evaluate the complete ranking of alternativdBODMETHEE Il complete ranking is

used. In this case, evaluation is based on th#avet¢(a), according to Equation 8.11.

a is preferredto a, if (o(al) > qﬂ(ag) (8.11)
a, is indifferent to a, if ¢(a,)=¢(a,) .

The disadvantage of PROMETHEE Il is that informatisuch as indifference and
incomparability may be lost during the analysis gess. Consequently, both
PROMETHEE | partial ranking and PROMETHEE |l conipleanking are used to

evaluate alternatives actions.

8.2.7 Geometric Analysis for Interactive Aid (GAIA)

Geometric Analysis for Interactive Aid (GAIA) is descriptive tool that facilitates

graphical presentation of PROMETHEE analysis restlhe GAIA analysis is based on
the calculation of the single criterion net flow(a), (Brans and Mareschal, 2005). The
single criterion net flow for criterid(-) is obtained by formulating net flow given in
Equation 8.7 into the form in Equation 8.12.

Aa)= 45 w(a) 812)
where,
7(e)= = 3[R (ab)-P (b.a) 813)

The single criterion net flow always range from tarst to the best possible values of -1
and +1 , respectively. It is the net flow obtairvelden all the weight is allocated to only
one criterionfj(*). It measures the degree by which alternagivis outranking (if¢(a)>0)

or outranked (if(a)<0), by all other alternatives on the basis aecronf(").

The single criterion net flow facilitates analysisrelative performance of an action on
any criterion, and makes it possible to presentntiaéi-criteria table in &-dimensional

space while considering criteria scales and pre@arefunctions used (VP Solutions,
2013). Due to difficulty in visualising thk-dimensional space, dimensional reduction

using principle compliment analysis (PCA) is usedptesent the results in a series of
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orthogonaltwo-dimensional presentation, called GAIA plane, whéd&ining most of th

information in thek-dimensional spac(Ishizaka and Nemery, 2011).

8.3 Implementation of PROMETHEE to rank bioenergy echnologie

8.3.1 Goal and objectives

The goal of this study was to promote the use efasnable bioenergy technologies
cooking in Uganda, by improving the decision makjmgcessObjective was to identif
the most sustainable of biogas, briquettes, chharwh Jatropha bioenergy technoloc
used cooking in Ugandahis is by ensuring that the technologies are fgaaceptable,
economically feasible, environmentally friendly ar@d¢hnologically practical. In realit
these conditions are conflicting and therefore aDMCapproach is best suited for

solution.

1. Social well-being
2. Acceptability
Social criteria } 3. Inclusion
4. Job creation
5. Legislative requirements

1. Capital cost

. o 2. Operating cost
Economic criteria ]— 3. Service life
Objective: to prioritise cooking gazkiin

energy system in Uganda on
ek i 1. Impact on human health
e basis of their sustainability il

Environmental criteria 3. Water quality
4. Land use change
5. Soil degradation

1. Efficiency

2. Reliability

3. Usability

4. Maintainability
5. Functionality
6. Portablity

Technical criteria

Figure 8.1.Decision hierarcy of MCDA ranking of Ugandan bioenergy technolo

8.3.2 Decision hierarchy

The decision problem was structured into a decisi@narchy given in Figure 8.1. 1
achieve the objective of identifying the most sumthle technology, the problem w
decompaed into the social, economic, environmental artirtieal dimension(Brans,
2002)of sustainability. For each dimension, a set akaa were identified as illustrat:

in Figure 8.1.
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8.3.3 Description of alternatives

A brief description of each technology is givendyenore detailed description is given in
Section 5.4 of this thesis, and in Okello et &Q14). Biogas system involves cultivation
of grass for feeding cattle and using the manuregged for producing biogas in fixed-
dome bio-digester. The biogas is then conveyedipespto combustion devices and
directly used for cooking. Briquette gasificatiopsm involves collection of maize
residues and processing it into briquettes. Briggetire used for cooking in TLUD
gasifier stove, which is a micro-gasifier desigrfed cooking in developing countries.
Charcoal is the traditional system, mainly produdeaim harvested natural forest
vegetation in traditional earth-mound kilns. Itdsectly used in charcoal stoves; in this
caseKenya ceramic jikdKCJ) stove was considered. Lastly the Jatropktesay involves

cultivation of Jatropha plant, which produces Jatteoseeds from which oil is extracted,
filtered and directly used for cooking. Backgroumformation on the status of these

technologies in Uganda is available in Sectiona®@ Okello et al., (2013b).

8.3.4 Selection and weighting of criteria

The criteria were selected to ensure that theysar@ble for the assessment of the
sustainability of four energy systems. Selectiowrrdkria was based on literature survey,
followed by validation by a panel of multi-stakettet. Weights were assigned to each
criteria using analytical hierarchy process (AHPgtailed description of the process of

selecting and weighting criteria are given in Cleajt of this thesis.

8.3.5 Evaluation of social criteria

Social criteria were evaluated and results giveiiable 8.1. Criterion job-creation was
evaluated basing on the potential number jobs edeatong the supply chain of each
technology. Only direct employment was considerethis study, since it was difficult to

estimate number of indirect employment. Evaluatbthe other four criteria were based
on expert judgement and measured on a qualitatake sanging from 1 to 5. In each
case, 1, 2, 3, 4 and 5 means the evaluation ofengiriterion on the scale wasery bad

bad average goodandvery good respectively.

139



Table 8.1.Evaluation results of social criteria

Social criteria

Alternative

Well-being  Acceptability Inclusion Job creation  Legislations
Biogas system 5 4 5 4 5
Briquette gasification 4 3 4 5 3
Charcoal 4 5 4 2 1
Jatropha oil 4 3 3 5 3

8.3.6 Evaluation of economic criteria

Evaluation of economic criteria was based on piiedpicapital and operating cost for
each technology supply chain. Detailed cost basedpresent market rates and
assumptions for calculation of the internal rateetdtirn (IRR) are given in Appendix C.
Service life was estimated on the basis of numbeyears required to replace the
technology, when it is no longer of any economilugaEach technology was assumed to
have zero salvage value at the end of its senfieeHor the case of biogas, allocation of
grass production cost of 10% was assigned to bjoglge 90% was to dairy products.
Viability was evaluated using the internal rateretiurn (IRR) over an investment period

of 15 years.

Table 8.2.Evaluation of economic criteria

Economic criteria

Alternative Capital costs Operating Service life  Viability (IRR)
(USD) costs (USD) (years) (%)
Biogas system 1278 379 15 22
Briquette gasification 6248 8505 10 15
Charcoal 157 9641 10 520
Jatropha oil 5641 1164 25 1

8.3.7 Environmental criteria

Environmental criteria were evaluated using lifeleyassessment (LCA) methodology.
Comparative LCA methodology was applied using Re@&Rdpoint and Eco-indicator 99
life cycle impact assessment (LCIA) methods, withuractional unit of 1 MJ of cooking

energy. Life cycle inventory data used for the L&Apresented in Section 7.3 of this
thesis. Climate change and land use were evalusied the Eco-indicator 99 impact
assessment method, using SimaPro 7.3 LCA softviamgacts on human health, water
quality and soil degradation were evaluated usmgdn toxicity, freshwater ecotoxicity

and terrestrial ecotoxicity, respectively. The Re€endpoint impact assessment method
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was used to evaluate the freshwater ecotoxicitytarréstrial ecotoxicity. Results of the
evaluation, measured in eco-points are given inleld@3. Loss of biodiversity was

excluded from the evaluation since there was ntalsié method for assessing it in the
LCIA methods employed in this study.

