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SUMMARY

Being the largest renewable source in Indonesia, the potential for solar electricity
in this tropical country is enormous. However, the growth of installed photovoltaic (PV)
systems in Indonesia is lagging behind the expected potential of solar energy
conversions. Moreover, evidence regarding the suitability of PV systems in Indonesia,
by research on their performance is lacking.

In this thesis, PV systems in Indonesia have been evaluated from a societal and
technical perspective aiming at answering the following main research question: What
are the experiences and attitudes of Indonesian end-users towards the electricity grid,
as well as solar energy, and would a transition towards solar photovoltaic systems be
feasible considering the performance of PV systems operating under Indonesia’s tropical
climate conditions? This main question can be broken down into five sub-questions:

1. What are the main factors that influence the energy situation in Indonesia?

2. What are the challenges in providing proper electrical power supply to the whole
population in Indonesia?

3. What are the experiences of end-users with the electricity grid in Indonesia?

4. What are the attitudes of the grid’s end-users toward solar photovoltaic systems?

5. How well do PV systems in Indonesia function, and how are their performances as
compared to PV systems which are installed in other climates?

In order to answer these questions, the research design was divided into three
parts: (I) an evaluation of the present situation in Indonesia regarding energy and power
supply, (II) an assessment of the preferences and attitudes of end-users of the electricity
grid, and (Ill) an evaluation of the performance of PV systems in Indonesia as compared
to other climates. The general methods applied to address each part are briefly
summarized below.

The evaluation of the present situation regarding energy and power supply has been
conducted through a deep analysis of available literature and statistics from available
data.

The assessment of the preferences and attitudes of end-users of the electricity grid
has been executed using a combination of a desk study, user survey, and measurement
of the power quality of the low voltage distribution networks of the state-owned utility,
PLN.

The evaluation of the performance of PV systems is aimed at calculating the
performance ratio (PR) and degradation. The PR was estimated using IEC standards.
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SUMMARY

The degradation calculations use two different methods: a year-on-year approach from
NREL/RdTools and seasonal and trend decomposition by applying locally weighted
scatterplot smoothing by STL decomposition.

After having conducted the above research activities, we have drawn conclusions
that are grouped according to the corresponding sub-research question as follows.

Indonesia has many isolated power systems of different sizes which are distributed
across big islands. On small islands, diesel generators have been a popular option for
decades. The energy demand is high and increasing which can be explained by
Indonesia’s population size and economic conditions. Amid fossil fuel reserves that are
facing depletion, Indonesia needs a new approach in developing its power system to
ensure energy security and sustainability. Given its unique geography, the available
renewable energy sources, and the high level of CO2 emissions, renewable energy is
considered a feasible option for Indonesia.

Indonesia has been facing three types of challenges in providing a proper electric
power supply to the whole population. The first challenge is due to significant variations
between regions regarding access to electricity, power sales, price of electrical energy,
and the reliability of electricity services by the grid. Second, electricity consumption per
capita in Indonesia is relatively low compared to many other countries. In 2017,
electricity consumption per capita was only 1 megawatt-hour (MWh), which was low
compared to that in Vietnam at 1.6 MWh/capita, Thailand at 2.7 MWh/capita, Singapore
at 8.7 MWh/capita, and the Netherlands at 6.7 MWh/capita. Third, power infrastructure
development and climate change mitigation in Indonesia seems to be conflicting with
each other, where the majority of generation come from coal-powered plants while the
progress with implementing renewable power systems has been slow.

Based on our survey in 2017, an average end-user of the electricity grid perceived
4-fold to 14-fold more frequent outages as compared to the reliability metrics reported
by PLN. Also, end-user perceived 8-times to 12-times longer duration of outages as
compared to the official statistics. To improve the reliability of electricity supply at home,
respondents were willing to pay an additional 10% to 30% to their monthly electricity
bill. Our survey was conducted in Pekanbaru in the Province of Riau, Kupang in the
Province of East Nusa Tenggara (ENT), and Jayapura in the Province of Papua,
Indonesia, and as such represents well the actual situation in urban environment on
islands outside Java and Bali.

Using the same survey described above, it was found that the majority of the grid’s
users were knowledgeable about renewable energy and climate change. They believed
that renewable energy is important for Indonesia and knew that electricity generated by
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SUMMARY

PV systems is more sustainable than the electricity from the grid. Most of the households
indicated that they liked to have PV systems on their houses’ rooftops.

From the study above, it can be concluded that the reliability of electricity supply
by the low-voltage grid in Indonesia is low, while on the other hand, the public in
Indonesia favors renewable energy, especially solar PV systems. Therefore rather than
adding more fossil-fueled power plants to the central grid, it could be worthwhile to
consider the use of solar PV systems for local electricity generation to the low-voltage
grid in order to locally solve electricity supply issues in a sustainable manner. One
important question remains, are solar PV systems technically suitable for Indonesia?
This question will be answered below.

The performance and degradation rate of a 1 MWp copper, indium and selenium
(CIS) PV system were determined and compared with those of a 5 kWp poly-crystalline
silicon (p-Si) PV system operating in Cirata, West Java. By considering the technical
performance indicators, it can be concluded that CIS technology performs better than
p-Siin Indonesia’s tropical climate. This is explained by the final yield (Ys), daily-averaged
performance ratio (PR), a.c. power (Pac), and the degradation rate (Rq). However, there
may be some uncertainty concerning the calculation of the Rs. Moreover, the
performance evolution of fifteen photovoltaic (PV) systems of six different PV module
technologies was evaluated in three different climates. Changes in PV systems’
performance have been determined using the performance ratio (PR) and the
performance loss rate (PLR). PV technologies applied in these evaluated PV plants are
amorphous silicon (a-Si) solar cells (one system), heterojunction with intrinsic thin layer
(HIT) hybrid silicon (one system), copper indium gallium selenide (CIGS, one system),
monocrystalline silicon (mono-Si, three systems), cadmium telluride (CdTe, three
systems), and polycrystalline silicon (p-Si, six systems). The PV systems are located in
four locations with three different climates, namely: (1) Alice Springs, Australia (arid,
desert, hot, climate code BWh), (2) Cirata and (3) Pekanbaru, Indonesia (tropical,
rainforest, climate code Af), and (4) Bolzano, Italy (temperate, dry summer, hot summer,
climate code Cfb). We analyzed monitoring data from the PV systems from 2008 to 2019,
ranging from two to nine years. The general conclusions of this work are: (1) The CIGS
system performed best with an annual-averaged temperature-corrected performance
ratio, PRann, value of 0.88 + 0.04. The least performing technology was a-Si, with an
average PRann value of 0.78 + 0.05. The p-Si PV systems in climate Cfb of Italy had a
higher average PRan of 0.84 than those operating in climates BWh of Australia and Af
of Indonesia, with an identical value of 0.81. (2) The p-Si PV systems show the lowest
performance loss rate (PLR) among the technologies with an average PLR value of -
0.6%/year. The strongest performance loss was experienced by a-Si modules at -
1.58%/year.

Xi
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SUMMARY

Based on the findings above, we can answer the main research question as follows.
A transition towards the widespread use of solar PV systems is feasible for Indonesia.
The very good performance of PV systems in Indonesia with a PR of 78 to 90% is
comparably as high as in other sunny climates. An advantage for Indonesia is that a high
solar irradiance is available the whole year through. Autonomous solar PV systems are
a proven option for the electrification of rural areas and remote islands so that it can be
continued with an improved sustainability aspect. The greatest application for the energy
future of Indonesia is grid-connected PV systems. PV systems would be a sustainable
option along with other renewable power generation technologies, amid fossil fuel
reserves that are facing depletion. However, to achieve this goal, all potential and
current stakeholders should become involved by a correct strategy that is beneficial to
all. The central government holds important roles in initiating and maintaining these
change processes, for example by decentralizing the energy sector to local entities and
creating supporting and consistent policies.

This thesis provides two main scientific contributions. The first contribution is an
introduction to the users’ opinions regarding the reliability of electricity service they
receive from the grid. We believe that this information can help to provide a balance
between what the service provider reports and what the service recipients get. The
second scientific contribution of this thesis considers the performance of grid-connected
PV systems in Indonesia. Before this study started, available literature on the technical
performance of the PV systems in Indonesia was based on only one unique location in
the remote easternmost part of Indonesia. In this thesis, we analyzed PV systems in the
western region of Indonesia to fill the spatial gap of PV system performance studies in
Indonesia. We also presented performance loss rates which we believe has become the
first study that includes PV systems in Indonesia.

In the context of a future outlook for research, we offer the following
recommendations. First, further studies on assessing the experience of the grid users
should involve higher statistics than those presented in this thesis. Second, further
research on the performance of PV systems should also include a higher number of PV
systems in Indonesia from each module technology and region. Third, other types of
research are required to develop more knowledge about PV systems in Indonesia such
as nowcasting and forecasting solar PV performance as well as geographic mapping of
PV systems’ technical and financial potential and PV system performance.

Xii
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SAMENVATTING

Als de grootste hernieuwbare energiebron is het potentieel voor zonne-energie in
Indonesié enorm. De groei van geinstalleerde fotovoltaische (PV) systemen in Indonesié
blijft echter achter bij het verwachte potentieel van zonne-energie. Bovendien bestaat
er weinig bewijs voor de geschiktheid van PV-systemen in Indonesié door een gebrek
aan onderzoek naar hun energetische prestaties.

In dit proefschrift worden PV-systemen in Indonesié geévalueerd vanuit een zowel
maatschappelijk als technisch perspectief om daarmee de volgende hoofdvraag te
kunnen beantwoorden: “Wat zijn de ervaringen en attitudes van Indonesische
eindgebruikers ten opzichte van het elektriciteitsnet en zonne-energie, en is een transitie
naar fotovoltaische systemen haalbaar is gezien de energetische prestaties van deze
systemen onder de tropische klimaatomstandigheden in Indonesié?” Deze hoofdvraag
kan worden onderverdeeld in vijf deelvragen:

1. Wat zijn de belangrijkste factoren die de energiesituatie in Indonesié beinvioeden?

2. Wat zijn de uitdagingen om een goede elektrische stroomvoorziening te realiseren
voor de hele bevolking in Indonesié?

3. Wat zijn de ervaringen van eindgebruikers met het elektriciteitsnet in Indonesié?

4. Wat is de houding van de eindgebruikers van het elektriciteitsnet ten opzichte van
fotovoltaische systemen?

5. Hoe goed functioneren PV-systemen in Indonesié en hoe presteren ze in vergelijking
met PV-systemen die in andere klimaten zijn geinstalleerd?

Om deze vragen te kunnen beantwoorden, werd het onderzoek opgedeeld in drie
delen: (I) een evaluatie van de huidige situatie in Indonesié met betrekking tot energie
en stroomvoorziening, (Il) een evaluatie van de voorkeuren en attitudes van
eindgebruikers van het elektriciteitsnet, en (Ill) een evaluatie van de prestaties van PV-
systemen in Indonesié in vergelijking met andere klimaten. De methoden die zijn
toegepast om elk onderdeel te onderzoeken, worden hieronder kort samengevat.

De evaluatie van de huidige situatie met betrekking tot energie en
stroomvoorziening is uitgevoerd door middel van een grondige analyse van beschikbare
literatuur en statistieken op basis van beschikbare gegevens.

De beoordeling van de voorkeuren en attitudes van eindgebruikers van het
elektriciteitsnet is uitgevoerd met behulp van een combinatie van een desk study,
gebruikersonderzoek en metingen van de stroomkwaliteit op de
laagspanningsdistributienetten van het staatsbedrijf PLN.

xiii
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SAMENVATTING

De evaluatie van de prestaties van PV-systemen is uitgevoerd door de zogenaamde
performance ratio (PR) en degradatie te bepalen. De PR werd bepaald met behulp van
IEC-normen. De degradatieberekeningen omvatten twee verschillende methoden: een
jaar-op-jaar benadering van NREL/RdTools en seizoens- en trendontleding door lokaal
gewogen scatterplot-afvlakking toe te passen middels STL-decompositie.

Na de uitvoering van de bovenstaande onderzoeksactiviteiten zijn de volgende
conclusies getrokken die gegroepeerd zijn naar de bijpehorende deelonderzoeksvraag.

Indonesié heeft veel geisoleerde energiesystemen van verschillende grootte die
over verschillende eilanden zijn verspreid. Op kleine eilanden zijn dieselgeneratoren al
decennia lang een populaire optie voor energievoorziening. De vraag naar energie is
hoog en neemt toe, wat kan worden verklaard door de omvang van de bevolking en de
economische omstandigheden in Indonesié. Om energiezekerheid en duurzaamheid te
waarborgen, heeft Indonesié een nieuwe aanpak nodig bij de ontwikkeling van zijn
elektriciteitssysteem. Gezien de unieke ligging, de beschikbare hernieuwbare
energiebronnen en de hoge CO:-uitstoot, wordt hernieuwbare energie als een haalbare
optie beschouwd in Indonesié.

Indonesié staat voor drie soorten uitdagingen om voor de hele bevolking een goede
stroomvoorziening te verzorgen. De eerste uitdaging is gebaseerd op aanzienlijke
verschillen tussen regio's met betrekking tot toegang tot het elektriciteitsnet, de prijs
van elektriciteit en de betrouwbaarheid van elektriciteitsdiensten van het net. Ten
tweede is het elektriciteitsverbruik per hoofd van de bevolking in Indonesié relatief laag
in vergelijking met veel andere landen. In 2017 bedroeg het elektriciteitsverbruik per
hoofd van de bevolking slechts 1 megawattuur (MWh), wat laag was in vergelijking met
dat in Vietnam met 1,6 MWh/hoofd van de bevolking, Thailand met 2,7 MWh/hoofd van
de bevolking, Singapore met 8,7 MWh/hoofd van de bevolking en Nederland met 6,7
MWh/hoofd van de bevolking. Ten derde lijken de ontwikkeling van
elektriciteitsinfrastructuur en de maatregelen tegen klimaatverandering in Indonesié met
elkaar in strijd te zijn, waar het merendeel van de opwekking afkomstig is van
steenkoolcentrales, terwijl tegelijkertijd de voortgang van de implementatie van
hernieuwbare energiesystemen traag is.

Op basis van onze enquéte in 2017 heeft een gemiddelde eindgebruiker van het
elektriciteitsnet vier tot veertien keer meer uitval waargenomen in vergelijking met de
betrouwbaarheidsstatistieken gerapporteerd door PLN. Ook ervoer de eindgebruiker 8
keer tot 12 keer langere uitvalduur in vergelijking met de officiéle statistieken. Om de
betrouwbaarheid van de residentiele elektriciteitsvoorziening te verbeteren, bleken de
respondenten bereid om 10% tot 30% extra te betalen op hun maandelijkse
elektriciteitsrekening. Ons onderzoek werd uitgevoerd in Pekanbaru in de provincie
Riau, Kupang in de provincie Oost-Nusa Tenggara (ENT) en Jayapura in de provincie

Xiv
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SAMENVATTING

Papoea, Indonesié, en geeft als zodanig goed de feitelijke situatie weer in de stedelijke
omgeving op eilanden buiten Java en Bali.

Met behulp van hetzelfde onderzoek als hierboven beschreven, werd vastgesteld
dat een meerderheid van de gebruikers van het elektriciteitsnet kennis had van
hernieuwbare energie en klimaatverandering. Ze waren van mening dat hernieuwbare
energie belangrijk is voor Indonesié en wisten dat elektriciteit die wordt opgewekt door
PV-systemen duurzamer is dan elektriciteit uit het net. De meeste huishoudens gaven
aan graag PV-systemen op de daken van hun huis te hebben.

Uit bovenstaand onderzoek kan worden geconcludeerd dat de betrouwbaarheid
van de elektriciteitsvoorziening vanuit het laagspanningsnet in Indonesié laag is, terwijl
het publiek in Indonesié juist de voorkeur geeft aan duurzame energie, met name zonne-
energie systemen. In plaats van meer fossiele energiecentrales aan het centrale net toe
te voegen, zou het daarom de moeite waard kunnen zijn om PV-systemen in te zetten
voor lokale stroomopwekking gekoppeld aan het laagspanningsnet om lokale
elektriciteitsproblemen op een duurzame manier op te lossen. Een belangrijke vraag
blijft: zijn PV-systemen technisch geschikt voor Indonesié? Deze vraag wordt hieronder
beantwoord.

Ook werden de energetische prestaties en de degradatie van een 1 MWp koper,
indium en selenium (CIS) PV-systeem bepaald en vergeleken met die van een 5 kWp
polykristallijn silicium (p-Si) PV-systeem in Cirata, West-Java. Door verschillende
technische prestatie-indicatoren te evaluerenm, kan worden geconcludeerd dat CIS-
technologie beter presteert dan p-Si PV-systemen in het tropische klimaat van
Indonesié. Dit wordt verklaard door de uiteindelijke opbrengst (Yr), de dagelijkse
gemiddelde performance ratio (PR), AC vermogen (Pzc) en de degradatiesnelheid (Ra).
Er kan echter enige onzekerheid bestaan over de berekening van de Rq. Bovendien werd
de prestatie van vijftien fotovoltaische (PV) systemen van zes verschillende PV-
moduletechnologieén geévalueerd in drie verschillende klimaten. Veranderingen in de
prestaties van PV-systemen zijn bepaald met behulp van de performance ratio (PR) en
het prestatieverliespercentage (PLR). PV-technologieén die in deze geévalueerde PV-
installaties worden toegepast zijn amorf silicium (a-Si, één systeem), heterojunctie
silicium met een intrinsieke dunne laag (HIT, één systeem), koperindium galliumselenide
(CIGS, eéén systeem), monokristallijn  silicium (mono-Si, drie systemen),
cadmiumtelluride (CdTe, drie systemen) en polykristallijn silicium (p-Si, zes systemen).
De PV-systemen bevinden zich op vier locaties met drie verschillende klimaten, namelijk:
(1) Alice Springs, Australié (dor, woestijn, heet, klimaatcode BWh), (2) Cirata, Indonesié
(tropisch, regenwoud, klimaatcode Af) en (3) Pekanbaru, Indonesié (tropisch,
regenwoud, klimaatcode Af), en (4) Bolzano, lItalié (gematigde, droge zomer, hete
zomer, klimaatcode Cfb). We analyseerden monitoringgegevens van de PV-systemen
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SAMENVATTING

van 2008 tot 2019, variérend van twee tot negen jaar. De algemene conclusies van dit
werk zijn: (1) Het CIGS-systeem presteerde het beste met een jaargemiddelde
temperatuur-gecorrigeerde performance ratio, PRann, met een waarde van 0,88 + 0,04.
De minst presterende technologie was a-Si, met een gemiddelde PRan-waarde van 0,78
+ 0,05. De p-Si PV-systemen in klimaat Cfb van Italié hadden een hogere gemiddelde
PRann van 0,84 dan die in klimaten BWh van Australié en Af van Indonesié, met een
identieke waarde van 0,81. (2) De p-Si PV-systemen vertonen het laagste
prestatieverliespercentage (PLR) van de technologieén met een gemiddelde PLR-
waarde van -0,6%/jaar. Het grootste prestatieverlies werd waargenomen bij a-Si-
modules met -1,58%/jaar.

Op basis van bovenstaande bevindingen kunnen we de hoofdonderzoeksvraag als
volgt beantwoorden. Een transitie naar het wijdverbreide gebruik van zon-PV-systemen
is haalbaar voor Indonesié. De zeer goede prestatie van PV-systemen in Indonesié met
een PR van 78 tot 90% is vergelijkbaar hoog als de PR in andere zonnige klimaten. Een
voordeel voor Indonesié is dat er het hele jaar door een hoge zonnestraling beschikbaar
is. Autonome PV-systemen zijn een bewezen optie voor de elektrificatie van landelijke
gebieden en afgelegen eilanden. Echter de grootste toepassing voor de
energietoekomst van Indonesié zijn netgekoppelde PV-systemen. PV-systemen zouden
een duurzame optie zijn, samen met andere energietechnologieén voor het opwekken
van hernieuwbare energie, terwijl de reserves aan fossiele brandstoffen opraken. Om dit
doel te bereiken, moeten alle potentiéle en huidige belanghebbenden echter worden
betrokken door een correcte strategie die voor iedereen gunstig is. De rijksoverheid
vervult een belangrijke rol bij het initiéren van deze veranderingsprocessen, bijvoorbeeld
door de energiesector te decentraliseren naar lokale entiteiten en door ondersteunend
en consistent beleid te creéren.

Dit proefschrift levert twee belangrijke wetenschappelijke bijdragen. De eerste
bijdrage bestaat uit nieuwe informatie over gebruikers van het net met betrekking tot de
betrouwbaarheid van de elektriciteitsdiensten die ze van het net ontvangen. Wij zijn van
mening dat deze informatie kan helpen om een evenwicht te vinden tussen wat de
serviceprovider rapporteert en wat de ontvangers van de service in de praktijk krijgen.
De tweede wetenschappelijke bijdrage van dit proefschrift betreft de energetische
prestaties van netgekoppelde PV-systemen in Indonesié. Voordat deze studie startte,
was de beschikbare literatuur over de technische prestaties van netgekoppelde PV-
systemen in Indonesié gebaseerd op slechts één PV-systeem op één unieke locatie in
het meest afgelegen oostelijke deel van Indonesié. In dit proefschrift hebben we PV-
systemen in de westelijke regio van Indonesié geanalyseerd om de bestaande leemte
van systeemprestatiestudies naar PV-systemen in Indonesié te dichten. We
presenteerden ook prestatieverliespercentages waarvan we denken dat dit de eerste
studie is geweest die netgekoppelde PV-systemen in Indonesié omvat.
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In het kader van toekomstig uit te voeren onderzoek doen we de volgende
aanbevelingen. Ten eerste zouden toekomstige studies over de ervaringen van de
netgebruikers hogere statistieken moeten omvatten dan die gepresenteerd zijn in dit
proefschrift. Ten tweede zou verder onderzoek uitgevoerd kunnen worden naar de
prestaties van PV-systemen in Indonesi€ waarbij een groter aantal PV-systemen met
elke moduletechnologie die geinstalleerd zijn in verschillende regios geévalueerd
zouden worden. Ten derde zijn er andere soorten onderzoek nodig om meer kennis over
PV-systemen in Indonesié te ontwikkelen, zoals onderzoek naar de ontwikkeling van
methoden voor de voorspelling van de presenties van deze systemen, evenals
geografische kaarten voor het technische en financiéle potentieel van PV-systemen en
hun energetische presentaties.
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Sebagai sumber energi terbarukan paling besar di Indonesia, potensi pembangkit
listrik tenaga surya (PLTS) di negara tropis ini sangat besar. Namun, pertumbuhan
kapasitas terpasang sistem PLTS di Indonesia masih tertinggal jauh dibanding potensi
konversi energi surya yang diharapkan. Selain itu, bukti-bukti terkait kesesuaian
penerapan sistem PLTS di Indonesia berdasarkan penelitian tentang kinerjanya, masih
kurang.

Pada disertasi ini, sistem PLTS di Indonesia telah dievaluasi dari sudut pandang
sosial dan teknis dengan tujuan menjawab pertanyaan penelitian utama berikut:
Bagaimana pengalaman dan sikap pengguna listrik di Indonesia terhadap jaringan listrik
serta energi surya, dan apakah transisi menuju sistem PLTS layak dilakukan
mempertimbangkan kinerja sistem PLTS yang beroperasi pada kondisi iklim tropis
Indonesia? Pertanyaan utama ini dibagi menjadi lima sub-pertanyaan:

1. Apa faktor-faktor utama yang mempengaruhi situasi energi di Indonesia?

2. Apa tantangan-tantangan dalam menyediakan tenaga listrik yang layak untuk seluruh
penduduk Indonesia?

3. Apa pengalaman pengguna jaringan listrik di Indonesia?

4. Apa sikap pengguna jaringan listrik terhadap sistem PLTS?

5. Seberapa baik sistem PLTS di Indonesia berfungsi, dan bagaimana kinerjanya
dibandingkan dengan sistem PLTS yang dipasang di iklim lain?

Untuk menjawab pertanyaan-pertanyaan tersebut, rancangan penelitian dibagi
menijadi tiga: (I) mengamati situasi terkini di Indonesia terkait energi dan pasokan listrik,
(1) menganalisis pilihan-pilihan dan sikap para pengguna jaringan listrik, dan (lll) menilai
kinerja sistem PLTS di Indonesia dan membandingkannya dengan PLTS di iklim lain.
Metode umum yang diterapkan pada setiap bagian dijelaskan secara singkat di bawah
ini.

Pengamatan situasi terkini di Indonesia terkait energi dan suplai listrik telah
dilakukan melalui analisis mendalam terhadap literatur dan data dari statistik yang
tersedia.

Analisis atas pilihan-pilihan dan sikap pengguna jaringan listrik telah dilakukan
melalui gabungan studi pustaka, survei pengguna jaringan listrik, dan pengukuran
kualitas daya jaringan distribusi tegangan rendah PLN.

Penilaian kinerja sistem PLTS bertujuan menghitung rasio kinerja (PR) dan
degradasi sistem PLTS yang diamati. PR dihitung menggunakan standar IEC.
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Perhitungan degradasi dilakukan dengan dua metode: pendekatan tahun-ke-tahun
(YoY) menggunakan RdTools dari NREL serta dekomposisi musiman dan tren dengan
menerapkan locally weighted scatterplot smoothing dengan STL decomposition

Setelah melakukan kegiatan-kegiatan penelitian di atas, kami mengambil
kesimpulan yang dikelompokkan sesuai dengan sub-pertanyaan penelitian terkait
sebagai berikut.

