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ABSTRACT

I n t his Ma sphaenomemnftetheotogical cdmplexity in the design of small

scale, offgrid photovoltaic (PV) systema rural Tanzania istudied Interviews were carried

out withtechnicians, PV company employees (PCEs) and energy sector stakeholders (ESNSs)
during a nineweek feld studyin Dar es Salam and the Ruvuma RegiornteS with smal

scale, offgrid PV systems in Ruvuma Regiaerealsovisitedand studied during this period

Theconcept of technological complexity is developed and investigatedghliterature
studies, inerviews, site visits and ke analysis of the resulthe concept of technological
complexity isstudiedand analyedattwo system leveldjrst, the technical system level,
where the hardware and software of the PV system desigriocus andsecondlythe
stakeholder system levelhere the stakeholders, who design, implement, use, operate and
maintain the PV system are studied.

The result shows that tladl threestakeholdegroupsemphasizesevenmain considerations
relaed to the two system levels, take into account when designing srsalhle, offgrid PV
systemsAt a technical system level, four main considerations are identifjethoices of
technology and componen®); system sizing3) protection of the system and in particular the
battery; and!) quality in components and installatioAg.a stakeholder system level, three
main considerationare identified 1) affordability; 2) education, capacity building and
awareness raisingnd 3)user friendliness, mintenance and responsibility.

One of the main consideratioasa technical system levislthe choice ofechnology and
components. During the studya designapproaches were identified to diverge from the
typical choices of teaiology andcomponents in a standard PV system design.appeoach
is to use locally assembled components, inste&Ed (original equipment manufacturer)
components. The other approach is to integrate a remote moni@nghgontrolling system
(RMCS)in the PV sgtem design.

The benefits and drawbacks of the two approaches are analysed in relation to the seven main
considerations. Further, the levelte€hnologicacomplexity of the two approaches is

analysed by comparing theima standard PV system. Locally assembled components are
shown to hae a low level otomplexity at a technical system level, while the same is high

for PV systems with RMCSt is found that a low level afomplexity at a technical system

level can leado a high level otomplexity at a stakeholder system level, and vice versa. It is
also found that the complexity level is different depending on which stakeholder perspective
is taken ori user, local technicianor company perspective.

It is found that the concept of technological cplexity can serve as a tool to analyhke
potential for techology transfer, as well aghen designing?V systems.
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ABBREVIATIONS AND ACRONYMS
AT ampere

AC 1 alternating current

BOSi balance of system

DAS data acquisition system

DCi direct current

DODi depth of discharge

ESN/si energy sector stakeholder/s at national level
LAN 7 local area network

LED-lampi light emitting diode lamp

LRTC 1 Lighting Rural Tanzania Competition

MEM i Ministry of Energy and Minerals of the United Republic of Tanzania
MDGs1 Millennium Development Goals

MPPT1 Maximum power point tracking

NGO/si nongovernmental organisation/s

PCE/si PV company employee/s

PPPi point-to-point phone connection

PVi photovoltaic

PVSCi PV sensor cell

PWMi Pulse Width Modulation

RAM 1 rechargeable alkaline manganese

REAT Rural Energy Agency

REBT Rural Energy Board

REFT Rural Energy Fund

RESI renewable energy systems

RMC 1 remote monitoring and controlling

RMCS1 remote monitoring and controlling system
RMSTi remote monitoring system

SCi solar controller

SHSI solar home system/s

Sidai Swedish International Development Agency
SLI batteryi starting, lighting and ignition battery
SOCi state of charge

TAREAT Tanzania Renewable Energy Association
TZST Tanzanian Shillings

UN 1 United Nations

USD1 US dollars

V1 volt

VAT i valueadded tax

VETA T Vocational Education and Training Authority
W watt

W, T watt peak

WB 1 World Bank
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1 INTRODUCTION

Access to modern energy services is an important component in strategies that can improve
peoplebs l|iving conditions by helping to pro
health care and environmental sustainabflityited Nations Developmentégramme

2005) Access to electricity is of great importarfoe differert parts of the society, such as
hospitals/health care, schools, expansion of businesses and single houySeholstsn &

Lambe, 2009)In year D00, the eight Millennium Developmenb@ls (MDGs) were set forth

by the Unhited Nations (UN) and endorsed by 192 nations with the aim to reduce poverty in

the world(United Nations Development Programr2813) Energy services amotthe main

targetof the MDGs, however it can be argued that countries cannot meet the Midigsit

energy services of adequate quality and qua(itydi, et al.2006)

At least 1.6 billion people in the world do not have access to electricity; people living in rural
areas ee especially deprived in this aspect. Abdii % of the rural population in Tanzania
have access to electricity through the national grid and the grid is unlikely to be expded
large scale inheforeseeable futurerhe return of investmembr expanding the electricity

grid in rural areas would be lolecause ofhe investment needed, spreadt, low-density
population, undedeveloped infrastructure and low abitity-pay in rural areas. Hence, to
enable the expansion of electréton in rural areas, offrid alternaives can play an essential
role (Ahlborg, 2012) Off-grid electrification can provide a solution for laemand users at a
lower cost, compared to grid extensi®teiche et al, 2000)

One ofthe offgrid technologésidentified to have a large potentialAfrica, since many
years,is photovoltaic (PV) technologiBugaje, 1999)Over thepast years the PV market has
grown rapidlyin Tanzania, and in 2009 it was estimated thatl0%6 of rural households
were using slar energy as their main electricity sou(@ndraczek2013)

1.1 Introducing new technology in developing countries

In the rural energy literature several ideas are presentedw to providerural populatios
in East Africa with offgrid electricity and about which technologies ebbé longlived and
appropriatgInternational Energy Agency 2012ahlborg, 2012;Murphy, et al., 2009;
Muntasseet al.200Q Karekezi and Kithyoma 2002)

Wilkins (2002 descrilestechnology transfer as an important tool to bring renewable energy
technologies to deeloping countriesShe emphasises the importan€éuilding knowledge
locally andarticulates some barriers to this musckeded transfemransfer of new technology
to, and withindeveloping countries can lbderstoodhrough different viewpoints/arious
stakeholderssuch agrivate companieshe government, donor organisations and-non
governmental organisations (NGOsve different goals. Thaffecs theapproaches used in
practice when it comes to electrification of rural areas in developing couRiroes.the

private compani esd vV sekthveipavh praducts and find rew | I's oft
customersThe role of the gvernmentshould be to findgdutions that benefit society as a
whole, andsupporttechnologythatcan contribute to raising theu r a | p ocstandarchof i on o s
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living. Donor organisation andGOscan have a broad spectrum of gazten applying a
top-down approach, where the donorntges the needs of the beneficiary and implements
what seems appropriate to the dofdris topdown approach doe®t dways meethe needs
of the beneficiaryn a desirable wafwilkins, 2002)

1.2 The impact of choice of PV system design

The topicoft hi s Mkesstwasrfansulateiah the coitext oftechnology transfegnd

different approacheggardingPV system desigimrhe question vasraised if there exist PV
systems with varying technical designs in rural Tanzania, or if there only exsstSeans

with a similar standard desigii thereare different types of designshat leves of

complexity do the different designs result in, and how does the design affect the stakeholders
close to the PV systentfow do different PV system desigaffed the longevy of PV

systems in rural are@s

From an engi ne thegoestiopioraised if there arer aspecial desigiehoices
or approachess regardsechnologywhich could result in more appropriate PV systems in a
rural context indeveloping countriedn a standard offjrid, smaliscale PV systems the main
components are the PV panel, battery, charge controdiamce of systenBOS)

components and sometimasinverter. Thedefinition of a standrd PV system design, and
componets fromoriginal equipment manufacturers (OEM), dratherdescribedn chapter
4.Fr om an engi n e standasdisefP¥ sysemevithtits basc canponents can
probablybe considered as rather simple tgiga, implement and maintain, given titiae

basic knowledge and understanding is integr@féenham et al, 2007) However, gen from
therural enduseis perspectivin developing countriesa PV system can be seen as ahigh
tech system toseandmaintain Hence, what appears simple to @wtor, might not be

simple to another acto&incethe designer and the user of a PV system perceive the
complexity of the system differenttizis might affectthe operatiorphase of the systerAn
explorative approach has been applied throughout thig stumbdrestiow the complexity of
the technologwisedin a PV systemin intera¢ion with surrounding stakeholders, could have
an impact on théong-termoperation of a PV system.

1.3 Different approaches when implementing PV technology

An example of #V system design with a more innovatoesign that has served as
inspiration when developing the topic for th
developed bytte Modi Research Group at the Earth Institute, Columbia University. This
project is inteesting sincette SharedSolar concept addseral aspects to the standaedis
PV system. SharedSolar has introduced more advanced hardware and sofifnesPd/
systemsuch as shared electrical metering and account management technoldgy whi
combinedour technologies; staralone PV or diesdPV hybrid, payasyou-go payment
system (by mobile phone, scratch cards or internet), remote metedirgveabbased
management syste(®haredSolar2013) This example of design can be considered to be
r at hi4¢ e cahddnorgechnicallycomplex, compared to a standard PV system



An examptl eclod RV os,witht ewer teclengal gomplexitytompared to a

standard PV systens whenlocalinhabitantsassembl¢he PV system components
themselvesinBar ef oot Col | e g appresachssotrasm grandmothgrsircrarad t h e
villagesto become solar engineers aedchthemhowto build PV systemsThe ideas that

thelocal knowledgeand skillsshould be empowered first hand, before hiringompetence

from outside the area performPV installationgBarefoot College, 2013)

SharedSolar and Barefoot Collegyetwo examples of different approached’V systems
designswith varyingtechnical complexitywith thegoalto bring electricity and PV system
into developing countrie®ut what type of technology would be more approptiatecrease
the electrification ratén the context of rural Tanzaniai htie c h 0-t ec hé P o

1.4 Introduction of technological complexity and two system levels

A definition of #Atechnol ogical compl exityo,
this Masterds thesis to be able to address t
sydem. The topic of interest is how the design of a PV system can have an effect on this
interaction.Existing concepts concerning technology and complexity have been used to
investigate what importance technological complexity might have in this speaitiextd he

coneept of technological complexiyevelopeds analysed at two system levglsst at the

At echni dexdd asdgesondyatt he fAst sydeelbveld d dthe At echni ca
syst em | e the phgsicaP¥ sysemsncludinghardware with potentially integrated

sot ware. The @st akcenmposestieenholesygtent studied,|inelvditide O
surroundingstakeholderaind their relationso the technical systen key issuestudiedis if

there are angpecial choicemade or approaches usebly different stakeholdershen

designingPV systemswhich arementioredas arguments for easiplanning, installation,

operationand maintenancef the PV system. Furthermoiiejs studiedwhat effectthese
designchoices/approachesayhaveatthetwo system levels. Firstly, how technologically

complex the PV system becomes, in terms of\ward and software. Secondly, what impact

different types of design might have on the complexity at a stakelsysemlevel.

1.5 The importance of a stakeholder approach
Deskandempiricalevaluations including experience from introduction of PV systems and
new technologies developingcountriesemphasizeéhe importance of the participation of
local people whean oftgrid energysystemis integratedMany donor projects have failed
after someyears due to, among other thingglure to integrate the locatakeholdersjsers
and technician®n site in the process of designing, implementindy@verating the electrical
system(Mulugettg et al.,200Q International Energy Agency 2012a; Murpp01)
Furthermorethe literaturehighlightsthatthe level ofcompetencand knowledgeequired to
operateand maintain a PV syem should not be underestimatsal that usefgechnicianon
site can bable to understand, repair and handle the maintenance of the §Wétkims,
2002;Ulsrud, et al., 2010; Murphy2001; Kivaisi 2000) if it is assumed that the technology
requires managemeon site rather than remoteRurthermorethere are many challenges in

3



the institutional and organisational structurethelong-termperspectivet is necessary that
the PVmarket grovg (Muntasseret al., 2000; Mulugetta, et a2000)

The stakeholdersho interact with théV system influace thefunctiorality of thePV

systemHence a stakeholder pq@ach is needetb assesthe consequences of certain design
choicesinaPVsystefihe stakehol der perspective 1 s in
studyingt he fAstakehol der system | evel 0.

Stakeholderdinked tothe PV systenconsidered in this studyre PV ompanies, PV
shops/dealers, local technicians and ownerslisads. These are the stakeholders closest to
the technical system in the rueakea who are the ones often involvedtire design,

installation, maintenance and usage of the PV systésn.eémployees at universities,
governmentainstitutionsand donor organisations are considered as stakeholders in this
study, since they can play an importesie in both planning desiging, implementing and
operationphase®f PV systems. Furthermore geestakeholders are often involweden it
comes taifferent donor funded projects and local capacity building, including for example
training programs of rural technicians.

1.6 Aim

This Masted sesis aims tanalysewhat are the main considerations, choices and
approaches dfifferent stakeholdensho influence the design afff-grid, smaliscale
photovoltaic PV) systemsThe question oparticular interest is ifhesedesignchoicesare
linkedto the level of technologicalomplexity at a technal andstakeholder system level
Further, herelevanceof the concept of technological complexisyalsoaddressed ithe
context of PV system desigmd technology transfer

We introduce the work with our definition of techogical complexity in chapter 2, where

the research questions are also preselMteddefinetedhnological complexityas aconcept

concerning both the technical system level and the stakeholdemslevel A conceptual

model and definition of technological complexity is developed, which is used to analyse

di fferent stakehol dersd approaches and choic
complexity. $akeholders are the actaspected talesign,promote, inest in, implement,

maintain andise the PV systenthe stakeholder groups of particular interest for this study

are; PV technicians, PV company employ@®SEs)and energy sector stakeholders on

national leve(ESNSs) since these hawan experience of, arhn influencethe design of PV

systems.

1.7 Delimitations of the study

Thereseac h quest i on shesisfocus om offgid, Sirealtscale, PY¥ systems, with
special emphassn SHS, in the sizes below 0.5 kKWiaximum PV effect. The research
guestions focus othetechnical design of PV systems in rural Tanzaaral its

consequenced he interviews conducted have been limited to interviews with actors working



in the area of renewable energy and PV technolo@aines Salaam, the economiaincity
of Tanzania, and PV technicians in Ruvuma region in southern Tanzania.

Environmental aspects have not been taken into consideration. Neither have social effects

such as productive use, gender aspects or social welfare connected tofaeleesity

been studiedOne underlying assumptioni t he ¢ ont e x thesie lias hednithat Ma st e
the stakeholders around the PV system have the goal that the technical system should be
functional and deliver reliable electricity for its users during thened lifetime of the

system.