Table 8.3.Evaluation of environmental criteria

Environmental criteria

Alternative Human Climate Water Land use Soil
health change quality change degradation
Biogas system 2.62 5.36 89.10 19.03 6.31
Briquette gasification 0.47 1.34 10.90 0.01 94.7
Charcoal 0.12 9.56 4.20 0.01 1.60
Jatropha oil 3.63 1.34 11.30 127.56 13.40

8.3.8 Technical criteria

Six technical criteria presented in Table 8.4 wevaluated and included for the multi-
criteria sustainability analysis. Currently, there no generally accepted set of technical
criteria and evaluation method for sustainabiligsessment of bioenergy technologies.
The choice of the criteria used here was basedraiahle literature and validation by a
multi-stakeholder panel. Detailed explanationshef technical criteria are given in Table
6.4. Efficiency of the combustion appliance, givienSection 7.3, was used as the
efficiency criteria. Criteria reliability and maaihability could be calculated using
principles of reliability engineering as explainkby Eti et al., (2007), and Sharma and
Kumar (2008). However, due to lack of the relewanhnical performance data of each of

the bioenergy technology, they were evaluated byedxjudgement on a five-point
qualitative scale.

Table 8.4.Evaluation of technical criteria

Alternative Technical criteria

system Efficiency  Reliability  Usability = Maintainability Functionality ~ Portability
Biogas 55 4 4 4 4 2
Briquette 30 2 4 3 3 4
Charcoal 15 5 5 5 5 5
Jatropha oil 40 4 3 3 3 3
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8.3.9 Choice of preference function and thresholds

The visual PROMETHEE 1.4 software assistant wasl tiseaid selection of preference
functions. This was supplemented by guidance framdvBzko and Podviezko (2010).
Generally, the V-shape and Linear preference fanstiare best suited for quantitative
criteria, the only difference between them being threshold values. Meanwhile the
Usual and Level preference functions are mainlyduse quantitative criteria, while the
Gaussian type is rarely used due to difficulty argmeterisation (Sultana and Kumatr,
2012; VP Solutions, 2013). Similarly, the thresisolof preferences and indifferences
were also selected by the author with the aid ef visual PROMETHEE software
assistant. A complete list of preference functiondifference and preference thresholds
used in this study is given in Table 8.5. The taddd® provides the choice of objective
functions, data type, and the weight of each dateas assigned by a multi-stakeholder
panel. However, it should be noted that since rooite loss of biodiversity was not
included in this analysis, its weight was distrémito the other environmental criteria to

ensure that their total equals to unity.

Table 8.5.Parameters for preference modelling

Social criteria

Parameters

Well-being Acceptability Inclusion Job creation Legislations
Unit 5-point 5-point 5-point Number 5-point
Objective function Maximise Maximise Maximise Maviga Maximise
Data type Qualitative Qualitative Qualitative Qutative Qualitative
Weight (%) 5.7 52 4.9 4.7 4.7
Preference function Level Level Level V-shape Level
Indifference thresholdgj® 0.5 0.69 0.58 n/a 0.75
Preference thresholg)¢ 1.0 1.85 1.58 4 241

Table 8.5 continued...

Economic criteria
Parameters

Capital cost Operating cost Service life Viability
Unit Usb usD Years %
Objective function Minimise Minimise Maximise Maxise
Data type Quantitative Quantitative Quantitative afitative
Weight 11.0 9.5 8.2 6.4
Preference function V-shape V-shape V-shape Linear
Preference threshol@)¢ n/a n/a n/a 10
Indifference thresholdgj® 5899.41 9362 14 507
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Table 8.5 continued...

Environmental criteria

Parameters

Human health Climate change sz}ﬁ;’ L?:Snlaze Soil degradation

Unit Eco-points Eco-points Eco-points Eco-points ofpoints
Objective function Minimise Minimise Minimise Miniise Minimise
Data type Quantitative Quantitative Quantitative aQlitative Quantitative
Weight 6.6 47 4.1 3.6 2.9
Preference function Linear V-shape Linear Linear nelar
Preference thresholg)¢ 1.12 n/a 39.92 54.89 3.44
Indifference thresholdgj® 3.23 7.6 80.43 121.88 9.60
Table 8.5 continued...
E Technical criteria

Efficiency Reliability Usability Maintainability Functionality Portability
Unit % 5-point 5-point 5-point 5-point 5-point
Objective function Maximise Maximise Maximise Maxge Maximise Maximise
Data type Quantitative Qualitative  Qualitative Qiadive Qualitative Qualitative
Weight 3.8 3.4 3.2 3.0 2.8 15
Preference function V-shape Linear Linear Linear nekar Linear
Preference thresholg)¢ n/a 0.75 0.69 1.00 0.69 0.75
Indifference thresholdgj® 31.53 241 1.85 2.00 1.85 241

2 Please refer to Table B1 for explanation

8.4 Results and discussions

8.4.1 PROMETHEE ranking

The leaving¢®(a), enteringg(a), and netg(a) flows are the basis of PROMETHEE
ranking schemes. These were evaluated using theaVBROMETHEE version 1.4

software and results are presented in Table 8.6.

Table 8.6.PROMETHEE flow table for the energy systems

Energy system Leaving flow ¢*(a) Entering flow ¢(a) Net flow ¢(a)
Biogas &) 0.3739 0.1829 0.1910
Briquettes &) 0.1398 0.3304 -0.1906
Charcoal &,) 0.3795 0.2715 0.1080
Jatrophady) 0.2259 0.3344 -0.1084

Evaluation of PROMETHEE Il complete ranking candmeectly obtained from the net
flows ¢(a) given in the Table 8.6. The higher the flow valtiee better the rank of the
technology, meaning that biogas had the best ratibwed by charcoal, Jatropha and
briquettes, respectively. Also, the flow resultsegi here provide information used for
PROMETHEE | partial ranking. The visual PROMETHEBftgare tool provides a
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variety of graphical schemes for visualisation loé results presented in the following

sections.

8.4.2 PROMETHEE | partial ranking

PROMETHEE | partial is obtained by comparing thaviag flows, ¢*(a), and the
entering flows 4 (a), given in Table 8.6. Results of the PROMETHEEattial ranking
for this study is given in Figure 8.2. The left uxaf the figure gives the ranking of the
energy systems based on the leaving fif\@a), while the right axis gives ranks on the
basis of entering flowsg (a).