Indonesia memiliki banyak sistem tenaga listrik dalam ukuran berbeda yang saling
terpisah, dan tersebar di pulau-pulau besar. Di pulau-pulau kecil, generator diesel telah
menjadi pilihan populer selama beberapa dekade. Jumlah penduduk Indonesia yang
besar dan pertumbuhan ekonomi, menyebabkan permintaan energi yang tinggi dan
terus meningkat. Untuk memastikan ketahanan dan keberlanjutan energi di tengah
cadangan bahan bakar fosil yang semakin sedikit, Indonesia membutuhkan pendekatan
baru dalam mengembangkan sistem kelistrikannya. Mengingat geografinya yang unik,
sumber energi terbarukan yang tersedia, dan tingkat emisi CO2 yang tinggi saat ini,
energi terbarukan dianggap sebagai pilihan yang layak untuk Indonesia.

Indonesia menghadapi tiga tantangan dalam menyediakan pasokan tenaga listrik
yang layak untuk seluruh penduduk. Tantangan pertama adalah ketimpangan antar
wilayah terkait akses listrik, penjualan energi listrik, harga energi listrik, dan keandalan
layanan listrik dari jaringan. Kedua, konsumsi listrik per kapita di Indonesia relatif rendah
dibandingkan dengan banyak negara lain. Pada tahun 2017, konsumsi listrik per kapita
hanya 1 megawatt-hour (MWh), lebih rendah dibanding Vietnam sebesar 1,6
MWh/kapita, Thailand 2,7 MWh/kapita, Singapura 8,7 MWh/kapita, dan Belanda 6,7
MWh/kapita, per tahun. Ketiga, pembangunan infrastruktur ketenagalistrikan dan
mitigasi perubahan iklim di Indonesia tampaknya saling bertentangan karena sebagian
besar pembangkit menggunakan batu bara sebagai bahan bakar, sementara penerapan
sistem energi terbarukan berjalan lambat.

Berdasarkan survei yang kami lakukan pada 2017, rata-rata pengguna jaringan
listrik merasakan pemadaman 4 kali lipat hingga 14 kali lipat lebih sering dibandingkan
dengan parameter-parameter keandalan suplai listrik yang dilaporkan oleh PLN. Selain
itu, pengguna akhir merasakan durasi pemadaman 8 kali hingga 12 kali lipat lebih lama
dibandingkan dengan statistik resmi. Untuk meningkatkan keandalan pasokan listrik di
rumah, responden bersedia membayar biaya tambahan 10% hingga 30% pada tagihan
listrik bulanan mereka. Survei dilakukan di Pekanbaru di Provinsi Riau, Kupang di
Provinsi Nusa Tenggara Timur (NTT), dan Jayapura di Provinsi Papua, Indonesia.
Dengan demikian lokasi survei mewakili situasi aktual lingkungan perkotaan di luar pulau
Jawa dan Bali.
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Menggunakan survei yang sama dengan yang dijelaskan di atas, ditemukan bahwa
sebagian besar pengguna jaringan listrik memiliki pengetahuan dasar tentang energi
terbarukan dan perubahan iklim. Mereka percaya bahwa energi terbarukan penting bagi
Indonesia dan mengetahui bahwa listrik yang dihasilkan oleh sistem PLTS lebih
berkelanjutan dibandingkan listrik yang berasal dari jaringan. Sebagian besar rumah
tangga menyatakan bahwa mereka akan suka jika sebuah sistem PLTS dipasang di atap
rumah mereka.

Dari studi di atas dapat disimpulkan bahwa keandalan pasokan listrik pada jaringan
distribusi di Indonesia tergolong rendah, sedangkan masyarakat Indonesia menyukai
energi terbarukan, khususnya sistem PLTS. Oleh karena itu, daripada menambahkan
lebih banyak pembangkit listrik berbahan bakar fosil ke jaringan listrik utama, lebih baik
mempertimbangkan penggunaan sistem PLTS untuk pembangkit listrik lokal disambung
dengan jaringan tegangan rendah dengan maksud menyelesaikan masalah pasokan
listrik secara lokal dan berkelanjutan. Namun satu pertanyaan penting tersisa, apakah
sistem PLTS secara teknis cocok diterapkan di Indonesia? Pertanyaan tersebut akan
dijawab di bawah ini.

Kinerja dan laju degradasi sistem PLTS dari jenis copper, indium and selenium (CIS)
1 MWp telah dihitung dan dibandingkan dengan sistem PLTS 5 kWp dari jenis poly-
crystalline (p-Si) yang beroperasi di Cirata, Jawa Barat. Dengan mempertimbangkan
indikator kinerja teknis, dapat disimpulkan bahwa teknologi CIS bekerja lebih baik
daripada teknologi p-Si di iklim tropis Indonesia. Hal ini dijelaskan dengan hasil energi
akhir (Y1), rasio kinerja (performance ratio/PR) rata-rata harian, daya a.c. (Pac), dan laju
degradasi (degradation rate/Rq). Namun, mungkin terdapat beberapa ketidakpastian
terkait penghitungan Ra. Selain itu, evolusi kinerja lima belas sistem PLTS dari enam
teknologi modul PLTS telah dievaluasi di tiga iklim yang berbeda. Perubahan kinerja
sistem PLTS ditentukan dengan menggunakan PR dan tingkat kerugian kinerja
(performance loss rate/PLR). Teknologi PLTS yang dievaluasi ini adalah dari sel surya
amorphous silicon (a-Si) (satu sistem), heterojunction with intrinsic thin layer (HIT)
hybrid silicon (satu sistem), copper indium gallium selenide (CIGS, satu sistem),
monocrystalline silicon (mono-Si, tiga sistem), cadmium telluride (CdTe, tiga sistem),
dan polycrystalline silicon (p-Si, enam sistem). Sistem PLTS yang diamati terletak di
empat lokasi dengan tiga iklim berbeda, yaitu: (1) Alice Springs, Australia (gersang,
gurun, panas, kode iklim BWh), (2) Cirata dan (3) Pekanbaru, Indonesia (tropis, hutan
hujan, kode iklim Af), dan (4) Bolzano, Italia (sedang, musim panas yang kering dan
panas, kode iklim Cfb). Kami menganalisis data pemantauan langsung dari sistem PLTS
sejak 2008 hingga 2019, berkisar dua hingga sembilan tahun, tergantung data yang
tersedia. Kesimpulan umum dari pekerjaan ini adalah: (1) Sistem CIGS menunjukkan
Kinerja terbaik dengan PR terkoreksi suhu rata-rata tahunan, PRann, bernilai 0,88 + 0,04.
Teknologi yang berkinerja paling rendah adalah a-Si, dengan nilai PRann rata-rata 0,78 +
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0,05. Sistem p-Si di iklim Cfb Italia memiliki PRann rata-rata lebih tinggi dengan nilai 0,84
dibangding sistem yang beroperasi di iklim BWh Australia dan Af di Indonesia yang
memiliki nilai sama 0,81. (2) Sistem p-Si menunjukkan PLR terendah dengan nilai PLR
rata-rata -0,6%/tahun. PLR dialami oleh sistem a-Si sebesar -1,58%/tahun.

Berdasarkan temuan di atas, kami menjawab pertanyaan utama penelitian sebagai
berikut. Transisi menuju penggunaan sistem PLTS surya secara luas adalah layak
dilakukan oleh Indonesia. Kinerja sistem PLTS di Indonesia sangat baik dengan PR 78%
hingga 90%, setara dengan nilai PR di iklim cerah lainnya. Keunggulan khusus Indonesia
adalah bahwa radiasi matahari yang tinggi tersedia sepanjang tahun. Sistem PLTS
otonom adalah pilihan yang telah terbukti efektif untuk elektrifikasi daerah pedesaan dan
pulau-pulau  terpencil, sehingga dapat dilanjutkan dengan syarat aspek
keberlanjutannya ditingkatkan. Aplikasi terbesar sistem PLTS untuk masa depan di
Indonesia adalah sistem PLTS yang terhubung jaringan listrik. Di tengah cadangan
bahan bakar fosil yang semakin sedikit, sistem PLTS akan menjadi pilihan berkelanjutan
bersama dengan teknologi pembangkit listrik terbarukan lainnya. Namun, untuk
mencapai tujuan ini, semua pemangku kepentingan harus dilibatkan melalui strategi
tepat yang bermanfaat bagi semua. Pemerintah pusat memegang peran penting dalam
memulai dan menjaga proses perubahan ini, misalnya dengan melakukan desentralisasi
sektor energi kepada entitas lokal dan membuat kebijakan yang mendukung PLTS dan
konsisten.

Disertasi ini memberikan dua kontribusi ilmiah utama. Kontribusi pertama adalah
memperkenalkan pendapat pengguna jaringan tentang keandalan layanan listrik yang
mereka terima dari jaringan. Kami percaya bahwa informasi ini dapat membantu
memberikan keseimbangan antara apa yang dilaporkan oleh penyedia layanan dan apa
yang diterima oleh konsumen. Kontribusi ilmiah kedua dari disertasi ini adalah terkait
kinerja sistem PLTS yang tersambung jaringan listrik di Indonesia. Sebelum penelitian
ini dimulai, literatur yang tersedia tentang kinerja teknis sistem PLTS di Indonesia hanya
didasarkan pada satu lokasi di bagian paling timur Indonesia. Dalam tesis ini, kami
menganalisis sistem PLTS di wilayah barat Indonesia untuk mengisi kesenjangan spasial
terkait studi kinerja sistem PLTS di Indonesia. Pada penelitian ini, kami juga menghitung
tingkat kerugian kinerja (PLR) yang kami yakini merupakan studi pertama di Indonesia.

Dalam konteks pandangan masa depan penelitian, kami menawarkan rekomendasi
berikut. Pertama, studi lebih lanjut tentang penilaian pengalaman pengguna jaringan
harus melibatkan respinden yang lebih banyak dibanding jumlah responden yang
berpartisipasi pada penelitian ini. Kedua, penelitian lebih lanjut tentang kinerja sistem
PLTS juga harus melibatkan lebih banyak sistem PLTS di Indonesia dari setiap teknologi
modul PLTS dan setiap wilayah. Ketiga, perlu dilakukan penelitian lain untuk
mengembangkan pengetahuan tentang sistem PLTS di Indonesia seperti nowcasting
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dan peramalan kinerja PLTS serta pemetaan geografis potensi teknis dan finansial
sistem PLTS dan kinerja sistem PLTS.
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CHAPTER 1. INTRODUCTION

1.1. Background

Electricity is a critical commodity for people and hence the economy. Nowadays, a
high-quality sustainable electricity supply is demanded by society, everywhere in the
world. In Indonesia, the largest economy in South-East Asia, the demand for electricity
is enormous and the growth of this demand is high. During the next thirty years, the
annual average electricity demand in Indonesia is projected to grow by 7%, with a total
consumption of around 2,214 TWh in 2050 [1]. However, in this country, at least three
main issues exist related to power supply that will require attention in the next decades.
These are a lack of access to electricity in some remote parts of the country, unreliable
electricity supply, and increasing greenhouse gas (GHG) emissions due to power
production. Below, each issue will be briefly discussed and the potential role of
renewable energy in tackling them will be presented.

The first issue is the lack of access to electricity. Good quality electricity service is
a prerequisite for alleviating poverty and advancing the prosperity of the people [2].
Thus, a lack of access to electricity could affect the quality of critical services such as
health and education. It also influences food security, gender equality, poverty
reduction, and climate change. In 2019, nearly 3 million residents of Indonesia did not
have access to electricity from the grid [3]. This can be explained by Indonesia’s
geography: it is an archipelago country consisting of more than 17,000 islands (Figure
1.1). The distributed islands in Indonesia have been one of the main factors causing
difficulties with providing electricity to all its citizens.

Figure 1.1 Map of Indonesia. Source: Knowledgia 2020 [4]
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Centralized power systems rely on physical networks called the grid. A lack of
electrical service mostly occurs in rural areas and small remote islands (Figure 1.2).
These are mostly located in the Eastern part of Indonesia; however, lack of services also
occurs to a lesser extent in other parts of the country that are well covered by the
electricity grid.

Figure 1.2 Residents of a village on the island of Kalimantan work together carrying electric poles

as part of a village electrification project (photo: ecuator.co.id, 2019).

Unlike centralized power systems, renewable power systems can be implemented
in nearly all locations where sufficient energy sources are available as inputs to generate
electricity. They could therefore be installed in remote areas and isolated islands. For
that reason, renewable energy is a promising solution to tackle issues of electricity
access in a unique geography like Indonesia [5][6][7].

The second issue is unreliable, irregular electricity supply by the grid. For this
reason, in many parts of Indonesia where the electrical grid is available, brownouts and
blackouts are a daily experience for many people [8,9].

Given the critical role of electricity in society, a weak supply affects the quality of
life and could also be detrimental to the economy [2]. On average, a 1.3% increase in
electricity use per capita across a developing country is associated with a 1% increase
in GDP per capita [10]. Vast amounts of electricity are used in various aspects of life.
Information and communication technology (ICT) uses electricity such as for watching
television, listening to the radio, using mobile phones, computers, and communication
networks. Electricity also promotes safety and security by providing lighting in the streets
and homes, among others. It also improves education by providing access to the
internet, lighting to read books, and operating pedagogical aids at schools. Local
businesses use electricity to operate equipment and appliances to increase productivity.
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With electricity, comfortable temperatures can be maintained in indoor spaces using air
conditioners. Also, the recent coronavirus crisis, which drives people to stay at home,
highlights how much modern societies rely on electricity for teleworking, e-commerce,
and video streaming [11].

Distributed generation (DG) is one of the main concepts in future power systems
[12]. The integration of renewable energy into DG is expected to significantly increase
in order to meet future energy demand [13]. Renewable power systems are typically
integrated into a DG system, which can improve the overall reliability of the grid [14][15].
DG with renewable generation suits Indonesia’s needs given its topography and the need
for improving the reliability of the grid [16].

The third issue is related to the global challenge to stop climate change by a
reduction of GHG emissions. Indonesia is already among the largest GHG emitters in
the world, not only due to land use and land-use changes but also because of increasing
energy demand. In 2015, the total CO2 emissions of Indonesia, including emissions from
land use and land-use change (LULUC), amounted to 2.4 billion tonnes, representing
4.8% of the total global emissions for that year [17].

The main sectors that contributed to the CO: emissions in Indonesia were
agriculture, forestry, and other land use (AFOLU) including peat fires (51.6%), followed
by energy (36.9%), waste (7.7%), and industrial processes and product use (IPPU)
(3.8%) [18]. Indonesia, therefore, must reduce its carbon dioxide (COz) emissions. In
2016, Indonesia set its CO2 emission reduction target as 29% to be accomplished
independently, or 41% with international assistance, by 2030, against the business-as-
usual scenario [19]. There exist concerns about the difficulty of reducing CO2 emissions
mainly due to land use, but CO2 emissions from the energy sector are projected to
increase to over 50% of total emissions within the coming decade [20]. Figure 1.3 shows
the primary energy supply mix in Indonesia in 2025 and the energy transformation plan
to meet its CO2 emission reduction targets by 2050. As shown, in 2025, the total share
of fossil fuels would be 77% as compared to renewables at 23%. In 2050, renewables
would contribute at least 31% of the total primary energy supply mix while the
contribution of fossil fuels would be 69%. The change would be achieved by reducing
the share of coal and oil by 5% each and slightly increasing the share of gas, which has
a lower emission factor value than coal and oil [21], by 2%. With this plan, however,
Indonesia would keep its energy sector dominated by fossil fuels because their total
share would only be decreased by 8% over a period of 25 years. Indonesia has a chance
to meet its CO2 emission reduction target by further implementing a sustainable energy
model [22][23] along with the other measures [24][25]. However, the actual
development of renewable energy in Indonesia is not satisfactory.

Given this background, Indonesia possesses multiple reasons for further developing
renewable energy systems, given the potential of renewable energy to address the
above three major issues. In addition, Indonesia’s fossil fuel reserves are rapidly
declining [26] and Indonesia has been a net oil importing country since 2004 [27].
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Increasing the renewable energy supply could therefore also contribute to strategies for
improving the national energy security in Indonesia.

31% 30%
0, 0,
- 25% 25% 24%
© 22%
I 20% I I
Renewables Coal 0] Gas

Figure 1.3 The primary energy supply mix in Indonesia in 2025 (blue bar) and the energy
transformation plan (orange bar) to meet its CO2 emission reduction targets by 2050 [19].

The share of renewable generation in Indonesia has been stagnant. Since 2011,
renewables have been contributing from 11% to 13% of the total electricity mix; for
instance, in 2019, the share was 12.2% [7]. Total renewables installed capacity, both on-
grid and off-grid, until the end of 2019 was 10.17 gigawatt (GW) [28]. The renewable
energy mix is mainly dominated by hydropower (5.4 GW) and geothermal energy (2.13
GW) [28]. The installed capacity of other types of renewable was bioenergy at 1.9 GW,
mini/micro hydro power at 464.7 MW, wind power at 148.5 MW, solar PV power at 152.4
MWp, and waste power plants at 15.7 MW [28]. The installed PV nominal power of just
152.4 MWp is extremely low given the large volume of PV systems in less sunny countries.
For instance, the cumulative installed capacity of PV systems in the Netherlands in 2019
was 7 gigawatt peak (GWp) after an addition of 2.4 GWp installation in 2019 only [29].

It is important to understand the reasons behind the slow growth of renewable
energy as well as the relatively limited dissemination of solar energy systems in
Indonesian society. Being a country located around the equator, Indonesia has high
solar irradiance the whole year through. The averages global tilted irradiation is 5.0
kWh/m? per day or around 1825 kWh/m? per year [30]. The average estimated daily PV
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power output over Indonesia’s region ranges between 2.82 kWh/kWp' and 4.62
kWh/kWp or equivalent to around 1029 kWh/kWp to 1686 kWh/kWp annually [31]
(Figure 1.4). Solar energy and in particular PV systems have a great potential for
electricity supply. This thesis, therefore, focuses on solar photovoltaic (PV) systems in

Indonesia.

Long-term average of photovolaic power potential (PYOUT)

Dailytotals: 20 24 28 32 36 40 44 48 52 56 60 64
[ i KWh/kwp
Yearlytotals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

Figure 1.4 A global map of solar irradiation showing that Indonesia receives plenty of solar energy
on a yearly basis. Map obtained from the “Global Solar Atlas 2.0,” a free, web-based application
developed and operated by the company Solargis s.r.o. on behalf of the World Bank Group,
utilizing Solargis data, with funding provided by the Energy Sector Management Assistance
Program (ESMAP). For additional information: https://globalsolaratlas.info [30].

PV systems convert solar irradiance into power (Figure 1.5). They consist of PV
modules and other electronic components such as inverters, cabling, and sometimes
batteries, also called BOS, balance of system. In general, because of their present low
cost and unlimited solar potential, PV systems are assumed to play a significant role in the
world’s sustainable energy future. Based on the sustainable development scenario
reported by the International Energy Agency [32], renewable energy contributed 14% of
the total global energy consumption in 2019. Another report from the same organization
projects renewable energy growth up to 23% by 2030, in which electricity from renewables
would contribute 60% to this global share, mainly from wind and solar PV [33].

In 2019, the global PV market grew by 12% [33]. The total global cumulative
installed capacity for PV systems at the end of 2019 was more than 627 GWp [34],
which was equivalent to almost 3% of the global electricity generation in 2019. With
such a small contribution, solar PV saves as much as 720 million tonnes of COz.eq
per year [33]. At the end of 2019, this contribution was equivalent to a global CO2

1 The nominal power of PV devices is measured under standard test conditions (STC) where the light
intensity is 1000 W/m?, the reference spectral irradiance airmass 1.5, and the temperature of the cells
being 25 °C [281].

555225-L-sub01-bw-Kunaifi
Processed on: 8-2-2021 PDF page: 43



1 INTRODUCTION

emission reduction of 2,2% of the energy-related emissions and 5,3% of the
electricity-related emissions as compared to a situation without electricity generation
by PV systems.

(b)
Figure 1.5 Typical PV system installations. (a) A ground-mounted PV system on a remote island
of Indonesia (photo: Liputan6.com, 2020). (b) A rooftop PV installation in Semarang (photo: Fitra
Hendrayani, 2020).
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The costs of solar PV systems and PV modules as well as BOS are continuously
declining. By 2024, the generation costs of solar PV systems are projected to fall by
15% for utility-scale and 35% for distributed installations. Therefore, at present in
many countries around the world, the levelized cost of electricity generation by utility-
scale solar PV systems is comparable with or lower than the generation cost of new
fossil fuel power plants. In many countries and market segments, solar PV systems are
already the cheapest form of electricity generation. As shown in the European market
in 2019, the levelized cost of electricity (LCOE) ranges from US$24/MWh in Malaga,
Spain to US$42/MWh in Helsinki, Finland. This is impressive because the average day-
ahead market price of electricity in 2018 in Finland was US$47/MWh and in Spain
US$57/MWh. By 2030, it is estimated that PV LCOE will range from US$14/MWh in
Malaga to US$24/MWh in Helsinki. By 2050, this range will be US$9/MWh to
US$15/MWh [35].

In 2019, Asia maintains the lead in the PV market, representing around 57% of the
global PV market [33]. Regarding the total installed capacity, China has been the largest
PV market in the world with almost one-third of the global PV installed capacity [33].
Significant progress took place in countries that have been major markets in Asia, such
as Korea, Taiwan, and Malaysia. In other countries, such as Thailand, Singapore, the
Philippines, and in particular, Indonesia, the PV markets have been slow or fluctuating
over the years.

Developments in Indonesia’s solar PV sector have not been carefully followed or
monitored by authorities or business associations in the past decades [36]. For instance,
national data on installed PV capacity are lacking. When available, the sources of the
data or information regarding the collection methods are often also unavailable. If data
have been regionally collected, then access to organizations that possess these data
appears to be difficult. This situation is typical in Indonesia. For this reason, estimates
of the installed nominal PV power in Indonesia can vary considerably. For example,
according to Hamdi (2020) [36], the total installed capacity of PV systems in Indonesia
in 2019 was estimated at around 80 MWp, which is much different from the previous
figure of 152.4 MWp. The differences in numbers of installed nominal PV power in
Indonesia may occur because the completeness of the data used in the separate studies
varies.

The total capacity of rooftop solar PV systems was estimated at 16.6 MWp (11%).
Differently, other data put the total capacity of solar rooftops at around 8.9 MWp, with
2.1 MWp for residential use and the remainder either commercial or industrial units [37].
When this study started in 2016, the largest utility-scale solar power plant in Indonesia
had an installed capacity of only 5 MWp and was located on an isolated island grid in
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Kupang, East Nusa Tenggara®. The same report mentions that off-grid PV systems were
mostly financed with subsidies or grants from the government or donor agencies and
have a limited capacity of not more than 1 MWp. However, in 2019 the outlook on future
installations was optimistic, with around 48 MWp of PV systems under construction, and
an estimated 326 MWp in the pipeline.

Despite the favorable outlook of solar PV in Indonesia as presented previously, the
solar PV market in Indonesia is expected to experience a small growth in the coming
decades, mainly to meet the official CO. emission targets. With regulatory
improvements, growth in the solar PV market can be expected [36]. Studies on
stakeholders and end-users’ perception of solar PV systems could be supportive to the
development of a market for PV systems in Indonesia. However, when this Ph.D.
research started in 2016, only a few publications were available about the societal and
technical aspects of PV systems in Indonesia.

Many studies on the topic of public perception in Indonesia focus on health [38],
environment [39][40][41], tourism [42], transportation [43][44], and trade [45][46], all
published between 2016 and 2017. These studies concluded that people are willing to
pay extra costs to support various types of activities that would improve health, provide
more tourism options, improve urban transport or reduce traffic accidents, and offer
better packaging and information for traded products.

Only two studies cover the topic of public perception in the energy sector in the
Indonesian context, namely observations about the willingness to pay (WTP) for solar
lamps [47], and an evaluation of the WTP for geothermal energy [48]. The first study
was published in 2017 and used the Becker-DeGroot-Marschak mechanism as a
research method. It was found that the WTP for a solar lamp was higher if the households
were assured that by using a solar lamp they would spend less time on lighting and
charging. The second study, which was published in 2015, evaluated the WTP for
geothermal energy of grid users in West Java using a user survey. The result showed
that the participants had a positive image of geothermal power plants and were willing
to pay extra money to avoid a blackout.

Among the studies about the user perception of renewable energy, solar PV
systems in various conditions and settings were weakly represented. Therefore a major
question is, whether PV systems are feasible and technically suitable for Indonesia?

It was difficult to answer this question when this study started. A limited number of
studies assess the performance of PV systems in Indonesia on the basis of an evaluation
of monitoring data. A few studies published around twenty years ago evaluated the
performance of off-grid solar home system (SHS) programs in developing countries,
including Indonesia [49,50]. These studies were conducted in 1998 and 2001. They

2 By 2019, the largest PV system in Indonesia was Likupang PV system with an installed capacity
of 21 MWp. Likupang PV system is located in North Minahasa, the northernmost part of the
island of Sulawesi.
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assessed the effectiveness of SHS programs funded by foreign donors from economic,
institutional, and social perspectives based on either a field survey or literature review.
These studies showed that SHS programs in the studied areas were relatively
successful. The reason for the success was because SHS offered a better alternative to
kerosene lanterns for lighting. However, several challenges must be carefully addressed
to ensure the effectiveness and suitability of SHS programs. They include the availability
of initial capital costs, technical quality, responsive and sustainable infrastructures, user
engagement, and capacity development.