There is extensive literature written on barriers and success factors on how to provide rural
electricity in rural areasindewelpi ng count r i less.isoitimlindtedMast er 6s
aspects relating tihe barries andsuccess factors connectechtmwv tomake PV systems in

rural parts of Bst Africa operate successfullpsteadfocus is put orlesign choices antl

and how technological complexity has an aupin this specific context. When addressing the
guestion otechnology transfeithe analysis is also restricted to the context of rural Tanzania.

1.8 Structure of the report

This thesis haten chaptersThe research topic is introduced in chaptdnXhapter Zhetwo
system levels anthe concept of technolgical complexity relating to systestheory, are
defined. The research questions are also presented in chaphep2er3 describes the
methods used for the thesZhapterd describes relevant technical aspects relating to the
topic of smallscale, of-grid PV systems in terms bfrdware and softwar&his is the base
forwhatisreferredtoash e At e c hni c@hbpted susimaeizes literature | 0 .
especially relevant for the research topic, concerdesign ofPV systemsand technology
transkrin developing countrieg his is the base for what is referredtdas e fist akehol d
s y st e mCHamew edntihues with a descriptiasf the Tanzanian PV market and
stakeholderselevant tahe study In chapter 7 theesults of the interviews arabservations
at site visits of PV systems are presented & analysis is given in the light of the research
guestionsRecommendationfor future studies are given imapter8. Finally the conclusions
from the study are presented haptero.



2 THE CONCEPT OF TECHNOLOGICAL COMPLEXITY AT
TECHNICAL- AND STAKEHOLDER SYSTEM LEVEL

In this chapter theory regarding systems and technology is presented, with the aim to put the
photovoltaic (PV) system into a context. Two different system léveshnical and

stakeholder system levielrelevant o the study are describedhd concept of technological
complexity developed iglsointroducedand defined. A conceptual modekated as a base

for the exploration of the concept eichnological comlexity is presented. Finally, the

research questiomd the study undertaken are put forward

2.1 Theory of technology and systems

A technology can be described as consisting of two aspgentbwvare and software. The
hardware aspect meatie tool that embodies the technology as ysyaal object or material.
The software aspectish e sinfronation or knowledge bagRogers2003) In the case of
the technology; sma#cale, offgrid PV systems, the components like thepgviels
bateries, charge controlleinverterand othebalance of system (BOS) components
congitute the hardware aspedthesoftware aspeatan be described asnsising of two

main parts. @e part is the knowledge needed to develop and use the technology and t
organisation of thactors surrounding the systenhelsecond part of the software is
integrated as stare programs in the hardwdre.g.in the charge contrt@r and the
inverter If aremotemonitoring and control systetRMCS)or aremotemonitoling system
(RMS)is used, there is a software programme integrated into it, which also would contribute
to the softvare aspect

The word 6systembd deri weswhiacm meanGr éch @$wn
system means an integrated whole, whose essential properties arise from the relationships
between its parts. To understand things systemically nieqgng things into a context to

undestand their relationships. Ména systems approachtaken onthe properties of the

parts can only be understood by understanding the sagam of the wholé¢Capra 1997) A

PV system idoth a technological system with hardware and software, andhk part of a

larger system. Ithe larger system, different stakeholders like user and techcmnestitute

ot her parts of the system. Aln the systems v
net works of relati onshi Gapral®nthis datieud tovon | ar ge
identified system levels. Depending where the boundaries are $&t PV system can be

studied on two different system levels. One leése¢he technical system level, where the

rel ationships between t handsefiwareoymponentsxdesided i f f er
the properties of the system. When zooming out, a larger system level; the stakeholder system
level canbe seen. At the stakeholder system leved, relationships betwegthe PV system,

technician, user, etc. have an impact on the ptiegeof the PV system itself. This is

illustrated infigure 1 As describecearlier,the softwareaspecis in this study divided into

two separate parts. Firstifje software progragintegrated in the PV system itselh the

technical system levebe®ndly; the sftware in terms of knowledge and organisatiothef

surrounding stakeholders, on the stakeholder level.
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Figure 1. A PV system is a part of a larger stakeholder system, at the same time as it is built by smaller
parts and is defined as a system of its own. This figure is an example of what it can look like.

It is assumed that tHfanctionof a PV system is to delivedectricity of sufficient quality and
guantity during its estimated lifetimg.is not only the hardwar@and software components of
the PVsystem that decdalif the PV system can delivelectricity as expected. How the PV
system is designed affects tthemand for knowledge and organisation on the larger
stakeholder system level. This fact raises the questamyigpecific design choices are made
by different stakeholders working with implementation of PV systems in rural Tanzania, in
order to reach a ame longterm and reliable electricity supply from the systdime two

system levels describad a tool when analysing this questidn this context the concept of
technological complexity is introduced.

2.2 Defining Technological Complexity

Thereisnaniqued ef i ni ti on oof OMeomelf ¢ xii s gioaanoé ic®» mit
study of the phenomena which eme@adesonf rom a ¢
2009) Hence complexity relates to systems theory. Generally, the more interacticig,obje

the more complex the system becomes.

In relation totechnology diffusio, complexity can be understood as the degree to which an
innovation is perceived as relatively difficult to understand and use. Complexity is a
characteristic, together with @ts, that can help to explain theeraf adoption of a
technology. Hencef the users perceive the level of complexity as |thvs can be translated
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to userfriendlinessRogers(2003)s uggest s the generalisation: AN
innovation, as peeived by members of a social system, is negatively related to its rate of

adoption . (Rogers 2003) This definitionof complexity, where a perceived low level of

complexity is translated to usérendliness, is relevant when taking the perspectiveef th

users or technicians of the PV system. The wisluserfriendly PV systems thatre simple

to install, use ah maintain, is probably the case for most users and technicians.

Theconcept ofitechnological comg x i isiynd t h i shedisaestigatedtbothtthe
technical system level and thialseholder system level. It ssudied howthe desigrof a PV
system at the technical system levegn compris@ certain level of technological

complexity which in turn can affect the level octenological complexity at the stakeholder
system level, and vieeersa Furthermore it istudied if there is aonnection between the

level oftechnological complexity on the two different system levels and the implementation
and longterm operation of # PV system. This is illustratea a conceptual model created,
seefigure 2 The model was fully developed first after the gathering of material for the study
had been completed.

[ o Stakeholders
{ n, 5 5

Technical system level
Design of PV system

Hardware

Level of L = Implementation
TECHNOLOGICAL = Long-term operation
COMPLEXITY - Maintenance

on a technical level
v

Software
\ /"\ Level of
N B TECHNOLOGICAL COMPLEXITY

on a stakeholder level

' 4

| Stakeholder system level |
. Local context /
S V4

o
-

Figure 2: Conceptual model of theassumedrelation between the level of technological complexity and
implementation and longterm operation. The level of technobgical complexity is a result othe PV
system design.

The specifiadesignchoices made by stakeholders, IR technicians or system desgys at

PV comparies,result in a finaPV system design with a certain level of technological

complexityat a technicakystemlevel. The levé of technological complexity ah technical

system | evel, regarding har dwssdeinedbyd soft war

- The number of PV system compotemtegrated in the PV systénthe more
components, the higher level of technologmainplexity.



- To what degree electronic componeatsl softwarare integrated in the PV system
component$ the moreelectronic componentnd softwargthe higher level of
technological complexity.

- Thenonhumanrequirements on the workshop/factory/manufacturing process of the
components in the PV dgsni the higher requirements, the higher level of
technological comglxity.

Design choices made at the technical system level result in specific demands on the
stakeholder system levéiactors that can affect the let of technological complexity &t
stakeholder system levelaren t hi s Mast easi6s thesis defined

- Therequirements of knowledge to design, manufacture, install, maintain and use the
PV systemand its componentisthe higher requirements, the higher level of
technological complexity.

- The availability of electronic gaponents for the PV components, and spairés for
the PV systernii the lower availability, the higher level of technological complexity

By using hedefinition aboveit is possible to compare and analgsiéerent kinds of PV
systems designs and their level of technological complexdy a dfagtda PV system ¢
The standard PV system design is further described in chapiérat is heralefinedas
flevel oftechnological complexitywill hereafterbo e r ef erred t o as Al evel

It is interesting to studyhe relatios between the level of compligx atthe two system levels

and theamplementation and lonterm performancéor smaltscale, offgrid PV systems in

rural areasAdoptinga systems view, the characteristics of a PV sy$téke user

friendliness, size, fiability, reliability etc.i will have an impact on the relationstiveen e

different actors on a stakeholder level. Also the introduced concegthofological

complexity can be seen as a characteritibe relations at a stakeholder systewvel

changeaccording to a varying level cbmplexity at a technical system levdis will in turn

have an impact on all the differeaxttors on a stakeholder system leir@luding the PV

system itself. Considering the systems view adopkedntentionw t h t hi bBesiMa st er 0 ¢
to identify what potential impacts the level of complextyhe two system levels presented

could have on a PWstem during its whole lifetimédowever, it can be presumed that this

impact is not static, but goesbothwa$s k e hol der s 6 e expectationgmedx per i e
the local contextmight as well cawsa specific PV system desigrhis relation is also given

attentionin this study. Thalivision of the two system levels can be seeiigure 1,and the
conceptuamodel carbe seen irigure 2



2.3 Research questions
With the kackground of théntroduction of the concept of technological complexity the
researh questions are presented below:

- How do stakeholdenmsotivatetheir main considerations when designinggrit,
smaltscale PV systems (stand alone PV systems and SHS) in rural Tanzania,
considering the whole lifetime of a PV system, when looking at planning
installation and operation phageincluding maintenare?

- What variations irPV systendesign compared to a standaRY systemare
observed or described by the stakeholders, and how dodbsiga variations
differ in their levelof technological complexity attechnical and stakeholder
system level?

- How is theconceptof technological complexity in this contepérceived by
different stakeholders?

- How do the stakeholdersdé main consider af
an impact on the level of technological complexity? How could the concept of
technological complexity be useful in the process of designing PV systems?

- Is the concept akechnological complexityelevantin thecontext of technology

transfer and how doetechnologicatomplexity affect the process of technology
transfef
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3 METHOD

In this chaptethe methods used for the study are described. The study consisted in three main
parts;a preparatory literature revieWeld studies and final analysis of the dathe work

was equally divided between the two authors througitihe whde work processBefore the

field studies were carried out, a performaonbecklistfor solar home systems (SH&)dan

interview guide were also developddhe study was of explorative nature, with the aim to

provide details within an area of reseawdtrere a limited amount of information exists

gualitative approach was undertaken and interviews andvatiess were used as main

tools

3.1 Preparatory research

The first step was toreate a background and urgtanding of the prerequisites for
implementation of smatcale offgrid electric systems rural areas in East Africand
especiallyTanzaniaThis was don¢hrougha literature review, whickervedas a base fdhe
elaboratedesearh questions and the developmeht checklistandan interview guideThe
checklist was created based on information about PV system design, installation and
maintenance. lvas used when visiting PV systeindield and can be found in Appendix II.

An extensive interview guide was also formulateasedon the literature reviewnd the

research questions. It was used mainly during the interviews, but also to some extent during
the site visits, and can be found in Appendix |

3.2 Selection of PV systems to visit

InNTanzani a sdmplimngd(WamdcdckandGile 2011)was usecs a method to find
information about potentiagspondents and effrid systemshat could be visited. ring

each interview the respondent was asked for contacts to other relevant respondents and
information about systemé&at cold be of interest fothe study The basic criteridor

systemsto be part ofnterest forthe studywere that they should tsnallscale, offgrid

electrical systems irural areasvith as similar contextual circumstances as possiblegdhe

was to vsit systems thatad beenoperatingsuc@ssfully for more than five years. Further, the
wish was to visit different types of systems, where the design had resulted in diffeednt

of technological complexitin terms of hardware and/or softwar®gerdings uccessf ul | y«
implies that the system is generating electricity with the expected quality and quantity.

ASi mi |l ar cont e xt lieathatthei eleatrinahsystemnaceglaced in rung areas
in Tanzaniaand that the ownsfusers of the systems have simllaing conditions and level

of income Furthemore,the wishwas that thelectrical systems should have an economically
sustainable management, and preferably would have been initiated based on local initiative or
entrepeneurship.

Contact was established witfireelocal PVtechnicians working in the samaral area in
Ruvuma RegionThe contact was establishiegithehelpfrom one of the respondents,
working ata PVcompany in Dar es Salaafiherespondenbhadbeen vorking together with
these technicians in a succesgfartnershipWhen arriving in Ruvuma Regiaontact was
established vih a fourth technician, wheasalsoworking in the same arenowingthe
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criteria for the systems that could be of interesttierdtudy the respondenselected a few
PV systems, together with the technicians.

3.3 Visits at PV systems and discussions with the PV technicians

Sitevisits werepaid to ten different PV system installatianghe Ruvuma regioim Southern
TanzaniaThetechnicianavho had cheen the PV systemigether with the respondent from
Dar es Salaanwere alsayuiding the sitevisits. Close to Mbinga towythreevisits in private
homes, one visit at a school and orst at a dispensanyere madeClose toSongea town,

95 kilometres from Mbinga town, three visitspatvate homes and twasits at schools were
made.Two of the four technicians showed their shops, where they were selling and repairing
electronic components and PV systems. One of the teahsietho owned a shop also

showed how to assemble locally assembled inverters.

The local techniciasAvho were to guide a sitgsit made contact with the ownes§the PV
systembefore the visitsAt the sites the technicians showed the PV systenaasdered to
several questions about thestem from the interview guidét eight out of ten sites the
guiding technician was the same person who had also installed the PV system. étaifht
tensite visits it was also possible to talk to the owpesonresponsibldor the system. Some
of the ownerglid not speak Englisandfor these casabeguidingtechniciars were
interpreting the conversatisbetween thauthors and the interviewees

Together with the interview guide a checklist wiaed tgperform astatus check of the PV

system, to be able to have informed discussions withtbolimiciais andownes. Longer

interviews were not carried out with users or owners. The information gathered from the users
or owners at the site visits rather Wed as a complement to what the technicians were saying
and t he aut horthebituationdbkthe $V systedrimoligneter fivas used to

check the battery voltage as a part of the status check. Each visit lasipdrimtimately

two-three hours.