1.0 0.0

l Biogas
l Charcoal

Briquettes

Phi+ Phi-

Charcoal

Jatropha

Briquettes

0.0 1.0

Figure 8.2.Graph showing results of PROMETHEE | partial raugki

Figure 8.2 shows that charcoal and biogas alteremtare generally better than the
briquette and Jatropha systems since they are proftahe chart. However, the lines
joining the ranks of the biogas and charcoal onl¢ffteand right axes cross each other.
This means that the two alternatives are incompar&@imilarly, it can be observed that
briquettes and Jatropha systems are also inconparétcomparability does not

necessarily mean that the two actions cannot bepawed, but that the two choices are
difficult for the decision maker to select. It issi#tuation corresponding to lack of
consensus to declare that one action is clearlgib#tan the other (Brans, 2002). The
intersection of lines joining the alternatives agréen-red line between the left and the

right axes in Figure 8.2 corresponds to the net,fli{a) scores.
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8.4.3 PROMETHEE Il Complete ranking

The net flows given in Table 8.6 are the basisRFROMETHEE Il complete ranking.

Results of the PROMETHEE Il complete ranking wasspnted graphically by indicating

the net flows along a vertical axis as shown iruFegd.3. Location of the alternatives on
the axis indicates their ranks under PROMETHEE dinplete ranking scheme. Best
alternatives are usually at the top while the warst located at the bottom of the axis.
Results shown in Figure 8.3 suggest that the biegesgy system ranked as the best
alternative, followed by charcoal system. Briquedistem on the other hand had the

worst overall score, meaning that it is the leastgyred option.

+1.0

0.1910 . Biogas energy system
0.1030 Charcoal system
I 0.0
-0.1084 . Jatropha oil system

-0. 1906 Briguette gasification

-1.0

Figure 8.3.Graph showing results of PROMETHEE Il completekiag

Unlike PROMETHEE I ranking where incomparabilitydamdifference can be detected,
this information is lost under PROMETHHEE Il comgleanking. The PROMETHEE

diamond given in Figure 8.4 therefore providesefulgool for visualising results of both

ranking schemes. It has a 45° oriented square wiraVides information on the entering
and leaving flows. The vertical axis along the diag of the square gives the net flows.
Cones are drawn for each alternative from thedéthe plane and used for visualising
results of PROMETHEE | partial ranking. Cones tloaerlap others correspond to
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preferred alternatives. Pairs of cones that intéreach other indicate conditions of
incomparability. Results of this analysis furthenfirm that charcoal and biogas systems
are incomparable alternatives, just like briquetied Jatropha systems. The net flows
further confirm the results of PROMETHEE Il comgetnking, with biogas as the best

and briquette as the worst alternatives.

Biogas energy system
Charcoal system

Jatropha oil system
Briquette gasification

/

/

[
N ’ i
|

/

-1.0

Figure 8.4.Graph showing result of PROMETHEE | and Il ranking

8.4.4 Results of GAIA Analysis

The GAIA plane for the present study is given igu¥e 8.5 (a) and (b). The purpose of
GAIA analysis is to illustrate the global perfornganof actions in relation to the
evaluation criteria as well as the relationshipsvieen criteria. Each criterion is presented
on the plane using an axis, while actions are dyga as points. The GAIA plane in
Figure 8.5 was obtained by converting the repregiemt of the 20-dimensional planes of
criteria into a two-dimensional plane using PCA,ilethmaintaining the maximum
possible amount of the original information. Howewturing PCA, some of the original
information is lost (Dadeviren, 2008). Quality value given in the GAIA péais an
indication of the amount of information retainedidg PCA transformation; in this case,
86% of the original information of criteria is retad while 14% is lost.
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The GAIA plane provides plenty of useful informatitor decision making while ranking
alternative actions. For example, criteria of sampreferences are oriented in the same
direction on the GAIA plane. In this study, it cha observed that efficiency, operations
costs and social wellbeing, have similar preferenc@ther examples of criteria with
similar preferences are soil degradation, land aisnge, and capital costs. The GAIA
plane also helps in identifying conflicting criterisince they are oriented in opposite
directions on the plane. The pairs portability afitciency; social wellbeing and impact
on water quality are typical examples of confligtiriteria in this study.

v Zoom: 100%

(a) (b) Sodal wel-being

iciency

0 Erahllzlfﬁl_.usu sghial indusigr Capital costs
Legisiahve reduireme

L::;Iil? Functionalityabiity
d use change
Sail degradation

service life

Job creation Maintainability

Eriquette gasificaton [ Climate change Human health impacts

Portability

Impact on water quality

Figure 8.5. GAIA plane for the bioenergy systems at 86% qua{d) - plane at 100%
zoom level; (b) - plane at 400% zoom

Additional information such as performance of tlteraatives in relation to each other
can also be figured out from the GAIA plane. Simadternatives are usually displayed
close to each other on the plane; in this caseoplz and briquette systems are quite
similar. On the other hand charcoal and biogagjaite different actions from each other,

as well as from Jatropha and briquette systems.

Another important feature on the GAIA plane is tleeision axis, which is given by the
thick red line, shown at higher magnification irgtiie 8.5 (b) for better visualisation. The
decision axis is the weighted average of the caitexes. It represents the suggested
direction of the action which the decision makes t@atake (Albadvi et al., 2007; Wang
and Yang, 2007); in this case, the biogas systaroe st is the closest in direction to the
axis. The axis is useful for identifying criteriahiwgh have high influence on

PROMETHEE Il ranking. In this case, it can be obedrthat social well-being, social
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inclusion, capital costs and functionality critehigghly influence the final results since
they are close to the axis. Criteria like impact water quality and job creation are
oriented in the opposite direction to the decisaxis, meaning they are given lower

weights. Changing the weights of criteria usuaélgults in a shift in the position of the
decision axis.

The orientation of the criteria axis on the GAlAapé provides useful information about
the relationship between criteria and alternati@#eria are usually oriented towards the
direction of the alternative for which it is favailnly evaluated. For example, the criterion
maintainability is oriented to the right of the G¥plane, where the charcoal alternative
is located. This implies that charcoal system hé&svaurable maintainability attributes,

unlike for example, Jatropha, which is in the opfeodirection. Better visualisation can

be obtained when the criteria axis is includedhimm GAIA plane as shown in Figure 8.6.
Moving from the right to the left of the GAIA plapeharcoal ease of maintenance is
followed by briquettes, biogas and worst performsedatropha system. Similar analysis
can be performed for all the criteria.

W Zoom: 100%
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Figure 8.6. GAIA plane showing the axis of the maintainabilityteria
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8.4.5 Sensitivity analysis

Sensitivity analysis was carried out to determime effect of varying the weights of the
criteria on the ranking of the alternatives. Stapintervals of weights of criteria were
calculated and presented in Table 8.7. This reptedehe range within which the ranks
of the alternatives do not change under the PROMEHH complete ranking schemes.
The results showed that social wellbeing has ailgyainterval from 0% to 100%,
meaning that the ranks of the alternatives areseasitive to changes in weight of this
criterion. However, criteria portability, maintalmfty, soil degradation, land use change,
and impact on water resources showed relativelyl stability interval. This implies that

the ranks of the alternatives are highly sensitivehanges in weight of these criteria.