Another study in 1999 specifically evaluated an SHS program and street lighting
system (SLS) in a remote village in Indonesia based on system measurements and
interviews [51]. This study also concluded that from the technical point of view, the SHS
in the study location performed well, as long as the users did not make changes to the
systems. However, different from the previous two studies, this study found that the
failure rate of such programs was high despite the positive opinion of the villagers about
these systems.

The performance of grid-connected PV systems in Indonesia was reported in
several scientific publications [52-55]. These studies evaluated the performance ratio
(PR) of a 34 kWp grid-connected PV system in Jayapura. They found that, after two
years of operation, the PV system performed well, with a PR ranging from 54% to 91%
depending on the configuration of sub-arrays. PR values were in line with other PV
systems in Europe. These studies also confirmed that PV systems could be an
appropriate solution for electrification in both urban, rural, and remote areas in
Indonesia. These results were valuable because they presented the first scientific facts
of the actual performance of a PV system in Indonesia. Unfortunately, this information
was based on only one system located in Indonesia, namely in Jayapura, the province
of Papua, so that they represent only a small region of Indonesia. Also, due to the
relatively short period of data collection, the degradation rate of this PV system was not
evaluated.

Given this context of prior studies, the research results presented in this thesis can
be considered to be new, because so far little knowledge has been acquired about the
preference of the end-users of the grid, their perception of PV systems, and the
performance of installed PV systems in Indonesia.

1.2. Research Design and Methods

Reflecting on the described problems in Section 1.1, this research is guided by the
main research question formulated as follows:
What are the experiences and attitudes of Indonesian end-users towards the electricity
grid, as well as solar energy, and would a transition towards solar photovoltaic systems
be feasible considering the performance of PV systems operating under Indonesia’s
tropical climate conditions?
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The term end-users used in the research question is defined as households living
in the premises connected to a low-voltage distribution electricity grid.

Figure 1.6 shows a visualization of the research design that is derived from the
actual situation described in Section 1.1. As shown, we identify three major aspects to
be considered to assess the feasibility of Indonesia transitioning toward a higher share
of solar PV system in the total energy mix: the present situation, the voice of the end-
users of the electricity grid, and the performance of PV systems.

Main Experiences Attitudes as
influencing with the grid toward solar PV compared
factors In to other

Indonesia climates
Challenges
Present Voice of Performance of
situation end-users PV systems

User survey and
grid measurement

Would a transition towards solar photovoltaic systems
be feasible?

Figure 1.6 Visualization of the elements and methods forming the multidisciplinary perspective for
assessing the feasibility of the transition towards solar PV power generation in Indonesia.

Each major aspect carries sub-topics that are formulated in sub-questions. This
research is intended to fill the gap in existing literature regarding five sub-topics as
follows.

First, what are the main factors that influence the energy situation in Indonesia?
This question deals with the first aspect of the present situation. We will identify the
factors using the population size, economic situation, development of renewable energy
systems, and governmental regulations.

Second, what are the challenges in providing proper electrical power supply to the
whole population in Indonesia? The question regarding the second aspect of the present
situation will be addressed by evaluating the gaps or disparities in power services from
one region to another in Indonesia based on the available literature. We will also look at
the level of electricity consumption, and the possible impact of the current power
development strategy on climate change. Then, we will study the existing power supply
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systems and businesses in Indonesia and observe the role of PLN, the national utility
company.

The following third and fourth sub-questions belong to the voice of end-users major
aspect.

Third, what are the experiences of end-users with the electricity grid in Indonesia?
This question will be addressed through a series of user surveys and fieldwork regarding
the measurement of the electricity grid. In 2018, nearly 70 million households in
Indonesia were connected to the national power grid. Accordingly, we believe that their
‘voice’ are important to maintain democratic and participatory values in the planning of
electricity services. These voices should be taken into account by the utility company
and other policymakers. However, what is actually the voice of electricity users in
Indonesia? Also, what can we learn from it when looking at the fitness of the electricity
supply in Indonesia in the context of costs, reliability, and environmental aspects? What
are their experiences and preferences regarding their electricity supply, how they coped
with blackouts, and what impacts power interruptions had on their daily lives?

Fourth, what are the attitudes of the grid’s end-users toward solar photovoltaic
systems? Based on data from user surveys, the attitudes of the grid’s end-users will be
captured. This includes the awareness of the households regarding renewable energy
and climate change and their attitudes towards solar photovoltaics.

In the last major aspect, the performance of PV systems will be approached using
one sub-question organized in two separate studies of their technical performance in
Indonesia and other countries.

Fifth, how well do PV systems in Indonesia function, and how are their performances
as compared to PV systems which are installed in other climates? This technical question
will be addressed by analyzing measurement data from PV systems using different
technologies operating in Indonesia and other countries in different climates. The
performance of PV systems will be calculated using performance metrics such as
performance ratio (PR) and performance loss rate (PLR).

To find answers to the main research question, the research will be divided into
three parts: (I) evaluation of the present situation regarding energy and power supply,
(1) observation of the preference and attitudes of the end-users of the electricity grid,
and (lll) assessment of the performance of PV systems in Indonesia and other climates.
Below, the general methods applied to address each part are briefly explained as shown
between the dashed lines in Figure 1.6.

Part I: Evaluation of the present situation

The evaluation of the present situation will be conducted through a deep analysis
of the available literature. We will be mainly referring to publications and statistics from
2017 to 2019 in combination with older data.
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Part II: Observation of the preference and attitudes of the end-users of the electricity
grid

The observation of the preference and attitudes of the end-users of the electricity
grid will be tackled using a combination of a desk study, user survey, and measurement
of the power quality of the PLN distribution networks. The desk study includes an
analysis of PLN’s annual reports containing SAIDI (System Average Interruption Duration
Index) and SAIFI (System Average Interruption Frequency Index) values for each
province in Indonesia. The user survey will be executed in three locations in Indonesia,
including the cities of Pekanbaru in the province of Riau, Kupang in the province of ENT,
and Jayapura in the province of Papua. Households will be asked nine and ten questions
respectively to capture their experience with the grid and their attitudes toward several
aspects of electricity and sustainability. Measurements of the power quality of the PLN
distribution networks will be conducted in the same locations as above.

Part Ill: Assessment of the performance of PV systems

The assessment of the performance of PV systems is aimed at calculating the
performance ratio (PR) and degradation. The PR will be estimated using IEC standards.
The degradation calculations use two different methods: the year-on-year approach from
NREL/RdTools and seasonal and trend decomposition, applying locally weighted
scatterplot smoothing by STL decomposition.

1.3. Outline of the Thesis

The chapters in this thesis are related to the above-presented sub-research
questions. In Figure 1.7, the corresponding chapter of each sub-question is shown. The
contents of the individual chapters are concisely described below.

Chapter 2 introduces the main factors that influence the development of the energy
sector in Indonesia, which include physical, economic, social, and regulatory aspects.
The discussion will start with the unique geographical nature of Indonesia’s archipelago
that poses challenges in developing power supply systems. Namely, the distribution of
more than 17,000 islands of different dimensions and different population size require
isolated and locally-designed power supply systems. These challenges are related to the
present and future outlook on the macro-economic features of Indonesia. In the next
part, the energy demand will be approached from the viewpoint of population size, the
shaping factor of the energy demand. In the next part, the climatic nature of Indonesia
will be presented along with the potential of solar energy in this tropical country. Lastly,
before the conclusions, the stakeholders’ interest in regulations that support renewable
energy will be discussed.

Chapter 3 concerns the status and challenges of energy supply. A brief discussion
about fossil fuel resources will start the chapter. We present the status of the fossil fuel
market and the estimation of the duration of economical availability. Later, a detailed
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discussion about challenges in electricity supply in Indonesia will follow. The electricity
supply in Indonesia is characterized by regional differences regarding the level of
consumption, price, size of power sale, and the reliability of the supply. The regional
variables influence the focus of power infrastructure development, especially when
electrification is linked with climate change mitigation. This chapter also discusses
Indonesia’s electric power system. We discuss PLN, the state’s utility company, which
monopolizes the power business in Indonesia. Therefore, the electric power
infrastructure of PLN, its business models, and customers will be reviewed. Later, our
discussion will focus on renewable energy. We will present the reasons behind the low
share of renewable energy in Indonesia and further detail on the challenges and role of
PV systems and the supporting regulations.

Ch. 1 General Introduction

QO Background and Research Design

Ch. 2 Energy in Indonesia: The main Factors Ch. 3 Challenges of Electricity
Supply
Q1 What are the main factors that influence Q2 What are the challenges in
the energy situation in Indonesia? providing proper electrical power
supply to the whole population in
Indonesia?
Ch. 4 Reliability of the Electricity Supply Ch. 6 Performance of PV Systems in
‘ Indonesia
Q3 What are the experiences of end-users £
with the electricity grid in Indonesia? Ch. 7 Performance and Degradation
¢ of PV Systems in Three Climates
Ch. 5 The Attitudes of End-Users of the
Electricity Grid Q5 How well do PV systems in
: Indonesia function, and how is their
Q4 What are the attitudes of the grid’s end-  § performance as compared to PV
users toward solar photovoltaic systems? systems which are installed in other
E climates?

Y Y X

Ch. 8 Discussion, Conclusion and Recommendations

Q.M What are the experiences and attitudes of Indonesian end-users towards the
electricity grid as well as solar energy and would a transition towards solar photovoltaic
systems be feasible considering the performance of PV systems operating at Indonesia’s
tropical climate conditions?

Figure 1.7 Outline of the chapters and sub-research questions aiming at answering the main
research question.
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Chapter 4 deals with the reliability of the electricity supply based on user surveys
and measurements on the grid conducted at three urban locations in Indonesia. Here,
we compare the user perception and the official reports of PLN. We will briefly show how
user perception has been used widely as the basis for decision making, particularly in
the electricity sector. We compare the reported indices of power reliability (SAIFI which
is System Average Interruption Frequency Index and SAIDI which is System Average
Interruption Duration Index) and experimental results from user surveys and power
measurements. From grid measurements, we also capture voltage fluctuations and
blackout events.

Chapter 5 evaluates the attitudes of the grid’s end-users toward solar photovoltaics
based on the same surveys presented in Chapter 4. The discussion is focused on
findings regarding the awareness of the households about renewable energy and climate
change and their attitudes towards solar photovoltaics. Respondents were asked
questions about which electricity sources they believed to be cheaper, cleaner, more
stable; the grid, or a PV system? They were also asked questions about their preference
for the electricity sources at home and whether they would like to have a PV system
installed on their house's rooftop?

Chapter 6 is the first chapter that evaluates specifically PV systems’ technical
performance in Indonesia because despite being a tropical country with great potential
for solar power, knowledge about the actual performance of PV systems in Indonesia
remains limited. In this chapter, using 5-minute resolution data from 2016 to 2018
obtained from a 1 MWp Copper Indium Selenide (CIS) and a 5 kWp crystalline silicon (c-
Si) PV plant in West Java, we aim to answer the question of how a CIS PV plant performs
and degrades in Indonesia’s tropical climate and how it compares to a PV system that
contains c-Si technology. The methodological approach used includes performance
analyses of these PV systems according to IEC standard 61724 and an investigation of
the degradation rate using NREL/RdTools.

Chapter 7, like Chapter 6, also looks at PV systems’ technical performance. Unlike
Chapter 6 which analyzed PV systems in Indonesia, Chapter 7 is based on data from
three different climates. In this chapter, we compare the performance of PV systems in
Indonesia with PV systems in Australia (arid, desert, hot) and lItaly (temperate, dry
summer, hot summer). Fifteen PV systems of six technologies were analyzed. The
performance of the PV systems is presented using their performance ratio (PR) and
performance loss rate (PLR). PR was calculated using IEC standard 61724, and PLR
was calculated using seasonal and trend decomposition, applying locally weighted
scatterplot smoothing (STL decomposition), and the year-on-year approach from
NREL/RdTools.

Chapter 8 is the final chapter of this thesis and presents the conclusions,
discussion, and recommendations. The conclusions provide an answer to the research
questions. After the conclusions, the contributions and limitations of the research are
discussed. In the final section, several recommendations are provided that could help
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governmental parties, PV business, academic, and general communities to improve their
approaches towards the implementation of PV systems and related research.
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CHAPTER 2. ENERGY IN INDONESIA:
THE MAIN FACTORS

2.1. Introduction

This chapter will introduce the energy situation in Indonesia as well as the main
factors that influence it. Being one of the world’s largest archipelagos, Indonesia has a
unique and highly distributed power supply system. The population size is the main factor
which causes a significant demand for energy. The growing economy of Indonesia brings
optimism, including on the subject of renewable energy development. Across
Indonesia’s area, high levels of solar energy are available the whole year through.
However, the present role of the central government in energy development is still very
big, which causes inefficiency. This demands a more significant role of local entities,
especially provincial and district governments and the private sector. In our discussions,
we mainly refer to statistics from 2017 to 2019 in combination with older data. Therefore,
we also present the status of the general energy supply and demand in Indonesia
followed by that of the electricity sector specifically. Various challenges in providing
proper electrical power supply to the whole population will be discussed. For this
purpose, we evaluate the gaps or disparities in power services from one region to
another, the level of electricity consumption, and the possible impact of the current
power development strategy on climate change. Then, we present power supply
systems and businesses in Indonesia and show the dominant role of PLN, the national
utility company. Further, the status of renewable implementation will be discussed with
particular attention to PV systems. Along with this, we argue that government regulations
influence the rise and fall of renewable energy in Indonesia. Finally, we briefly present
some possible scenarios for the future of the power system in Indonesia.

2.2. An Archipelago with a Unique Power Supply System

Indonesia is one of the world’s largest archipelagos. The country has a total area of
8.3 million km?2, comprising 77% water surface and 17,504 islands [56]. Around 111 of
its outer islands share borders with neighboring countries. As shown in Figure 2.1,
Indonesia stretches over 5,000 km from the East to the West, across South-East Asia
and Oceania and two oceans, the Indian Ocean, and the Pacific. Most of the citizens
live on five major islands, namely Sumatra, Java, Kalimantan, Sulawesi, and Papua. Yet,
around 6,000 other islands were inhabited in 2014 [57].
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

The total area of Indonesia covers 42% of the entire land of South-East Asia,’ with
dimensions that are larger than the total area of the European Union (EU) member
nations.

Two of Indonesia’s islands, Kalimantan and Sumatra, are among the top ten largest
islands on Earth. Kalimantan or Borneo is the fourth largest island in the world, with a
size of 539.460 km?. Sumatra is the seventh-largest island, with a size of 473.606 km?.
Indonesia’s territory on the island of New Guinea, the second-largest island in the world,
is roughly equal to half of the island’s total area. With so many large islands, the length
of the coastline of Indonesia is 108,000 km [56].

Geologically, the Indonesian archipelago has a complex structure [59]. On the
island of Sulawesi in the center of Indonesia, the meeting point of three large tectonic
plates is located, namely Eurasia, the Pacific, and Australia. Accordingly, the majority of
Indonesia is also part of the Pacific Ring of Fire, a volcanic path along the Pacific Ocean.
Such a geological attribute gives Indonesia a great potential for geothermal energy.
From around 312 sites in Java, Sumatra, Bali, Nusa Tenggara, and Sulawesi, Indonesia
has approximately 28.9 GW of geothermal energy potential [60].

In line with its geographical nature, Indonesia is quite familiar with many disasters,
both natural and anthropogenic. The main types of disasters are floods, droughts,
earthquakes, volcanic eruptions, tsunamis, and forest fires [61]. Seventy-six active
volcanoes, mostly on Java and Sumatra, contribute to frequent volcanic eruptions and
earthquakes. As a very active seismic zone, Indonesia is not only the country with the
most earthquakes events in the world but also with the highest number of earthquakes
per unit area, after Tonga and Fiji [62].

Most of Indonesia’s topography consists of lowland and coastal areas, as well as
mountains on the large islands [61]. Around 5,700 rivers flow across the country, which
contributes to about 12% of its land being suitable for farming [63]. Fertile soil, mainly
originating from volcanic ashes, is mostly located on the islands of Java, Sumatra,
Sulawesi, and Nusa Tenggara. Half of Indonesia’s land is currently covered by rainforest,
mainly located in Sumatra, Kalimantan, Papua, and Sulawesi. However, around 30% of
the natural forest has been converted to other uses, such as agriculture, mining,
infrastructure, and urbanization [64]. Some locations, such as the eastern coast of
Sumatra, the southern coast of Kalimantan, and the northern coast of Java, are
dominated by swamps and mangrove forests.

Given the characteristics described above, especially due to its geography as an
archipelagic country and the size of the area itself, Indonesia faces unique challenges
as well as opportunities concerning electricity services. The most common challenge is
due to the existence of islands, which causes difficulty in providing evenly distributed

3 South-East Asia consists of eleven countries, namely Brunei, Cambodia, Timor-Leste,
Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand, and Vietnam.
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electricity service to all the regions of Indonesia. This also brings a unique opportunity
to expand the potential of its renewable resources for power generation.

The distribution of access to electricity’ service in Indonesia is not balanced
between regions. On islands with high industrial intensity, such as western Java [65],
the quality of electricity access is very good. Also, in the capital city of Jakarta, the
electrification ratio, ER, is almost 100%. However, in other areas, particularly in the
eastern part of Indonesia, access to electricity is relatively low. The ER in the East Nusa
Tenggara, for example, was only 60% in 2017 [66] and 85% in 2019 [3].

People who live on smaller islands far away from the main islands, where the main
grid exists, cannot conventionally obtain access to electricity from the main utility
networks. Either from a technical or economic perspective, it is often not feasible to
extend the transmission networks to remote islands [67].

Constructing power plants on remote islands requires great cost and high levels of
complication [68]. Therefore, for decades, diesel generators have been very popular on
islands in Indonesia due to their simple installation and low initial costs. A 200 kilowatt
(kW) diesel generator, for example, requires an initial investment of around US$200,000.

However, in reality, diesel power generators are not favorable because of their
critical weaknesses such as noise pollution, soil and water pollution, insecure diesel fuel
supply, skyrocketing diesel fuel prices, and greenhouse gas (GHG) emissions from
burning diesel fuel. In the long run, the use of diesel generators on islands will not be
sustainable. Therefore, the use of locally available renewable energy resources for
power generation is the future of power systems on Indonesia’s islands. Solar
photovoltaic (PV) systems, in particular, are a rational option for the development of the
electricity sector in Indonesia’s archipelago.

Photovoltaic systems are among the most promising energy technologies of the
twenty-first century. Three obvious reasons support this assertion [69]. First, PV systems
are a clean way to generate electrical energy because their operation does not involve
any GHG emission nor pollutants that can cause global warming and acid rain. Secondly,
PV systems convert solar irradiance, which is always available, into electricity. Finally,
solar energy is available in abundance: the amount of solar irradiation that reaches the
Earth in 1 h is equivalent to the world’s total energy consumption in one year.

4 Access to electricity can be represented by the electrification ratio (ER) or electrification level
(EL), which is defined as the percentage of population or households with electricity. The World
Bank, IEA, UNmetadata, and other international organizations, however, use the term
‘electrification rate’ instead [282] [283]. In this thesis, we use the term electrification ratio to
quantify access to electricity. Electrification ratio in Indonesia comprises three types, i.e. PLN'’s
ER, Non-PLN’s ER, and EESL’s ER. The PLN’s ER is calculated based on the number of
households connected to the PLN’s grid. Non-PLN’s ER is calculated using the number of
households getting electicity access from sources other than PLN such as villages
electrification programs initiated by local governments or communities. EESL's ER s
calculated based on the number of households participated in an energy-efficient solar lamp
(EESL) project by the central government. The total ER is a combination of PLN’s ER, Non-
PLN’s ER, and EESL’s ER.
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Indonesia has high levels of solar irradiance in the range of 5.0 kWh/m? per day or
around 1825 kWh/m? per year [30] that are available the whole year through. However,
it is important to ask: Is Indonesia ready to adopt solar electricity or not? By
understanding Indonesia’s overall characteristics such as geography, population,
economy, climate, and stakeholders in the energy sector, we have provided an overview
of how solar electricity fits with Indonesia. This can create insight into the opportunity
and drawbacks of solar electricity in Indonesia.

2.3. A Growing Economy that Brings Optimism

At present, the Indonesian government is working hard to spur social development
and economic growth by improving the economy, eradicating corruption, cutting
domestic fuel subsidies, and boosting investments in infrastructure [63]. In 2019,
Indonesia’s economy grew by 5.02% [70]. Although this figure was high compared to
the average economic growth of the world of around 2.5% [71], Indonesia’s government
targets a growth rate of 7% by stimulating foreign investment [63]. In South-East Asia,
Indonesia surpassed Malaysia and Thailand in terms of economic growth but was below
the Philippines and Vietnam. Higher economic growth rates are common in emerging
economies, given the examples of India, Bangladesh, and Ghana, with greater economic
growth in the range of 7-8%. In contrast, developed countries like the United States
(US), Singapore, and Australia stayed in the range of 2% growth.

Regarding the gross domestic product (GDP) based on purchasing power parity
(PPP), Indonesia is predicted to become one of the world’s economic leaders in the
coming decades [72]. In 2019, Indonesia’s GDP (PPP) was US$3.3 billion, which was
ranked seventh in the world and shared about 2.5% of the total global GDP (PPP) [73].
However, due to its large population, the GDP (PPP) per capita was low (around
US$12,308) or in the 125™M place globally. To compare, the GDP (PPP) per capita of
Malaysia, the US, and Singapore were US$29,526, US$65,118, and US$ 101,376,
respectively [73].

There exist a strong correlation between the GDP of a country and its energy
consumption [74], [75]. Figure 2.2 shows the per capita energy consumption (in kg oil
equivalent) versus per capita GDP, PPP (current international $). The size of the bubbles
denotes the total population per country. Due to data availability, all values, however,
refer to the year 2014, when the population of Indonesia was 255 million people [76],
GDP per capita (PPP) was US$10,570 [73], and energy consumption per capita was
884 kg oil equivalent [77]. As shown by the blue fitting line, countries with a higher GDP
per capita used more energy than those with lower GDP per capita. In terms of GDP
(PPP) per capita, Indonesia was among the countries with upper-middle-income. Also,
energy use per capita in Indonesia was less than half of the world’s average. The
economic size and the current level of energy use per capita indicate that a sharp
increase in energy use can be expected in the coming years.
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In 2019, four sectors contributed most to Indonesia’s GDP. They include the
processing industry, which contributed to 19.6% of total GDP, followed by agriculture,
forestry, and fisheries at 13.5% [78]. Retail and trade, car, and motorcycle repairs are
ranked at the third position with 13% followed by construction at 10.6%.

Regarding inflation, from 2015 to 2019, Indonesia’s rate was 2.7% on average
(2.8% in 2019), which was categorized as healthy [79] [80]. The inflation rates in some
member countries of the Association of South-East Asian Nations (ASEAN) in 2019 were
8.6% in Myanmar, 2.8% in Vietnam, and 3.3% in Lao. Brunei Darussalam and Singapore
had the smallest inflation rates of -0.4 and 0.6% [80].

Does economic condition relate to the development of renewable energy in a
country? The Environmental Kuznets Curve (EKC), a well-known curve in energy and
sustainability disciplines proposed by Kuznet (1955) (Figure 2.3), can be helpful to
indirectly answer this question. The curve shows the relationship between the economic
growth of a country and environmental quality. According to the EKC hypothesis, shown
as a horseshoe curve, in the early stages of per capita income growth, environmental
quality decreases. But, after some level of income per capita, the tendency reverses, so
that the environmental improvement follows high-income levels [81]. Based on this
concept, the relative level of environmental degradation of countries can be mapped
based on information about their economies [34].
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Figure 2.2 Correlation of per capita energy consumption (in kg oil equivalent) and per capita GDP,
PPP (current international $). The graph is plotted based on data in 2014 from [76] [73] [77].

The relationship between the economy and renewable energy can be suggestive
given that the primary motivation to boost renewable energy worldwide is to tackle the
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apparent degradation in the global environment, particularly the issues of global
warming and climate change. The alarming climate condition of planet Earth due to the
exploitation of natural resources for energy generation can be considered as already
reaching the top of the curve, and therefore attempts to reduce it globally can be
referred to as the turning point of the curve [82]. After that, the use of renewable energy
should be kept stable or increased [75] along with stable growth in the economy.

The growth in renewable energy, especially solar and wind power, is an essential
factor in ensuring sustainable economic growth, contributing significantly to improving
the socio-economic condition of a country [83]. Economic opportunities exist at each
phase of the energy business chain. Starting from project planning, manufacturing
processes, installation, network construction, maintenance processes, to the end of the
project, all have positive economic and employment impacts.
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Figure 2.3 Environmental Kuznets Curve (EKC) [84].

The economic strength of a country illustrates its ability to develop new sectors
such as renewable energy. However, economic power is not the sole success factor for
renewable energy development. GDP per capita is also important for renewable energy
technologies because it determines the purchasing power of individuals. Finally, the
state policy is also very decisive, whether it is positive, contradictory, or neutral in the
war against environmental damage, especially climate change.

2.4, Big Population with a Significant Demand for Energy

Indonesia is currently the fourth most populated country in the world after the US,
India, and China [85]. The total population in 2019 was 268 million [86]. Representing
40% of the total population of South-East Asian countries [87], Indonesia has a vital role
in shaping the population distribution of the ASEAN. The population distribution,
however, varies widely from one island to the other. Around 56% of the population
inhabits the island of Java alone, totaling 151 million people, while 21, 7, and 6% live on
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the islands of Sumatra, Sulawesi, and Kalimantan, respectively. Ten percent of the
population lives in the rest of Indonesia, with a total area of 2,300,000 km?. As such,
Indonesia has large differences in population density.