3.4 Interview guide and selection of interview topics

An interview guidewas created during the preparatory resedrabed on the literature

review. Theinterview guide was developéd conduct qualitative, serstructured interviews
with differenttypes ofstakeholdereteracting with, or influencing the design of, PV systems
The considered stakeholders were employees at PV companies, scholars at universities,
employees at negovernmental and governmental organisations, PV technicians and users.
Hence, the interview guide was developed to suit both stakeholdera lwgld and general
knowledge, and stakeholders with more practical knowlebgeextensivanterview guide

was divided in groups of questions regarding the togiesign of the el@dcal system;
implementation phaseperationaphasgincluding suitability, availability, quality,
infrastructure, reliability, maintenance and repargtienonomic situatin; education; and the
perception of the concept of technological complexitye terview guide can be found in
Appendix .
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Semistructured interviews with opeended questions have the benefit of giving the

possibility of highly flexible discussions around the questions in the interview guide. In this

way the interviewscanbeadst ed t o t he stakehol dersdé perso
on the topic of research can be brought into the liglgemtstructurednterviews not all

topics and questions are decided beforehand, and many of the questions are formulated during
the irterview. The aim with conducting sesstructured interviews wittanyopenended

guestions was to open up for new angles related to the topics investigated, to allow the subject
of study todevelop. The questions the interview guide were both widangng and

detailed, and different topics and questions veenphasizeduring different interviews

depending on the background and experience of the respondent. The strength of the interview
guide approach lies in that the interviews become fairly convemsdtnd situational, and

the researcher get a comprehensive material, where obvious logical gaps imeminte

guide can be filled in during theterview. The drawback is that it can be difficult to compare

the interviewsand it might be that all tops are not covered during some interviews

(Mikkelsen 2005)

3.5 Selection of respondents

The objective was to conduct interviews with a varietgtakeholders, who have different
experiences from desigmplementéion and/oroperationof smallscale, offgrid electrical
systems in rural Tanzanik.was alsca preference to get in contact withpeadents who had
experiencdrom bothdonor and market driven system implementations, since these projects
usudly have different stakeholdetructures.

Thesupervisors of t he Maosparofthescontatt mfermationppor ovi d e
potential respondents in Tanzarli@DaresSalaaninterviews were conducted with two

different stakeholder groups. The first group was named gedor stakeholders on a

national level (ESNs); scholars at technical universitiegleyees working for nen

governmental organisation agdvernmental authoritie3he second group was named PV

company employees (PCEsnployees at companies selli@gS and/a SHS components
Furthermore,nterviews were conducted with a third stakeholder grouptelehhicians

working in rural areas in Ruvuma Region. All the respondeats the two first stakeholder

groupswere foundth ough t he s up Eantact vehdaurslotal PVeaetchmioiank .

i n Ruvuma Region was obt ai(Haadtock andile 2041) Asnow

3.6 Conducting interviews

The interviews were conducted between the months of March and May invVZb&s.
conducting thenterviews one interviewer was responsible for asking the questions based on
the interview guiderad leading the interview.he other interviewer was taking notes and
askirg further questions if considered valuabillee interviews were recorded when the
respondent approved with this and the interviews ndyrtested between-2 hours. A
conceptuamodelwas used whethe level of complexityand the causes and consequences of
different design choices wedéscussedThe model can be seen in figureTBe respondents
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were asked to make changes in the model, to slwewdifferent topics were linkedccording
to their opinion.

Local context

SYSTEM DESIGN
depending on system design
variables

Payment
organisation

Long-term performance of
the technical system

Software

Lewvel of TECHNOLOGICAL
SIMPLICITY/COMPLEXITY

Figure 3: Initial conceptual model of technological complexity used during interviews

The interviews conductedith PCEs and ESNs were most of the tandiscussiomn a more
general level. Borts weremade tdind examples of and/or approachbat could leado
successful smabcale, offgrid electrical systems in rural areasth focus on PV systems.

i Bccessfud wasdefined as an electrical systehathas been operating and delivering
electricity with expecteduality and quantity during-20 years.Apart from the ge visitsalso
separate interviews, based on the interview guides wade with the local PV technicians.
Theinterviews with PV technicians were mainly focusedletailed questions regarding
design choicegmplementatiorand maintenance, using the visited PV systems as examples.

3.7 Presentation of the stakeholders interviewed

In total 23 interviews were carried out. 3 of these interviews were shorter, more of

informative character and not as closely linked to the research topic, and are hence not

included in the results. One respentiwho workedwith pico PV systems as a missionary

was interviewed shortly. The major part of the result from interviews is based on interviews

with 19 respondents categorised into three different stakeholder groups; 4 local PV

technicians; 7 PV companymployees (PCEs); @8 respondents groupads fdHener gy sec
stakehol ders on a nESBNscomsisted of3 seholard abuniyeEsi8eN,d) . Th
employee working at a governmental institution, 1 employee working at-gawvamnmental
organisatiorand 1 employee working with an international development partner.

In the following sections the 19 respondents closest linked to the results are presented within
their stakeholder group.
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3.7.1 Presentation of the PV technicians interviewed

The four tetinicians interviewed were all from the same area in Ruvuma Region, Tanzania
and worked with installatioandreparation/maintenance 8HS.Three of them were

business partners with Compa3, working as consultants with installation and salékeof
compa y 6 s p Two dfihesilsee technicianalso had their own PV shapBhe same
threetechnicians kew English and the interviews were conducted without an interpreter. The
fourth technician did not speak English and therefore one a@ithieetechniciansvas

interpreting during thsite visits and the interview

Technician 1: PV dealer and PV techniciade has his own PV shop since 208&fore
dealng with PV systems he used to wavkh electrical systemsut has not undergone an
educatia specifically in electronicdHe participatedn several P\vorkshopsandtraining
sessions, organised by the Sida/MEM Solar PV project, among others, before hestailed
and installPV systems. He workas a consultant and performs PV instidinsfor Company

3 on aregular basigechnician 1 guidesitevisits atPV systemnstallationsat two schools.

Technician 2: PV techniciarsince 2008He works in a PV shop and helps customers to
install PV systemsHehas participated itrainings arranged by the Sida/MEM Solar PV
Project, among otherg) become a PV technician. ldees not speak English amdchnician
1 was interpretingvhen he was interviewed agdiding site visitsTechnician Zyuidedsite
visits atPV systeminstallationsatthreef ami | i es d homes

Technician 3: PV technician working as a technician for a Distriou@cil. He startetb

learnabout PV systems frormatherPV technician in 2004 arnidstalled his first PV system

ata school in 2007. He attendethaceday cours in order to install PV systems at

dispensaries as a consultant@mpany 3 together with a group of technicians, and is main
responsible for thenaintenance of thodeV systemsTechnician3 guidedsitevisits atPV
systeminstallationsat one schoobne dispersr y and at three families:

Technician 4: PV technicianelectronics techniciaand owner of an electronics shéfe
sells and repairs electronic products and PV systemgdlatboratesvith Company 3. He is
also assembling invertevdth local material, that he sells and instadisd he has two
studentsvho workwith him. Technician 4howedhow to assemble an invertéut no site
visits were made to PV systems that he had installed.

3.7.2 Presentation of the PV company employees (PCEs) interviewed

Seven respondentiom six PV companies weraterviewed. One of thesmpanies,
Company 6does not instalPV systems, buvorks exclusivelywith training, awareness
raising and project management related to PV system installatiolystvi® of the
companiesCompany 3 and &re actively takig part in public procurements. Thigeans
that they can be hired take part inarger works ofpublic installations of PV systems that
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are financed by a donor and the government. It was thrGogipany 3 that contact with the
interviewedtechnicans in Ruvuma Regionas established.

PCE 5worksfor Company 1, which is based in UK, and has an offin Dar es Salaam,
Tanzanialn TanzaniaCompany Imainly workswith distribution of PV system coponents
working with retailersaround the country. They also carry out and offgrid PV system
installations on request, but it is not their main focus.

PCE 6 worksfor Company 2 which is mainly a supplier of PSystem components alBery

supply is a large part of their business. The company is based in Kenya and was established in
Tanzania in 1966, with its main office in Dar es Salaafenthe company installBV

systemsthose arenainly larger systems complementing grid eledirior power backups.

The company do install offrid systems in rural areas, but not on a |lagme and those

systems arenainly larger hybrid systems with a generator integrafednpany 2loes not
havetechnicians working for themn rural areas on larger scale.

PCE 7 worksfor Company 3 which was established in Dar es Salaam in 2001. The company
suppliescomponents for PV systeniRemotemonitoring and controlling (RMC) can be a

part of their system desidar larger PV systemd he company hawade several installations

of PV systems in rural areasoth for private persons and for institutions, and some of these
installations have been funded by don@smpany Zollaboratesvith local technicians

contracted by the company to carry out techhassistancé hese techniciareso work as
retailers for tG@Gmmpanydmpanypyoidts tppogeaukes.a few e
packageso f or -368W,whdre the BizZng ofthe systemsi®already made,

and there is a descriptioarfwhat loads the system can be used for. Many times those are the
systems that their customers buy.

PCE 8 works withCompany 4, which has been based in Dar es Salaam, with Dutch
influences, since 2008. The compapecializesn larger hybrid PV systemwith RMC as a
part of the system. The compadiigtributesPV systencomponents and carriesit
installations of larger PV systerngoth hybrid and offgrid systems. The hybrid systems
operateon solar energy and a generator and/or electricity from deTne company has also
carried out a few installations of smaltdf-grid systems in rural are&sr schools and
hospitals. Most of these have been funded by a donor.

PCE 9 andPCE 10work for Company 5 The information regarding the design used by
Company 5 was gathered through interviewscttemp a n y 0,s weléas siantaks
provided by PCE 10. Interviewsith PCEs 9 and 10 were conducted os+enail and Skype.
RMC is a part of the 0 mp asysyetdesign, and an important part of the businassl
maintenance model of the company. The company is based in Germany, with an office in
Arusha, anzania. The company staried2010 as a pilot project, installing effid SHS in
Arusha Region, and the firsystems were installed in November 2011. The target group of
the canpany is rural households. @lcompanyollaborates with local NG€) international
sponsors and mobile banking companies to provide customers with SHS in the €186s 30
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W. The systemsan be paid for in monthly instalments over a period of three years by a
mobile banking service, and maintenance during three years is included in the deal.

PCE 11 works forCompany 6 which is an international project developing consultant
companyfounded in Kenya in 1989. [hanzania the company worlsth rural

electrification and other areas connected to climate chdihgeTanzanian oife is based in
Dar es Salaam, and Tanzania the company is only Wiprg with donoffunded projects.
Consultats are employed by the companycarry out training of local technicians and local
PV component dealers, awareness raising and project management, among other things.

3.7.3 Presentation of the energy sector stakeholders on a national level (ESNSs)
interviewed

All of the eight ESNs have experience with renewable energy. Some of them have experience
on a more theoretical level and someh&m on a more practical level

ESN 12is a scholar and professor working at College of Engineering and Technology,
University of Dar es Salaam. Has been workingith off-grid electricity since 1995 and is
also chairperson at Tanzania Renewable Energy Association (TAREA).

ESN 13is a schar and lecturer at University of Dar es Salaam Business School, focusing on
the diffusion of renewable energy technologies.

ESN 14is an engineer in renewable energy technologies, and works as executive secretary at
TAREA in Dar es Salaam.

ESN 15is an egineer working as energy administrator and first secretary at the Swedish
Embassy in Dar es Salaam.

ESN 16 worksas a projects officer at Rural Energy Agency (REA) in Dar es Salaam.

ESN 17is a scholar, holding a Ph. D. in electripaler engineeringde worksas senior
lecturer at Arusha Technical College.

ESN18is a scholar and assistant lecturer at University of Dar es Salaam, focusing on
management and sustainable development.

ESN19is a scholar and professor working at University of Dar es @alda has a long
experience as consultant for PV system projects.

3.8 Method of analysis of the results

The observations made at the visited PV systems were compiled in an extensive table,
covering technical details of the design, as well ax#ojgie maintenance and payment. The
table serveds a basis for comparison and presentation of the result. The data from the
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interviews conducted with the three stakeholder grépsechnicians, PCEs and ESWNere
analysed in the light of the research questamtthe literature review. Theethod usedor
analysiswvas to summarize each interview made, and search through the interviews for topics
relating to the research questions. These topics were labelled with codes and categorized.

An early version of a aiceptual model showing the investigated relations between
technological complexity, the technical systemardware and software, as well as payment
organisatiori and the local context, including stakeholders, can be sdgure 3 This

model was showto the respondents during the interviews, as a basis for discussion of the
role of technological complexity. Due to the explorative nature of this study, the comuept
definition, of technological complexity and the two system levels; techracalstakeholder
system levelhad not been fully developed when the interviews and site visits were carried
out. Hence the analysigas partlyfocused on relating the material gathered not only to the
research questions, but also to the two system levelharmbhcept of technological
complexity.

A part of the analysis was to describe the level of technological complexity for different PV
system designgbservedThen ot i on of a fAstandard PV system
complexity level of a divergin®V systendesign in relation to the PV system design that was
observed to be the most common

3.9 Discussion of method
In this chapter topics related to the methods used, and other issues that coulfldeneed
the results, are discussed.

Due to the explorative nature of this study, the scope was from the beginning not limited to
photovoltaic (PV) systems hE studyfocusedon all types of smalscale, offgrid electrical
systems run by renewable energy resources. Dthim@itial inteviews with stakeholders
operating in Dar € Salaanthe broader scope was still used. The limitation to PV systems was
not made until later during the study. Since the focus shifted slightly during the study, some
information regarding PV systems could haeein missed out during the initial interviews.

The concept of technological complexity wasome extent formulatdzkefore the field

study, but was also developing alongside the work with interviews, as well as during the
analysis stage. It would have Ipemore appropriate to develop the concept as much as
possible before the field study, and to carry out a pilot study on technological complexity in
an environment more welinown to the authors, before the field study in Tanzania. To have a
base line for wat technological complexity could mean for PV systems in a Swedish context,
would have facilitated the field study, as well as the analysis.

The concept of technological complexity was an attempt to create a concept that includes both
the technical desigof the PV system and the stakeh@lr s & r el at i ofhet o t he
two system levels technical system level and stakeholder system leware distinguished

in order to clarifyhow the level of complexity could affettte systemHowever, gradually
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during the study it became clear that the concept of technological complexity was a confusing
concept for many of the respondents. |t migh
on the different system | eveBusincathesonee@gaof of A
technological complexity was developed during the whole study, this conclusion did not

become clear until the end of the study.