Table 8.7.Stability interval for criteria weights

Weight stability interval (%)

Criteria Weight = :
Minimum Maximum
Social wellbeing 5.70 0.00 100.00
Social acceptability 5.20 0.00 15.70
Social inclusion 4.90 0.00 15.34
Job creation 4.70 0.00 18.01
Legislative requirements 4.70 0.00 24.35
Capital costs 11.00 0.00 33.71
Operating costs 9.50 3.43 23.27
Service life 8.20 2.29 20.83
Viability 6.40 0.00 11.98
Human health impacts 6.60 0.00 12.88
Climate change 4.70 0.00 17.79
Impact on water 4.10 0.00 9.88
Land use change 3.60 0.00 9.48
Soil degradation 2.90 0.00 9.71
Efficiency 3.80 0.00 21.39
Reliability 3.40 0.00 17.16
Usability 3.20 0.00 13.92
Maintainability 3.00 0.00 8.69
Functionality 2.80 0.00 13.57
Portability 1.50 0.00 7.28

The charts of visual stability interval given ingbre 8.7, perhaps give a more intuitive
presentation of the variation of PROMETHEE Il coetpl ranking with changes in
weights of criteria. The horizontal axis of the ithgives the weight of the criterion under
consideration. Net flows are given by the vertiaaés of the chart. Lines representing
variation in net flows for a given alternative amwn joining the scores at 0% and 100%
on the left and right axes, respectively. Prefegefth@w corresponding to the left of the
chart represents a situation in which weight ofi@%ssigned to criterion. It corresponds
to a situation where the criterion does not haweamtribution to the overall ranking of

the alternatives. The axis on the right-hand sidhe chart represents a situation where
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criterion under consideration is assigned a wei§lii00%, implying that ranking is based

only on the criterion.
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Figure 8.7. Visual stability interval (a) social iveeing, WSI = 0 to 100%, (b)
acceptability WSI = 0 to 15.7% (c) capital costsSM# 0 to 34% (d) efficiency, SI =0 to
21%

The inclination of the line provides information ¢me evaluation of the criteria. For
example, in Figure 8.7 (a), it can be noted thag&as performs very well on the social
wellbeing criterion, since its net flow increasawmincreasing values of the weight of the
criterion. However, briquettes, charcoal and Jdteopxhibit poor performance on the
social wellbeing criterion due to the decreasingfiosv with increase in the weight of the
criterion. Following similar arguments, sub-figui@g (b), (c) and (d) can be interpreted
to provide more insight into the stability of thenking of the alternatives with variation
in weight of the criteria. Stability interval isqited with dotted vertical lines on the chart.

It can be observed that the ranks are more semgiivhe social acceptability criterion
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(Figure 8.7 (b)), and not sensitive to the soci&llleing criterion (Figure 8.7 (a)).
Analysis of stability interval illustrated here céxe extended to all the remaining 16

criteria used in this study.

Quite often, it is of interest to the decision makeevaluate the sensitivity to the ranking
of the alternatives when the weights of criteria alt set to an equal value that is 5% for
each of the 20 criteria in this study. Assumptidbrequal weight of criteria was evaluated
and results presented in Figure 8.8 (b). When coedp@® the initial case when weight of
criteria were assigned by a multi-stakeholder paietan be observed that results of
PROMETHEE Il complete ranking of biogas and chakcsfzown by the upper half of the

chart, get inverted when weights of criteria arauatq Similarly, rank inversion is

observed between Jatropha and briquette energgnsystHowever, overall, briquettes
and Jatropha energy systems ranked lower thanadiagiod biogas systems under both

sets of criteria weights.
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Figure 8.8.Effect of changing criteria weight on ranking y@ights at initial conditions,
(b) all criteria set to have equal weights.

8.5 Scenario analysis

A scenario was developed assuming increased ragyoli by-products of biogas and
Jatropha energy systems as described in Sectioof Chapter 7. Results of LCA using
ReCiPe endpoint analyses were used to estimatectmymam human health, climate
change, water quality and soil degradation. It alas hypothesised that through training,
the social acceptability of Jatropha and briquettas be improved from average to good
on the five-point qualitative scale. These valueseaused to develop a new scenario and
was analysed using the visual PROMETHEE softwarerréSponding preference

functions and threshold values were also adjustesuit the new data set indicated in
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Table 8.8. Other variables of the remaining critevere kept the same as in the business

as usual scenario.

Table 8.8.Parameters and evaluations for the alternativessice

Environmental criteria
Parameters

Social Climate . . .
acceptability Human health change Water quality Soil degradation
Unit 5-point Eco-points Eco-points Eco-points Eants
Objective function Maximise Minimise Minimise Minise Minimise
Data type Qualitative Quantitative Quantitative Qlitative Quantitative
Weight (%) 5.2 6.6 4.7 4.1 2.9
Preference function Level Linear Linear Linear lane
Preference thresholg)¢ 0.5 43.70 50.37 65.51 9.36
Indifference thresholdgj® 1.0 121.07 127.07 184.82 26.88
Evaluations
Biogas 4 -109.10 8.41 -188.80 -19.21
Briguettes 4 15.77 -10.57 14.25 9.58
Charcoal 5 4.00 112.15 4.85 3.20
Jatropha 4 -85.58 -28.92 -104.4 -15.54
1.0 I 0.0 +1.0
(a) _ (b)
I Jatropha
I Charcoal 0.3333 Biogas
Eriquettes I
Phi+ Phi- 0.0114 LR = 0 latronha Charcoal
Biogas I
Charcoal -0.3202 EBriguettes
Jatropha
EBriquettes
0.0 1.0 -1.0

Figure 8.9.PROMETHEE ranking in scenario with improved reayglof wastes (a)
PROMETHEE | partial ranking, (b) PROMETHEE Il coraf# ranking.

Results of this new scenario are given in Figuge 8he PROMETHEE | partial ranking
given in Figure 8.9 (a) demonstrates that biogasgnsystem is the most sustainable
overall, since it is above all the other energytays. The Jatropha system showed a
general upward shift on the chart, meaning themnismprovement in its sustainability.

However, it can be observed that Jatropha and chksystem are incomparable under
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this scenario. Briquettes system generally rankseest under PROMETHEE | partial
ranking scheme. Figure 8.9 (b) is an illustrationtte PROMETHEE Il complete

ranking, from which it can be deduced that bioggstesn ranked the best followed by
Jatropha system, and briquettes system ranked owesill.

8.6 General discussions proposal for future reseahnc

In this chapter, the sustainability of four enesygtems used for cooking in Uganda was
assessed on the basis of 20 criteria using MCDA. driteria were classified under the
social, economic, environmental and technical tteofesustainability. Currently, there
are no generally accepted lists of criteria foreassg bioenergy systems, and those used
in this study were developed by a team of expertd aulti-stakeholder panel.
Environmental and economic criteria were evaluaiethg quantitative methods. The
LCA methods and generally accepted for evaluatimgrenmental impacts of products
and services into quantifiable results. Also thare a number of financial methods that
can be used to quantify the economic criteria. H@remost of the social and economic
criteria could not be quantified and their evaloas were based on a five-point
qualitative scale. Evaluation of social and techhariteria used here was therefore quite
subjective and therefore may not be accurate gmehtable depending on the judgement
of the decision maker. This could have impacts len dverall results of the ranking.
Future research could consider development of disié set of technical and social

criteria.