In the province of West Java alone, around 49 million people live, which exceeds
the total population of the islands of Kalimantan, Sulawesi, Papua, Maluku Islands, and
ENT combined (about 49 million people). East Java follows as the second-most populous
province with 40 million, and Central Java thereafter with 35 million people. Jones [88]
predicted that by 2035, Indonesia would have an additional 67 million inhabitants
compared to the population in 2010, of which Java would contribute 30 million.

Although most of the population occupies the five major islands, a significant
number of people live on smaller islands that are mainly located in the eastern part of
Indonesia. In 2018, more than 13,000 (16%) of 82,030 villages in Indonesia were
categorized as undeveloped [89] because they were rural villages or settlements on
isolated islands with a lack of access to electricity [90]. Figure 2.4 shows the population
per province in millions of people.

Although the projected increase in the population looks massive, the rate of
population growth in the period 2010-2035 is estimated to decrease [88]. From 2010
to 2019, the national rate of population growth is 1.4%. By 2035, the population growth
would be around 0.6%, which is far less than the current level. Also, in line with the lower
level of population growth in Java and migration between regions, Java is projected to
experience a 2% population decline in 2035.

The province of Jakarta has a very dense population compared to other provinces,
with 15,900 people per km?, while West Java has 1,304 people per km? [86]. However,
when compared with the most populated cities in the world, the population density in
Jakarta is far below Manila with 41,515 people per km?, and Mumbai with 28,508 people
per km? [91]. The provinces of West Papua and North Kalimantan had the lowest
population density in Indonesia, with only 9 and 10 people per km?, respectively. The
national average population density in 2019 was 140 people per km?. To compare, Brazil,
the fifth most populous country, has a population density of only 25 people per km? [92].

2.5. A Challenging Climate with Excellent Solar Energy Potential

Solar PV systems are part of a rapidly growing renewable energy technology which
is increasingly playing an important role in reducing dependence on conventional fossil
fuels for electricity generation. A PV system converts sunlight into direct current (d.c.)
electricity by using semiconductor solar cells wired to each other in PV modules. Multiple
modules can be connected to form a panel and combination of panels form an array,
which can be scaled up or down to produce the desired amount of power. Nowadays,
commercial PV modules such as silicon modules can convert up to 22.6% of the
incoming solar irradiance [93] and can last for 25 years, producing sustainable
electricity across the globe.
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

The total global installed capacity of PV systems by the end of 2019 was around
635 GWp; 95% was crystalline silicon, with around 585 Terawatt-hour (TWh) electricity
production in 2018 [34]. Although the most commonly used materials today are from
the silicon family, other materials are being tested and used. These include gallium
arsenide (GaAs), hybrids, chalcogenides (e.g., cadmium telluride/CdTe, and copper
indium gallium selenide/CIGS), and other emerging photovoltaics (e.g., organic and
perovskite).

A typical PV system comprises an array made of solar panels, an inverter, and other
electrical hardware also called BOS. The two principal classifications of PV systems are
stand-alone and grid-connected systems. A stand-alone PV system independently
operates of a public grid and is generally sized and designed to meet certain a.c. or d.c.
loads.

The simplest form of a stand-alone PV system is a direct-coupled system, where
the d.c. output of a PV array is directly connected to a d.c. load. This type of system
may be combined with other generation technologies such as wind, engine-generator,
or utility power as an auxiliary power source to form a PV-hybrid system. Such flexibility
makes stand-alone PV systems suitable for powering houses and facilities in rural areas
or remote islands. For a country like Indonesia with many people living on remote islands,
stand-alone PV systems can play a role in increasing people’s access to electricity.

However, most people live in areas that are connected to a public grid. Therefore,
grid-connected PV systems are a more common application. A grid-connected PV
system operates in parallel and interconnected with the electric utility grid. It comprises
an inverter that converts the d.c. power from the PV array into a.c. power synchronized
with the voltage and power quality requirements of the utility grid. Grid-connected PV
systems automatically stop supplying power to the grid when the utility grid is not
energized for safety reasons.

Photovoltaic system performance is defined by the performance ratio (PR).
Specifically, the performance ratio is the ratio of the actual and theoretically possible
energy outputs of PV systems. Before 2000 a typical PR was about 70%, while today it
is in the range of 80-90% [94]. In a country like Indonesia where the grid can be weak
in some areas, and which is characterized by frequent outages and fluctuating voltage,
grid-connected PV systems could increase the reliability of electricity supply.

Solar irradiance is the main factor that determines the amount of electrical energy
that could be potentially produced by PV systems. As such, climatic conditions
determine the annual and seasonal performance of PV systems. These conditions are
location dependent. Although Indonesia has a rainy tropical climate in general, the
climate and weather across Indonesia are not uniform. The topography, orientation, and
structure of the islands are among the influencing factors that affect Indonesia’s climate
[95]. Its location around the equator and oceans that surround it means that the Asian
and Australian monsoons also influence Indonesia.
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

For climate classification, in this thesis, we use the Képpen-Geiger system [37]. It
uses differences in temperature and rainfall as the basis of classification. Képpen-Geiger
uses two or three letters to determine the climate group of a location on Earth. It divides
the world into five main climate groups based on the five principle vegetation groups.
The first letter represents the five climate groups, where A stands for the equatorial or
tropical rainforest, B stands for arid or dry, C for warm temperate or moderate rainfall,
D for cold, snowy rainforest, and E for polar [96]. Further, subgroups can be assigned
as the second letter, which indicates the type of precipitation (water vapor condensation
product in the atmosphere). The third letter represents the air temperature [97].

Figure 2.5 shows a map of different climates in the world according to Képpen-
Geiger. As shown, countries around the Equator are covered by climate A. Climate B
can be found in Australia, southern and northern Africa, middle and southern America,
the Middle-East, and western parts of the US. Climate C dominates West Europe,
southern Australia, New Zealand, Japan, South-East regions of the US, Southern
America, Africa, and China. Climate D covers most of Russia, Canada, and the northern
US. Finally, climate E is over northern Canada, Iceland, northern Russia, and the North
and South poles.

In Figure 2.6, the Képpen-Geiger map is zoomed to Indonesia using the most recent
condition available on Google Earth for 2017 [98]. It can be seen that instead of having
one climate class, Indonesia has four climates. Most of the area of Indonesia is covered
by red, which signifies climate A. In regions with climate A, the monthly average
temperature is above 18 °C, there is no winter, and substantial annual rainfall occurs
exceeding the yearly evaporation [99].

Most of Indonesia’s region has climate Af, which means tropical rainforest climate.
The climate type Af covers almost all of the islands of Sumatra, Kalimantan, Sulawesi,
Maluku Islands, and Papua. However, the climate in Java is more diverse due to two
other variations: Am or tropical monsoon and Aw which means tropical savanna. The
differences between Af, Am, and Aw are signified by the monthly rainfall, where Af has
the highest monthly rainfall, followed by Am, and Aw is characterized by the least rain.

The tropical monsoon climate is found in parts of the west and the center of Java,
the island of Bali and several regions in East Nusa Tenggara (ENT) and Sulawesi, while
the tropical savanna climate can be found in the east of the island of Java and most of
the regions of West Nusa Tenggara (WNT) and ENT and a little in the southeast of
Sulawesi. With a higher resolution map, we could see a green line across the
mountainous region of Papua, which means the oceanic sub-arctic climate (Cfc). This
climate has an average temperature in the coldest month of above 0 °C and the average
in other months is between 10 °C to 22 °C. The average ambient temperature in
Indonesia is 27 °C, with a 0.03 °C annual increase [100]. The highest ambient
temperature was recorded in East Kalimantan, at 36.6 °C. Indonesia has a relatively low
wind speed of around 3.8m/s [101].
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

The highest average wind speed of 16.3 m/s was observed at the province of
Gorontalo in northern Sulawesi [78]. The highest rainfall was recorded in West
Sumatra, with a value of 4,824.10 mm/year. West Java is the province with the highest
number of rain days, which is 295 days per year. The highest air humidity of 100% is
found in several areas, namely Jambi, Bengkulu, Riau Islands, Yogyakarta, Central and
East Kalimantan, South-East Sulawesi, and Maluku. Finally, ENT is the province with
the least rainfall, with the number of rain days being only 89 days throughout the year
[78].

Several climatic factors, mainly solar irradiance and ambient temperature, influence
energy production from a PV system. Irradiance is the power of the electromagnetic
radiation on a surface and is measured in watts per square meter (W/m?). The air
temperature affects the efficiency of PV systems, where silicon solar cells under lower
than standard test condition (STC) temperature of 25 °C, convert solar irradiance into
electricity at higher efficiency [30]. Thus, the effects of climate and system parameters
on solar electricity have been proven to be significant, especially on the performance of
PV plants [103][104][105].

Figure 2.7 shows the PV power potential in Indonesia using the variables final yield,
Yr, and reference vyield, Y, taking into account the solar irradiance and ambient
temperature [30]. The final yield is defined as the annual, monthly, or daily net
alternating-current (a.c.) energy output in kilowatt-hour (kWh), Eac, of the PV system per
installed power, Praeq, in kilowatt-peak (kWp). The final yield can be used to compare PV
plants of different systems in different climates. The reference yield (in kWh/kWp), Y7, is
the total amount of available in-plane solar irradiance in kWh/m?, H;, divided by the
reference irradiance under STC, namely Grer, of 1,000 W/m? and s spectrum of AM 1.5.
It can be seen that the final yield, Y%, of silicon crystalline PV modules in Indonesia ranges
from 1,095 to 1,680 kWh/kWp per year. The reference yield, Yr, spans from 3 kWh/kWp
per day to 4.6 kWh/kWp per day. The majority of Indonesia’s areas have Y; of around
3.4 kWh/kWp per day. However, regions of eastern Java, Bali, Nusa Tenggara, and
Sulawesi have higher Yt values.

Besides a relatively high energy density of solar resources across the country, another
good feature of the solar resource in Indonesia is that it is relatively stable across the year.
This is different from locations at higher latitudes, where seasonal variation is significant.

Solar PV is the largest renewable energy source in Indonesia [28] with an actual
potential of more than 734 GWp [106]. This is far greater than the total potential of
geothermal energy of around 28.9 GW [60], around 75 GW of hydro-power potential [274],
and the potential of biomass electricity around 50 GW [275].

2.6. Stakeholders’ Interest in Regulations

Based on the type and structure of the government, the energy sector in Indonesia
involves various stakeholders, each with different (but sometimes overlapping) roles.
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

Figure 2.8 maps the energy stakeholders in Indonesia according to their core, direct,
and indirect involvement using a PESTLE stakeholders’ mapping on renewable energy
[107] and an example of task distribution among the government institutions in energy
sector according to the General Plan for National Energy (RUEN) [107]. PESTLE is an
abbreviation, and it accounts for political, economic, social, technological, legal, and
environmental aspects.

As shown, the central government and national level institutions play the core role
in energy developments in Indonesia. Their roles include enacting policy, laws, and
regulations, and appointing institutions to implement the energy projects. Similarly, the
other central government institutions are directly involved with financial responsibility or
providing resources for the project implementation, such as land. In the implementation
stage, the private electricity company and local government are usually directly involved
in energy projects. Finally, indirect involvement is exercised by some other ministries,
the Indonesian Chamber of Commerce and Industry, non-profit organizations, and the
Corruption Eradication Commission. Depending on the type of project, the public is often
indirectly involved, although their direct involvement could also be seen in the
community-based energy projects.

The central government makes regulations that nationally apply, while local
governments can make regulations at the local level as long as they are not in
contradiction with national regulations. Legal products made by the central government
may include laws (UU), government regulations (PP), presidential regulations (Perpres),
presidential instructions (Inpres), presidential decrees (Kepres), ministerial regulations
(Permen), and ministerial decrees (Kepmen).

At the provincial level, legal products can take the form of regional regulations (Perda),
governor regulations (Pergub), and governor decrees (Kepgub). While at the district/city
level, regional regulations (Perda), regulations of regents/mayors (Perbup/Perwako), and
decrees of regents/mayors (Kepbup/Kepwako) can also be produced.

This leads to a lot of intertwined laws and regulations in Indonesian society. In the
following, we will focus on the specific situation of energy laws and regulations.

Law No. 30/2007 concerning energy serves as an umbrella for the energy sector in
Indonesia [107]. It contains the main aspects of regulating and managing energy and
energy sources. This law also mandates the formation of the National Energy Council
(DEN), which is assigned to formulate the National Energy Policy (KEN). At present,
KEN, along with other derivative regulations, will release a strategic plan for realizing the
national energy resilience and independence, which is named the General Plan for
National Energy (RUEN). The KEN is legalized by the government regulation number
79/2014 while RUEN is regulated in the presidential regulation number 22/2017. RUEN
is the foundation and central direction for the government in deciding existing policies,
including determining the roles of existing stakeholders.
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

CORE

President, DPR
Commission VII, Ministry
of ESDM, DEN, Ministry

of Finance, Ministry of
State-Owned
Enterprises, PLN

Figure 2.8 Map of energy stakeholders in Indonesia based on the example of PESTLE
stakeholders map in renewable energy in Indonesia [107] and the example of task distribution among
the government institutions in the energy sector according to RUEN [107].

According to RUEN, stakeholders in the energy sector comprise multiple parties.
First, the state’s ministry/non-ministerial institutions, who must take RUEN as a guide in
strategic planning. Secondly, the provincial governments formalize the derivative of
RUEN, namely the Regional-Provincial General Energy Plan (RUEDP). Finally, apart from
government institutions, there are important stakeholders in the energy sector, such as
academic and research institutions, industries, and non-profit organizations.

The National Energy Policy (KEN), which was made in 2014, has four main policies
and six supporting policies. The main policies include energy availability for the national
needs, priority for energy development, utilization of national energy resources, and
domestic energy reserves. The six supporting policies include the following:

Energy conservation, energy resource conservation, and energy diversification;
Environment and safety;

Prices, subsidies, and energy incentives;

Infrastructure and access for the community and industry to energy;

Research, development, and application of energy technologies; and
Institutions and funding.

R T o
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

The Ministry of Energy and Mineral Resources (MEMR) is the leading institution that
oversees the energy sector. It coordinates the current strategies, programs, and
activities to produce related instruments. For example, MEMR is responsible for
prioritizing energy development by putting more focus on local energy resources to
increase the use of new and renewable energy (NRE). Therefore, MEMR can be very
influential in renewable energy development, as will be discussed in Chapter 3. Other
ministries are also involved in energy development, either directly or indirectly.

In addition to the above list of stakeholders, there are many other parties, such as
technical consultants, service providers, associations, goods procurement services, and
financial institutions which play a role in the Indonesian energy sector.

From the research domain, academics, non-profit institutions, and industry become
indispensable stakeholders in the energy sector. At present, various national and
international research institutions continue to provide and publish consultancies,
guidelines, and suggestions. Big names like the International Renewable Energy Agency
(IRENA), the Institute for Essential Services Reform (IESR), the World Bank, and the
Indonesian Institute for Energy Economics (IIEE) continue to provide their perspectives
and research outcomes to improve Indonesia’s performance in the energy sector.
Academic publications from various universities in Indonesia and abroad are also critical
in the research domain.

Some regulations regarding renewable energy tariffs and subsidies were introduced
during recent years. The latest regulation is the Ministry of MEMR Regulation No.
49/2018, which allows customers of PLN, the national utility company, to install and
operate a rooftop PV system for their own use and ‘sell’ excess energy to PLN under a
net metering scheme. However, a 35% discount on the total exported energy is applied.
For rooftop PV systems that belong to industrial entities, a parallel operation charge
must be paid to PLN consisting of a connection charge, energy charge, and a capacity
charge. The charges are based on a minimum monthly take or pay obligation of 40 h.
The Association of Rooftop PV System Users (PPLSA) complained about this regulation
which, according to them, hampers the development of rooftop PV in Indonesia [108].

2.7. Conclusions

Indonesia is a large country with significant variations in climate, population, and
economy. These factors introduce challenges in power supply systems in Indonesia as
well as open great opportunities for renewable energy development in general and solar
energy in particular. Most people in Indonesia live on the five big islands, but a significant
population can also be found on the thousands of other smaller islands. Owing to
remoteness, it is often difficult and expensive to provide electricity for them by
connection to the main grids. Given the size of Indonesia, which covers three time zones,
the distribution of wealth and electricity infrastructure is uneven. The western and
central regions are relatively more advanced than the eastern region.
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2 ENERGY IN INDONESIA: THE MAIN FACTORS

A growing economy and large population can be translated into a big market for
renewable energy technologies. A good solar energy resource, when combined with the
right approach, could open a great opportunity for large-scale or even domestic scale
PV system businesses. The government is on the right track with a plan towards a higher
fraction of renewable energy in its energy mix policy. Some regulations already exist as
a basis for further improvements. However, the role of the central government in the
development of the energy sector is too big, which is not favorable for building local and
sectoral capacity beyond the central government.

Work remains to be done at the implementation level. Indonesia needs to include
all potential and current stakeholders in a correct strategy that is beneficial to all. The
central government holds important roles in initiating the changes, for example by
decentralizing the energy sector to local entities.
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CHAPTER 3. CHALLENGES OF
ELECTRICITY SUPPLY

3.1. Introduction

In this chapter, we will first present the general status of the energy supply and
demand in Indonesia followed by that of the electricity sector specifically. Next, we will
discuss various challenges in providing proper electrical power supply to the whole
population. For this purpose, we evaluate the gaps or disparities in power services from
one region to another, the level of electricity consumption, and the possible impact of
the current power development strategy on climate change. Then, we present power
supply systems and businesses in Indonesia and discuss the role of PLN, the national
utility company. Finally, the status of renewable implementation will be discussed with
particular attention to PV systems. Along with this, we argue that government regulations
influence the rise and fall of renewables in Indonesia. This chapter will close with
conclusions.

3.2. Status of Energy Supply and Fossil Fuel Resources

The total final energy consumption (TFC) in Indonesia has increased by 41%, from
104 million tonnes of oil equivalent (Mtoe) in 2009 to 147 Mtoe in 2019 [109]. To give a
context to the size of Indonesia’s TFC for 2019, it was equivalent to around 11% of the
TFC of the 27 European Union member countries in 2018 [110]. The calculation of
Indonesia’s TFC, however, does not include heat, biofuel, waste, and non-hydro
renewables, while the TFC of the EU countries includes almost all types of energy
resources.

From 2009 to 2019, the primary energy supply for Indonesia was dominated by fossil
fuels [109]. The supply of oil increased from 70 Mtoe in 2009 to 80 Mtoe in 2019, with an
annual growth rate of 1.9%. In 2009, coal contributed 35 Mtoe, which increased by 85
Mtoe in 2019. Similarly, the share of natural gas grew 1.5% per year during the same
period. In 2019, the proven reserves of fossil fuels were high. They covered 37.6 billion
tonnes of coal, 2.5 billion barrels of oil, and 50 Trillion cubic feet (TSCF) of natural gas.
Therefore, Indonesia strongly exploits fossil fuels and is a net exporter of coal and natural
gas. Indonesia’s coal production increased from 256 million tonnes in 2009 to 616 million
tonnes in 2019, most of which was exported. In contrast, oil production during the same
period decreased from 346 million barrels in 2009 to 272 million barrels in 2019. Similarly,
natural gas production decreased from 2.125 TSCF in 2009 to 1.962 TSCF in 2019.
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3 CHALLENGES OF ELECTRICITY SUPPLY

If there are no discoveries of new reserves of fossil fuels in the forthcoming period,
we can estimate how long fossil fuel mining will last in Indonesia (Table 3.1). Assuming
that coal mining would experience an annual production growth of 9.66% from 2020
onward, which is the average growth rate for the past ten years (Scenario A), its reserve
would last for 20 years. However, if the present Reserve/Production (R/P) ratio is used
(Scenario B), coal reserves would be depleted within 61 years. Using the same
approach, natural gas would be completely depleted in 19 years assuming an annual
production growth of -0.75% from 2020 onwards, or 17 years assuming the present R/P
ratio. The oil reserve depletion rate can only be calculated using the present R/P ratio,
which shows that Indonesia would already be running out of oil in 9 years’ time, that is
to say before 2030.

Table 3.1 Indonesia’s fossil fuel reserves and scenarios for the time remaining for mining.

Average No. of years until
Fuel 2019 production 2019 completely depleted
reserve*  growth in the production®*  Scenario  Scenario
past 10 years (%) A B
Coal 37,604 9.66 616 20 61
Qil 2,480 -2.339 272 - 9
Natural gas 50 -0.750 2.8 19 17
*Coal reserve is shown in millions of tonnes, oil in millions of barrels, and natural gas in millions
of TSCF.

3.3. Challenges in Electricity Supply

Electricity consumption is an important factor in a country’s national development
and economic growth [111]. Moreover, it is an essential element for transforming
economic structures and improving people’s welfare [112]. Therefore, according to
existing patterns, electricity consumption in Indonesia is rapidly increasing in line with
economic growth [111] and population growth [113]. At present, Indonesia is still
facing challenges in providing a proper electrical power supply to the whole
population. The annual growth of electricity demand in Indonesia is 6% per year. The
total electricity demand in 2017 was 223 TWh, and is projected to reach 1,767 TWh
by 2050, [114] or around 40.7% of the projected electricity consumption in all EU
countries in 2050 [115].
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3 CHALLENGES OF ELECTRICITY SUPPLY

3.3.1. Regional Differences

Still, in 2019, 1.11% of the Indonesian population remained without electricity
services [3]. The electrification ratio, ER, is the number of households with access to
electricity divided by the total number of households in the study area, such as a
province or a country. The number of people without electricity supply in Indonesia was
equal to approximately 3 million people®, which is more than half of the total population
of Singapore in 2019 [116].

In 2019, the electrification ratio of the provinces ranged from 85% to 99% which
was more uniform compared to that in 2017. In 2017, the differences in ER among the
provinces were enormous. By the end of 2017, the overall ER in Indonesia was 95.4%,
which ranged from the lowest value of 59.9% in ENT, the average value of around
90.7%, to the highest value of 99.9% in some provinces in Java and Sumatra (Figure
3.1). Even, in a large city like Jakarta, some households in the islands and slums lack
access to electricity due to poverty.

The method used by the Indonesian Government for the calculation of the ER,
however, can be made more accurate by redefining the term ‘household with electricity.’
Now, as long as a house has an electricity supply, no matter if it is only enough to turn
on a small lamp, it is classified as a household with electricity. This is the case in Papua
and West Papua. In these provinces, a significant number of households participated in
an energy-efficient solar lamp (EESL) project in 2018. This project increased the ER of
West Papua by 2.6% from 95.7% in 2017 to 99% in 2019, while the ER of Papua
increased by 25.6% from 61.4% in 2017 to 90% in 2018 [66][117]. The sustainability of
the EESL project has not been evaluated yet. Once a household received an EESL, it
was registered as a household with electricity, irrespective of whether the lamps remain
working or not at the present time. It would therefore be useful to redefine the criteria
for households with electricity. For instance, a home is considered to have electricity if
it meets an annual lower limit of electrical energy consumption, a minimum power need,
or involvement in grid connectivity or diesel gensets.

A big gap in supply distribution characterizes access to electricity across Indonesia.
Java and Bali are the most densely populated islands in Indonesia, as well as the centers
for industry and critical economic activities. In 2019, 58% of Indonesia’s population lived
in Java and Bali, and around 65% of the national generation capacity of 62.8 GW (i.e.
41 GW) supplied Java’s and Bali’'s demands only. On the contrary, Sumatra’s generation
capacity was 12.6 GW out of the total 62.8 GW, and the remaining 15% of the national
generation capacity was located in the other two-thirds of Indonesia’s area. Similarly, of
the electricity produced in 2019, approximately 73% was sold in Java and Bali, 14% in

% For this estimation, we assume that the percentage of households without access to electricity
corresponds linearly to the percentage of the population without electricity.
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Sumatra, and the rest of Indonesia, which comprises Kalimantan, Sulawesi, Papua, and
island provinces, received only 14% of the total national electricity production [118].

3.3.2. Low Electricity Consumption

Despite the size of its economy, electricity consumption in Indonesia is relatively
low compared to other Asian countries and any European country. In 2017°, electricity
consumption per capita was only 1 megawatt-hour (MWh) [119], which was low
compared to that in Vietnam at 1.6 MWh/capita, Thailand at 2.7 MWh/capita, Singapore
at 8.7 MWh/capita (Figure 3.2) [65], and the Netherlands at 6.7 MWh/capita [120].
Among the reasons for the low electricity consumption per-capita in Indonesia are the

big size of the population, small ER in rural areas, and the low level of economic activity
outside Java and Bali.

MWh/capita
[ Jo-2
C12-4
O4-6
e6-8
Bl s-10
Bl 10-12

Figure 3.2 Electricity consumption per capita in South-East Asia. The map was made using data
from PLN 2017 [121] and PwC Indonesia [119].

6 This data needs to be updated as new data will be become available.
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An increase in the business and industry consumers leads to the projected growth
of electricity demand of around 5.8% per year [118]. The emerging economies need
electricity to build their industrial and business infrastructures, while the developed
countries will have better opportunities to apply new energy-efficient technologies in
their industries [122]. Therefore, as shown in Figure 3.3, Indonesia and Vietnam for
example, as emerging economies, have high electricity and GDP growth compared to
Singapore and Australia, as developed countries. Australia even showed negative
growth in electricity demand in 2015, although its GDP grew.