The PV systems visited were not chosen by the authors, but by the PV technicians
themselves, and weito some extent coordinated by PCE 7 at Company 3. Probably the
technicians chose to show PV systems where they had a good relation with the customer, and
where the operation of the system was rather smooth. The initial plan for this study; to visit
PV systems with varying levels of complexity at a tedal system level that had operated

at least five years, did not work out. Instead, the systems visited had a rather similar type of
design. Since half of the visited PV systems were installed by tahsiwhgartly worked

as consultants fadhe one and same PV company, this could perhaps have been expected.
Almost all of the visited PV systems had components of hightyw@add were properly
installed.According tomany of the interviewed respondeatsd literature, there are major
challenges with lowguality products and improper instdltans of PV systems in Tanzania.
Hence, thé?V systers atthe ten visited sites coufafobablynot be considered as
representative for the general design of SHS systems in rural Tanzania.

There are issues related to communication and translation that should be considered. A source
of uncertainty in the result is misunderstandings due to misconeations. In connection to

the site visits, thguiding technicians acteab interpreters. For example, Technician 2 did not
speak English, and Tecieran 1 translatetdoth during site visits and the following interview
with Technician 2. It is possible th@iechnician laddedhis own opinions into the translation.
The results from the interviews with the users/owners during the site visits are very limited.
The users/owners were ndivays at home when the visiteve made. Furthermore, the short
visits didnot allow for actual observations of how the system was used anthimad.

About half of the interviewed as/owners did not know Englistn most casethe

techniciarwho guided and translatébm Swabhili to English between the users and the
authorshad also installethe system. This has probably had an effect on the results, since the
guiding technicians might have put their own personal viewestirg translation.

At some occaens, when users/owners were asked about maintenance, they firstexzhswe

that no maintenance was done. But when more detailed questions were asked, such as if they
sometimes clean the PV panels, they sometimes changed and said that they do perform some
maintenance. This could be a result of a different understanding ofivehabrd

Omananheed maasmrs st @mwinlke s, compared to the aut
it leads to uncertainty regarding what type of maintenance is actually carried out by the
userspwners. The user is an important stakeholder in the cooftéiis study, as the user is

the one who have the most knowledge about the operational phase. However, the results

obtained from this study in terms of interviews with users are not sufficient to fill that role.
Therefore, the focus of this study has @ast been put on other stakeholders.
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A qualitative interview method witeemistructured openended questions was applied in

this study. A drawback with the method is that not all interview topics were covered during
all interviews. This reduced tleemparabilityof the interviews andffectedalsothe method
used to analyse the data. dncrete example of this teetopic of locally assembled
componentslt was introducedirst at the last interviews made. It was covenegarticular
during intervewswith two of the technicians, who had experience of assembling inverters,
and only with a few of the PCEs and ESNSs.
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4 HARDWARE AND SOFTWARE INTEGRATED IN PV
SYSTEMS T TECHNICAL SYSTEM LEVEL

In this chapter different types of edfid photovoltaic (PY systems, as well as hardware and
software used in offrid PV systems are described.

4.1 Off-grid, small-scale PV systems

PV cells can be used in a variety of-gfid applications, for example in hybrid PV systems,
mini-grids, stand alone systems, sdlame systems (SHS) and solar lanteBedow, the

most common typeand afistandard PV system desigare presented.

4.1.1 Different sizes of PV systems

The smallest applications are calmar lantern®r pico solar PV systemsind are
commonly in the sizeange 0f0,3 W, up to 10 W. These applications are often including a
small size PV panel, a battery with good energy storage potdikdithium-ion,a charge
controller anda light emitting diodéamp (LED-lamp). Typicdly the power kit can supply
enough electricity for a couple BIC-lampsoperatingon direct current (DG)a music player,
a radio, or to charge mobile phones. Sinceptbe solar PV systems are much cheaper than
SHS they are affordable to a largearketsegment in rural aregbternational Energy
Agency, 2012a)

For institutional and domestic applications SHS and stand alone systems are often used. SHS
often have igesin therange from 10 Wup to 250 W. PV systems of lagy size are oéin

called stancilone systems. Thesanhave an output power of up to 4 kVéndare often

installedfor largerinstitutions suctas schools, hospitals or hotéRolland & Glania, 2011
International Energy Agency 2012a)

4.1.2 Standard PV system design

A SHS or a stand alone systeften includs the main components; Pdanel fr several PV

panels constituting a PV arpayattery and charge controller. The electricitygputfrom the

PV panel or-array to the charge controlland battery i®f DC type with a low voltage. If the

user wants to use loads requiring alternating current (AC) an inverter is needed to convert the
low voltage of DC to a higher voltage of A@Venham, et al., 200Ross 2003)

Int hi s Ma s theconipenentsleseribeddove are included in thaefinition of a
fistandard PV systemdes@gn T h e ¢ o mamufactured ks orginatequipment
manufacturer§OEM), andimported from outside of Tanzaniamost casesl hesoftware
included in a standarfdV system design i®stricted to the software embedded in the inverter
and charge controllein figure 4the most common components istandard PV system
designare presented
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Figure 4: A standard design of a SHS with only AC load¢Rolland & Glania, 2011)

4.2 Hardware

In the followingsection, the hardware components commonly usedR systentike; PV
panel, batteries, charge controller and inverter, are described in detail.

4.2.1 PV panel

PV cells are manufactured from semiconductor materials, which means that these materials
act as conductors when energy or heat is available, lmgwators at low temperatures
(Wenham, et al2007) The PV cell enables photons from the sunlight teasé electrons

from the molecular lattice, creating freed eleck)am d i h g, hich diffuseiinran

electric field to separate contactgenerating DC electricity. The photovoltaic effect described
is illustrated infigure 5 Several PV cells are ietconnected in a Ppanelto create hgher
voltage and power capacitinternational Energy Agen¢2011) Themost commonly used
technology is silicorbased PV cells, were the PV cell can be crystalline, ranfstalline,
polycrystalline, microcrystalline or amorphous. Another teabgwis the thin film
technology(Wenham, et al2007)

Figure 6.1 The photoveoltaic effect
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Figure 5: The photovoltaic effect(International Energy Agency, 2011)
22



4.2.2 Battery

Solar energy is intermittent, which means that the PV panel cannot generate electricity all the
time. In an offgrid PV system, one or several rechargeable batteries is most of the time used
to store the electricity from the PV panel as electrochemicayygni® be able to use

electricity also when the sun is not shiniAgbatteryconsists ot number of battery cells.

The battery cell is containing electrolyte, a positive electrode and a negative electrode. A
voltage potential is created between theteteles and the voltage of a leadd battery cell

results fronthe chemical reaction inside it. During standard conditions the theoretical voltage
is about 1.93 V in a single cell but in practise 2 V is used to represent the nominal voltage.
The battery ells are serially connected to build up higher voltage in the battery

example, a 12 V battery consists of 6 cells, which are connected in series. In SHS it is
common to use batteries with a nominal voltage of 1%/Wien several batteries are

connectd, either in parallel or in series, it is called a battery ban&.battery bankf a

larger stand alone systemith somekW, of PV power,12 V batteries can be connected in
series to build up 2¥, 48 V or hgher voltages in the PV systdinternationdEnergy

Agency, 2003; International Energy Agency999)

There are several battery technologies for rechargeable batteries today, for ebeadple;

acid, nickelmetathybrid, nicketcadmium, rechargeable alkaline manganese (RAM), lithium

ion and redodatterieWenham, et al2007). However, in standlone PV systemand SHS

today the most common batteries Bradacid batteries due to availability and costs

(International Energy Agenc{999 Spiers, 2003Potteau, et 8l2003) Furthermorelead

acid batteriebave relatively good energy storage density and can be considered as robust and
reliable. Their disadvantage is mainly that theguire acontrolled chargingand discharging
processf a large numbeof charge/disbarge cycles is toebobtainedRoss 2003.

Rechargeablieeadacid batteries can be divided into two main types. In literature these are
referred to as wet/vented/flooded/open batteries and dvg/vafulated/sealed batteries. In
wet batteries the electrolyte is a solatf water and sulphuric acid. The charging process
does not need to be as stringent as for dry batteries, but the battery housing must be well
ventilated to prevent the builgp of hydrogen gagwWenham, et al2007). Since water is
consumed during the ahging/discharging process in a wet battery, the concentration of acid
in the electrolyte is increasing over time. A too high concentrafiagid in the electrolyte
increases the corrosion of the electydehich decreases the battéfgtime. A reduce
water/acidsolution level in the battery cell is also resulting in the electrodes being exposed to
air, which over time can damage paotshe battery cells permanently. By using a good
charge controller the loss of water in the wet battery can be mgdbut the water level in

the batteries should be checked regularlytaedbattery cells have to be topped up with
deionised/distilled watawhen neede@nternational Energy AgengyL999.

In dry batteries the electrolyte is in solid state. Catabgiaverters are used to convert
evolved hydrogen and oxygen back into water and only in the caseessescpressure in
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the battery gas is vented. Less maintenance is needed compared to wet batteries, since there is
no need of refilling with distilled war, but dry batteries reqei a stringent charging control
(Wenham, et al2007). Examples of dry batteries are the AGlpe, where the electrolyte is
absorbed in a glass fibre matt, and the G¥je, where thelectrolyte exists in gébrm

(Jossen, edl., 2009.

The batteries are often concerned as the weakest partgnafV systems due to cost,

lifetime and reliability(Potteau, et gl2003) Irregular battery operation causes a number of
degradation mechanisms, which affect the bat
gassing, corrosion, sulfation, loss of water and active mass. These degradation mechanisms

will shorten the batteryfie time considerably, why it is important to use a proper charge
controller(Yang, et al.2006;Jossenet al., 2004).

In off-grid PV systems the irregular usage of loads and the intermitmrhing of solar

radiation towards the Ppanes create a elv and irregular dischargin@nd charging process

of the batteries. The battery usedfirgrid PV systems often hds withstand deep

discharging when the battery energy content is used to a larger extent, for example when there
is no solar radiation ding a couple of days and/or the loads are withdrawing energy from the
battery to a larger extenthe state of charg&QC) is representing the charge level of a
battery. When the battery is fully charged to the nominal cap#egBOC is 100 %. If the
battery is fully dischargedhe SOC is 0 %Depth of discharge (DOD) is representing the
opposite of SOC. DOD describes how deeply a battery is dischadéd % DOD

represents a battery which is discharged to 100 %. A digelthmore than 80 % DOD foa
deepcycleleadacid battery and a discharge of more than 2B@®D for a shallowcycle

leadacid battery will dramatically shorten the lifetime oéthattey (Wenham, et al. 2007

A leadacid battery, manufactured to withstand deeper dischargingldspoeferable not

have a daily discharged bel®® % SOC of its energy conteiternational Energy Agengy
1999.

Leadacid batteriesan be designed to withstand different depths of dischaogerding to

the intended applicatioheadacid batteiescan also be manufactured in many different types
depending on the sort of application. A SLI (starting, lighting and ignition) battery, for
example starter batteries for cars, is manufactured to withstand very high loads during short
periods of time, whethe engine starts. These car batterresd@signed to withstand quick,
shallow discharge cycles and then get quicklyfldaded agairfinternaticnal Energy

Agency 1999. In PV systems its preferabldo use batteries thate manufactured to

withstadd eeper di schar gi ng,.Hosvevera Subdtterydaniverlo | ar bat
very well in aSHS butonly for a shorter period of time) the range of 45 years. Since the

SLI battery is not built to withstand deep discharge this resuéttomwer rumber of dtained
charge/discharge cyclé¢mternational Energy Agen¢g999. In a long term perspective it is
often more economically favourable to use batteries manufactured to withstand a deeper
discharging and a lger number of charge/discharge cgclelowever, local car batteries can

be more preferable in solar home systems in aneds irdeveloping countries due to the

lower price and the easier accessibi{Reinderset al, 1999)
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4.2.3 Charge controller

A chargecontroller is a componethatcontrols and regulates the current and voltage
between the PYane| the battey and the loads. The charge controller is needgutdtect the
batteries by limiting the discharge level and to avoid overchar@imgre are mainly two
basic charging radation methods: constant voltage regulating or interrupting (on/off)
regulaing (Wenham, et al2007)

The charge controllers used in ruageas today often havepadagogical approach showing

green yellowor red lightindicating the SO®f the battery. Another version is a happy,
intermediate or a sad face on the charge controller to show the SOC of the battery. The green
light indicates when the battery is well charged and there are no restrictions in using energy to
the loads, yellowight indicates a warning for a low energy content of the bateiy the red

light appears when the power supply is cuthyfthe charge controlletue to low energy

available in the system. The charge controller gives important information when thg ener
supply is cut off, since it shows if the cut off depends on a too low availability of energy or a
failure of someequipment. The users are enabled to undertake energy saving actiorthavhen
yellow lamp on the charge controller is indicating a low epergilable and a risk thateh

energy supply is cut off sodRiudad Universitarial998.

For optimal management of thattery it is important thahere is a good match between the
chargecontroller and the battery bafKang, et al.2006) Differenttypes of charge
controllerscreate different operation temperatures for the batteries, even if the ambient
temperature is the same. The rechargeable batteries have a limited number of life cycles, but it
is almost always the temperatitependencorrosion process that primarily lite the battery

lifetime of photovoltaic systen{S$piers and Rasinkoski995) T he Iwakinger y o s
temperature depenté®th on the ambient temperature and the overcharging process, which
increases the working tempdure ofthe battery significahg (Yang, et al.2006)

Off-grid PV systems can also be designed asreeffilating systems, where no charge
controlleris needed. Insteathe battery is directly connected to the paheland the natural
selfregulatingcharacteristics of the PV panel when shifting from maximum power point
towards the opeaircuit condition regulatethe power to the battery. Above the maximum
power point the generated current is automatically reduced with ingyeasdtage, which is

well suited for providing charge regulation to the batfierythe temperature remains

constant. However, the slope of the curneritage curve between the maximum power point
and the open circuit point can vary considerably between different cell teghasplavhich
complicats the design. The setegulating system is sensitive to temperature variations and
only small seasonabnd dayto-day temperature variatiomsn be allowed fato be able to
make the operation optim&urthermore, the battery needs to be relatively large compared to
the size of the PYanel A general approach is to remove approximately 10 % of the solar
cells from the standard modules to reduce the probability ofahemging the batteries.
Without acharge controller, less wiring and solar cells are required, and due to the simpler
installation a seffegulating system becomes cheaper.
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However, in general the seikgulating systems are quite inefficient, unreliable and bring

many compromises in dgs due to risks of ovecharging the batteries during cooler days

and undercharging when there is hot weather. Another issue is the increased requirements of
a good match between the loads and the PV capacity. During time periods with no load the
batteres must be disconnected to prevent rapid destruction bbtteries due to severe over
charging, oveiheating and rapid loss of electrolyte. Because of these aspects there are special
requirements io the care and monitoring of sedgulating system@Venham, et al.2007)

4.2.4 Inverter

An inverter is neededs an integrated part a PV system if the power to the loads is required
as AC rather than DGjnce DCis produced by the P@aneland provided from the battery
bank Inverters are convertinge low voltage, typically around 48 V DC, to typically 110

V or 240 V AC. Inoff-grid PV systems the invertsupplies constant voltage and frequency
to the loads. Some of the aspects that have to be considered when selecting ararsyénte
efficiency; the standby power drathe requirements on the wave phaf the AC going to

the loadsand the resistance against short circuits.