In this study, evaluation of economic and environtakcriteria was restricted to a radius
of 40 km between the point of material collectiovdaise. However, in practice, biomass
material can be transported over much longer dis&®nThis could result in increased
operating costs and environmental load due to p@tetion. It is expected that results of
this study could be affected by this. When anatysime environmental performance of
charcoal, the impact on biodiversity were not takén consideration due to limitations

of appropriate methods. Wood harvested for charicodéveloping countries is mainly of

indigenous species, that play important ecologeabnomic as well as having medicinal
values. These were not evaluated in this study mgahat the results presented could
have over-estimated the actual sustainability ef ¢harcoal energy system. It is quite
complex to model all the environmental impacts gfraduct, nevertheless, future effort

could consider improving the accuracy of quanttfara of the criteria. Also possibility of
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producing charcoal from dedicated short rotatiaredtry could be evaluated, since there
are currently uncertainties about long term suatality of natural vegetation to meet

increasing demand.

Briquette gasification system generally featurest lem ranking under both scenarios
considered in this study. Some of the contributfagtors include high capital and
operating costs. Possibility of utilising secondaggidues to reduce collection costs is
probably a useful strategy to improve the sustaiitylof the technology. These residues
are produced in agro-processing plants such asenamnd rice mills located in Gulu
municipality. Quantification of the residues andalexation of their sustainability in
comparison with the other technologies could beoethwvhile effort. Other studies could
aim at evaluating the impacts of intercropping lo@ sustainability of the Jatropha energy

systems.

8.7 Conclusions

This study aimed at evaluating the sustainabilityfaur bioenergy systems used in
Uganda. The PROMETHEE and GAIA methods were usedafaking the technologies.
Under business as usual scenario, biogas and ehawere incomparable under
PROMETHEE | partial ranking, while biogas was rasithe most sustainable option
under complete ranking schemes. Recycling of bylpets as fertilizer resulted in
improved sustainability of biogas and jatropha eyst. In conclusion, the study suggests
that biogas is perhaps the most sustainable eratggnative for Uganda amongst the
four systems considered in this study. Also, sosatality of both biogas and Jatropha
significantly increase with recycling of by-prodsctThe PROMETHEE and GAIA
methods used in this study proved to be very primigitools to aid sustainable bioenergy
decision making under developing country conditiofRgture research could consider
improving the accuracy of evaluation of social @adhnical criteria. Development of
more detailed model simulating the actual situasnclosely as possible could greatly

improve the accuracy of the results.
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Chapter 9 — Overview and conclusions

Summary

This chapter aims at providing the main resultstlis study together with their
implications. The chapter also provides a summatythe major limitations and
challenges faced during the study along with prapésr future research. Conclusions

drawn from the study are provided in the last pathe chapter.

9.1 Overview of key results and discussions

The advent of the concept of sustainability anddrteeattain sustainable development has
created a major challenge to decision making in rgment past. Use of traditional
biomass for cooking in developing countries is afiesectors facing urgent need for
sustainable development. Therefore, this study auwaed at developing methodologies
for improving the decision making process when lg bioenergy technologies for
cooking in developing countries. The proposed dacisnaking framework integrates
social, economic, environmental and technologicaicerns of sustainability using a
MCDA methodology. Involvement of stakeholders dgrithe decision making process
was also taken into consideration. The concepttahdéwork of the methodology is
presented in Chapter 4. This study provides a ldéetaapplication example of the
methodology for analysing four alternative biomas®sergy systems under Ugandan
conditions. The proposed method is quite generid #nis possibly applicable for
assessing sustainability of cooking energy systendeveloping countries with similar

socio-economic and technological conditions as dgan

9.1.1 State of the art of bioenergy technologies

The proposed sustainability assessment methodelagydesigned and tested in Uganda
as a representative developing country. Like in ynatiher developing countries, there

was very limited availability of background liteva¢ on the status of bioenergy

technologies in the country. Chapter 2 of this ihvagned at closing this gap and provide
information on possible improved biomass techn@sdhat can be promoted, as well as
identify key stakeholders in the sector. It wasniduhat Uganda has a policy to promote
sustainable use of biomass technologies. There avetenber of organizations promoting

use of modern biomass energy including the govenmbmeion-governmental

organizations and the private sector. However, |¢evd# adoption remain low, and

156



majority of the households still rely on traditibiomass technologies for cooking. The
technologies are known to be very inefficient anould result in high rates of biomass
resource use. Indoor air emission from traditidsiamass use is one of the main health
challenges in Uganda. More than 85% of the popmralive in rural areas, which are
sparsely populated. This suggests that small sst@edalone energy systems would
probably be more viable, since the cost of ingiala of national grid would be
prohibitive. Detailed results of the state of theraview is provided in Chapter 2 of this
thesis and in Okello at al., (2013b).

9.1.2 Energy potential residue biomass

An evaluation of the bioenergy potential of agitigral and forest residues established
that Uganda had gross potential of about 260 Pgear 2008, which is equivalent to
about 70% of the country’s biomass energy requirgsméVethods and findings of this
analysis is given in Chapter 3 of this thesis amdOkello et al., (2013a) However,
utilisation of these residues poses serious orghaigl challenges, especially the
logistical requirements for the supply chains. Tisibecause the resources are scattered
over large geographical areas. Cattle manure fam@ke could be used for biogas
production, but a large proportion of cattle farsmpractice pastoralism or open grazing.
Collection of the manure for biogas production wbide a challenge. Also it was
observed that there were variations in the comiposdf residues in different parts of the
country, suggesting need for customising supplynshéor the different agro-ecological
regions. Considerations social, economic, envirartaleand technological aspects were
discussed and found to be critical for successtilisation of biomass residues. For
example, residues play important ecological rallesrefore only fraction of it should be
recovered for energy use. These issues were destussletail in Chapter 3.

9.1.3 Overview of pre-screening results

Often times, efforts to introduced modern energyises in developing countries have
not resulted in desired levels of adoption. In samages, new technologies are faced with
rejection by the target population. It is knownttimcreasing participation of stakeholders
in decision making increases the chance of puldezptance of technologies. A novel
method for participatory appraisal of bioenergyhtemogies was developed and used in a
multi-stakeholder setting to rank four bioenergyhteologies in Uganda. Detailed

description of the method based on SWOT, AHP arsiralality functions is given in
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Chapter 5 of this thesis and in Okello et al., @0The supplication example in Uganda
shows that Jatropha oil system, biogas and briguetergy systems ranked better than
charcoal, the reference system. This suggeststhkholders were willing to accept the
relatively new technologies in place of the trahal charcoal technologies.