3.3.3. The Price Disparity Between Urban and Rural Areas

The price of electrical energy in Indonesia’s main islands significantly differs from
those in smaller islands. Since the end of 2017, the household electricity tariff provided
by PLN, the national state utility company, is IDR1,352/kWh (= US$9 cent/kWh) [123].
Despite an official flat electricity price, electricity generated by diesel generators on
smaller islands cost IDR2,730/kWh (=US$39 cent/kWh in 2018) [124]. These are typical
values for diesel generators that normally run less than 12 h per day [125], mainly due
to fuel combustion. Thus, the electricity supply outside Indonesia’s main islands remains

expensive.

10.00
m Electricity = GDP

8.00

6.00

4.0

N
— ||

Vietnam Indonesia Malaysia Thailand Singapore Australia

o

o

-2.00

Figure 3.3 Comparison between the increase in the average electricity consumption (left) and an
increase in GDP in 2015 (right). Graphics are based on IEA 2017 [120], OECD Development
Centre 2015 [126], and The World Bank 2017 [71].

3.3.4. Imbalance in Power Sale

Most of the electricity sales take place in Java, with a figure of 2.6 times higher than
for all other regions outside Java combined [118]. By customer group, households form
the largest category, using 42% of the total generated electricity, followed by industry
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at 32%, commercial at 19%, and the public facilities at 7%. The total national electricity
sold in 2019 was 246 TWh (Figure 3.4) [118].

Public street lighting [l Hm Java ®Qutside Java

Government 8
Social M
Business |

Industry
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Figure 3.4 Sales of PLN electrical energy to customer groups in Java (left) and outside Java
(right) in GWh in 2019 [118].

3.3.5. Variations in Reliability

Besides having access to electricity, the reliability of the electricity supply is also
important. Namely, an unreliable or frequently interrupted electricity supply is a major
obstacle to doing business, [127] and for households, it interrupts social behavior. The
reliability of the power grid in Indonesia is improving. The World Bank ranked Indonesia
in 86" place of 137 countries for ease of obtaining reliable electricity [128].
Nevertheless, power supply in Indonesia is still characterized by frequent blackouts and
brownouts, especially outside Java and Bali. The reliability of the power grid in Indonesia
is strongly dependent on the location [129] [130] [131] [132] [133]. Namely, on the
main islands of Java and Bali, the grid is more reliable than elsewhere, where blackouts
occur daily. The World Bank’s rankings for neighbor countries were Thailand at 57,
Malaysia at 36, and Singapore in 3rd place [128]. Indonesia, therefore, should be able
to distribute electricity evenly and reliably, not only in big cities but throughout the
country. Households respond to outages by using additional back-up systems, mostly
diesel generators (genset). However, due to the required fuel supply, noise and exhaust
gasses during their operation, gensets are considered to be less sustainable power
sources. We will discuss the reliability issue more deeply in Chapter 4.

3.3.6. Power Infrastructure Development

In 2015, Indonesia experienced a power shortage that reached 21,000 megawatts
(MW) across the country. The government of Indonesia responded to the problem with
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the “35,000 MW Power Plant Development Program”. The program consists of the
construction of 109 new power plants totaling 35,627 MW, 48,000 network kilometer
(kms) transmission lines, and 114,000 megavolt ampere (MVA) sub-stations [134]. Fifty-
nine projects would be constructed on Sumatra, 34 projects on Java, 49 projects on
Sulawesi, 34 projects on Kalimantan, and 34 projects in Eastern Indonesia. After the
successful completion of the 35 GW program, the power shortage problem in Indonesia
should be completely solved. The duration of the program was set at five years starting
from 2015.

3.3.7. Electrification Versus Climate Change Mitigation

Like many other countries, fossil-fueled power generation has dominated the
electricity system in Indonesia. Until 2040, Indonesia is expected to remain to be a
coal-dependent country [135,136]. While the GHG emissions were supposed to be
reduced in Indonesia, carbon dioxide (CO2) emissions from fuel combustion have
increased by 34% from 340 Megatonnes (Mt) in 2006 to 455 Mt in 2016, with average
annual growth of 3% [137]. The 35 GW program consists of around 20 GW [138] of
coal-powered plants that are predicted to emit more than 10 Megatonnes CO:-
equivalents each year or a cumulative amount of 1.4 Gigatonnes CO2-equivalents until
2035 [139].

The completion of 35 GW program which was originally targeted in 2019 has been
delayed. As of September 2020, only 8,400 MW of new power plants has gone online
which is around 24% of the total targeted generation capacity [140]. Therefore, the
government has set a new target date of completion, either 2029 or the ultimate deadline
of 2049 [141].

3.4. Indonesia’s Electric Power System
3.4.1. PLN’s State Monopoly

Perusahaan Listrik Negara or PLN owns and operates most of Indonesia’s public
power infrastructure. PLN is a state-owned enterprise. As the dominant player in
Indonesia’s power sector, PLN occupies almost all electricity business chains from
electricity generation, transmission, distribution, to retail sales. The only link in the chain
that the private sector can contribute is the generation sector. However, the share of
the private sector is very small compared to PLN’s generation capacity.

By the end of December 2019, the value of PLN’s assets was around US$122 billion
[142]. The total installed capacity of PLN’s power generation was 43.9 GW from 5,987
power plants. Around 69.2% of power plants were located in Java. Adding to its power
plants, PLN rented a total capacity of 1.8 GW. The share of private electricity companies
or independent power producers (IPP) was 30% of the total national generation capacity
of 63 GW. Two of the largest IPP are subsidiaries of PLN itself, i.e. Indonesia Power with
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a total installed capacity of 15.6 GW [143] and PJB with a total installed capacity of 8
GW in 2019 [144].

In 2019, PLN owns a total transmission network of nearly 59,000 kilometer-lines
(kms) and distribution network (DN) of more than 1 million kms. The installed capacity
of transmission substation transformers was 114,000 MVA in 2,123 substations. The
installed capacity of distribution transformer substations was nearly 60,000 MVA in
508,049 units [118].

In 2019, the total operating income of PLN was US$22 billion of which the electricity
sales contribution was 96.65%, connection fees were 2.43% and other operating
revenues 0.93%. PLN'’s coal-intensive growth plan exposes it to long-term financial risks
that can be solved only by higher tariffs or long-term, and large, subsidies from the
Indonesian government [145]. The government-subsidized PLN by around US$4 billion
in 2019.

The number of PLN employees by 2017 was 54,129 people. Employee productivity
in 2019 was 4,536 MWh/employee and 1,399 customers/employee.

As a company that monopolizes the power sector in Indonesia amid the global
change in the power sector, PLN faces some critical challenges. PLN needs to answer
the following questions [145]. First, can PLN reduce its reliance on government
subsidies? Second, can PLN adopt a more credible planning process? Third, how can
PLN lower the risk of its Capex program and manage the major technology and market
changes? Finally, does PLN recognize that long-term investors place a value on
environmental performance?

3.4.2. Electric Power Infrastructure

In general, electricity system infrastructure consists of three main components,
namely power generation, transmission network, and DN (Figure 3.5).

Step down
transformer
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Step up Transmission Residential
transtormer customer cutomer
Figure 3.5 lllustration of the electric power system [127].
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During the past seven years, Indonesia experienced a significant improvement in
power infrastructure. Within ten years, about 37 GW of generating capacity, almost
24,000 kms of the transmission line, 340,000 kms DN, and 81,000 substation
transformers have been added [146][118].

Up to 2019, the renewable energy generation capacity contributed only around
12.2% of the total national electricity production [28]. Accordingly, this poses a
challenge with regard to meeting the renewable energy target of 23% of primary energy
from new and renewable energy sources by 2025. With only 5 years to go, the installed
capacity of renewable energy should be doubled to meet the target.

Given its geography as an archipelagic country, in 2018, Indonesia has 600
separate transmission systems and DN and eight large networks that, are de facto
operated and owned by PLN [119]. Although IPP can construct transmission networks,
usually to connect power plants in remote areas with the nearby PLN’s substations, in
the end, the transmission network reverts to belonging to PLN when the construction
work is completed [119].

3.4.3. Electricity Business Models

Indonesia adopts a single-buyer model for its electricity business. Besides this
model, in the global electricity industry, there are three other models, namely vertically
integrated monopoly, wholesale competition, and retail competition. Before the
government of Indonesia fully entrusted the power business to PLN by adopting the
single-buyer model in 1985 (Figure 3.6a), Indonesia previously used the vertically
integrated monopoly model (Figure 3.6b) [147]. In a single-buyer model, private sector
is authorized to construct power plants and become independent power producers
(IPPs). The generated electric energy is sold to the national utility company through a
long-term power purchase agreement to protect investors from market risks [148]. In
contrast, in a vertically integrated monopoly model, a national utility company alone
provides generation, transmission, and distribution of the electricity. This model
embraces the principle of ‘economic of scale’ which means that average and marginal
costs of production decline as the output of firms increases. In other words, in a
vertically integrated monopoly model, larger firms are more efficient than smaller firms
[149].

PLN

Generation Jistribution Consumers
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Fig. 3.6. Cont.
i e
(b)

Figure 3.6 Models in power sector business. (a) vertically integrated monopoly model, (b) Single-
buyer model [147].

3.4.4. Customer Groups

PLN divides its customers into six tariff groups, namely household, business,
industrial, social, government office buildings, and public street lighting. More
specifically, each tariff group is further divided based on the type of voltage, namely low,
medium, and high voltage tariffs [150]. In 2018, PLN had 71.9 million customers,
predominantly households (66 million). The number of commercial/business customers
was 3.8 million. The number of general customers and industry were respectively 2
million and 88 thousand. Since 2012-2018, the total number of customers has increased
by 3—-4 million per year [151].

3.5. Renewable Energy

3.5.1. The Low Share of Renewable Energy

The share of renewable energy technology in the ambitious 35,000 MW program,
unfortunately, is not significant. It also has not shown a growth rate as fast as it should.
Renewable energy will not be able to meet the energy mix target of Indonesia, assuming
a linear growth rate [152] (Figure 3.7). From 2008 to 2019, the share of renewable
energy had increased from 4.37% to only 9.15% of the total energy supply with an
average annual growth of 9.2%. Assuming the same annual growth from 2020 to 2025,
the share of RE in 2025 would be 15.5%. To achieve the RE target of 23% in 2025, the
share of RE should increase by at least 16.6% annually started in 2020.

By September 2019, renewable energy investment in Indonesia was only US$1.17
billion, which was equivalent to 65% of the 2019 renewable energy investment target of
US$1.8 billion [28].
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Figure 3.7 The historical renewable energy growth in Indonesia compared to the 2025 renewable
energy targets [152].

On the tariff side, the government sets maximum tariff limits of 85% of local
electrical energy production cost (EPC) for energy generated by PV systems. For
example, if the local EPC was US$8 cents, the energy tariff for PV systems would be
US$6.8 cents. Our interviews with PV systems project developers and investors in
Indonesia indicate that such a tariff limit is a serious barrier to the development of
renewable energy, which was also confirmed in (Bridle et al., 2018). In the regions with
a high EPC, the renewable tariff is higher, so certain projects could be financially
feasible. However, such regions usually lack infrastructure and strong networks that
discourage the integration of PV systems. On the islands of Java and Bali, a tariff below
85% of EPC is considered inappropriate by the renewable energy developers [153].
Rooftop PV systems form a big market in Indonesia. However, the Decree of the Minister
of Energy and Mineral Resources No. 49/2018 discourages rooftop PV systems. In this
Regulation, PLN only compensates 65% of the electricity it receives from rooftop PV
systems. Under this scheme, the payback period would become too long to be
interesting for investors, namely 11-12 years [154].

Another burden for PV system development in Indonesia is a greater allocation of
risk that must also be borne by PV system investors. The Regulation of the Minister of
Energy and Mineral Resources No. 10/2018 demises the governmental force majeure,
which introduces a more considerable uncertainty for the IPPs.

The last regulation that slows down the growth of renewable energy in Indonesia is
the BOOT (Build-Own-Operate-Transfer) scheme. Under the BOOT scheme, the
renewable developers, especially small-scale IPPs, find it is difficult to obtain funding
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because the BOOT prohibits developers from having collateral assets [154]. In 2017,
BOOT caused 32 out of 70 signed-projects to be unable to do a financial close.

3.5.2. Challenges to PV Systems

Of all types of renewable energy, PV system utilization in Indonesia is far below its
potential. Compared to the PV system's actual potential of more than 734 GWp [106],
the total cumulative installed capacity of PV systems throughout Indonesia by the end of
2019 was only 152.4 MWp [28] or around 0.02% of the potential.

The decline in the annual installed capacity of PV systems is evidence that
government regulation has an enormous influence on the development of PV systems in
Indonesia. We emphasize below four regulations from the Ministry of MEMR that have
been slowing down the development of PV systems in Indonesia. Those regulations rule
the feed-in-tariff scheme for utility PV systems that involve IPPs and the net-metering
scheme for rooftop PV systems.
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Figure 3.8 PV system installed capacity in Indonesia, 2005-2018 (in kWp) [154].

As shown in Figure 3.8, the period of 2013-2016 was the golden time for PV
systems in Indonesia. The reason for this boost to the PV market was due to the first
Regulation of the Minister of MEMR No.17/2013 [155]. In this regulation, the feed-in
tariffs for PV systems in Indonesia were introduced for the first time for IPPs. The tariff
was US$25 cents/kWh or even US$30 cents/kWh if at least 40% of the systems’
components were local products. As shown in Figure 3.8, this Regulation received a
positive response from the IPPs. PV systems experienced an average annual increase
of 220% in the period of 2013-2015, which peaked in 2015.

However, a dramatic contrast has been seen starting in 2016 until today. Again,
the main reason for this is two regulations from the same ministry, but a new minister.
Namely, the Regulation of the Minister of MEMR No. 19/2016 regarding Purchasing
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Electric Power from PV Systems by PLN and Regulation of the Minister of MEMR No.
12/2017 regarding the Utilization of Renewable Energy Resources for Electricity.

In regulation No. 19/2016, instead of using the previous single feed-in-tariff for the
whole country, each PLN’s regional area had its own tariff. The highest tariff of US$25
cents/kWh was set for the provinces of Papua and West Papua. The lowest tariff was on
the island of Java, which has 5 provinces, at US$14.5 cents/kWh. The national median
tariff was US$16.75 cents/kWh.

Not only did the tariff vary by region, but Regulation No. 19/2016 also regulated the
maximum capacity of PV systems that can be installed by region based on the regional
electricity demand. This so-called ‘capacity quota’ allowed Java to get the largest quota
of 150 MWp because the electricity demand was higher than in other regions. The
second-largest quota of 25 MWp was set for the Province of North Sumatra, while the
provinces of Papua and West Papua were allocated the smallest allowance of 2.5 MWp
due to low demand. The PV business first split into two groups in reacting to the new
tariff structure under Regulation No. 19/2016. One group was neutral, because this
regulation kept feed-in-tariffs, an important stimulant for speeding up PV system
development. However, in some provinces, the tariffs were significantly reduced as
compared to the previous regulation No.17/2013. Another group concerned about PLN's
commitment to implement this regulation because regional feed-in tariffs of solar PV
were higher than the PLN’s regional EPCs. As shown in Figure 3.8, PV installed capacity
started to decline in 2016.

Then, Regulation No. 12/2017 was enacted. In this regulation, dynamic regional
tariffs were applied. Rather than using the previous fixed US$ cents/kWh per region,
now, the tariff was calculated as 85% of the PLN’s EPC. The PLN’s EPC is determined
either per PLN’s regional area, PLN’s distribution, PLN’s system, or even PLN’s
subsystem. For example, in 2018, the PLN’s EPC in Jakarta was US$6.81 cents/kWh,
therefore the PV tariff is US$5.45 cents/kWh. The highest EPC can be found in Raja
Ampat—West Papua, among others, at US$20 cents/kWh which gives a PV tariff of
US$17 cents/kWh. The majority of IPPs reacted negatively to this regulation because PV
systems are forced to be 15% cheaper than conventional power systems which, given
the import taxes in Indonesia, will be difficult for PV systems. The consequence is clear.
As shown in Figure 3.8, the PV installed capacity, which started to decline in 2016 due
to Regulation 19/2016, then dropped rapidly until 2018 due to Regulation 12/2017. An
annual average decrease in the installed capacity of 140% was observed from 2016 to
2018.

Fourth, due to the sluggish market in PV business that involves IPPs, PV business
in Indonesia started to shift from utility-scale to rooftop applications (net-metering) which
rather than involving IPPs, works with building owners such as domestic owners and
businesses. Under the previous net-metering regulation, PLN counted any single kWh
exported by the PV system. The rooftop PV market grew rapidly and became the majority
of the PV market in Indonesia. However, such a situation did not last long. In contrast to
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the Government 1 GWp rooftop PV systems target in the period of 2018-2021, the PV
rooftop target was ‘attacked’ by the Regulation of the Minister of MEMR No. 49/2018. In
this new regulation, of the total energy exported by a rooftop PV to the grid as recorded
by the kWh meter, PLN counts only 65% rather than all energy. This changed the
previous regulation that applied a 1:1 ratio between energy exported by rooftop PV
systems and energy calculated by PLN. Naturally, this changing situation can be
considered hostile for PV system installers and owners.

3.5.3. Role of PV Systems

PV systems should contribute more to Indonesia’s energy mix. But, with a
continuous decline in PV installation costs [154], particularly for off-grid remote
applications, increasing PV capacity in Indonesia is worth considering, starting with
village electricity and housing applications. As shown in Figure 3.9, from 2013 to 2017,
the cost of a PV system installation in remote areas of Indonesia has declined from
US$14.3 thousand per kWp to US$6 thousand per kWp. From 2016 to 2018, the cost of
a PV system installation for residential buildings in urban locations was relatively
constant at US$1.33 thousand per kWp [154]. These indicate that the applications of
PV systems both for rural and urban applications are promising in Indonesia.
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Figure 3.9 Cost of a PV system installation (in kWp) in Indonesia, 2013-2018 [154].

3.5.4. Regulations that Support Renewable Energy

Apart from various burdensome regulations, there is also regulation that promotes
renewable energy. Namely, Regulation of the Minister of MEMR Number 39
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K/20/MEM/2019 [134] stimulates the acceleration of renewable energy by allowing
renewable energy projects although they are not listed in the PLN’s General Plan of
Electricity Supply (RUPTL). Previously, no PV system could be constructed before being
listed in the RUPTL. This regulation is expected to raise interest by PV system
businesses to develop renewable energy projects in Indonesia [156].

3.6. Conclusions

Several challenges characterize the electricity supply in Indonesia. The regional
difference between one province and another is the foremost problem. Java and Bali
have the most reliable and sufficient electricity service, while Eastern Indonesia
continues to have low ER and a low-reliability power supply. This also causes electrical
energy price disparity between urban and rural areas. Despite its economic size and
growth rate, the electricity consumption per capita in Indonesia is low compared to some
other ASEAN and European countries.

Those challenges have been responded to by accelerating the development of
power infrastructure across the country, such as the 35,000 MW program. Electricity
consumption could be increased along with economic development and larger
generation capacity. But, fossil fuel reserves are facing depletion and therefore
renewable power generation is a favorable option. Although renewable energy is not a
priority at the moment, it could play a crucial role in the future to combat climate change
and ensure energy security. Existing regulations, however, seem to be less favorable to
PV system installations because of a lack of financial feasibility and contradicting as well
as rapidly changing regulations.

The government and PLN, with their dominant power and authority, are expected
to facilitate a fair ‘playing field’ for renewable power generation, which does not happen
at present. Therefore, new supporting regulations are highly needed.
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This Chapter is based on “Kunaifi,K, Reinders, A.H.M.E. Perceived and Reported Reliability
of the Electricity Supply at Three Urban Locations in Indonesia. Energies. 2018, 11(1), pp.
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CHAPTER 4. RELIABILITY OF THE
ELECTRICITY SUPPLY

4.1. Introduction

This chapter explores the reliability of electricity supply in Indonesia. On the basis
of a series of user surveys at three different locations in Indonesia, namely in the islands
of Sumatra, Timor, and Papua, we compare the reported indices of power reliability
(SAIFI and SAIDI) and experimental results from user surveys and power measurements.
These users experienced higher unavailability of power delivered by the grid than
expressed by the utility-reported SAIFI and SAIDI. Therefore, for this study, new indices
are introduced, namely the Perceived (P) SAIFI and P-SAIDI, which are based on the
frequency and duration of blackouts experienced by the users. Since this chapter was
prepared in 2017, we mainly refer to statistics available for 2016.

Access to electricity is a basic need for people. However, in some countries, not all
people have access to reliable electricity from the grid. According to the International
Energy Agency (IEA), around 1.2 billion people, 16% of the global population, were still
without access to electricity in 2015 (IEA 2016 [157]). In Indonesia, nearly 3 million
people remained without electricity in 2019 [3][86], which is more than half of the total
population of Singapore, it's neighbor country, for the same year. Further, reliability
problems, which are the focus of this study, exist in areas with access to the grid
[158][159], as also occur in Indonesia [160].

Due to various economic, technical, and political problems, the low quality of
electricity supplied by the grid can be expected in some developing countries [158][159].
This issue can be characterized by the intermittent and unreliable supply of electricity to
the end-users commonly through regular grid interruptions, either planned or unplanned.

A low reliability of electricity supply affects individuals and family life as well as being
interrelated with the development and economic condition of a country. A low gross
domestic product (GDP) results from a weak power grid in a country or vice versa. For
instance, according to Murphy et al. (2014) [161], a reduction in the number of outages
from 100 days per year to 10 days per year corresponds to more than a two-fold increase
in GDP per person.

The reliability of electricity services can be quantified by their availability [161]. To
give a preliminary impression of the reliability of the electricity supply in Indonesia as a
whole, we present a calculation of the actual availability of the utility grid and the “mean
time between failure (MTBF)".

61

555225-L-sub01-bw-Kunaifi
Processed on: 8-2-2021 PDF page: 97



4 RELIABILITY OF THE ELECTRICITY SUPPLY

Availability, A, is the percentage of time that a system is functional, or the time the
system is up (Tw), divided by the total time at risk (Tiotar = Tup + Taown) (Propst 1995, in
[161]). The calculations follow the procedure suggested by Murphy et al. [161]. Data
from the World Bank [162] are used, where the monthly average number of outages in
Indonesia in 2015 is 0.5, and the mean time to repair (MTTR), or the average duration
of a typical outage, is 5.7 h.

For the average month lasting 730 h, Indonesia’s 0.5 outages per month averaging
5.7 hin duration gives a Taown = (0.5 x 5.7) or 2.85 h on average for the grid in Indonesia.
Thus, A can be calculated, resulting in 99.6%. Also, MTBF can also be calculated,
since A = MTBF / (MTBF + MTTR) [161] [163] [164], to be 58.1 h. These calculations
show very high reliability of electricity supply in Indonesia, while narratives of end-users
indicate that the reliability might be unsatisfactory.

The reliability of electricity services is also often quantified with indices such as the
System Average Interruption Duration Index (SAIDI) and System Average Interruption
Frequency Index (SAIFI) [165], which are normally documented by utility companies.
However, self-reported reliability indices do not always represent the actual situation
accurately [161]. In this sense, knowledge about the experience of the grid users can
be useful to evaluate the reality of the reliability indices of electricity service.

How reliable is the electric power supply through the distribution networks (DN) in
urban areas of Indonesia from the perspective of users, and how does this compare to
official data? This interesting question guides this research. Currently, information is
lacking about this important topic affecting the lives of millions of people in Indonesia.
To the best of our knowledge, this thesis presents the first independent study for
Indonesia with an evaluation of household perception regarding the reliability of the
electricity supply through the distribution grid, and how the user experiences compare
to the reported data from the utility.

The remainder of this chapter is organized as follows: Section 4.2.1 introduces
energy demand and electricity supply in Indonesia followed by Section 4.2.2, which
presents various topics that are related to the reliability and resilience of electricity grids
in the country. The detailed research questions and related experiments are presented
in Section 4.3. In Section 4.4, the results of the research are shown and, finally,
in Section 4.5, conclusions are drawn and discussed within their context.

4.2. Literature Review
4.2.1. Energy Demand and Electricity Supply in Indonesia

Given its large and growing population of 255 million people and strong economic
growth, Indonesia’s demand for electricity is rapidly increasing. The electricity
consumption in 2015 was 201 TWh and is projected to reach 2008 TWh by 2050 [166].
However, due to the geographical distribution of the archipelago of Indonesia, the
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country faces challenges for providing a sufficient, evenly-distributed, and reliable
electrical power supply to all locations and islands (Figure 4.1).

Java and Bali are the most densely populated islands in Indonesia as well as the
center for industry and critical economic activities. In 2015, 58% of Indonesia’s
population lived in Java and Bali, and around 70% of the 48 GW of the national
generation capacity (i.e., 34 GW) supplied Java’s and Bali’s demand only. The Island of
Sumatra used 10 GW out of 48 GW, and the remaining 9% of the national generation
capacity was used in the other two-thirds of Indonesia. Similarly, of the electricity
produced in 2015, approximately 75% was sold in Java and Bali, 29.3% in Sumatra, and
10% in Kalimantan and Eastern Indonesia [166].

By the end of 2015, the overall electrification ratio (ER) in Indonesia was 86%, which
ranged from the lowest value of 36% in Papua, a moderate value of around 65% in some
provinces on the islands of Sulawesi, Kalimantan, and Timor, to the highest value of 98%
in Jakarta [132] (Figure 4.1). Electrification ratios in two other provinces selected in this
study, the Province of Riau and the Province of East Nusa Tenggara (ENT), were 71.5%
and 52.3%, respectively. These significant disparities in the ERs of the three provinces
do not represent many differences in the absolute number of households without
electricity. Approximately 530,000 households without electricity could be found in ENT,
470,000 in Papua, and 435,000 in Riau.