Most of theOEM (original equipment manufacturanyerters have an efficiency of around

80-85 %whenloads in theange of 25100 % of the inverter ratingre withdrawing power

from the PV systemHowever, for small loads the efficiencies can be considerably lower.

Light duty inverters around 100 W up to 10 000 W can be relatively inefficient and can create
undesirable noise. Some inverters can have a significant standby power draw, which can drain
the energyn thebatteries rather rapidly. The optimum of the AC curve is a sine wave. Many
small inverters are producing square waves or approximations of sine waves, whicld can lea

to damage of some equipmdlYenham, et al2007)

4.2.5 Balance of system components (BOS)

Balan@ of system components (BOShisollective name of the components associated with
the delivery process of electricity, such as batteries, charge controller, inverter, electrical
protection devices, wiring and monitoring equipment. ldithah the BOS includes structural
components, such as stracking systems and mounting fram@§enham, et al2007,
International Energy Agency, 2011)

4.3 Software

The software aspect in a smatlale, offgrid solar PV system ifor a standard PV stam

restricted to the software integrated in components like the charge conindliewarter.

Hence, there are no extra software aspects i

A

designo in this Masterds thesis
However, for largerenevableenergy systemdike larger stand alone PV systems, there is a
high incentive to integrate a remote monitoring and controlling system (RMCS) into the

system, since the control of output power is of major importance due to power system
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stability and safetyequirementgKalaitzakis, et a].2003).There are also some examples
whereremote monitoring and controlling iRC) have been implemented for smaller PV
systems like SHS, and where consumer finanra@ng payasyou-go solutiondor energy in
rural areasusing tle mobile networkhave been creat§d@GSMA Mobile Enabled Community
Services2013)(Mobisol GmbH, 2013Sotq et al.,2012;Simpa Networks2013) Both
RMCSand payasyou-go solutions include software, which contributes to the software
aspect irthis context.

4.3.1 Remote monitoring and -controlling of PV systems

Remote offgrid electrification, monitoring and controlling or just monitoring camseful

for a number of reasons. A long term monitoring and evaluation of a PV system makes it
possgble to collect useful data regarding operation of the system and to provide information
about what could be done to improve the system performance. It also creates a detailed
understanding of the systemdO0s opeew@bietng perf
al., 2012;International Energy Agen¢2003). With a remote monitoring system (RMS) for
rural, oft-grid, smaliscale PV systems, improper handling and system problems can be
detected at an early stage, and asedes maintenance can be performed more efficiently. In
this way maintenance costs canreduced and customer satisfaction can be increased
(Schelling, et al 2010)

One example of a monitoring solution for sedhle off-grid PV systemausing DC current,
that has been pilot tested in rural EthigpsatheRMS SIMbaLink. TheRMS consiss of a
voltage divider gcuit, a microcontroller and @SM module. The voltage divider circuit takes
readings from the battery, the solar panel and the loads. The microcontroller then reads the
voltages andranslates them into a text message that isve#mia short time interval by the
GSM module. Based on an algorithmic analysis of the logged d& p&nel voltage,

battery voltage, battery amperage, load voltagel@emi amperage, the overall health of the
system can be analysed by the help of ansoe programméSchelling et al.2010) The
differencebetween a RM@&nd aRMCS is thata RMSuses onavay communicabn, while a
RMCScan communicate in both waya the case of a RMS,maonitoring system transfers
information to a softwarprogram, while for a RMC#e behaviour of thBV system can be
both observed anchanged through a management software. An exaofhblew a GSM-

based RMCS for BV systemcan functions described below.

TheRMCS consists of three stdystems:

- The PV sasor cell (PVSC)which provides an estimation of the radiation incident on
the PV generator, and the theoretically available power.

- The data acquisition system (DAS), which measures certain quantities of the PV
system, characterizes its performance iadatates possible problems.mManagement
software is also integrated in the DAS.

- The transmission system, which manages the communication back and forward from
theRMCS.
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The GSM system as transmission system is considered as a good choice for the general case,
due to the coverage rate and the GSM function SMS, which is regarded as cheap and simple.
Other communication media that could have been considered arg¢gpoitt phone

connection (PPP), local area network (LAN) and the InteByeRMC, PV systems can be
monitored and controlled not only from a distance in a nearby city, but from any part of the
world where there is a functioning GSM network or Interfience, he deeper knowledge of

the technology does not have to existsite, but can be outsourced, even to another country.

To monitor the PV system the following quantities are measured; voltage, current and
suppled power from the PV generatayrrent ad power actually received by DC and AC

loads and voltage over thieatteries Then the produced power is compared to the measured
shortcircuit current of the PVSC, which corresponds to the theoretadaé. The power

absorbed by AC and DIBads and théatteresis compared to limits, which are adjusted

through the management softw@@agliarducciget al.,2007)

The management software manages three parallel processes; Firstlyiseggle correct
operationof thePV plant components by comparing teenperature, and the values from the
shortcircuit current, of the PVSC to the electrical quantities. An alarm SMS is sent to the
operator if the PV generator does not produce the theoretical power, if the electrical powers
drawn by the loads are differtieinom the expected values, or if the voltage of the batteries is
outside the predetermined range. Secantlhecords data regarding the uésy operationof

the PV systemThe follbwing indices, which definthe PV energetic balancare evaluated

by theRMCS and sent to the operator 8BMS: average efficiency, PV pangtld, reerence

yield and losses of PV panedpture. After a recording time fixed by the operator, the average
and the maximum values of the following four are sent by SMS; solaticadiprodued

power and energy, power on DC and k@ds and voltage of the battery bamkirdly, the
management software responds to control commands sent by the operator through SMS. The
commands can change the-gps for the PV system and for the regi@ment system. The
management software can be programmed to only respond to commands reosaived fr
certain mobile phone numbgGagliarducciget al, 2007)

4.3.2 Remote controlling and pre-payment

One application oRMC of PV systems is to combine itithh the model of prgpaid mobile

phone @&time. With a business model building on this strategy the problem with the high up
front cost for a SHS can be overcome, and a larger segment of the matketreanhed. An
example from India iSimpa Networks tatinstalls SHS together withaarge controller

which regulates the SHS based on proof of payments. The customers pay for their systems
over time through prpayments for their electricitysing an SMS service. the prepaid
consumption becomes exhasthe SHS is locked until another yp@yment is made. When

the full cost of the SHS have been paid foris wvay it unlocks permanent{$simpa

Networks 2013)

Another example is the SharedSganject that has been pilot tested in some of the
Millennium Villages in Mali and Uganda. The idea is to pdava gridlike service in remote
areas with a generatioand metering system based on a PV system. AC power is distributed
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from a central facity to a number of households, which eatkhem has their individual
connectiorand metering. A custommetering software allows for the electricity tariff to
change depending on the time of the,dad is used to keep track of the electricity usage for
each customer. The payments are made on-pgyment basis using the GSM network.
ThroughRMC the electricity is cut off when the ppaid electricity is exhausted, or if the
customer has reached the limit of the amount of electrigltych can be used pdayand has
been agreed on beforehand

A major challenge with the SharedSolar desiginéscost of additional hardware to provide
metering and the extra power consumed by the metegagimunicationand switching
components. In relation to the poveemsumed by the customers it is not a commercially
viable solution with the technology available today. This type of design also requires skilled
engineers to manage the server and communication maintenance, which further increases the
costs, even thoughe monitoring system and the centralized design helps to facilitate the
general maintenance of the system. There are also some problems with latency in the GSM
networks, with causes customer frustratishen the prgpayment function is not

responding. Ta current design of the system is well suited for dense settlements, where the
wires can be kept short. In areas where the households are moreaprdedcost of the

wiring would become disproportionally high. The best solution is if the wires carstadied
underground, since thisveers the risk of tamperingn lareas with inappropriate geotechnical
conditions where ovenead wires is a better solution, tampering could become a problem
(Soto, et al.2012 SharedSolarr013)
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5 ISSUES TO CONSIDER WHEN DESIGNING PV SYSTEMS
IN DEVELOPING COUNTRIES T STAKEHOLDER SYSTEM
LEVEL

This chapter describes somsues importartb consider when designing smadale, offgrid

PV systems in rural areas in developing countries. According to literature the oesi§Vv
system can affect how easy it is to handle installation, operation and maintenance of the
system(Ciudad Universitarial998 International Energy Agency 2012&/lkins, 2002

World Bank 2012 International Energy Agenc¢{999 Spiers 2003. During the last decades
many donor programsd projects have provided smattalephotovoltaic PV) systems to
peopleliving in rural areasn developing countries. Some of the important issues to consider
in PV programs and projects have been extens
Gui desod from t he ¢énnytTaesk firketnational &Eherg\EAgenc201B) A g
In these docments diffeent issues are covered, suchthe different phases of designing,
planning and implementation; capacity building requirements; quality managgragment
organisationhardware certification and accredited training in PV programs.

However,a PV system ipart ofa larger stakeholder systeand it is not only technical issues
that affecthelong-term operatiorof a PV system. Alsolte challenges of the
institutional/organizational, economand social situation gfeople in the local arean which
the PV system is operatinglay an important parSome of these challenges, together with
some lessons ledrtrare eéscribed in literaturgWilkins, 2002 Murphy, et al.2009 Murphy;,
2001)Some challengesvhich occur when a new technology is introduced in a developing
country in East Africaare describedandthe concepts of technology transfer aaqabropriate
technol@y arehere presented

The literaturaeviewserves as a base when investigating if the qurafetechnological
complexity could have any relevance in the context of technology transfer, as well as when
analysing the main considerations of the stakeholufargerest

5.1 Main considerations and challenges when designing off-grid PV

systems in rural areas

The designer of a PV system needsdaosider the fundamental question of ensuring a

balance between the supply and the demand of electiitieydesign of a PV system can be
carried out by an engineer/technician on site, an engineer/techmaadifferent location, or

the system can be purchased as a standardised package, where all the components are already
chosenWhen it comes to electrification programs the World Bank (WB) has pointed out that
there are three often conflicting viewpani the design phase of PV systems: {ihe

international financiainstitutions, whichareoftenoriented towards electricity for basic needs
and costenefit analysis, (ii) endsers who often prioritise watching TV highest, and (iii)
engineers, who typally determine standardized need levels and system sizes. There needs to
be a balance between these three viewpoints for a successful siaffrgad PV systems

(World Bank 2012.
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Generally, the users/owners of PV systems are interestedserthee that the electricity of

the system can deliver, rather than the PV system or the electricity in itself. Some services
that the users want are; to charge their phones, light during the night, and to watch TV
(International Energy Agency 2012& Kenya access to TV has been a very strong driver
for the purchasig of PV systems in rural are@gcobson2007) Most people prefer to have
aconnection to an electricity grid, because it allows them to use electricity whenever they
need it and there armt the same limits for using high peak po\ileternational Energy
Agency 2012a

5.1.1 Simplicity, user-friendliness and flexibility

Simplicity and flexibility of the system is of great importance when solar home systems
(SHS) are designed for rural areas in developing courf@ieslad Universitarial 998) One
important aspect of simplicity is user friendliness. Seen from the user perspective, the SHS
should be easy to understand, use and maintain. From the perspttize
technician/designer, the SHS should be easy to install and maaridiit should be easy to
replace components. Rogers refers to sitylas an important factor fonemkers of a

social systento adapt to a new technolo@gogers 2003)

A SHS @an be considered as rather simple for users, when the intrinsic limitation of the
availableelectricitydeliveredfrom the system is understood. One hardware component, the
charge controller, is particularly important for the understanding of the amoeiletctricity
available in the systernithe charge controllérs inrtesk is tacontrol battery charging and
protectthe batteries from deep dischargiAg. regards to usdriendliness, theharge

controller caralsocontribute with anmportant pedagogicéilinction. The symbolic green
yellow and red light can help the user to become aware of the state of energy in the battery,
which makes it possible to plan the energy usage and prioritize thg @adad

Universitaria 1998) This can make the PV systanore useffriendly. Howeverto be able to
plan theenergy usagehe userseed to have the required knowledge and awareaesake

use of the charge controller this way.If specific knowledge is needed to benefit fully from
the charge controlleit can be seen as less ufwendly. However, the presence of a charge
controller is always beneficial, even if the user does not understand what it is or why it is
there.

Flexibility in this context means that PV system components and spare partsilatdeava

locally, that the SHS is flexible in terms of changing sizes of components, and that
replacement of components from another supplier is possible. It should be possible to enlarge
the PV system, if the demand of energy increases, by increasingnbe gapacity with PV
modules and batteri¢€iudad Universitarial998).

5.1.2 The connection between quality in products and installation, maintenance

and reliability in the operation phase

The twocharacteristics; quality and reliability of PV systems, have been discussed in
literature. The har acteri stic of technical reliabilit
s y st e motedelavdy ihé sufficignt quantity and quality of electgialuring its estimated
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lifetime. The quality of products is essential to increase the reliability level of a PV system
during its operation phaseoGd quality of the technical components is also highlighted as an
importantfactor in literaturglnternatonal Energy Agency 2012arhe quality of &SHScan

be evaluated iterms of its reliability, energy performance, safety, 4#g8endliness and
simplicity of installation and maintenan@@iudad Universitarial 998. Quality ishenceseen

as a superordinatconcept where the subordinated charstics servas a confirmation that
thewhole PV systenmas quality. However, quality asconcept is mostammonly used in

daily speechto describehe quality of products or installation works.