The proposed participatory appraisal method showetkntial of being used as a
screening tool in the early phases of planning whkiegre are a large number of
alternatives. Those alternatives that perform ypemgrly based on stakeholder opinion can
be identified and removed from further consideratidhis would increase the time and
resource efficiency during planning. Critical comse of stakeholders about the energy
supply chains can also be identified and possibleedies developed right from the
beginning of the planning process. For exampleestalders identified lack of skilled
personnel as a threat to most bioenergy systenis.sliggests the need to increase the
number of bioenergy technicians. This is seemseéadnbagreement with findings in
Chapter 2, since only one institution was fountdédraining bioenergy technicians in the

country.

9.1.4 Identification and weighting of criteria

Criteria provide the basis on which to benchmarl aommunicate progress towards
sustainability as well as being important inputs decision making. A set of 21
sustainability criteria for bioenergy systems inddda were developed. The criteria were
selected on principles of relevance, practicalitglependence and simplicity. Weights
were assigned to each criterion by a multi-stakiddropanel with the aid of the AHP
methodology. Economic and social dimensions ofasngbility were ranked highest in
importance, followed by environmental and techniadiimensions, respectively.
Investment and operating costs were the rankedeambst important criteria. This could
perhaps be explained by the low level of per campiteame of Ugandan households. It
suggests that efforts to reduce costs of biomassntdogies, such as provision of
subsidies could enhance sustainability of the systdeEnvironmental dimension ranked
third in importance, unlike in Europe where is radkmost important by other scholars
(Buchholz et al., 2009). This is probably due towaer level of environmental awareness
amongst Ugandan stakeholders compared to their pEaro counterparts. Detailed
description of the methods used for criteria s@actranking along with results obtained

and discussions are given in Chapter 6 of thisghes
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9.1.5 Environmental impacts of energy systems

Use of biomass for cooking could result in enviremtal impacts along the supply
chains. This study evaluated the environmentaloperdnce of domestic biogas, briquette
gasification, charcoal and Jatropha cooking enexggtems. The aim was to identify
hotspots along the supply chains, and to generateoemental criteria for the MCDA

phase of this study. A comparative life cycle assent (LCA) of the four model energy
systems was carried out, with results showing thagjas is the most environmentally
sustainable alternative, while charcoal had the stvanvironmental performance.
Environmental performance of biogas and Jatrophatesys were observed to
significantly improve with recycling of by-products fertilizer. Biogas exhibited the
lowest level of reparatory inorganics followed hygoette gasification in TLUD stoves.

This suggested that biogas could have the highesnpal to reduce human health
impacts due to indoor air pollution. Details of tineethods used in the study of
environmental performance of the four energy systawgether with results and

discussion are given in Chapter 7 of this thesis.

9.1.6 Multi-criteria sustainability assessment

Sustainability assessment of biomass energy systemusres that social, economic,
environmental and technological concerns are iategr into the decision making
process. These are conflicting objectives for whvaliti-criteria analysis is well suited. A
multi-criteria methodology based on PROMETHEE anmdll&Smethods was developed
and used under Ugandan conditions for assessingirsaigility of biogas, briquette and
Jatropha energy systems with charcoal as the refersystem. Under the business as
usual scenario, charcoal and biogas were foundetanbomparable basing on the
PROMETHEE | partial ranking but better than Jatepdénd briquette gasification
systems, which were also found to be incomparadbsvever, with improved recycling
of by-products, biogas ranked first, followed byrdpha and charcoal, while briquette
ranked last. The GAIA analysis was used as a qesaitool to help understand the
relationship between criteria and alternatives aided description of method used, results

obtained and detailed discussions are present€tdapter 8 of this thesis.
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9.2 Limitations and proposal for suggestion for futire research

The main limitations of this study concerns theldquaf data used in the analysing the
alternatives and methodological constraints for njiiang social and technological
criteria. The LCA phase of the study in particlhad a major challenge with availability
of both foreground and background data requirediferanalysis. Basically, primary data
from Uganda that could be used for the LCA studyew®t readily available. Therefore,
effort was made to obtain foreground emission daien studies carried out in other
developing countries with similar technologies. Bielieless, some of the emission data
such as for the stoves were of similar technolodias obtained under laboratory
conditions. In many cases, there can be a differenetween laboratory and field
performance of a technology.

Also, it was not possible to find background enamsdata for transport and electricity
under developing country conditions. Therefore smis data for transport and electricity
under the European conditions were used for madgethe LCA study. This could affect
the overall accuracy of the results presented is $tudy. This suggests the need for
future studies aimed at improving data quality swstainability studies on biomass
energy systems in developing countries. Provisibriiadd data would provide better

insight to the actual performance of the techn@sgi

The study also faced methodological challengesef@luating the technical and social
criteria. Currently there are well-developed methémt evaluating economic criteria, for
example using LCC. Environmental criteria can als® evaluated using the LCA
methodology. However, social criteria such as ad®lity were generally evaluated
based on subjective judgement. In this study, éxgainion was used to evaluate social
criteria. Though it is generally acceptable to espert judgement in such situations, the
results are prone to flaws. Similar difficulties neefaced during evaluation of
technological criteria. This suggests the relevanteeffort aimed at developing

quantitative evaluation methods especially fortdahnological criteria.

Generally, there are several scenarios that coeldidveloped for each of the supply
chains evaluated in this study. This provides amodpnity to explore possible
improvement to each supply chain using the saméadstused in this study. Due to
limitations of the scope of this study, only a feeenarios were developed and evaluated.
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Exploring different scenarios could provide morsight to the available opportunities to

increase the sustainability of each of the suppbjrcs.

9.3 Conclusions

The following are the main conclusions from thisdst

1.

Bioenergy systems currently used for cooking in idtgaare inefficient and pose high
health risks to users. The level of adoption of nowed technologies generally
remains low. Similar trends are reported in avadddiierature concerning biomass
energy use in developing countries, most espediakbyib-Saharan Africa.

Agricultural and forest residues could significgntiontribute to reduction of forest
biomass requirement in Uganda. However, socialh@tic, environmental and
technological constraints could hinder their ugtien.

Economic and social factors play a predominant ml¢he decision by Ugandan
households to adopt sustainable bioenergy techiesldgr cooking. This suggests the
need for development of low costs technologies angfovision of incentives to
ensure sustainable development of the bioenerdgrsec

The life cycle environmental performance of biogasl Jatropha energy systems
significantly improves with increase in recyclind loy-products as fertilizers, and
avoidance of open air burning of residues.

Recycling by-products as fertilizer significantlpnproves overall sustainability of
biogas and Jatropha bioenergy systems. This oligensuggests that integration of
energy and food production could significantly ease their sustainability.

Results of this study suggest that biogas energiesyis more sustainable compared
to Jatropha plant oil, briquette gasification ahdrcoal systems. Biogas showed high
potential to reduce indoor air pollution; therefoseiggesting its use could result in
positive health benefits.

The method developed for participatory appraisabigienergy systems, based on
strength weaknesses opportunities an threats (SWéDi@)Jytic hierarchy process and
desirability functions seem to be a very promigimg for decision making.