Access to electricity in rural areas of Indonesia has increased rapidly over the past
decade [167]. According to the World Bank (2017) [168], an increase of 2% per year
occurred in urban areas and 20% per year in rural areas from 2004 to 2014, with respect
to data from 2004. However, the IEA (2016 [169]) reported an ER of 84% for 2016,
which is slightly lower than the ER for 2015 based on the value from PLN of 86.2% [132].
According to the IEA, access to electricity in urban and rural areas of Indonesia in 2016
was 96% and 71%, respectively, while PLN does not differentiate between rural and
urban areas in its reported ER values. Lack of access to electricity and unreliable power
supply are common in rural areas, remote islands, and villages (see Figure
4.1 and Section 4.2.2). However, in cities issues also exist with access and reliability of
the electrical energy supply, although to a lower extent compared to elsewhere. Despite
this situation, there exist few, if any, publications on the reliability of electric power or
the resilience of grids in Indonesia.

4.2.2. Reliability of Electric Power

Maintaining a reliable electricity supply over such an enormous distribution of
islands, as the Indonesian archipelago, is a challenge due to higher investment costs for
power infrastructure development. This was confirmed by Knoema [170] who ranked the
power reliability of 144 countries based on electricity supply interruptions and voltage
fluctuations. The report shows that the reliability of power supply in Indonesia in 2014
was 4.3 out of the highest possible value of 7, which is slightly below the average world
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score of 4.5. Also, the CRO Forum [171] showed that the reliability of electric power in
Indonesia was rated at 4 out of 7. Further, Erahman et al. [172] reported that Indonesia’s
Energy Supply Index (ESI) ranked 55th out of 71 countries during the period 2008 to
2013, where lower values represent a more secure energy supply. The effects of outages
could be detrimental to the economy and social life. As such, studies on the quality and
reliability of electricity supply are significant from a societal perspective.

Indonesia and the rest of the South-East Asian region are likely to experience an
increased intensity and frequency of power disruptions in the future (Hashim [173]).
Being located in the tropical region, Indonesia is among the countries with a very high
flash density and high risk of weather effects on outages (Zorro [174][175], Bi and Qi
[176], NASA [177], and Handayani et al. [178][179]). Lightning causes high impacts on
Indonesia’s power infrastructure and, according to Zorro [174][180], it is responsible
for over 56% of the outages in PLN’s 500 kV system, 28% in the 150 kV system, 69% in
the 70 kV system, and 90% in the 20 kV system. Additional causes of power outages in
Indonesia include issues for PLN in the region of “Papua and West Papua” (PWP), which
is involved in this study, related to equipment failures, vegetation, and overconsumption
by the public along with other causes of outages in the local grids.

The electric power quality (PQ) is repeatedly used to specify the quality of voltage,
the quality of current, the reliability of service, and the quality of power supply [181]. In
this thesis, we also present the actual voltage fluctuation to show the PQ of DN in the
study locations. Power quality directly signifies the reliability of the electricity supply and
is characterized by the probability of disturbance events [182], which, in this thesis, is
represented by the outage duration and frequency.

However, as mentioned above, there is a lack of information about the reliability of
the electricity supply in Indonesia. Therefore, our objective is to determine the actual
reliability of distribution networks in urban areas of Indonesia with different ERs using
the typical indicators of SAIDI and SAIFI (IEEE Standard 1366-2012).

SAIDI indicates the total duration of interruption for the average customer during a
predefined period, in minutes of interruption per customer per year (Equation (4.1))
[165]:

X
SAIDI= Z(rTN) (4.1)
where r; is the restoration time or the duration of interruption (minutes), N; is the number
of customers interrupted, and Nr is the number of customers. The subscript / represents
the service area.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

SAIFI indicates how often the average customer experiences a sustained
interruption over a predefined period per customer per year (Equation (4.2)) [165]:

SAIFI=

2(N)
N (4.2)

T

4.2.3. User Perception to Evaluate the Reliability of Electricity Supply

Public perception has been widely used to evaluate the quality of a variety of public
goods, such as agroecosystems, public policy, health, and electricity [183][184].
Knowledge about public or end-user preference is an important input to policymaking or
investment decisions as the basis for a sustainable improvement of services provided by
public utilities. Failure in defining user perception could lead to improper conclusions
and inefficiencies.

Information about the user perception regarding public goods may be generated
from different sources, such as expert opinion, secondary sources, the direct opinion of
the users, or a combination of these. Direct information from the users is often preferable
because expert opinion and secondary sources have drawbacks [184]. Namely, expert
opinion may be subject to biased personal perception because they do not experience
the real situation. Secondary sources are possible subject to a lack of validity when they
are applied in a different context.

Information from the users may be obtained using questionnaires, face-to-face
interviews, or the qualitative deliberative (focus group) method [183-185]. Also, the
perception or valuation of people toward a good or service can be assessed using survey
and polling methodologies [186], which provide diverse tools and approaches to
performing representative public opinion measurements. In this study, we obtained
information from end-users with questionnaires and face-to-face interviews to capture
their experience of electricity service from the grid.

Public perception of the reliability of the electricity supply is frequently studied in
many countries. Using data obtained from a survey of the users of large computers in
Japan, Matsukawa and Fuijii [187] examined customer preferences for reliable sources
of electricity at the users’ facilities. The results of the study showed a trade-off between
the reliability of the power supply and the price users paid. A more recent study from
Sagebiel and Rommel [188] applied a choice experimental method combined with a
scale-adjusted latent class model to explore the valuation of electricity quality from the
perspective of urban households in India. Their findings are interesting because, despite
the limited preparedness of domestic users in India to pay for improved electricity quality
and renewable energy, grid users prefer state-owned distribution companies to private
enterprises or cooperative societies. From another work by the same authors, which
reviewed conditions in Germany [189], a different conclusion was suggested as
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respondents in Germany have a particularly high willingness to pay (WTP) for renewable
energy.

Another study from Ozbafli and Jenkins [184] estimated households’ WTP for
improved electricity service in North Cyprus. They found that to avoid the cost of
outages, households were willing to incur 3.6% and 13.9% increases in their monthly
electricity bill for summer and winter, respectively. Other recent studies regarding user
preference concerning public goods and services include Kalkbrennera, Yonezawa, and
Roosena [190], Bartczak et al. [191], Sagebiel [192], and Shina and Hwang [193]. From
a review of these studies, public perception observed in a certain local setting could be
different from the perception of people in other situations.

However, there are comparatively few examples of public perception used for
energy research in Indonesia. Many studies which utilized public perception focus on
health (Harapan et al. [38]), environment (Vollmer et al. [39], Suparman, Folmer and
Oud [40], Ghozali and Kaneko [194], Soo [41]), tourism (Anna [42]), transportation
(Hendratmoko, Guritnaningsih, and Tjahjono [43], Ambarwati [44]), and trade (Kojima
[45] and Miller et al. [46]). Only two studies present public perception in the energy area
in the Indonesian context, namely Lensink, Raster and Timmer [47] with observations
about the WTP for solar lamps, and Kumashiro et al. [48], which evaluated geothermal
energy. However, both studies are not suitable for this work.

4.3. Research Questions and Methods

4.3.1. Research Questions

The main question presented in this chapter is: “How reliable is the electric power
supply by distribution networks (DN) in Indonesia from the perspective of users, and how
does this compare to official data?” In this context, the following sub-questions are
explored:

1. What is the officially-reported reliability of the power supply in Indonesia?
This question is answered through a desk study by analysis of PLN’s annual reports
containing SAIDI and SAIFI values for each province in Indonesia. The results of the
analysis are presented in Section 4.4.1.

2. How do users in urban areas of Indonesia experience their power supply in
practice?
This question aims to discover the actual experiences of PLN customers in urban
areas regarding the reliability of the electricity supply. To answer this question, a
user study on households’ experiences was executed in three locations in
Indonesia, including the cities of Pekanbaru in the Province of Riau, Kupang in the
Province of ENT, and Jayapura in the Province of Papua. The results are reviewed
in Section 4.4.2.
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3. What is the actual power quality in distribution grids in Indonesia?
This question is for providing evidence on the existence of outages and voltage
fluctuation at the three study locations by conducting short-term measurements of
power quality of the PLN distribution networks. The results are outlined in Section
4.4.3.

4.3.2. Methods

4.3.2.1. Desk Study

Annual reports from PLN from 2010 to 2015 [129-132,195,196] were analyzed
through a desk study to examine sub-question 1 of the research questions. PLN’s annual
reports contain statistics about the company’s annual performance and data on
distribution grid operation. These reports were published in the Indonesian language,
and, therefore, it is useful to evaluate the data they contain for a broader global
audience. The official data on SAIDI and SAIFI in different provinces of Indonesia were
analyzed, and the trends in the reliability of the electricity supply in Indonesia were
observed. The result from the desk study became input to select three appropriate
locations for this study with the lowest, medium, and highest values of reliability indices,
as is explained in the next section and shown in Table 4.1.

Table 4.1. Study locations and reasons for selection.

City Province  Regional Electrification Assumption  Period
Location  Ratios of the About the of the
in City’s Provinces Level of DN Field
Indonesia in 2015 * Reliability Survey

Pekanbaru  Riau West 71 Best 27/03—

14/04

Kupang ENT Central 52 Moderate 24/04—

29/04
Jayapura Papua East 36 Worst 02/05-
09/05
* PLN [132].

4.3.2.2. Experimental Set up of Field Research

For the exploration of sub-questions 2 and 3 of the research questions, a field
research study was established from 27 March 2017 to 9 May 2017. The field research
consisted of end-user studies with questionnaires and measurements of power on the
grid that were subsequently performed at the three study cities (see Figure 4.1).
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The selection of the study locations was based on three criteria. First, the study
locations should give a regional representation of the country. Therefore, Riau was
selected among the provinces in the west, ENT in the central, and Papua in the eastern
part of Indonesia. Second, the reliability of the power supply in the locations should
range from the level of worst to moderate, to best. The ERs were used as inputs to make
initial assumptions about the level of supply reliability. With an ER of 71%, it was
assumed that Riau had the best reliability of power supply. Similarly, with ERs of 52%
and 36%, ENT and Papua were assumed to have a moderate and the worst reliability for
power supply, respectively. Table 4.1 shows the quantified data and the periods in which
the field research occurred for each location.

End-User Survey

To obtain the stated perceptions of respondents, data were collected through a
structured questionnaire utilizing open-ended and closed-ended questions in
combination with “face-to-face” semi-structured interviews [197]. The stated-perception
data extracted from the questionnaires express the respondents’ hypothetical responses
about their experience regarding electricity services and willingness to pay (WTP) extra
cost for improved reliability of power supply. The questionnaire contained 62 questions
covering various topics regarding household experience living with and without
electricity, the level of satisfaction about the electricity supply, WTP a higher electricity
bill, willingness to accept PV systems, and an energy use profile at home. Also, aspects
such as income, gender, and profession were recorded. For this thesis, nine questions
from the questionnaire were presented as shown below (see Appendix 4.B).

. Would you accept an increase in your electricity bill for better electricity service?
. How much increase in your electricity bill would you find acceptable?
. Do you have a backup generator at home?

A W N -

. Do you experience a stable electricity voltage at home? (in this thesis, the “stable
electricity voltage” is used as a general phrase in the questionnaires, which refers to
a minimum level of voltage fluctuation. See also Section 4.2.1.)

. Have you ever experienced a blackout at home?

. On average, how often in a month do you experience blackouts?

. On average, how long is the duration of the blackouts you experience?

. At what time of day would a blackout event incur the most losses for you?

© 00 N O O

. On average, what is the duration of a blackout that would incur economic losses for
you?

According to the Theory of Value (Lancaster, in Bernués et al. [185]), the attributes

or characteristics of a good or service determine its value for the individual who obtained
it. To capture insight into end-user perception, respondents were asked to identify and
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rank each characteristic of the power supply they experienced. These rankings were
translated into scores, rescaled, and averaged as presented in Section 4.4.1. The
responses were used to estimate the P-SAIFI and P-SAIDI, the two new indices we
defined in this thesis, to estimate the reliability of the power supply based on the user
experiences. P-SAIFI is the average frequency of interruption experienced by the
respondents in a number of outage events per customer per year, where the initial letter
stands for “perceived”. P-SAIDI represents the user experience of the average duration
of each interruption in hours per customer per year.

The P-SAIFI and the P-SAIDI are calculated by applying the mean of the frequency
distribution (MFD) statistical method using the results of the user survey. The P-SAIFI is
calculated based on the respondents’ answers to the question “on average, how often do
you experience blackouts in a month?” The P-SAIDI is calculated based on the users’
responses to the question “on average, how long is the duration of the blackouts that you
experience?” Standard deviations of the estimated P-SAIFI and P-SAIDI are also calculated.

Honest answers can be expected from the respondents if they believe their
response could affect outcomes and if questions are associated with public goods [198],
which is relevant to this study. However, users might still overstate their perception
towards the questions compared to their real behavior or situation [198]. Therefore, we
applied a correction factor, C, to produce more accurate values of P-SAIFI and P-SAIDI.
The correction factor is based on an empirical finding by List and Gallet [199], who
addressed the “hypothetical bias” of people in preference-related studies using the
meta-analysis statistical method. They examined data from 29 experimental studies and
suggested: “on average, subjects overstate their preferences by a factor of about 3 in
hypothetical settings”. As such, the formulas applied to determine the P-SAIFI and P-
SAIDI consider a 30% correction factor (see Equation (4.3)).

The calculation of the P-SAIFI starts with classifying the monthly interruption
frequencies experienced by the respondents, fr, into four groups of fr1: less than 3
times, fr2: 3 to 5 times, frs: 6 to 10 times, and frs: more than 10 times. Then, the mid-
values, xri, of each group of interruption frequency, fr, are found as xr1: 1.5 times, xr2: 4
times, and xr3: 8 times. Because there is no mid-value for frs, we use an interruption
frequency of 11 times to represent xrs. Next, each mid-value is multiplied by the number
of users, N_fri who responded in the corresponding category, fs, to find the frequency
distribution of the data. The next step is to calculate the MFD using Equation (4.3) [200].

Tty (Xgx N_fg)

MFDp_sairi= N

(4.3)
where N is the number of respondents at each location. The values of the MFD are based
on answers to the question “on average, how often do you experience blackouts in a
month?” Therefore, they represent the number of perceived interruption events per
month for each city. The final step is to multiply the MFDs by the number of months in
the year. The correction factor, C, is applied to find the average annual P-SAIFI.
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Equation (4.4) is built from the above steps and is used for calculating the P-SAIFI:

{Zh1 (xex N_fg)Jx12

P-SAIFI=Cx N

(4.4)

where the constant, C, is the correction factor and i represents the outage frequency
groups.

Similarly, the calculation of the average annual P-SAIDI for each customer is based
on answers to the question “on average, how long is the duration of the blackouts that
you experience?” It starts with categorizing the monthly outage duration experienced by
the respondents, fp;, into five groups of fos: less than 5 min, foz: 5 to 15 min, fps: 15 to 60
min, fo4: 1 to 2 h, and fos: longer than 2 h. Then, the mid-values of each group of
interruption durations, xp;, are calculated as xps: 2.5 min, xp2: 10 min, xpz: 37.5 min,
and xps: 90 min. Because there is no mid-value for fps, an outage duration of 125 min is
used to represent xps. Next, each mid-value is multiplied by the number of users, N_fp;,
who responded in the corresponding category, fo, to find the frequency distribution of
the data. The next step is to calculate the MFD using Equation (4.5):

T2 (X< N_fy)

MFDp_saipi= N

(4.5)

The final step is to calculate P-SAIDIs by multiplying the MFDs by the above P-
SAIFI, and the results are divided by 60 to obtain the number of hours of interruption per
customer.

Equation (4.6) is used for calculating the P-SAIDI:

32, (xpiX N_fy,) XP-SAIF|

P-SAIDI= N 60 (4.6)
Also, the standard deviations, s, are presented using Equation (4.7) [201]:
2
5= j(zis_w N—fixxz),'\‘(ziiw N_fxx) (4.7)

Power Quality Measurements

For power measurements, a 3169-21 Clamp-On Power HiTester (Hioki, Nagano,
Japan) was installed on three-phase main distribution panels at office buildings in urban
areas of the three locations. The Hioki device measured many power quality parameters,
including the voltage level, with a recording interval of 1 min. The accuracy of the voltage
level measurement is +2%.

In Pekanbaru, measurements were performed for 15 days at the office building of
the Faculty of Science and Technology of UIN Suska Riau University [202]. In Kupang
and Jayapura, the local Bureau of Meteorology offices hosted the measurements for five

Il

555225-L-sub01-bw-Kunaifi
Processed on: 8-2-2021 PDF page: 107



4 RELIABILITY OF THE ELECTRICITY SUPPLY

and seven days, respectively. Measurements in Kupang covered workdays only, while
in Pekanbaru and Jayapura both weekdays and weekends were included. During
measurements, each office ran with their usual routine from 7:30 a.m. to 4:30 p.m. After
working hours, only some lamps and measurement equipment were in operation. Figure
4.2 shows the measuring instruments used and the connection points.

4.4. Results

4.4.1. SAIDI and SAIFI

Table 4.2 and Figure 4.3 show the SAIDI and SAIFI at various locations in Indonesia
based on averaged historical data from 2010 to 2015 in the Statistic PLN [129-
132,195,196]. Regarding SAIDI, as shown in Table 4.2, each customer in Riau
experienced 11.8 h of outage per year or around 59 min per month. In Papua and ENT,
each customer experienced shorter outage durations of 38 and 17 min/month,
respectively, during the same period. Regarding the SAIFI, customers in Riau and Papua
experienced outages more often (7.9 events per year) compared to those in ENT (6.1
events per year).
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Figure 4.2 Hioki 3169-21 Clamp-On Power HiTester measuring power quality (PQ).

Using the below SAIDI and SAIFI values, it can be concluded that among the three
provinces, Riau has the worst reliability of electricity supply, followed by Papua in the
middle with customers in ENT having the highest reliability level. This contradicts the
initial assumption by the authors, as shown in Table 4.1, that Riau would have the best
reliability of power supply among the three provinces. Also, it is somewhat surprising
that the reported SAIDI for Papua in 2015 was only 1.4 h per year, which contradicts
the narratives of end-users. Therefore, we conclude that these official figures could be
questionable.

For further illustration, in Figure 4.3, the SAIDI and SAIFI are shown in small graphs
for the eight regions of Sumatra, WNT, Kalimantan, Sulawesi and Maluku, Java and Bali,
ENT, Papua, and the “Riau and Riau Islands”. As shown, from 2010 to 2015, the SAIDI
slightly decreased in Sumatra and Kalimantan, whereas in Papua, they decreased rapidly.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

Conversely, the SAIDI in Java and Bali as well as for the whole of Indonesia only
changed slightly during this period, whereas in Sulawesi and Maluku a significant
increase of SAIDI took place in 2015. It can be concluded that outside the islands of
Java and Bali, the SAIDI and SAIFI can vary strongly depending on the location and the
year of reporting because in Indonesia the majority of the power production capacity is
located on Java and Bali (see Section 4.2.1).

4.4.2. Household Experiences

For the user survey, 300 questionnaires were distributed in the cities of Pekanbaru
(Riau Province), Kupang (ENT Province), and Jayapura (Papua Province) with an
average response rate of 68%. The target households were selected randomly, but the
respondents were required to be household members who are responsible for the
electricity service at home, such as contracting and payment. In Pekanbaru, 114
questionnaires were filled out in 19 days, in Kupang 65 questionnaires in 6 days, and in
Jayapura 26 questionnaires in 8 days.

The statistics of the respondents could be improved by increasing the quantity and
having a more equal distribution over the three cities and other demographic variables
to minimize bias. However, at the remote location of Jayapura, it was challenging to
involve end-users due to transportation constraints and low population density. Since
the number of respondents in Jayapura is significantly lower than those in Pekanbaru
and Kupang, information from Jayapura appears to be less significant in this study,
although it remains valuable as complementary information. Thus, the results of the user
study for Jayapura are presented differently and shown in italic fonts in the tables and
with slightly transparent color in the figures.

The demographics of the respondents are outlined in Appendix 4.A (Table 4.A1),
and the distribution of respondents by city address is shown in Figure 4.4. Most of the
respondents in Pekanbaru and Jayapura were upper-middle-income households, but in
Kupang, they originated from lower-middle-income groups.

A significant number of high-income households also participated in Pekanbaru
(respondents are classified into four groups of income based on the World Bank criteria
(2016); for 2016, low-income economies are defined as those with gross national
income (GNI) per capita of US$85 or less in 2015, lower-middle-income between US$86
and US$335, upper-middle-income between US$336 and US$1040, and high-income
economies are those with a GNI per capita of > US$1040 or more).

Also, in the three cities, most respondents (54% to 63%) were aged 30 to 49 years
followed by the age group of 50 to 64 years. In Jayapura, a significant number of younger
respondents with an age of 18 to 29 years participated. Regarding the level of education,
most of the respondents were well-educated, which means they attended high school or
higher education. However, in Jayapura, 85% of respondents were postgraduate degree
holders because the questionnaires were delivered at a university. Finally, the
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

respondents were classified as citizens living in urban-core or sub-urban areas. Urban
cores are the most densely populated areas in a city with an average population density
of 1000 persons/km?, while suburban areas are those with a 60% lower population
density or less. In Kupang and Jayapura, most respondents live in suburban areas (55%
in Kupang and 77% in Jayapura), whereas in Pekanbaru, 47% of participants live in
suburban areas.

.‘ - - ,49)969 .

1,000
Kilometers Number of respondent 1 @ @ . ‘

Figure 4.4 The distribution of respondents by city address in the study locations.

4.4.2.1. The Perceived Importance of Reliable Electricity Supply and Stable Voltage

The first set of questions on the survey considered the importance of reliable
electricity supply to the respondents. They expressed the importance of reliable
electricity supply by their WTP a higher electricity bill to obtain better electricity service
and ownership of a backup generator at home.

It was shown by the results of the survey that most of the respondents recognize
that electricity is an important good for them. Because of the continuity of delivery of
electricity is vital to them, respondents are willing to pay more for better electricity
services or to buy and operate gensets. This is represented by more than half of
respondents being willing to pay a higher electricity bill for better electricity services with
68% in Kupang and 56% in Pekanbaru (Figure 4.5a and Appendix 4.C (Table 4.A2)).

To avoid the cost of outages, households in Pekanbaru and Kupang are willing to
bear a 10% to 30% increase in their monthly electricity bill (Figure 4.5b). Based on the
data from PLN PWP, the average electricity expenditure of households in the urban-core
of Jayapura is IDR350,000 (=US$27) per month. Using this value and assuming a similar
monthly cost of electricity for households in Pekanbaru and Kupang, it can be estimated
that households are willing to pay US$3 to US$8 extra (above their average monthly
expenditure) per month or US$1c to US$3c per kWh for improved reliability of their
electricity supply. Regarding the possession of a backup generator at home, the majority
of respondents in Pekanbaru and Kupang do not have gensets, but in Jayapura, 65% of
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

respondents do (Figure 4.5c). However, 21% of respondents in Pekanbaru have gensets
with only 14% in Kupang. Regarding the voltage stability experienced, the survey results
show that 82% of households in Pekanbaru experience stable electrical voltage in their
homes compared to 49% in Kupang (Figure 4.5d). This is based on visual observations
by the users in the form of a decrease in the brightness of lamps or sudden changes in
the television screen’s light output. Indeed, changes in appliance behaviors could also
be caused by problems with the appliances themselves or due to human errors.
Therefore, visual observation takes only temporary and repeated changes in appliance
behaviors into account.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

Fig. 4.5. Cont.
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(d)
Figure 4.5 The proportion of respondents’ answers to survey questions in percentages. (a) Would
you accept an increase in your electricity bill for better electricity service? (b) How much increase
in your electricity bill would you find acceptable? (c) Do you have a backup generator at home?
(d) Do you experience a stable electricity voltage at home? P: Pekanbaru, K: Kupang, J:
Jayapura*, NA: No answer. * Data from Jayapura are less representative.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

4.4.2.2. Blackout Events

The final set of questions focuses on the respondents’ experiences with blackout
events at home. As shown in Figure 4.6a, most respondents in Pekanbaru and Kupang
experience three to five blackouts or less per month. However, in Kupang, 31% of the
respondents experience six to ten blackouts per month.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

Fig. 4.6. Cont.
1P BK mJ*
60
50
éﬁ 40
@ 30
o
& 20
10
0
06:00-12:00
18:00-24:00
(c)
P mK mJ*
80
° 60

Percentag
hi
()

Figure 4.6 The proportion of respondents’ answers to the following questions, in percentages: (a)
On average, how often do you experience blackouts in a month? (b) On average, how long is the
duration of the blackouts that you experience? (c) At what time of day would a blackout event
incur the most losses for you? (d) On average, how long is the duration of a blackout that would
incur any losses for you? P: Pekanbaru, K: Kupang, J: Jayapura *, NA: No answer. * Data from
Jayapura are less representative.

Only two households of all the respondents in the three cities stated that they never
encountered any outage. The average duration of each blackout event typically is one
to two hours for more than half of the respondents in each city (Figure 4.6b). Around
12% to 15% of respondents experienced an outage with a duration of more than two
hours each. None of the respondents experienced a blackout of fewer than five minutes.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

If a blackout reaches one hour in length, it begins to incur losses for most of the
respondents (Figure 4.6d). The timing of interruptions that could incur losses for users
are those occurring between 6 a.m. to 12 p.m., and 6 p.m. to 12 a.m. Within these
periods, electricity is highly required for work, business, and domestic activities.