The characterigts of quality and reliability are closely related. The quality and reliability of a
SHS, in the aspects of lack of failures and lifetiof the PV system, depend several
things;the reliability and quality of the componentse quality of the instaltaon; how the
components are sizednd the voltage threshold of the charge controller. The components
must also be suitable for local conditions. Each component of the system must fulfil the
required gality and reliabilityi one single bad componerduld limit the quality of an
otherwise perfect system. When it comes to technical failures of SHS, the most common
failures are caused by some of the balance of sy®@&8)(components and not by the PV
module(Ciudad Universitaria 1998Vilkins 2002. The WB (2012) addresses the need for
reliability in SHS programs. It is recommended to give importance to appropriate technical
specifications, national lab testing procedures and reception tests, to guarantee reliability.
Solar Energy Institute of the &dirid University hasreated a dataset based on diatan the

field performance of 5000 solar home systems in S8hhara, Latin America and the
Caribbean. The key challenges for-B&sed rural electrification, according to their field
study, are reliabity and appropriate sizing to meet the actual denf@tld Bank 2012)

Studies have shown that today there is a lack of quality standards and labelling of PV
technology. It has been found that there exists hardware on the market, which is below
interndionally accepted standardsiemot appropriate for local conditis. Local design,
installation and maintenance practices have not been standardised. The lack of quality
standards and labelling of PV system components is perceived as a challeng&\of the
market todaylt can result in reduced performance and reliability and thereby shorten the
lifetime of the systems. Also thadk of warranty i@ challenge. #en if warranty sometimes
can be given for products, the warranty is still rarely utilisgaratctice(Wilkins, 2002)

When installinga SHS it is important that the technician installs the system in a proper way
and that proper additional installation material, such as screws, battery connections, wirings
of right size etc. is used. The systemogld be installed in a protected place and the batteries
should be kept in a wellentilated place. An appropriate charge controller will increase

battery life and improve the system performance. In hot climates the battery should be shaded
and put in aras cold place as possible. In cold climates the battery should be protected from
extremely low temperatures to prevent freezing. It should be easy to control and maintain the
components in the SHS. This can be seen as a good quality instgatidad Universitaria,
1998;International Energy Agen¢{999 Spiers, 2008 Studies have shown that many
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installations of PV system are not performed in a standardized way, which makes it more
difficult to make an installation of good qualifyvilkins, 2002)

There is a need for maintenance of PV systems. Some of the maintenance tasks which can be
carried out directly on site are; cleanifg®yY modules; mounting of wiresefilling distilled

battery watergleaning lattery terminals from corrosioandchanging fuses, lamps and

charge controlleréCiudad Universitaria, 1998To perform the maintenance tasks is

necessary to make the PV system reliable. Maintenance and reliability are crucial issues in
remote areas since there can be difficulties, dahalyhigh expenses connected to technical
suppot. It is also emphasized literature to not underestimate the level of competence

required to operate and maintain a PV system, so that users and technicians on site are able to
understand, repair and hantle maintenance of the syst¢World Bank, 2012

Studies have shown that a lack of lasting maintenance structures is a significant weakness of
the PV systemsd del i ver (Wokddank, R0OARThe RY many SHS
systems right not be efficiatly used, omaintained in a proper wayhe owners might fail

to purchase all of the system components, or not manage to replace the broken or
malfunctioning components in time. Thian lead to poor performance or hazard situations.

For example it hasden found in studies that charge controllers many times are left out in PV
installations in Kenya, which reduces the control over the important charging/discharging
process of the batteri¢slurphy, 2001) The WB(2012)argues that this to some extent can

be resolved by implementing largeale programs wh high densities of PV systems. Higher
densities can contribute gogrowing business for local companies to spe@aliz

professional operatierand maitenance service and traininglo€al techniciangWorld

Bank, 2012.

Quiality of products, as well as proper installation and maintenance is a question strongly
connected to finance and affordabilifjne main challenge when it comes to absorption of
technology in a region is the high capital costs camag to the low income levels for most of

the rural households in East Afri@durphy, 2001) Lack of finance makes it hard to

purchase quality products and hire educated technicians to install a PV system. The need for
credit systems availablerfoural households is highlighted in literatude discussions
regardingwhy Kenya has notetreachd a full potential PV markett is argued that the main
reason is a lack of sufficient capital to purchase the equipfWélkins, 2002)

During the lifecycle o SHS thee are many costs to take into considerasiod it is

i mportant to consi derFirstofall tieeungidl ©ysteenrcagsthakea b i | i t y
it economically impossible for most Tanzanianpurchase a system. Furtiiere the costs

for maintenance, replacements of parts and repairs of SHS are often underestimated

(International Energy Agency, 2012bjence, ® make PV systemeffordable for people

living in rural Tanzaniat becomesmportantto look intofinancing methodand pgment

organisations concernirigpth implementation costs and savings for fungedsAt a policy

level it is understood that a selfistaining PV market is very much depending on the

institutional framework. The International EggrAgency has addressed trasd describe
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what mechanism could be put in place to ensure a healthier development of the PV market in
rural areas. In the case of a direct sales agbraredit and loanchemes play an important
role (International Energygency, 2003).

5.2 Technology transfer, appropriate technology and connected

challenges

The concept of technology transfer can, according to Wilkins (20623)efined as the
diffusion and adoption of new technical equipment, practices and-knambetween

different actors (g. governmensector private sector, financial institutions, research bodies,
nongovernmental organisationdGO9, etc.) within a rgion, or from one regiomo another.
The need for knowledge and training of both users and local technicians in usage and
maintenance of PV systems are coamly highlighted in literatur@Venham, et al2007,
International Energy Agency 2012&yaisi, 2000; Murphy, 2003, Ulsrud, et al.,2010) It is

also emphasized thattheleV\s er 6 s f eel i ng of owtheRVsystepp and |
is an important factor connected to the maintenance téisa?V system is received from a
donor, it can resulhithat the users do not feel responsible for the system ordiméemance
and operation of it. Howeveif,people pay for a PV system themselves, both the feeling of
responsibilityand willingness to take care of the PV system incr@asi&ins, 2002

(Murphy, McBean, & Farahbakhsh, Appropriate technolbdycomprehensive approach for
water and sanitation in the developing world, 2009)

Furthermore, some of the key lessons learnt, especially in PV prajexthat theresia need
for long-term commiments between the stakeholdensd that the institutionalettings play
an important rolé¢International Energy Agency 2012aisrud, et al.,2010) Wi | k studissé
regarding technology transfer have showed that there iofagfstematic training of
manpower in the field. fere has been little education in PV technology in famad offgrid
markets and other marketshere the technology is viab{&/ilkins, 2002)

The diffusion and adoption of a new technologyleveloping countries hatowed to be
complicated. According to Wilkins a successful technology transfer includes an awareness of
the following aspects: affordability, accessibility, sustainability, relevance and acceptability
(Wilkins, 2002) Some of tlese aspects are, as confirmed byliteeature reviewimportant
when designing offrid PV systems in rural areas. Affordability, which might be one of the
major obstacles can be overcome by credit schemes. Accessability to the benefits of the
technoloy can be enhanced by market development, more well educated local technicians
and access to spare parts in the local areas. Relevance is in this context depending on the
demand ér electricity, whichis there. Acceptability of the technology can be enhaubge

user education and awareness raidiugthermore there is a netm commercial

management anuarket develoment. EEonanic competitivenesdechnical adaption to local
conditions as well aso meetthe energy requirements of the peaplaecessar{Wwilkins,

2002)

Accor di ng 0tTe cWinlod iomgsy 6f shoul d be regarded not
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the information, skills and knetvow which are needed to fund, manufacture, install, operate

and maintain the equi pndedmes$ putting the technicdl @ncéptss h o u |
into practice locally in a sustainable framework so that local people can understand the
technology, use it in a sustainable manner and replicate projects to speed up successful

i mpl e me r{Wilkirs,i2@08). 0

Murphy (2001) addresses the obstacles connected to attempts to technology dissemination
based on the definition of technology absorption, which according to Wilkins are part of the
concept of technology transfer. According to Murphy (2001), technological aiosorpt
requires the development of technological capabilities, which are defined as the following
skills; technical, organizational, anstitutional. Access to information is also crucial. These
capabilitiesenable businesses to evolve so that informatnshemjuipment can be utilized
efficiently (Murphy, 2001) There are many challenges regarding the institutional and
organisational structures and it is necessary in atiemy perspective that a market can grow
around the PV syste(Muntasser, et al., 200Mulugetta, et al., 2000)

Technological diffusion occurs in parallel with economewelopment and social change.
Murphy et al. (2009) emphasizes that the main objective of an energy project should be to
i mprove rural peopleds quality of Ilife, not
environmental problem. Some energy planners tend to forget thistirdyeplan and design
energy projects. Murphy et al. (2009) also highlights that many dissemination projects
determine the success by the number of new technology adopters. But numbers cannot
properly disclose the utility efficacy or the sustainability oftdmehnology. For example,

these numbers do not tell hoWieently and safelypeopleliving in rural areasre using the
technologyor how many PV systems that still opesséter a longer period of time. Neither
does the number tell if there has beenaaket created around the new technology, if any
local entrepreneurs or businesses have been stari€domponents arsmanufactured

locally. Additional information is needed to be able to determine if the technology has been
absorbed into the localea or not. According to Murphy et al. (2009), technology transfer
and dissemination of energy technologies has been largely dependent on funding sources and
technical assistance coming from outsaf the (beneficiary) countrieBoth Wilkins (2002)

and Muphy et al. (2009) highlighte importance of knowbge and skills of the actorstbi
local PV marketvhen it comes to technology transfer, dissemination and abso(fitkins,
2002;Murphy, et al.,2009) Murphy et al. (2009) addresses that indepahdad successful
entrepreneurs in the PV sgst business are needed, who produce, market and dexice
systemsand the connected componeméthout that kind of entrepreneuitss unlikely that

the PV systems would be absorlzedl disseminated into tlaeea(Murphy, et al.,2009)

Also the concept of appropriate technology is discussed. The definition and meaning of
appropriate technology can vary depending on the field of application. Murphy et al. (2009)
describes appropriate technology as sometimag than tools and techniques, Appropriate
technologyconcerns more diffuse aspects that affelcat is regarded as an appropriate
technologysuch asknowledge transfer mechanisnasd social, cultural and gender issues.
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For a echnologyto be appropate, italways has to be adopted within the local circumstances
whereit is applied (Murphy, et al., 2009)

Theconeepts of technological transfer aagpropriate technology shows that that theee i

body of literature that addresde®w~; new technologies could be transferred and absorbed into
developing countries. Howevex topdown perspective is found to be usednany of the

donor funded PV projects and programmes implemented in rural areas in developing
countries This is somehwe expected, since@nor organisation or a compasststhe goals
connected to thariplementation of thaew technologyAlso thestudies and gugines that

have come out of PV system implementations are in this literature review found to use a top
downperspectiveEven if these studies aim to take the local context into consideration, the
recommendations might not always be based on the full insight of the actual needs. Brent and
Kruger (2009) highlight that renewable energy systems for remoteiar&aga often are

designed with financial and technological considerations in focus, since the main stakeholders
have this perspectiv&his results iran approach thatoes not necessarily letma holistic
sustainable rural developme(Brent & Kruger, Systems analyses and the sustainable

transfer of renewable energy technologies: A focus on remote areas of Africa, 2009)

5.3 Summary of the literature review

The literature studieghows thathere are many aspects to take into consideration when it
comes to designing PV systems in rural areas, as well as when transferring a technology to a
developing country. Even if there arell-describedheoretical guidelines concerning how to
design, in&all, operate and maintain a Pyssem in a proper wayhere are many challenges

to be overcome to mak®V systems operate well in@ng-termperspective in practice. The

local context and the stakeholders surrounding the PV systtime main factorsféecting

the success of theperation of the PV systemspthduringthe installationand operation

phases. This is not something that can be changed by desigaiRY tsystem in a certain

way, sincethe local context is not something that can be dedigmay. It is also important to
remember that the literature studied is mainly presenting-ddejm perspective, where
academics, engineers from the western world and large organisations present their findings in
academic articles, reporsmdwritten guidelines

This literaturereviewhasalso contributed to amnderstanding of how a technical PV system
can be studiedttwo different system levels. This was figesented as a conceptual model
in figure 2 in section 2 and is here showed again, $igeire 6 The figure shows the
technical PV system, including its hardware and soft{tachnical system level)n relation

to the surrounding stakeholders and the local coigexikeholder system level). These
relations havéeen addressed from different angles in this chapter
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Stakeholders

Technical system Jevel\
Design of PV system

TECHNOLOGICAL
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on a technical level Y,

Level of
TECHNOLOGICAL COMPLEXITY

on a stakeholder level

Stakeholder system level

\ Local context

Figure 6: Conceptual model of theassumedrelation between the level of technological complexity and
implementation and longterm operation. The level of technological comgxity is a result of the PV
system designThe model shows how the PV system is related to surrounding stakeholders and the local
context.
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6 PV MARKET AND STAKEHOLDERS IN TANZANIA

This chapter briefly describes the Tanzarpantovoltaic PV) market, and the stakeholders
l inked to iIit. The stakehol darepesemean sfsectiore| evant
6.2, and some background facts on the Tanzaniam&¥et is presented in sectiorl 6

6.1 The PV market in Tanzania

The PV markeof Tanzania starte develop n t he 706s, after the fi
The initial demand for PV systems was mainly driven by electrification of institutions in rural
areas, |i ke health centres, c ltdorsoldwhotne and sch
systems $HS started to develop, partly as a spiff effect from Kerya, where the SHS

market began to evolhabout ten years earlier. This is whempanies selling SHS to

households started to emerge in Tanzania. The SHS marketitialy idriven by the

availability of TV sets and radios and the spread of broadcasting signals in rural areas not
connected to the electricity grid. Later ampbile phone charging and lighg) in homes have

become important drivers, and today those lagentain reasons for buying a SHS in

Tanzania. International donors and development organizations have played an important role
inthe developmentfo Tanz ani a6 sargesp@rts af the nmakkettik dependonL

funding and active support from the gawment and these donq@ndraczek2013)

The past years the amount of annual PV sales in Tanhasigrown rapidly from 100 kyth

2005 to 1.16 MWin 2009, and at teipoint it was estimated thatél % of the rural

households used solar energytesr main electricity sourcé€Ondraczek2013) The market

growth trend partly depends on the in general declining global PV prices. However it was
noticed that during the period 20@911there was a trend of increasing prices due to

increased internati@l demand of PV system components. At the beginning of 2008 the
Tanzanian Government exempted all solar equipment from taxation-addieel tax (VAT)

18 %, import duties etc.) as an incentive for market growth. During that period the increased
prices andgxemptions of taxes were each cancelling out the other, and as a result the average
price for a PV system did not chan@&amco Advisory Service Tanzani011)

Generally, it is very rare in all parts of the world that financial intermediaries, exenitho

finance sector, offer credits for SH&ternational Energy Agency, 20120)anzania is not an

exceptioni 99 % of SHS are sold on a cash basis. The principal reason for the lack of credit
finance stated by PV dealersarsurvey made by the Sida/MEM Solar PV project is the
countryobés poor history with rural l endi ng an
commitment§Camco Advisory Service Tanzan2011)

6.2 Stakeholders

All the various stakeholdelisked to the PV markdtave an impact on the way that PV

systems are designed. It is important to have a background of these different stakeholders to
be able to unerstand what their main considerati@me regarding the desigiha PV system.
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Different stakeholders have different motives foomioting a technology, and this hes

impact on the development of the system. Wilkins (2002) says that the nature of renewable
energy systems (RES) is often that they are ssualle, decentralized systems withlarge

number of stakeholders. Thssalso the case for effrid PV systems. Wilkin§2002)

describes the key stakeholders connected to technology transfer of renewable energy
technology as including poliesnakers, legal and regulatory bodidsyelopmat agencies,

financiers, utilities, manufacturers, suppliers, developers, installers, consultants, academic
institutions, NGOs, community groups, recii® and users of the technola@yilkins,

2002)I n t his Master 6s t he sthesonewwhoadesmgn, sugpg/,h ol der s
install, use and maintathe PV systems. Also knowledge institutions are of interest.