The proposed multi-criteria sustainability methady based on PROMETHEE and
GAIA methods showed high potential for use as tdotsassessing sustainability of

bioenergy systems used for cooking in developingtaes.
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Appendix A — Numerical example for generating Figue 5.5

First, the SWOT group priority values in third coin of Table A3 are transformed into a

multi-criteria decision matrix, as illustrated imdle Al.

Table Al. Multi-criteria decision matrix of the cant study

Alternative technologies

Criteria

Biogas Charcoal Jatropha Briquettes
Strengths (S) 0.182 0.156 0.217 0.397
Weaknesses (W) 0.306 0.216 0.132 0.278
Opportunities (O) 0.391 0.145 0.481 0.180
Threats (T) 0.121 0.485 0.172 0.144

Next, the values of SWOT factors given in Table @& transformed into desirability
values ranging between 0 and 1. Desirable attr#ute., strengths and opportunities
should be maximised and therefore transformed usmtion 5.6 In Equation 5./

is the lowest value of each criterion, given in [Bahl, whilewnay is the highest. For the
case of strengthsymin = 0.156, and according to Equation 5.6, it tramsforto a
desirability value of 0. Alsowmay; = 0.397, which transforms to a desirability valdelo

according to Equation 5.6.

Intermediate valuesy; are 0.182 and 0.217, can be transformed usingtibqué.6 as
[(0.182 — 0.156)/(0.397 — 0.156)], and [(0.182 158)/(0.397-0.156)], which yield 0.108
and 0.253, respectively. Values of opportunities ¢t similarly transformed using
Equation (6). Following a similar argument, valu#fsweaknesses and threats can be
transformed into desirability values using Equaton. The result of this process is given
in Table A2.

Table A2. Desirability values of the criteria ofceaechnology

Desirability of alternative technologies

Criteria*
Biogas Charcoal Jatropha Briguettes
ds 0.108 0.000 0.253 1.000
dw 0.000 0.517 1.000 0.161
do 0.172 0.000 1.000 0.104
dr 1.000 0.000 0.860 0.937

*ds, dw, do and ¢ are desirability values of strengths, weaknessppprtunities and
threats, respectively.
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Assuming equal weight of 0.25 for each of the datethe overall score of biogas
technology can be calculated using Equation 5.80a508*0.25) + (0.000*0.25) +

(0.172*0.25) + (1.000*0.25), which yields 0.320ths overall score of the technology.
The overall scores of charcoal (0.13), jatroph&@8Pand briquettes (0.55) technologies

can be calculated in a similar manner and the tesskd to plot Figure 5.5.

Table A3. SWOT factors and their rankings as ideatiby stakeholders

Technology SIS0 Grpup SWOT Factors cha] Gl'ob'a I Brief description of SWOT factors
technology priority priority  priority
Biogas Strengths 0.182 Saves time 0.149 0.027 Remlgiss time to operate compared to fuelwood
collection
Energy security 0.342 0.062 Ensures househo@dsemure of energy supplies
Health benefits 0.312 0.057 Reduced indoor gdoliuteads to better health of
users
Hygienic 0.198 0.036 Anaerobic digestion sanitideestock waste
Weakness 0.306 High investment 0.255 0.078 Capital cost is high for average Uganda
cost households
Lack of 0.263 0.081 Potential users do not know about terwfbiogas
awareness
Unskilled labour 0.347 0.106 Limited personnetomstruct and maintain the
technology
Labour intensive 0.135 0.041 High labour requiats for day-to-day system
management
Opportunities  0.391 Increasing 0.354 0.138 Demand for the technology is knowbeaising
demand
Source of income  0.189 0.074 Possible income fala of gas and digestate as
fertilizer
Job creation 0.166 0.065 Employment in the vahagin, mainly masons
Decentralised 0.291 0.114 The plants are family owned so haviebeontrol
power source over their operational performance
Threats 0.121 Low social 0.207 0.025 Low acceptance is mainly due to lackwedreness
acceptance
Competition from  0.405 0.049 Charcoal is widely used and acceptdfibre
charcoal limiting adoption of the new technology
Health risks of 0.112 0.013 Currently manure handling is done mién(lay
manure handling hand) and could pose risk to transmission of eattl
disease to users
Inadequate raw  0.277 0.033 Many households do not have cattlapply
material manure
Charcoal Strengths 0.156 Easy to use 0.212 0.033 mplisity of the technology enables its ease of
operation
Highly reliable 0.394 0.061 Less prone to shutdewue to system failure
Widely available 0.394 0.061 Charcoal and st@resreadily available on the
local market
Weakness 0.216 Poor handling  0.235 0.051 Easily crumbles into small particlesrdyhandling
properties
High losses to 0.241 0.052 Wastage of charcoal occurs during useal
low efficiency inefficient combustion appliances
Lead to indoor 0.271 0.058 Due to emissions of poisonous gasepantidulate
pollution matter
Non uniform in 0.255 0.055 Quality is not consistent due to vangource of
quality wood used
Opportunities  0.145 Job creation 0.101 0.015 Emmpéyt in the production and sale of charcoal
and stoves
Income to rural 0.344 0.050 Charcoal is a major source of inconrerial
economy households
Easily adaptable 0.392 0.057 Technology is simple and can easigroff
to local conditions opportunity to be easily adopted/improved to local
conditions
Very cheap 0.164 0.024 Potential savings by Hwalds due to low capital

an operating costs
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Table A3 continued ...

Threats 0.485 Deforestation 0.403 0.195 Currehtye is rapid loss of vegetation in Uganda
Climate change 0.132 0.064 Emissions from chaemad contribute to climate
change
Charcoal Indoor pollution 0.072 0.035 Indoor pollutantvéaegative health impacts on
users
Land use change 0.394 0.191 Undesirable charlgadruse due to wood
harvesting leading to loss of biodiversity
Jatropha Strengths 0.217 It is renewable 0.360 80.07 Itis a renewable energy source
Availability of 0.171 0.037 This is an incentive for using renewaiergy
carbon credit under cleaner development mechanism (CDM)
Weather resistant  0.218 0.047 Jatropha planbisgin adverse weather
conditions
Easy propagation ~ 0.251 0.054 Availability andeeafspropagation from seeds and
cuttings
Weakness 0.132 New and not 0.329 0.043 Being new technology, it is not knowrpbtential
widely used users, thus limiting its adoption
Limited market 0.177 0.023 Under developed maskstem for Jatropha
technology
Long gestation 0.229 0.030 Plant time lag from planting to susthia yield of
period 3to 5 years
Land competition ~ 0.265 0.035 Competition for ldadother productive activities
Opportunities  0.481 Opportunity for  0.255 0.123 Opportunity to develop biodiesel, saagp
research medicines
Improves soil and 0.249 0.119 Jatropha reduces soil erosion and afiicrate in
climate areas where it is grown
Job creation 0.311 0.149 Employment in the vahagn of Jatropha energy
system
Has medicinal 0.186 0.089 Jatropha products could be used famtent of
value ailments
Threats 0.172 Poisonous nature 0.296 0.051 The oail is poisonous and can be healthsafety
of oil hazard
Competition with  0.242 0.041 Charcoal is so far very popular coel@timiting
charcoal factor to Jatropha use
Inadequate 0.207 0.036 Inadequate organisational capacitgteldp the
expertise technology
Competition with  0.256 0.044 Diversion of resources to Jatrophaymtioh could
crop production lead to food insecurity
Briquettes Strength 0.397 Multiple uses 0.166 ©.06 Possibility to use in variety of locally availabl
cooking devices
Waste 0.184 0.073 It is a suitable method for managimicatural
management waste
Reduces 0.364 0.144 Due to substitution of charcoal
deforestation
Clean and easy to 0.287 0.114 Has better handling properties tharcoahand do
handle not crumble easily
Weakness 0.278 Lack of 0.200 0.055 Potential users do not know about fteredf
awareness briquettes
High investment  0.527 0.147 Briquetting machines are expensivaverage
cost household
Inadequate skill 0.274 0.076 Limited skilled mensel to maintain the
technology
Opportunities  0.180 Job creation 0.352 0.063 Empayt in the value chain of briquetting
Increased demand  0.206 0.037 There is growingaddrfor briquettes
Improved living 0.233 0.042 Use of briquettes lead to better liiogditions due
standard to reduced labour requirements for wood fuel
collection
Favourable 0.210 0.038 Government policies encourages usenefvable
policies energy
Threats 0.144 Unskilled labour 0.106 0.015 Lacklalled artisans required for briquette
production
Lack of support 0.263 0.038 Electricity, roads and other infragtrte required
industry from briquetting
Low social 0.359 0.052 Low acceptance mainly due to lack aframess
acceptance
Inadequate 0.272 0.039 Inadequate organisational capacityhier
expertise development of briquetting industry
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Appendix B — Common preference functions used in PBMETHEE
method
Table B1. Preference functions, p(x)* and paransetequired for preference modelling