4.4.2.3. P-SAIFI and P-SAIDI

To compare the officially reported SAIDI and SAIFl as presented in Section
4.4.1 with the user experiences, two new indices of the reliability of power supply, P-
SAIDI and P-SAIFI, are defined as described in Section 4.3.2.2. The calculations of the
P-SAIDI and the P-SAIFI are based on the results of the user survey (Appendix
4.C (Table 4.A2)).

30 25
25 [ 20
520 @
= 15 %
w) vy
415 <
(o) 2
= 10 =
10 3
5 I I i 5
0 . ‘ L o
Riau/Pekanbaru ENT/Kupang Papua/Jayapura*

® SAIDI = P-SAIDI m SAIFI = P-SAIFI

Figure 4.7 SAIDI vs. P-SAIDI and SAIFI vs. P-SAIFI for the three locations.

Figure 4.7 and Table 4.3 summarize the results of the P-SAIDI and P-SAIFI
calculations. In Table 4.3, standard deviations are provided to the right of the estimated
P-SAIDI and P-SAIFI to show the lower and upper limit of the respective variables. P-
SAIDI in Pekanbaru and Kupang is 21 and 24 h/customer per year, respectively.
Compared to SAIDI values from PLN for the respective provinces, the P-SAIDI in
Pekanbaru and Kupang is 2.6-fold and 3.9-fold higher than PLN’s SAIDIs. Also, P-SAIFI
in Pekanbaru and Kupang are 16 and 18 outage events/customer per year, respectively.
This corresponds to 1.3-times and 4.6-times higher than the PLN SAIFI for the respective
provinces. Because statistical extrapolation was used to find the P-SAIDI and the P-
SAIFI, the s of P-SAIDI is 33 h/customer per year in Pekanbaru and 33 h/customer per
year in Kupang. The s for P-SAIFI in Pekanbaru is three interruptions/customer per year
and 3.1 interruptions/customer per year in Kupang.
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4 RELIABILITY OF THE ELECTRICITY SUPPLY

Table 4.3. Perceived and reported SAIDI and SAIFI.

Parameter Unit P K J*
SAIDI hours/customer per year 7.9 6.1 7.9
SAIFI number of interruption/customer per year 11.8 3.9 7.6
P-SAIDI hours/customer per year 21+33 24+33 24439
P-SAIFI number of interruption/customer per year 16+3 1843 2143

* Data from Jayapura are less representative.

4.4.3. Results from Measurements at the Distribution Grid

As described in Section 4.3.2.2, the voltage at the distribution grid was recorded
at 1 min intervals for 15 days in Pekanbaru, 5 days in Kupang, and 7 days in
Jayapura. Figure 4.8 shows the time series of voltage measurements at the three
locations. As shown, based on the Ministry of Energy and Mineral Resources guideline
[203], the average nominal voltage is 220 V, the highest allowable voltage limit is 242
V, and the lowest allowable limit is 198 V. The voltage level at the measurement point in
Pekanbaru tends to be lower than the average nominal voltage (Figure 4.8a). During 15
days of measurement in Pekanbaru, there were 10 days when the voltage dropped below
the lowest allowable voltage limit. Unlike in Pekanbaru, during the 5-day and 7-day
measurement in Kupang (Figure 4.8b) and Jayapura (Figure 4.8c), voltages were always
within the allowable limits, although they tended to be higher than the nominal voltage,
except for two days where the voltage in Jayapura was lower than the average nominal
voltage. Figure 4.9 presents blackout events in the three locations at which power was
measured at the distribution grid. Several blackout events with different durations
occurred in each city during the relatively short measurement period.

It is shown in Figure 4.9a that two blackouts were recorded in Pekanbaru during
the 15 days of measurement. Outage events in Pekanbaru lasted 33 min or longer.
Further, in Kupang (Figure 4.8b), within a shorter period of measurement of 5 days, two
blackout events were observed. Outage events in Kupang lasted longer than those in
Pekanbaru (more than 153 min). Also, in Jayapura, three blackouts were captured within
7 days of measurement, ranging from 10 to 40 min. By combining the daily-averaged
outage durations from measurements in the three cities, it can be concluded that the
outage duration in Kupang was worst, with 74.2 min of outage per day on average,
whereas in Jayapura only 10 min of outage per day was measured and only 5.8 min per
day in Pekanbaru. It must be said here that these outage duration values are very high
compared to many other places in the world and Indonesia. Also, it is useful that the
findings from Figure 4.9 were confirmed by the results of the user survey (see Section
4.2.3).
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4.5, Discussion and Conclusions

This chapter explores end-user experiences regarding the reliability of electricity
supply in their homes and compares the reliability indices reported by the national utility
company for the cities of Pekanbaru in the Province of Riau, Kupang in the Province of
ENT, and Jayapura in the Province of Papua, Indonesia. The research was conducted
using a desk study and a user survey.

4.5.1. Desk Study, User Study, and Grid Measurements

The results of the desk study can be seen in Section 4.4.1, which reviews SAIDI,
SAIFI, and ER. Using regression analysis, it was shown that there is a significant positive
relationship between SAIDI and SAIFI, r(5) = 0.85, p < 0.0015 (Figure 4.10) (the “r" is
the correlation coefficient of two variables for which values range from =1.0 to +1.0; the
closer ris to +1.0 or =1.0, the closer the two variables are related; there is no evidence
of correlation if ris close to 0. A positive linear correlation exists if r is positive, and a
negative linear correlation exists if r is negative. The “p” value is used to check whether
the calculated “r” is significant. If the p < 0.05, then the result is statistically significant,
and if p > 0.05, then the result is nonsignificant). However, SAIDI and ER and SAIFI and
ER show less significant negative correlations, respectively, with r(5) = =0.1, p < 0.8
and r(5) = -0.3, p < 0.5. Therefore, the ER values of a province cannot be used as an
indicator of the level of reliability of the power supply.

In Section 4.4.2, the results from the user study were presented with a comparison
of the reported and perceived SAIDI and SAIFI. Also presented are the WTP, households’
incomes, and genset possession. The results from the user study show there are
significant gaps between the official and perceived reliability indices. The implication of
these gaps is clear: the reported reliability indices do not always demonstrate the
experience of the grid users. It is obvious that both reliability indices, those reported by
PLN and those introduced in this study, have advantages and drawbacks. On the one
hand, the PLN SAIFI and SAIDI data are likely generated based on careful
documentation of actual outages, which could offer more reliable information. However,
because they are based on large provincial areas ranging from 664 km? to 154,000 km?,
they do not distinguish between urban and rural areas. On the other hand, the perceived
reliability indices introduced in this study are based at the city level with smaller
resolution areas of 180 km? to 936 km?, which could result in better accuracy.
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Figure 4.10 Correlations between SAIDI (blue bar) and SAIFI (orange bar), the electrification ratio
(grey line), and SAIFI and electrification ratio.

However, our indices are based on the user’s perspective, which could be biased,
but it can be enhanced using a correction factor as presented above. Further, it is
interesting to observe the relations between different variables, such as P-SAIDI, P-
SAIFI, households’ income, and WTP (Figure 4.11). Relations are shown in the scatter
graphs (Figure 4.11), which were generated using the “randbetween” function in
Microsoft Excel based on ranges of corresponding data originated from the
questionnaires (because the monthly incomes of some respondents can reach
above US$1500, whereas the values of other variables are much lower, the household
incomes in Figure 4.11 are shown in multiples of 10 to allow for the same scaling on
other variables.). This approach was also used by DeCaria et al. [204], Sterbova et al.
[205], and Stout and Tawney [206]. As shown, there are strong positive correlations
between P-SAIDI and P-SAIFI in Pekanbaru and Kupang with the R? values of 0.8 and
0.6, respectively, as is also valid for the correlation between the reported SAIDI and
SAIFI (Figure 4.10).

As shown in Figure 4.11, P-SAIDI have weak negative correlations to household
income in Pekanbaru and Kupang, with R? values of =0.06 and -0.01, respectively. Our
analysis found that high-middle income and high-income households experience a
slightly higher P-SAIDI than those from low-middle and low-income households. In
Kupang, higher P-SAIDI are experienced by low-income households, which are followed
by high-middle income households, but low-middle income and high-income households
experience fewer outages than the other income groups.

A weak positive correlation can be found between P-SAIDI and WTP in Pekanbaru
with an R2 value of 0.14. However, in Kupang, a weaker correlation between the two
variables exists with the R? value of -0.002. This finding is somewhat similar to the
results of a study by Sagebiel and Rommel (2014) in India [188]. An interesting finding
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of our analysis shows that in Pekanbaru and Kupang more low-medium income
households are willing to pay extra for improved power reliability, although this income
group experiences fewer outages. The WTP among high-income households is rather
low. Even in Kupang, low-income households have higher WTP than high-income
households. This is because high-income households often own gensets, which incur an
extra cost of operation and maintenance, and this makes them rather reluctant to spend
even more for improved electricity service. The increase in the monthly electricity bill for
improved electricity service in the cities in Indonesia of 10% to 30% is somewhat higher
than those in other countries. However, the values in dollars, a US$3 to US$8 increase
for a comparable outage duration, can also be found in other countries, such as
Cyprus [184] and Sweden [207]. Therefore, it can be concluded that the WTP is a factor
of the outage duration [207] as well as the factor of genset ownership. The latter is due
to the assumption among respondents that “improved reliability” does not imply a
complete escape from outages, which means an expenditure for gensets and other costs
may still be needed. This conclusion agrees with Murphy et al. [161] that users
demanding more reliable electricity can expect an increased, and “justifiable”, cost of
energy. This is because to achieve the desired level of reliability, additional costs to add
other equipment to the existing systems are needed. However, financial incentives,
which are usually provided for renewable electricity, could help customers deal with
additional costs to achieve a reliable electricity supply [208].

160
140
120
100

80 y =0.4002x + 5.7578
R? =0.7895

............ geeeSecsnseaeees
20 I .
L]
0
80 100 120 140 160
P-SAIDI
Income (US$x10/month) PKU e Max. WTP (%) PKU ® P-SAIFI
Linear (income (US$x10/month) PKU) ==== Linear (Max. WTP (%) PKU) ====Linear (P-SAIFI)
(a)
89

555225-L-sub01-bw-Kunaifi
Processed on: 8-2-2021 PDF page: 125



4 RELIABILITY OF THE ELECTRICITY SUPPLY

Fig. 4.11. Cont.
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Figure 4.11 Correlations between P-SAIDI and P-SAIFI, the income of households, and WTP in
(a) Pekanbaru and (b) Kupang.

A survey on power quality (PQ) loss published by the United Nation Environment
Program [209] showed that industry and service sectors in Indonesia have not yet
considered PQ as an issue. Studies on PQ in several other countries have shown that a
poor PQ could be detrimental to the operation of industry and services. This finding has
been confirmed by a survey conducted in 2012 in four provinces in Java [209] showing
that due to unreliable electrical power supply, industry and services in Java lose up to
US$ 1.1 billion. These findings are still relevant for this study; within a relatively short
measurement period, we still captured significant out-of-range voltage fluctuations and
several outages. Further studies are recommended to better quantify the economic loss
of such low reliability of power supply by the grid in order to provide convincing reasons
for authorities to stimulate the improvement of the grid’s reliability.

4.5.2. Methods

The use of P-SAIDI and P-SAIFI indicators is relevant because it evaluates smaller
areas of cities with known distribution network configurations. Measurements in the
distribution grids verified the results from the user surveys. Because of the use of radial
configurations in the local distribution networks, low reliability can be expected. The
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radial configuration offers a simple topology and is cost-effective, but has lower reliability
[210]. The local nature of this study, therefore, could represent the situation in a larger
area because depending on the point where an interruption occurs in the radial network,
it could affect a larger area along the network lines. However, a more detailed study
concerning factors that contribute to the low reliability of the distribution networks in the
Indonesia supply would be valuable.

The method applied in calculating SAIDI and SAIFI and the approach to estimate P-
SAIDI and P-SAIFI are relatively similar. SAIDI and SAIFI are calculated by dividing the
total minutes of outages and the total frequency of outages, respectively, in the study
area by the number of customers served by the grid (see Equations (4.1) and (4.2)). The
final results of the calculations are outage duration per customer per year, for SAIDI,
and outage frequency per customer per year, for SAIFI. Therefore, it is not surprising
that the unit of SAIDI is the same as the unit of P-SAIDI, as also applies to the units of
SAIFI and P-SAIFI. The main difference between the two types of indices is the source
of data input for the calculations. The SAIDI and SAIFI calculations use data collected
by the utility, whereas the calculations of P-SAIDI and P-SAIFI are based on the end-
user experiences.

4.5.3. Limitations of the Study

Like all studies involving field research, our research also includes limitations due
to the availability of time and person-hours for the execution of the research at three
locations geographically located far from each other. This situation and a few other
factors that could affect the results are explained as follows:

1) While the values for SAIDI and SAIFI are provincial, our study occurred at specific
locations, namely in the capital cities of the three provinces. However, it is still
surprising that the officially reported values of reliability indices are lower than those
recorded by measurements on the grid and reported by end-users. In fact, higher
values can be expected for the officially reported SAIDI and SAIFI because they cover
the whole province, which contains urban areas, with a relatively high-quality supply
of electricity, and rural areas, which tend to have a lower power quality. It would,
therefore, be valuable to expand this study to other locations in these provinces and
other provinces to produce more evidence. This study offers a good start, which
might be continued by other researchers.

B

The 26 respondents in Jayapura are not a representative sample for this study.
Therefore, given the importance of the opinions from the end-users regarding the
reliability of the electricity supply, the number of respondents in a future follow-up
study should be increased to improve the statistics. Then, the statistic of respondents
could also be more equally distributed over the three locations, levels of income, and
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other demographic variables to minimize any bias. Similarly, the duration of the
measurements of the electricity grid could be increased.

3) Inour study, income-bias of the respondents were not accounted for. As a result, this
study mostly represents high and upper-middle-income classes.

However, apart from these potential points of improvement, this study is unique and
fills a void in existing real-life data on experienced power quality, and it confirms our
initial hypothesis that the reported indices of the reliability of the power supply from PLN
are lower than the user experience. Using the Perceived- (P) SAIDI and P-SAIFI we
introduced for the Provinces of Riau, ENT, and Papua, end-users experience more
frequent and longer duration outages compared to the reported SAIDI and SAIFI. Users
experience a larger number of outages and longer duration for each interruption than
those that are reported by the authority. P-SAIFIs are 4-fold to 14-fold higher than the
PLN’s SAIFls. Also, P-SAIDIs are 8-times to 12-times the PLN’s SAIDIs for the
corresponding provinces. As far as we know, this is the first independent study in
Indonesia to evaluate the user experiences on the reliability of the power supply by the
distribution grid and how the user experiences compare to the reported data from the
utility. It can be concluded that the reliability of the power supply in these three cities in
Indonesia could be improved considerably.
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CHAPTER 5. THE ATTITUDES OF END-
USERS OF THE ELECTRICITY GRID

5.1. Preface

In Chapter 4, we presented the results from a series of surveys at three different
locations in Indonesia, namely in the islands of Sumatra, Timor, and Papua. The
discussion focused on the experiences of end-users of the electricity grid regarding the
reliability of the electricity supply. In this chapter, using data from the same survey, we
will present additional findings regarding the awareness of the households about
renewable energy and climate change and their attitudes towards solar photovoltaics.
The methods used in data collection and data analysis remain the same as the method
used in Chapter 4 [211]. As such, for an explanation of the research set-up, refer to
Section 4.3.

5.2. The survey

Data were collected through a structured questionnaire utilizing closed-ended
questions in combination with “face-to-face” semi-structured interviews. To capture the
opinions and attitudes of end-users, the questionnaire contained ten questions covering
various topics regarding renewable energy, climate change, and PV systems
(see Appendix 4.A.3).

Have you heard of “renewable energy”?

Is renewable energy important for Indonesia?
Have you heard of “climate change”?

Are you worried about climate change?

Have you heard of “PV systems”?

ook W=

Which one of the following two electricity sources do you believe is cheaper; the

grid or a PV system?

7. Which one of the following two electricity sources do you believe is better for the
environment; the grid or a PV system?

8. Which one of the following two electricity sources do you believe is more stable;
the grid or a PV system?

9. Which one of the following two electricity sources would you choose to provide
power supply to your home; the grid or a PV system?

10. Would you like to have a PV system installed on your house's rooftop?
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5 THE ATTITUDES OF END-USERS OF THE ELECTRICITY GRID

5.3. Awareness of End-users about Renewable Energy and Climate Change

The first set of questions on the survey considered the awareness of the participants
about renewable energy. The participants were using power from the grid at the time of
the surveys. They expressed their knowledge on renewable energy and climate change
and their opinion about the importance of renewable energy. They also showed whether
or not they were worried about climate change.

It could be concluded that most of the participants were knowledgeable about
renewable energy. This is represented by more than half of the participants in Pekanbaru
(55%), who acknowledged that they knew something about renewable energy, and even
higher fractions in Kupang and Jayapura, with values of 60% and 77%, respectively
(Figure 5.1a and Appendix 4.A.3 (Table 4.A3)). Based on this response, it can be
expected that most of the participants acknowledged the importance of renewable
energy. As shown in Figure 5.1b and Appendix 4.A.3 (Table 4.A3), 51%, 57%, and 81%
of the participants in Pekanbaru, Kupang, and Jayapura, respectively, believe that
renewable energy is important for Indonesia. Figure 5.1a and Figure 5.1b show that the
level of knowledge of the participants on renewable energy influences their belief about
the importance of renewable energy. The more they know about renewable energy, the
more important they perceived renewable energy to be.

The results from the survey also showed that most of the participants were
knowledgeable about climate change. Sixty-nine percent of the participants in
Pekanbaru responded positively, while in Kupang and Jayapura, 58% and 92% of the
participants confirmed this as well (Figure 5.1c and Appendix 4.A.3 (Table 4.A3)). Their
knowledge about climate change seemed to influence their attitude towards climate
change. As shown in Figure 5.1d and Appendix 4.A.3 (Table 4.A3), the majority of
participants were worried about climate change; 60% in Pekanbaru, 51% in Kupang,
and 85% in Jayapura. As such, it can be concluded that awareness and concerns about
climate change are closely related.

5.4. Attitudes of the End-users of the Electricity Grid towards PV Systems

The second set of questions on the survey considered the awareness and attitudes
of the participants with regards to PV systems. First, they expressed their knowledge
about PV systems in terms of the cost, sustainability and reliability of PV systems
compared to the electricity from the grid. For this purpose, the participants answered
questions 5 to 8 (see Section 5.2). Next, they showed their attitude towards PV systems
by responding to questions 9 to 10 (see Section 5.2) about their preference for the
electricity sources at home, either the grid or PV systems and their willingness to have
a PV array installed on their house's rooftop.
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5 THE ATTITUDES OF END-USERS OF THE ELECTRICITY GRID

Figure 5.2 shows interesting results. Namely, most of the respondents in the three
cities had some knowledge about PV systems. This is similar to their response to the
previous question regarding their knowledge about renewable energy, except that in
Kupang, a lower share of the participants knew about PV systems compared to those
who knew about renewable energy.

However, all participants had limited knowledge about the difference in the price of
electricity from the grid and PV systems. Most of the participants in Pekanbaru did not
know which one is cheaper, while a significant number of the participants in Pekanbaru
believed that PV systems generate more affordable energy than the grid does.
Differently, in Kupang and Jayapura, the majority of the participants believed that the
price of electricity from PV systems is lower than the electricity from the grid (PLN)
(Figure 5.2b and Appendix 4.A.3 (Table 4.A3)). The lack of knowledge of the
participants about the difference in price between the electricity from the grid and PV
systems is logical because none of the participants had experience with PV systems. In
fact, this is a difficult question even for an expert.

The truth is that under the official tariffs, the price of electricity from PV systems
was more than two times higher than the price of electricity from the grid. However, the
price of electricity from the grid paid by the end-users did not reflect the true price of
energy production because the government subsidizes the price. Without a subsidy for
the electricity from the grid, the price of PV power is just a bit higher than the price of
electricity from the grid.

Most of the participants in the three cities knew that PV systems generate more
sustainable electricity as compared to electricity from the grid (Figure 5.2c
and Appendix 4.A.3 (Table 4.A3)). However, most of the participants did not know which
power source is more reliable: PV systems or the grid? Among the participants who
know, in Pekanbaru, most of them believed that the power from the grid is more stable,
while in Kupang, the participants who know, were more favorable toward PV systems in
terms of the reliability of electricity supply. This confirms the findings of our study in
Chapter 4, where in Kupang, the participants experienced worse power outages by the
grid compared to those in Pekanbaru and Jayapura.

Figure 5.3 portrays the attitude of the end-users of the electricity grid in the three
cities in Indonesia towards PV systems. First, the participants were asked a question,
“which of the following electricity sources would you choose for your house; the grid
(PLN), grid-connected PV systems, or off-grid PV systems?” In Pekanbaru, the
percentage of participants who favored the grid and grid-connected PV systems was the
same. A lower share of the participants in Pekanbaru chose off-grid PV systems.
However, a significant proportion of participants in Pekanbaru did not know what to
choose from the three options.
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5 THE ATTITUDES OF END-USERS OF THE ELECTRICITY GRID

In Kupang, while the majority of the participants did not know the best option for
them, the second largest percentage of participants favored off-grid PV systems,
followed by those who wanted grid-connected PV systems, and the lowest percentage
chose electricity from the grid.

In Jayapura, most of the participants wanted grid-connected PV installations (46%)
and the rest wanted to be completely off the grid with PV systems (12%), totaling 58%
of the participants in Jayapura favored PV systems. Only 19% of the participants in
Jayapura selected the grid, while 15% of the participants did not know the answer to the
question.
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Figure 5.3 Respondents’ answers to survey questions in percentages: (a) Which one of the
following two electricity sources would you choose to provide power supply to your home? (b)
Would you like to have a PV system installed on your house's rooftop? P: Pekanbaru, K: Kupang,
J: Jayapura *, NA: No answer. * Data from Jayapura are less representative.
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Finally, the participants were asked, “do you want a PV array to be installed on your
house's rooftop?” Most of the participants in the three cities favored PV systems on their
house’s rooftops; 65% in Pekanbaru, 71% in Kupang, and 88% in Jayapura. The majority
of the participants who refused to have rooftop PV systems were concerned about the
strength of their houses’ roofs for accommodating PV system components and

structures.

5.5. Conclusions

The number of participants in Pekanbaru and Kupang was higher than in Jayapura.
Therefore, for this study, data from Jayapura are less representative, although they are
still beneficial given the difficulties of getting data from Jayapura. Also, regarding the
level of education, participants in Pekanbaru and Kupang were more varied, while in
Jayapura, the participants who participated in this survey were much more educated
than average.

The responses and preferences from the participants in this study were strongly
influenced by their levels of education and experience. Participants in Jayapura, who
had a higher education than those in Pekanbaru and Kupang, knew and supported
renewable energy more. Most of them knew about climate change, and they worried
about that. They had a positive attitude towards PV systems regarding energy price,
sustainability, and reliability. Finally, they chose PV systems and wanted to have one at
home.

The participants from Pekanbaru and Kupang were more diverse in terms of
education and economic condition compared to participants in Jayapura. Therefore, the
responses from participants in Pekanbaru and Kupang were highly influenced by their
experience with the grid. Participants in Kupang experienced less reliable electricity
supply compared to those in Pekanbaru. Thus, they favored PV systems more than
participants in Pekanbaru. Even participants in Kupang wanted to have off-grid PV
systems, which means to become independent from the grid (PLN).

Despite the variety in responses to the questions in the questionnaires from the
participants, many households in Indonesia wanted to have PV systems on their houses’
rooftops, either to increase the reliability of electricity supply as the user of the grid or
to become separated from the grid.
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CHAPTER 6. PERFORMANCE OF PV
SYSTEMS IN INDONESIA

6.1. Introduction

Indonesia has many rural areas and remote islands that are suitable for distributed
renewable power generation such as solar photovoltaic (PV) systems. PV systems are
reliable power systems and play an essential role in climate change mitigation [212].
The market for PV systems is beginning to grow rapidly worldwide owing to, among other
factors, their increased efficiency, the increased lifespans of the components, and a
rapid reduction in their cost [94].

The first PV system applications in Indonesia can be traced back to 1978 and the
installation of a 5 kWp solar water pumping system [6]. Various other projects then
followed, such as a solar home systems (SHS) pilot project [51], desalination plants,
basic medical applications, remote televisions, and water pumping systems [106]. A
large SHS demonstration project with a total capacity of 50 MWp was launched in 1994
[106], and the first urban PV system was introduced in 2003 [213].

Since then, many other PV systems have been constructed and created
employment [214]. However, it is only relatively recently that Indonesia has gained
experience in the performance of PV systems [215], and it continues to be in the
research and demonstration phase [106]. To date, Indonesia has 12 utility-scale PV
plants in operation, mainly for off-grid or industrial applications. The dominant PV
technology applied is typically crystalline silicon (c-Si) technology.