In the followingsections a selection efakeholders closely linked to the PV market are
describedthe Tanzanian government, donors and-governmental organisations,

consultancy firms, knowledge institutions, customers and beneficiaries, local technicians and
dealers, and PV companies.

6.2.1 The Tanzanian government

The Rural Energy Agency (REA) is an autonomous body under the Miofdiyergy and
Minerals of the United Republic of Tanza(iMEM) that became operational in October
2007. Its role is to increase the access to modern energy services in rural areas of the
mainland of Tanzania, hysing the Rural Energy Fund (REF). The msp of REF is to
provide grants to qualified project developers, to be used for capital costs of projects
implemented, capacity building and financial assistance. Both REA and REF are governed by
the Rural Energy Board (REB). REB aR&F were both estabhsedby The Rural Energy

Act in 2005(REA, 2013) According to the body of literature concerning rural electrification
in developing countries,ayernments should take a facilitating role in the area efadf PV
systems. However gevnments should notterfere withthe market, nor provide equipment
subsidiesbutinsteadgradually elimnate kerosene subsidiedelfocus should be on quality
assurance schemes, dissemination of reliable information andiedusfacustomers. Bnors
can play an importanble bysupportingmicro-credit schemegunding programmest
educate target groups, and helpiogguarantee a minimum leved system quality
(International Energy Agency, 2012b)

6.2.2 Donors and non-governmental organisations
In Tanzania donors have historically played an active role in the promotion of PV systems.
One example is the Sida/MEM Solar PV Project that was implementee220@5 which was
funded by the Swedish International Development Agency (Sidadgh theMEM. The
overall goal of the nationg@roject was to contribute to the growth of the Tanzanian PV
market, with special focus on the rural market, by creating market supptdemdnd. This
was done by, among other things, training of local RWineians anddealers, awareness
raising among customers and support of the Tanzania Renewable Energy Association
(TAREA) (Camco Advisory Service Tanzania, 201Ahother example is the Lighting Rural
Tanzania Competition (LRT), which isa collaborationbetween the World Bank (WB) and
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REA. In LRTC various kinds of organisations submit project proposals to compete for money
to implement projects with the aim to bring-gffid electricity solutions to rural Tanzania.

The charadr of the competition can be compared to a challenge fund. Most of the donors and
NGOs are focusing on implementationsgbtems for institutions like schools or hospitals.
However, during the past years there have been other types of initiatives, BdahdEM

Solar PV Projectwhere the focus is to stimulatee PV market. Another type of project

character that hasevelopednore recently is projects where individuals being part of groups,
working associations for example, get assistance to ffir@ace their own PV systenisan
example of this is an egoing project in the Lake Region, financed by the WB.

According toal FayadH there is a market distortion when it comes to thegdift

electrification marketancethe investment at stake is relativédy for smaller energy
systemsThis is due to uncoordinated support, in terms of subsidies of material and education
coming from electrification programs on national, regional and global level, as well as a
myriad of smallenongovernmentabrganisationgNGO9. The work of developing partrer

such asSida is to supporthe private sector with the help of different finehénstruments

either directly or through support to REAo do thawithout distorting the market is a

challenge and accordingp al Fayadhcoordination is needed to create the very rmoeaded

PV market development.

TAREA is a membership based asistion and a central player in the promotion of

renewable energy in Tanzania, founded in year 2000 and based in Dar es Salaam. The main
functionof TAREA is to connect the renewable energy stakeholders in Tanzania and other
countries, with the aim to raghe renewable energy sector in Tanzania. They work with
education and research, dissemination of information, networkingsegation and project
support(TAREA, 2013)

6.2.3 Consultancy firms

Consultancy firms are many times working for a dondhergovernment, with the task to
manage different tygs of PV projectgelated to implementation of PV systems or education
for example. The consultants hired for the tasks can be for example different experts from
universitiesor engineersemployed bya consultancy firm

6.2.4 Knowledge institutions

Universities and othexducational institutions have an important role in spreading the
knowledge about renewald@ergy, and carigg out research within the field. The

Vocational Education and Training #ority (VETA) has training centres in different parts

of Tanzania, and they are, among other types of courses, providing education in electronics.
In Mwanza they are specifically giving a course on PV systems. During the Sida/MEM PV
Project all VETA training centres were provided with training in order to be able to give

! Samer al Fayadh (First Secretary at the Swedish Embassy, Dar es Salaam, Tanzania)
interviewed by the autho28th of March 2013.
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courses in PV installations on a feasis. However there was insufficient demand at the time
to carry out sue courses. One of the reasonstfos was that similar training had been
provided for free by donors earlier @amco Advisory Service Tanzaniz011)

6.2.5 Customers and beneficiaries

Historically, missionaries and other donors of different kinds have implemented PV systems
in Tanzania in churches, schools, hospitals andurisins It is common that hospitals and
schools are beneficiaries, rather than buyers of PV systems. Tie# adSHS is a significant
challenge and most families in Tanzania cannot afford to buy a systeranipfrhe average

cost of a 50 WSHS is moreghan the double per capita income in Tanzania and there are few
opportunities tgay a system in installation89 % of the SHS are sold on a cashidas

(Camco Advisory Service Tanzan011) The typical customer of a SHS in Taniais a
middle-incomefamily. In rural areas it was mostly teachers or governmental workers who
could afford to by a SHS a few years algot nowadays it seems thalso farmers can afford

a SHSas the system prices are decreasing. Taer@lso many types of pidV systemshat

can be an alternative for customers who cannot afford to buy a whole SHS. There are many
PV productgthatare substandard. Ehis an issue that mostistomers are not aware dhey

might not understand the importance of product quality, but ratfeeitize a cheaper price.

Also when customers are aware of the quality issue, a system with lower quality can be a
more attractive option, because it becomes affordable. Beneficiaries, on the other hand, are
provided with systemdesigned by a donobonors are aware of the quality issue to a higher
extent than the individual customers, and do not have the sameneicrestrictions, which
commonly results in PV systems of high quality for a higher price.

6.2.6 Local technicians and dealers

Local technicias can sometimes be hired &jarger PV company to install PV systems for

the company in theillage or region where the technician is living. Some local technicians are
selfemployed and many timekcaltechnicians collaborate with local dealers oréhtheir

own PV shop. The knowledge level, regarding PV systems, of techniciemmstall and
maintainPV systemwariesa lot depending on whatnd of education they have undergone
The local dealers can get their supply of PV products from variousesoi@ome local

dealers only sell PV products with a high quality lewadhered by larger PV companies.
Othersget their supply from local markets in larger citrdsere the product quality camary a

lot.

6.2.7 PV companies

In Tanzania there is a mixX oompanies working with PV systems. There are companies that
only sell separatBV components, and there are companies selling PV systems as a whole
solution, with the installation and sometimes even the maintenance included. There are a few
established@mpanies thastarted off with other types of electronic compongatsiare just

adding PV components to their supplfien there are companies that started in Tanzania

with the aim to target the Tanzanian PV market specificalpnybf the larger PV
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companies are based in the economic capital Dar es Sdalaameed for offyrid PV systems

is larger in areas where the grid has not yet been extended, but due to frequent power outages
there is also a demand for PV systems in areas where the elegtitity already buitout.

Hence, nanyof the systems sold in Dar es Salaam are backup systems. It is also common that
people who live in the cities buy PV systems for their relatives in rural areas.
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7 PRESENTATION AND ANALYSIS OF THE RESULTS

In this chapter the five research questionsaaidressetdased on the analysis of the results.
Findingsfrom site visits at PV systems in rural Tanzania, as wefitasviews withthe three
stakeholder groups; technicians, PV company employees (P@HE®nargy sector
stakeholders on national level (ESNs) are presented and analysed.

In section 7.1 the site visits at smatlale PV systems are presented. Section 7.2 describes the
stakehol dersdé main consi der at inwofivatiopnsfore| at ed t
these. In section 7.3 the question of variaio design is addressedeTllevel of complexity

at technicaland stakeholder system level for two different types of design is analysed.

section 7.4he perception of the concept of tackogical complexity among the different

stakehatlers is addressebh section 7.3he usefulness of the concept of technological

complexity in the context of PV system desigmnalysedThe relation between the

stakehol der sd mai onceptohtechndagicahcomptexityascanalysech e ¢

in section 7.5. Finally, the question of whether the concept of technological complexity could

have any relevance in the context of technology transfer is addressed in section 7.6.

A stakeholder focuss appliedbased on a systems approatls hcknowledged thatifferent
stakeholders affect and get affected by the design of the PV system in different ways. The
interviews with technicians are cldgdinked to the site visits &V system installatiaand
observations made by the authawhile theinterviews with PV Company employees (PCES)
and engyy sector stakeholders (ESNgYe slightly different, more theoretical perspectives.

7.1 Findings at visited PV systems

This section is basdabthon observations made RV system installationandinterviews

with technicians. The results from the site visits serve as a frame of refefemtat a small
scale PV system in rural Tanzania can look.liK&s is valuable when discussing variations
in design and technological complexity.

First, an introduction of the visited PV systems is givesdntion7.1.1.The generatiesign,
financingof the PV system and future system coatg]lifetime expectations for the different
systems are described.daction 7.1.2 description ohow maintenance and operation was
carried out is givenThe topics of awareness, responsibility division and common
maintenance issues are addresbatlly, in section 7.1.,30ome similarities and differences
observedn thePV systendesign arelescribed

7.1.1 Introduction of the visited PV systems

Sitevisits were paid t&V system installations #&n different places in the Ruvuma region
TanzaniaFour institutiong three schools and one dispensargnd six privag homesvere

visited.All but threeof the PV systems included in tsudy were designed and installed by

the technicians interviewedechnician 1 had made the major part of the PV system design

and installaibns at two of the school$echnician 3 hadesigned and installed the systems at

the third school. The dispensary system was designed and installed by a PV company as a part
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of a larger project, where in total 40 dispensaries in the region had been provided with PV
systems. Three of the private sysis were designed and installed by Technician 2, and one

by Technician 3. One private system was i nst
projecto, and one system was installed by th
in PV technologyThetechniciansnterviewed, who also assisted as guides and translators

during the site visits have bepresentedn method, section.3.1.

Each school had between two and five separate PV systems. The dispensary and all the
private persons/familidsad one PV system each. In total 17 PV systems installed between

the years of 2007 and 2012 were observed, where the majority of the systems had been
operating for 3 years. All the PV systems were in the size of solar home systems (SHS)/stand
alone PV sysims of less than 0.5 kW

At a technical system level the systems welréyfaimilar in design and size, and the majority

of the PV systems were designed with the components: PV panel, battery, charge controller,
BOS components, and sometimes an invelene of the visited PV systems had additional
software in terms of a remote monitorirand controlling system (RMCS), and the

technicians were ndamiliar with using any aditional softwareThe PV arrays had a power
range of 6480 W, the charge cdrpllers, when existing, had the capacity 4% A and the
battery banks consisted o#lbatteries with 7210 Ah at 12 V. About half of the systems

also had an inverter, to supply loads with alternating (AC) current, and the inverter capacities
were betveen 1861000 W. Two of the systems were designed to deliver only AC, seven
systems were delivering only direct current (DC), and eight systems were delivering both
AC/DC. Four of the visited sites had access to electricity from other sources as weli; two

the schools had a fuel generator, and two of the private systems were connéated to

regional electricity grid.

The initial idea of investing in a PV system came from the users themselves for the private
systems, and from teachers or the headmasténé schools. For the dispensary the idea had
been introduced from outside and the District Council owned the system. What differed most
between the different PV systems at a stakeholder system level was the means of financing
there was a mix of dondunded systems and privately funded systems and variations in
possibilities to split the payment. The schools and the dispensary had received grants from
different donor organisations to cover the whole, or parts of, the cost for the PV systems. This
washe case for one of the private systems, wh
several hundred PV systems had been installed at the same time. The PV systems in the
project had been subsidised with a small percentagieetBural EnergyAgency (REA)and

the World Bank {VB). The family had been given a miel@an to be enabled to pay in
instalments during a period of three years.

For two of the six private customers and two of the schools it had been possible to pay for the
PV system in two or threastalments, due to their good relationship to the technician whom
they purchased the system from. According to one of the technicians a trustful relationship
between technician and customer is a prerequisite for payment in instalments. Long
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geographical dtances is a factor that also can make it difficult for technicians to give the
customer this possibility.

The majority of the private persons had not reflected upon for how long the PV system would
operate, while some had the expectation that it wopétate for a couple of years. For the
institutional systems, the expectations among the users were that the systems would operate
for three years, or a couple of years. The technicians were in general expecting that the
systems would operate for at leastlong as the warranty for the different components were
valid, which in general was 4 years.

All of the three schools were saving money for future maintenance needs by adding an extra
fee to the school fees collected. The dispensary had a maintefemeépre they would

collect money from payments for mobile phone charging. However the income generated was
low, since people living in the area had been inspired by the idea and had started up similar
activities. Only one out of six of the private faragiwere saving money for future

maintenance needs.

7.1.2 Maintenance and operation

There were no standardised procedures among the visited PV systems regarding maintenance
tasks. The awareness of the need for simple maintenance, like; cleaning the BY pane

topping up battery water, and cleaning the battery terminals from corrosied amarong the

users, both for the private and institutional systems. Some users were of the opinion that there
was no maintenance needed at all for PV systems.