Type }\lamc_a of Mathematical expression lllustration of preference function R
unction parameters
P(X
1 p—
0% 0, forOx<O
iteri X) = P o -
Usual criterion 1 forOx>0 < >
0 X
p(X)
1 —_—
< 1
I U-shape or p(x) = 0, forxs=q ! 7
Quasi criterion 1 forx=q P ! R
0 a x
p(X)
X
—, forO<x<p 1
1l V'.fh"?‘pe P =1p o
criterion 1 for x2 p
p(x)
0, forx<q 1 !
_]1 0g
IV Level criterion ~ P(X) = > forg<x<p P L R p.q
1, forx>p 0 a4 p ¥
0, forx<q p(X)
Linear with X—q 1
v indifference p(x) = 0—q’ forg<xsp / p.q
area criterion
1, forx>p < >
0 a p X
p(x)
0, forx<0 1
Vi Gaussian p(x) = a s
criterion 1-e27  forx=0 J .

" x=fi(ay) —fi(ao)

2q is indifference threshold and represented theekirdeviation considered to be negligible by theisien maker,
®p is threshold of strict preference that is the $es&ldeviation considered sufficient to generatepfieference
sthe inflection of the Gaussian criterion and haslae betweep andq

165



Appendix C — Financial assumptions

Assumptions for calculating unit costs and IRRtfigrenergy systems

It was assumed that the biogas unit is supplieanbypure generated by three heads of
cattle. Each head of cattle produces 2.67 kg Velahatter (VM) per day, with a
biochemical methane potential of 0.2 kg VM (Okello et al., 2013a). The plant is
assumed to operate for 365 days a year, leadimgouction of 11,695 MJ of biogas,
with a higher heating value (HHV) of 20 MJ kgBiogas is assumed to be 80% of the
unit cost of LPG. A 16 kg bottle of LPG cost Ugartslaillings 130,000. Assuming the
HHV of LPG to be 48.9MJ Kk (Zamfirescu and Dincer, 2009) the unit cost ofgai®
would be Uganda Shillings 150 Mbf biogas. Cattle manure was assumed to be a by-
product with an allocation of 10% of total costgrss production, price of cattle and

burn construction. The remaining 90% cost is alieddo production of dairy products.

Briguette system assumed that material collecttoddne once a week, with each trip
ferrying 400 kg of maize stalk. This results inaamual production of 20.8 t of briquettes
per year. The total capital costs, which include®cprement, installation and

commissioning of the briquetting plant was estirddtebe Uganda Shillings 15,840,000.
Annual operating costs amounted to Uganda Shillzig694,000. The cost of low energy
briquette in Uganda for was taken to be USD 0.23 @EP, 2013). This results in a
gross annual income of Uganda Shillings 24,254 &80 net profit before tax of Uganda
Shillings 2,694,880.

Charcoal system required a capital cost of Ugariiléirg) 400,000. The annual operating

costs, consisting of mainly labour and transport waaluated to be Uganda Shillings
23,900,000. The unit cost of a kilogramme of charcewas assessed to be Uganda
Shillings 500, basing on 2013 market price. Anrgralss profit before tax was therefore

calculated to be Uganda Shilling 2,080,000.

Jatropha production assumed a plantation of 2 e yield of 5000 kg Ha per year.

Investment cost was evaluated to be Uganda Stsllidg300,000, including procurement
and installation of oil press. Annual operatingtamas evaluated to be Uganda Shillings
2,950,000. Production of oil begins in the fourdas reaching a steady yield in the fifth
year. The cost f Jatropha oil was assumed to bsdire as that in Northern Tanzania at

USD 0.93 per litre (Wahl et al.). Gross profit imetfourth year was estimated to be
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Uganda Shillings 929,701. This increases to a gteaat| of Uganda Shillings 1,859,402
in the fifth year.

The above information was used to calculate the BRRach technology and results
given in Table A 8.2. The IRR is defined as thecdisited rate at which the total net
present value after tax is equal to zero (Hu et28l14). For calculation, it was assumed

that energy from biomass is not taxed.

Table C1. Cash flow for the energy systems andié¥Rlts (Uganda Shillings*)

Cash flow Biogas Briquette Charcoal Jatropha
Capital investment -3,240,000 -15,840,000 -400,000 14,300,000
Net income Year 1 754,000 2,694,880 2,080,000 AR
Net income Year 2 754,000 2,694,880 2,080,000 98
Net income Year 3 754,000 2,694,880 2,080,000 AMRP
Net income Year 4 754,000 2,694,880 2,080,000 9,7
Net income Year 5 754,000 2,694,880 2,080,000 14889
Net income Year 6 754,000 2,694,880 2,080,000 14889
Net income Year 7 754,000 2,694,880 2,080,000 14889
Net income Year 8 754,000 2,694,880 2,080,000 1489
Net income Year 9 754,000 2,694,880 2,080,000 14889
Net income Year 10 754,000 2,694,880 2,080,000 9482
Net income Year 11 754,000 2,694,880 2,080,000 9482
Net income Year 12 754,000 2,694,880 2,080,000 9482
Net income Year 13 754,000 2,694,880 2,080,000 9482
Net income Year 14 754,000 2,694,880 2,080,000 9482
Net income Year 15 754,000 2,694,880 2,080,000 9482
IRR 22% 15% 520% 1%

*1 USD is approximately 2530 Uganda Shillings inreta2014
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