The technicians would come to supervise a private PV system only if the customer called for
assistanceéAll the technicians stated that they give information to the customers regarding
maintenance needs, but it became obvious that it was not clear $eraliifut was the user or

the technician who was responsible to carry out the necessary tasks. The relationship between
the technician and the customer seemed to play a role here, and in some cases there appeared
to be an issue of communication betweentdthnician and the customer. In those cases

where it was clear to the users what responsibilities they had, simple maintenance was carried
out more frequently.

To some extent it seemed like private persons were in general more aware of the need for
maintenance, than some of the employees at the institutions. This can be interpreted as a
result of the connection between personal interest, ownership and the feeling of responsibility.
The three schools and the dispensary had received grants for the &¥Wssysit the private
persons had had to pay from their own pocket, which could be one of the reasons for the
increased feeling of responsibility.

Two private systems diverged from the others. The first one had been installed by the owner
himself. He wasiot aware of the need for maintenance, and did not have contact with a PV
technician. The second one was installed as
been provided with a three years warranty for the whole systemthe responsible PV
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company. The instructions from the company to the custometavaat interfere with the

system or carry out any kind of maintenance. The PV company took responsibility for all
maintenance; a technician was sent to supervise the system regularly, andothercosiild

call in case of any problems. This explains the choice of dry, maintenance free batteries, and
t h e -did Dikger gicture 1to the right. The boxlesign and the maintenance contract
could be seen as an attempt to a more-ugerdly design where the customers do not have

to take any responsibility for theaimtenance of the PV system. Howe\siénce the box

design made it more difficult for the users to access the system the users might not get the
same understaling for the PV system. Wibr noting is that itvas unclear to the users what

the maintenance plan was after those first three years of maintenance warranty.

Picture1: AC/ DC PV system part of -deB8chnsotandpddejhedbtdt wri ke
box.

For two out of fouiinstitutional systems, a technician would come to supervise the PV
systems a few times per year, dhthe customers called for assistance in case of any
problems. For the rest of the institutional systems, a technicialdwome only if the users
called for assistance, which could be in a situation when the system did not deliver any
electricity at all. The frequency of supervision partly seemed to depend on the personal
relation between technician and the personnel angtigution. The users at the institoial
systems were relying totally ontechnician for all maintenance, except for two of the
schools, where staff or students were cleaning the PV panels.

At two of the schools renovations of the systems had beeied out. Two DC systems had

been in need of change of batteries two years after installation, since the wet batteries had not
been topped up with battery water in a correct way. For one AC/DC system the batteries had
been changed from wet to dry battsrafter three years, due to that the electrolyte in the
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batteries had showed to be of low quality and had destroyed the batteries. The same AC/DC
system had been in need of a new inverter four years after instal&attha,new charge
controller fiveyeas after that.The technician did not know what had caused the breakdown

of the inverter or the charge controller.

A common reason fdsreakdowns of invertersentioned by the techniciamsasoverloading

T thatusersdrawatoo large power output from the invert®r connecting too big loads

which can affect both the inverter and the whole PV system negathayexample, the

District Council and the staff at the dispensary had been given the information from the PV
company thatinstalledthe system that it was not allowed to connect anything extra, like a
computer or TV, to the PV system. The system had been sized to deliver a certain amount of
electricity for lights and a microscope, and if that would be exceeded,steerswould

break. The charge controller can be used as a tool for the users to supervise the charging level
of the batteries, and adapt their power consumption to that. However, the knowledge of PV
system technologyariedamong the users at the sitesteéidi and only about half of the users
knew how to use the charge controller for this purpose. The personal interest in PV systems
seems to be the major factor affecting if the users supghascharge controller or not.

7.1.3 Differences and similarities in design

All techniciansinterviewedhad their own personalay ofdesigning and installing a system.
Three factors found having a large impact on the outcome of the design and installation were
the purchasing capacity of the customer, the educationkfjizaind of the technician, and

what components and material that is available to the technicians. Several examples of this
will here be presented.

OneAC/DC systemand two DC systems at two of the schools, installed by Tei@mni, can

be seen in picnes 2 and 3Thecomponents wergggedin a structured wagn a panel of

wood on the wall and the batteries were placed belewdhel. The system was protected

from rain andhe area was well ventilate@his could be considered a proper installatitime
technicianbés business card was attached in
costumers to always have the contact to a technician at Warat is also important for the
operation of the PV systeriechnicianl always installed the battes for DC systems at

schools so that they were hard to see and reach, to prevent theft, since he had exgeatenced t
batteries had been stolen franschool. Similar solutions were observed asinod the sites

visited. The batteries were locked into ageaor put in a room where only certain pkeohad
access, to prevent theft.
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Picture 2: AC/DC PV system with circuit breakers (left) in the administration office at one of the schools.

Picture 3: DC PV system for classrooms at two different schools. Batteries installed high up for security
(right).

At the visited sites some observations on component level were AlBBY. panels,

inverters, batteries and BOS components Wad (original equipment manufacturer)
componentsand of high qualityThis was also the case for all charge controllers, except on
which was locally assembled and not operatikagrording to the technicians it is very

difficult to assemble a wefunctioning charge controlleiThe noroperating charge

controller installed at one of the schools seemed to have caused a breakdown of the batteries
of the systemThe system can be seen in pictdre

Picture 4: AC system at theadministration office at one of the schools. The charge controller is locally
assembled, not operating, and has caused a breakdown of the batteries.
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One privately owned systeinthe system where the owner had designed and installed the PV
system himself did not have a charge controller at @kchnician 2isually installedwo

smaller charge controllersystead of one larger charge controlldor example two charge
controllers of the size of 6 Mstead of having one single largdrarge controller o15A.

This was, according hindue tohow he had been taught, as well as the fact that there are not
always larger charge controllers available to purchase from the PV dealersf the

systems installed byethnician 2 can be seen in pictérélechnitan 3 wasalso planning to
implement the same kind of design as Technician 2 in a PV system that was to be expanded,
due to cost issues; instead of buying a new, larger, charge controller he would add a second
one to the system.

Picture 5: Private AC/DC PV system with twosmaller charge controllers.

The PV system at the dispensary was the only system observed with a lightning arrestor. One
of the technicians said that it was well needed, due to the weather conditions indhe regi
Thesystem can be seen in pictureéSdme of the systems had circuit breakers installed

between the PV panel and charge controller, as well as between the inverter/loads and charge
controller 6ee pictures B and 6, in orderto protect the system pgponents. Howevethe

majority of the systems lacked this type of security.

Picture 6: AC/DC PV system at the dispensary. A lightning arrestor is attached to the PV panel (left).

At one of the systems observed, the PV pawel® attached directly to the roof without an
air gap betweethe roof and the panklan example of an improper installation. No air gap
results in higher temperatures in the PV panel, which lowers the efficiency.
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The batteries were webr dry deepcyde solar batteries all cases except onklany of the
technicians recommended their customers to install dry batteries due to simpler maintenance,
since there is no need for topping up battery water. However, one of the technicians expressed
that a beneff with wet batteries is that thehargequicker.Many customers choose wet
batteriesdue to their lower price, compared to dry batteries.

A private PV system designaad installed by the owner himself, who did not have any
education in PV technologwas standing out from the rest of the visited systems, and can be
seen in pictur@. The batteries were not deepcle solar battery type, but SLI (starting,

lighting and ignition) batterie§ he use of SLI batteries instead of degple batteries in PV
systems results in a shorter battery lifeti(treernational Energy Agency 199%utcan still

be a good option for PV systemsrural areas, due to lower castd easier accessibility
(Reinderset al., 1999)The PV system did ndtave achargecontroller, and the PV panel
wasdirectly connected to the batteridhe systenhadan inverter, which disconnected the
batteries when thieatteryenergylevel gottoo low. However, without a charge controller

there isno charging regulatn when the batties are chargeavhich results in an unsafe
charging processt is possible to design a wdlinctioning, seHregulating PV system

without a charge controller, but that puts much higher requirements on the designer and user
of thesystem(Wenham, et al 2007) The lack of charge controller can lead to an early

failure of the batteries due to continuous deep dischargmather differenceompared to

the other visitedPV systers wasthat the wiringwasnotfixed oras structured

Picture 7: AC PV system designed by the owner. Batteries are of SLI type, and no charge controller is
integrated.

The guiding technician did not approve of the design or installation works, since he saw that
the system could cause a dargys situation, and he explained this to the ownernthe
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discussion with the owngit became clear that he did riatow that lis PV system could be
dangerousThemain reasotior the owner to make this type of design and installation was to
reducethe system cost. Head saved moneyn installation works, by inalling it himself,

andby the choices made regarding batts and charge controlléhat type of design and
quality level of a PV system that is most representative for rural Tanzamairs/estigated

in this study. However, it can be assumed that the type of design described above is quite
common, since many people do not have the economic capacity to hire a technician.

7.2 Main considerations when designing PV systems

Section 7.2 desibesand analysst h e s t a knairhconsidemtrossparndeir

motivations for these, when designing-gffd, smaliscale PV systems in rural areasprder

to answer the first research questidhe stakeholders are divided into three stakeholder
groupsi technicians PV company employees (PCEs) and enrgy sector stakeholders (ESNs).
Many of the topics brought up in studied literaturelzallenges, or topics important to
considerwhen implementind?V system technology in developinguntrieswere confirmed

by the three stakeholder groups as being their main considerations when considering the
whole lifetime of a PV systenThe motives behind the main considerations are in general
connected to theish to make the lifetime of the PV system as long and smooth as possible,
or the wish to make it economically possible for customers in rural areas to purchase PV
systems.

The main considerations brought up by the respondents showed to cover bothsyisteRy/
design itself, as well as surrounding factors that could affect hovitlveetlesign matches the
needs. This corresponds well to thedel developed in chapt2rwith two system levels; the
technical system levelnd the stakeholder system levehelmain considerations e two
different system levels are also many times linked.

The main considerations identified at a technical system level are presented and analysed in
section 7.2.1 and the main considerations at a stakeholder system lgrekarged and

analysed in section 7.2.2. All the main considerations identified can be degmen/. In the
following sectionsthe mainconsiderations motivated by the stakeholders are analysed in the
light of literature. Furthermore the opinions\weén stakeholder groups and respondents

within stakeholder groups are sometimes compared to each other. In section 7.2.3 a summary
and comparison of the stakeholders groups and their main considerations are given in order to
answetrthe first research quésh.
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Figure 7: Identified main considerations when designing offyrid PV systems in rural Tanzania

7.2.1 Main considerations at a technical system level

The main considerations identified at a technical system level are; choices of technology and
components; system sizing; protection of the system and in particular the battery; and quality
in components and installations.

7.2.1.1 Choices of technology and components

The choice of technology and components was identified to be a main consideration among
all the stakeholder groujistechnicians, PCEs and ESNIsis a central part during the design
process that will have an impact on the PV system duringhitde lifetime, as well as the

length of the lifetime of the system. Choice of components does also have an impact on the
system costMost of the respondents in all the stakeholder groups describedssalal] off

grid PV systems asther standardisedonsisting of anumber of standard componerd/

panel, charge controller, batteries 8@S componentdf the customer wantlternating

current (AQ, an inverter is needexhd sometimesircuit breakersare also installed. This

type ofstandard PV systentesignis described in chapter Zhe PV systems studied during

site visits were most of the time desghin this wayFor thesestandard®V system$©EM
components are often used, which most commonly are produced outside of Tanzania and
imported. However, some differences in design and PV components were discussed by the
respondents, likedifferent types o©OEM charge controllers, inverters and batteries;

di fferences i n c omplun-pglayP\ssystesdpeaky assemtbd qual i t y;
components; and the useremote monitoring anetontrolling RMC). The latter two will be
described and analysed in depth in sections 7.3.1 and 7.3.2.

According to the studied literature, simplicity, ubeendliness and flexibility are important
factors in the design of PV systers&veral of the PCEs and ESNs emphasize that it is
important to design with components that @asilyavailable on th& anzaniarmarket, to
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allow for easier access to spare parts when tkexaeed for reparation. Aaxling to studied
literature, access to spare pasta part of thenswer to the need for flexibility in PV system
design(Ciudad Universitaria 1998Access to spare padsoinfluences maintenance, at a
stakeholder system level, which will be further analyseldw.

A plug-n-play systenprovides simplicity and usdriendliness but not very flexibleAs a
result of Company 506s a mfbandlyiPésysemthey hvaa e a
plug-n-play design, in order to minimise the risks of possible mistakes, which can occur
during installation, operation and maintenance of the PV system. Anghlay PV system is
sized and designed beforehand by a company, and imaeg/ the components are already
connected. The approach of ploglay was discussed with several of the PCEs. The benefits
connected to plug-play design are that the system could become more affordable and
secure, compared to a PV system where the coers are purchased separately and then
installed and connected. If the ptagplay PV system contains less replaceable parts it can
result in simpler installation and operation, which is more-frssndly and reduces the cost

of hiring a technician to stall the PV system. The risk of mismatching different components
in the PV system design is reduced considerably. Furthermore the transportation costs could

be reduced, since delivering each PV component separately can be avoided. One drawback is

that theplug-n-play PV system could become less flexible during the installation phase; there
are limitations to how to mount the components, since the wires are sized beforehand. There
is also a risk that it would be difficult for local technicians to find sparés for, and repair a
plug-n-play system properly, which also makes this type of PV systerfidagse. All the
respondenthighlightedthat there is a lack of knowledge and awareness among users and
technicians in rural Tanzania regarding qualitg@iponents, installation, operation and
maintenance of PV systeanConsidering thist seems like the approach of plogplay could

be a suitable design approach to overcome some of these problems.

To choose components so that the system becomes i®bossidered to be important, and
the technicians and omé the PCEs gave examples of tivgany of the technicians are of the
opinion that it is preferable to desigr@nbinedAC/DC systemrather than an only AC
system to give the customer a moreiaddle and robusPV systemAC is needed for AC
loadsi a TV for example and can also be used for lights, while DC can be used fer LED
lamps. f a customehas an only AC systeand the inverter breakthe customer will not
even have light at nightyhy the technicianarguethat DC is better to use for lightsan AC
One of the PCEs said that it is particularly important in rural areas to use technology that has
been proven to operate well for a longer time in less rural.dteasisually more difficli to
provide proper maintenance in rural areas than in githesnce the technology has to be
rather robust

The size of the PV system determines the choice of type of inverter and charge controller,
according to the PCEshE efficiencies of the components have tsizedin proportion to

how much electricity the system is delivering. The size and quality of the components is
affecting the efficiency, as well as the pri€harge controllers andverters can also have
different tinctions buikin, which affectthe operation, efficiency and price of the system.
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