The PV market in Indonesia is emerging and is expected to grow over the coming years
across the vast expanse of Indonesia’s archipelago. The factors driving its growth include
Indonesia’s unique geography, comprising six large and more than 17,000 smaller islands.
This type of geographical factor presents a challenge in terms of extending the conventional
power grid to reach the whole of the country’s population of more than 260 million. The other
motivations for solar electrification in Indonesia include, among others, the increasing
demand for electricity (around 5.5% annual growth) and economic growth of around 5% per
year [70]. PV systems are suitable for use on the large islands (urban areas), particularly
with respect to increasing the quality of the power supply [16] as Indonesia is characterized
by the relatively low reliability of its electricity supply [215]. Meanwhile, on the smaller islands
and in more remote areas, PV systems could play a significant role in providing electricity to
local people who have not had it before, replacing fossil-fuel-generated electricity with
renewables, and increasing the electrification ratio [150].
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6 PERFORMANCE OF PV SYSTEMS IN INDONESIA

It is essential to monitor the operation of a PV system in order to identify
performance trends. Monitoring data are also crucial for the localization of potential
faults and to enable a comparison of PV system performance against design
expectations and guarantees and between the different configurations and locations
[216]. However, most PV systems in Indonesia are not monitored, with only a few
equipped with basic monitoring systems. Accordingly, we have limited knowledge about
the actual performance of PV systems operating under real environmental conditions in
Indonesia. The two PV systems presented in this chapter are among the few that are
monitored.

Figure 6.1 Aerial view of the 1 MWp PV plant in Cirata, West Java, Indonesia (Photo: PJB Cirata).

In September 2015, PT. Pembangkitan Jawa-Bali (PJB), a subsidiary of PLN,
Indonesia’s state-owned utility company, commenced its entry into the PV business. PJB
is a power generation company that operates mainly in Java and Bali, which are the
islands with the largest and densest electrical power systems in Indonesia. PJB
constructed and now operates and maintains nine power plants with a total capacity of
more than 7 GW [144]. Among those in operation by PJBis a 1 MWp PV system located
in the province of West Java, which at the time of its construction was the largest PV
system on the island of Java (Figure 6.1). At the same location, PJB also installed other,
smaller PV systems. After three years of operation, we can now, for the first time, analyze
the monitoring data from the PV systems in West Java.
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6 PERFORMANCE OF PV SYSTEMS IN INDONESIA

In this study, we therefore seek to answer the following questions:

e How is PJB’s 1 MWp CIS-based thin-film plant performing, and how has it degraded
in Indonesia’s tropical climate?

e How do its performance and degradation compare to that of a 5 kWp poly-crystalline
silicon (p-Si) plant at the same location?

The motivation for analyzing the performance and degradation of PV systems lies in
the fact that the long-term performance and stability of PV plants have a significant
impact on the economics of such projects.

Besides performance, degradation is one of the most critical characteristics to
consider in the solar PV business. Degradation describes the rate at which a PV
module experiences a decline in output. The degradation rate, Rq, is therefore the rate
at which the PV performance of a module decreases per year. Rq is an important
measure for comparing the actual performance of PV systems against the PV
performance warranty issued by the module manufacturer with respect to nominal
power.

PV cells degrade [217]; however, the rate of degradation differs from one PV plant
to another. Over the course of a 25-year operating life, a 20% decline is considered a
failure. Assuming linear degradation, an Rq greater than 0.8% per year can be regarded
as a problem [218]. Nevertheless, there is no consensus on the definition of failure
[219]. Using data from outdoor field testing, the long-term behavior and lifetime of PV
modules, including their degradation, can be quantified.

6.2. The PV Systems and Datasets

The PV systems presented in this chapter are located in the Village of Cadas Sari
(6°674 'S, 107°355 'E), Cirata, the province of West Java. They comprise a 1 MWp and
a 5 kWp system. The 1 MWp plant is ground-mounted over an area of 0.9 ha, while the
5 kWp plant is a rooftop PV installation. Both systems sit in open spaces that are free of
shading throughout the year. The measurement equipment is not cleaned and
calibrated. Therefore, rather than using the most recent data, we instead use two years
of usable data with a starting date close to the system’s commencement of operation,
based on the assumption that the sensors performed better during their earlier
operational period than more recently.

6.2.1. 1 MWp Thin-Film CIS PV System

The 1 MWp PV plant has 170 Wp Japanese Solar Frontier thin-film PV modules
made of Copper Indium Selenide (CIS) technology with a nominal module efficiency,
Nmod, Oof 13.8%. This efficiency is derived from the module’s specification sheet. It has
two clusters. One cluster has a capacity of 530.4 kWp and comprises 26 arrays, each
with 120 modules. This cluster has an SMA 550 kWp central inverter that delivers a.c.
power to the grid through a transformer. The other cluster, with a total capacity of 510
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kWp, comprises 25 arrays, each containing 120 modules. Each array is connected to an
SMA 20 kWp string inverter. The PV modules are tilted 10°, which is an optimum angle
for Indonesia [220], and have an azimuth angle of 15° clockwise from the North.

The monitoring system measured both electrical and meteorological variables at 5-
minute intervals over the course of two years between 2016 and 2018. The electrical
parameters (inverter-based) include d.c. current (lac) in Amperes, d.c. voltage (Vdc) in
Volts, d.c. power (Pqc) in Watts, lac in Amperes, Vac per line in Volts, a.c. power (Pac) in
Watts, power frequency in Hertz, and cumulative energy production (Eou) in kWh. There
were no data for the months of October 2017 and February 2018. To compensate for
these missing data, and in order to ensure two full years’ analysis, we used data from
11 March 2016 to 10 May 2018. The total number of daytime records was 95,546, 9%
of which were missing or were removed due to outliers, or were wrong, with abnormal
values resulting in a monitoring faction (MF) of 0.91.

As the 1 MWp CIS system consists of two separate clusters, we analyzed each
cluster individually. For the cluster with a central inverter, we use the term CIS Central
(CISc), and for the cluster with string inverters, the name CIS String (CISs) is used. The
PV module and configuration specifications are shown in Table 6.1.

Table 6.1. Specifications of the PV modules in Cirata.

PV Module CIS p-Si

Victron Energy (cells),

Manufacturer Solar Frontier, Japan Azet (module assembling)
Model SFSF170-S ASL-M100E
Pmax (Wp) 170 100
Voc (V) 112 22.3
Vuee (V) 87.5 18.0
Isc (A) 2.2 6.00
Ivep (A) 1.95 5.60
Efficiency 0.138 NA
Tooeft,pmax (%/K) -0.31 -0.48
Tcoeff,lsc (%/K) 0.01 0.037
Teoerrvoc (%/K) -0.30 -0.34
NOCT (°C) 47 NA
Dimension, L x W (mm) 1,257 x 977 1,000 x 670

6.2.2. 5 kWp Crystalline PV System

The 5 kWp PV plant has 100 Wp poly-crystalline silicon (p-Si) modules that use
Victron Energy solar cells assembled into PV modules by an Indonesian company named
Azet. It is connected to the local grid through an SMA Sunny Mini Central 5000 inverter.
The PV modules are mounted on a building rooftop with a tilt angle of 10° and an azimuth
angle of 15° clockwise from the North. The monitoring system measures similar
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parameters to those of the CIS PV system and features the same recording interval of 5
minutes.

For both the CIS and p-Si systems, critical meteorological variables were measured.
They include relative humidity (RH) as a percentage, ambient temperature (Tamo) in °C,
module temperature (Tm) in °C, global horizontal irradiance (GHI) in Watt/m?, global in-
plane irradiance (Groa) in Watt/m?, and wind speed (v) at a 1-metre height in m/s.

6.3. Methods

All of the monitoring data were checked for consistency and gaps to identify
anomalies according to the following method. The daytime data were selected by
eliminating irradiance values below 200 W/m?2 and above 1,500 W/m2. For the ambient
temperature, Tamb, Only values between -40 and 60 °C were used. For the module
temperature, Tm, values between the ambient temperature and ambient temperature
plus 40 °C were included. As such, any Tm values lower than Tams that might occur in the
early morning due to irradiation to the sky were excluded from the analysis. For the
electrical data, the array voltage between 0 and 1.3 x Vocste Was used. Also, the array
current values outside 0 and 1.5 X lsc.stc were excluded from the analysis. Abnormal data,
such as large negative values and dead values that stuck for more than one hour, were
also removed. Any records missing from the 5-minute data for a period of up to one hour
were linearly interpolated.

6.3.1. Performance Calculations

The monitoring standard IEC 61724 was applied to the analysis of the PV systems’
performance [216]. The performance indicators presented include final yield (Yr) in
kWh/kWp; array yield (Ya) in kWh/kWp; reference yield (Y:) in kWh/kWp; capture losses
(Lc) in kWh/kWp; system losses (Ls) in kWh/kWp; performance ratio (PR) as a percentage
or a decimal between 0 and 1; efficiencies (n) as a percentage or a decimal between 0
and 1; and capacity factor (CF), also given as a percentage.

Yield refers to the ratio of an energy quantity to the array power rating, Po, of the
installed PV array at standard test conditions (STC) of 1,000 W/m? solar irradiance and
25 °C cell temperature. Thus, yields indicate the actual operation of the array relative to
its rated capacity. The unit of yield is kWh/kW. The ratio of the unit is equivalent to hours,
and the yield ratio indicates the equivalent amount of time for which the array would be
required to operate at Po to provide the particular energy quantity measured during the
reporting period.

The final yield, Ys, is defined as the annual, monthly, or daily net a.c. energy output
in kWh, Eac, of the PV system per installed rated power, Po, and is given by Equation
(6.1). The final yield can be used to compare PV plants with different systems operating
in different climates.
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E
Y = =2
R, (6.1)

The array yield, Ya, is defined as the amount of array energy produced, Edc, from
each installed rated power, Po, over the analysis period, as defined by Equation (6.2). It
is equivalent to the number of hours over which the PV array produces its rated power.
The unit of Ya is kWh/kWp.

E
Yy = o= (6.2)

Py
The reference yield in kWh/kWp, Y:, is the total amount of available in-plane solar
irradiance in kWh/m?, Hi, divided by the reference irradiance, Grer, of 1,000 W/m?
(Equation (6.3)).

_H
Yr B Gref (63)

If the reporting period is equal to one day, then Y: would be the equivalent number
of sun hours at the reference irradiance per day.

Normalized yield losses are calculated by subtracting yields. The yield losses also
have units of kWh/kWp or hour (h). They represent the amount of time for which the array
would be required to operate at its rated power, Po, to provide for the respective losses
during the reporting period. Two types of losses can be calculated once the yields have
been determined. These are capture losses, Lc, and system losses, Ls.

Lc represents the losses incurred due to the array operating below what would be
expected in STC. Losses are typically caused by the effect of temperature, high
incidence angles, shading, array circuit losses, including mismatch, low irradiance, and
soiling of the array [221]. Lc is defined by Equation (6.4).

Le=Y,-VYa (6.4)

Ls represents the losses in the balance of system (BOS) components, including the
inverter and all wiring and junction boxes. Ls is defined by Equation (6.5).

Ego-E
Lg=Ya-Y;= —dCPO 2 (6.5)

PR is a useful metric that shows how closely a PV system is operating in relation to
its ideal rated operation. PR indicates the total losses from the system output due to
both array temperature and system component inefficiencies or failures, including the
BOS components. The array-level performance ratio, PRa, and the system level, PR, are
defined by Equation (6.6) and Equation (6.7). PRa is the ratio of the actual energy
produced by the PV array to the available solar energy that can be produced from the
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PV array at STC efficiency. PR is the ratio of actual energy output to the available solar
energy that can be produced from the PV array at STC efficiency. The PR is either
unitless or it can be represented as a percentage.

Ya
PRa= Y, (6.6)
_Yi
PREY. (6.7)

The efficiency, n, of a PV system can be calculated as rated array efficiency, narated,
mean actual array efficiency, na, mean system efficiency, nr, and inverter efficiency, ninv,
using Equation (6.8) to Equation (6.11).

Po
nA,rated - Gi ref x A (68)
_ Edo
U (6.9)
- Eac
N¢ oo (6.10)
finv = B (6.11)

where A is the effective PV module area in m?.

Finally, CF is defined as the ratio of the actual annual energy output, Eac, to the
amount of energy the PV system would generate if it operated at full Po for 24 h per day
for a year. CF is calculated using Equation (6.12).

Eac
/ a -Crating

CF= 24 x days

(6.12)
where a.Crating, in kWp, is calculated from the sum of the inverter ratings, and the term
days is typically 365 or 366 for one year of analysis.

6.3.2. Degradation Calculations

For the R4 calculation, NREL/RdTools [222,223] was implemented using Python.
RdTools is a set of algorithms for calculating the Rq of PV systems based on year-on-
year (YoY) analysis using a minimum of two years’ time-series data [222]. RdTools
was developed according to the method initially proposed by Hasselbrink et al. [224]
based on a review of 3 million module-years of live site data. Using RdTools, PV
system production data are evaluated over several years to obtain rates of
performance degradation over time. RdTools features an improvement in
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degradation analysis in that it avoids errors due to irradiance sensor drift, calibration,
soiling, or misalignment using the clear-sky method; however, this is outside the
scope of this study.

Within RdTools, the computation of the degradation rates from time-series data
follows three main steps: normalization, filtering, and data analysis [225]. The
normalization step involves the calculation of the PR metric normalized by temperature
to generate a temperature-corrected PR using Equation (6.13).

P
PR =

* G *
PO oA (1 Yy [TceII'Tref]) (6' 1 3>
Gref

where P is the measured dc power (Pdc) or ac power (Pac) of the PV system in watts, vy is
the maximum power temperature coefficient in relative %/K, Tcen is the cell temperature
in °C, and Trr is the reference temperature in °C with the value of 25 °C for STC or
annual-averaged temperature.

In the filtering step, biasing and nonrepresentative data were removed, as well as
data recorded at times when the solar resource was poor or variable. A low irradiance
cutoff of 200 W/m? was applied in order to exclude start-up irradiance without removing
winter data from high-latitude locations. We filtered out data during high dc/ac ratio in
which power was >99% of the maximum value. Finally, data outside of a +30% band
around a three-month rolling median performance index were also excluded.

The final step, data analysis, involved the calculation of Rq using the remaining data
based on three approaches. First, for the YoY method, the rate of change was computed
between two points at the same time in subsequent years. This resulted in a histogram
of rates of change, the central tendency of which represented the overall system
performance. Second, standard least squares (SLS) regression, in contrast, using all
data points in a single regression by minimizing the difference between the model and
the data. Finally, quantile regression used quantiles instead of the response mean. Prior
to analysis of the degradation, the normalized, filtered 15-min data were aggregated over
a variable period. Further details on the degradation rate analysis methodology are
available in [224] or [225].

6.4. Results
6.4.1. System Performances

The performance analysis covered the evaluation of the solar irradiance on-site and
the energy produced by the PV system over time. The mean and maximum daytime
values of Gpoa on a surface tilted 10° during the analysis period were 410 W/m? and
1,250 W/m? respectively. Figure 6.2a shows the Groa for the PV array tilted angle in
Cirata during the analysis period. As shown, the majority of Groa values were in the
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range from 250 W/m? to 800 W/m?, although a significant frequency of Groa below 250
W/m?2 was also observed.

The total annual Hi was 1,500 kWh/m?, with the highest value of 143.5 kWh/m? in
August (hot season) and the lowest value of 90.3 kWh/m? in February (rainy season)
(Figure 6.2b). The monthly average Hi was 125+15 kWh/m? or around 4.2 kWh/m?/day.
The monthly-averaged Tm ranged from 39 °C to 43 °C (Figure 6.2b). However, with a
data resolution of 5 minutes, Tm ranged from 21 °C to 68 °C.

During the reporting period, the energy amounts supplied to the grid from the CIS
and p-Si PV plants were resp. 1,258 MWh (=3.4 MWh/day) and 6,012 kWh (=16.5
kWh/day). The average daily Yr was 3.66 kWh/kWp for CISs, 3.84 kWh/kWp for ClSc,
and 3.31 kWh/kWp for the p-Si system. In general, the Yt values of the PV systems in
Cirata were high, thus demonstrating the significant potential of PV systems in Indonesia

[226].
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Figure 6.2 Meteorological variables in Cirata. (a) Frequency distribution of in-plane irradiance,
(b) total monthly irradiation and PV module temperature during daytime hours.

Figure 6.3 shows the PR of the PV systems in Cirata. The daily-averaged PR values
for the CISs and CISc systems during the reporting period were 91.7% + 4% and 87.4%
+ 7%, respectively. The CISc system has a higher Lc and Ls than the CISs system, which
created a significant difference in PR between the two CIS systems. PR for the p-Si
system was 79.8% + 4%. Table 6.2 shows the main performance indicators of the three
PV systems in Cirata. Using the mean values from CISc and CISs, it can be seen that the
CIS system performed better than the p-Si system. The Y of CIS was 14.1% higher than
that of the p-Si, which confirms the finding from a recent study [227].
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Figure 6.3 Performance ratios of the PV systems in Cirata; green for ClISc, orange for CISs, and
magenta for p-Si.

The most significant difference between the two systems concerns the losses,
where the p-Si system yielded a 47% higher L. and a 45% higher Ls than the CIS. One
of the reasons for the lower losses in the CIS systems is the higher frequency of module
cleaning compared to the p-Si system. The values for naatea of the CIS and p-Si system
were respectively 13.8% and 14.9%. The annual-averaged CF was 16.3% for CISs,
16.0% for CISc, and 14.1% for the p-Si system.

6.4.2. Degradation Rates

Figure 6.4 shows the Rq of the PV systems in Cirata based on data from April 2016
to July 2018. The degradation rate is a rate of change, with a negative rate representing
a decrease in performance. For the CIS system, the calculation is based on the power
produced by the central inverter (CISc). The calculation shows that the p-Si system
degraded at an average of 3.72% per year, which is faster than the CIS system with its
annual Re of 1.53%. The values for the confidence interval of the Rq of the CIS and p-Si
system were 0.87% to 2.06% per year and 2.98% to 4.31% per year, respectively.

Table 6.2. Performance indicators of PV systems in Cirata.

Unit 52&;‘:{" 53(2(':?3'2\)’\”’ 5 kWp (p-Si)  CIS/p-Si (%)
Yi  kKWh/kWp 3.92 3.77 3.37 14.09
Ya  KWh/kWp 4.00 3.91 3.58 10.47
Y. kWh/kWp 4.27 4.32 4.22 1.78
L. kWh/kWp 0.27 0.41 0.64 -46.88
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Table 6.2. Cont

Unit 52&2‘8")’9 53(2('3?8';\)”9 5 KWp (p-Si)  CIS/p-Si (%)
La  kWh/kWp 0.08 0.15 0.21 -45.24
PR % 91.7 87.4 79.8 12.22
Narated % 13.8 13.8 14.9 -7.38
Na % 13.0 12.6 12.7 0.79
N % 12.7 12.1 11.9 4.20
Niny % 97.8 96.2 94.0 3.19
Yi  kWh/kWp 3.92 3.77 3.37 14.09
Ya  kWh/kWp 4.00 3.91 3.58 10.47
Y. kWh/kWp 4.27 4.32 4.22 1.78
L. kWh/kWp 0.27 0.41 0.64 -46.88
CF % 16.3 16.0 14.1 14.54

The maintenance practices applied to the PV modules and measurement equipment
can introduce uncertainties that result in high values of degradation.

The objective of the maintenance strategies is to timely detect failures in
components and the system, to regularly clean PV modules’ surfaces and, on the long
run, to slow down the decrease in efficiency which is crucial to enhance the technical
and economic performance of PV projects. Since little experience exist with
standardized maintenance schemes, this could be an interesting topic for future
research.

The measurement equipment in the PV systems in Cirata was not cleaned and
calibrated, the CIS PV modules were sometimes cleaned, and the p-Si PV modules were
never cleaned during their operation. Soiling and drifting of the irradiance sensors
increase the uncertainty of the Rq calculation, which is an interesting topic for further
investigation.

The degradation rates of the PV systems in Cirata at module level were higher than
those reported in the literature, where the average degradation rates for silicon and thin-
film technology are respectively 0.7% and 1.5% per year. However, when looking at the
system level, the Ra values from Cirata are within the boundaries as presented in other
literature [219].

For silicon technology, the average rate of degradation at the module level is
0.5%/year. However, the rate of system degradation can reach 2.5%/year. This also
indicates that BOS and soiling affect degradation [219]. For the CIS module, the
examination of yields from NREL found that the Rq of CIS can range from moderate, at
2% to 4% per year, to negligible or small, at less than 1%/year [228].
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Figure 6.4 The annual degradation rate of the PV systems in Cirata: (a) CISc system, (b) p-Si
system.

6.5. Conclusion

We compared the performance and degradation rate of a 1 MWp CIS PV system
and a 5 kWp crystalline-Si PV system operating in the real tropical climate of Indonesia.
Concerning the Yy, the CIS system outperformed the p-Si system by 14%. The daily-
averaged PR of the CIS system was 89.6% (mean PR of the central and string clusters),
which is 12.2% higher relative to the PR of the p-Si system of 80%.

Based on monitored Pac, the Rq of the PV systems in Cirata at the module level was
high. The CIS system degraded by 1.53% per year, while the Rq of the p-Si system was
3.72% per year. However, at the system level, the Rq values were within acceptable
boundaries. By considering the other technical performance indicators, it can be
concluded that CIS technology performs better than p-Si in Indonesia’s tropical climate.
However, there may be some uncertainty with respect to the calculation of the Ra. Such
uncertainties are caused by soling and the relatively short two-year monitoring period.
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CHAPTER 7. PERFORMANCE AND
DEGRADATION OF PV SYSTEMS IN THREE
CLIMATES

7.1. Introduction

In Indonesia, the solar photovoltaic (PV) market is rapidly growing. However,
studies on the outdoor performance of PV systems in this tropical rainforest country is
lacking. In this work, we compare the performance of PV systems in Indonesia with PV
systems in Australia (arid, desert, hot) and Italy (temperate, dry summer, hot summer).
Monitoring data from 2008 to 2019, ranging from two to nine years, from fifteen PV
systems of six technologies were analyzed. The performance of the PV systems was
presented using their performance ratio (PR) and performance loss rate (PLR). PR was
calculated using IEC standard 61724, and PLR was calculated using seasonal and trend
decomposition, applying locally weighted scatterplot smoothing (STL decomposition)
and the year-on-year approach from NREL/RdTools.

Photovoltaic (PV) energy generation will dominate the future energy mix [229].
Thus, quantitative information about the long term performance of photovoltaic (PV)
systems is important for many stakeholders, including researchers, companies,
integrators, regulators, and investors. The performance of PV systems is influenced by
many factors, such as local climatological circumstances, system components,
installation, cost, and other miscellaneous factors [230]. In this work, we present the
performance evolution of fifteen photovoltaic (PV) systems of six different PV module
technologies in three different climates. Changes in performance are presented using
the performance ratio (PR) and the performance loss rate (PLR).

PV technologies applied in these PV plants are amorphous silicon (a-Si) solar cells
(one system), heterojunction with intrinsic thin layer (HIT) hybrid silicon (one system),
copper indium gallium selenide (CIGS, one system), monocrystalline silicon (mono-Si,
three systems), cadmium telluride (CdTe, three systems), and polycrystalline silicon (p-
Si, six systems).

The PV systems are located in three different climates, namely, Alice Springs,
Australia (arid, desert, hot), Cirata and Pekanbaru, Indonesia (tropical, rainforest), and
Bolzano, Italy (temperate, dry summer, hot summer). Data from all PV systems were
obtained directly from their monitoring systems. Table 7.1 shows the systems’ features,
including their PV technologies and locations.
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

The performance of PV systems can change during their operation. As such, the
assessment of the time-series of their monitoring data can be useful to get an insight
into their long-term energy yield, reliability, and hence, financial feasibility.

Performance ratio, PR, has been widely used as a performance indicator of PV
systems for more than 25 years. Using PR, one can quantify and compare the quality of
different PV systems or module technologies operating at various climate conditions
[231]. Performance ratio is the ratio of the actual and theoretically possible energy
outputs. PR measures how effectively the plant converts the sunlight collected by the
PV panels into a.c. energy delivered to the off-taker, relative to what would be expected
from the panel nameplate rating. The calculation of PR, therefore, quantifies the overall
effect of losses due to inverter inefficiency, wiring, cell mismatch, elevated PV module
temperature, reflection from the module front surface, soiling, system downtime,
shading, and component failures. Several PV systems installed in different climates can
be relatively compared using their PR values because PR is independent of location, the
orientation of a PV array, and the incident solar irradiance. The result of the PR
calculation is a percentage or decimal value. The present range of typical PR values of
different PV technologies is 80-90% [94].

However, rather than being constant, the power of PV systems usually follows a
negative trend over time due to a decline in module and system performance. To capture
this trend, the performance loss rate (PLR) is calculated. Understanding system
performance losses over time is crucial to minimize investment risk because a higher
PLR translates directly into a lower amount of energy generation and, therefore, reduces
future cash flows [219]. Despite the differences in the assessment methods, the rate of
performance loss is influenced by location, design, and operation [232]. The accuracy
of the estimations of these indicators depends on data availability, accuracy, and
resolution, as well as the methods used in the calculation.

The PLR, sometimes also erroneously called degradation rate, is a measure used
in the PV industry to quantify a rate of change, with a negative rate representing a
decrease in performance [222]. The term PLR is more accurate as it combines actual
degradation mechanisms with reversible and irreversible performance loss factors both
on module and system level. Module degradation refers to appearing degradation modes
such as cell cracks, delamination, or hot spots. System degradation instead affects
larger parts of the plant and can be triggered through shading, soiling, etc. Therefore,
an analysis of PLR can be useful to understand the long-term financial performance of a
PV system with respect to anticipating energy production over the project lifetime.
Different types of PV modules degrade at a different rate. A meta-analysis of 11,000 PV
systems concluded that the median PLR was -0.5% to -0.6% per year and
the mean average PLR was -0.8% to -0.9% per year [233]. Although the PLR was found
to be lower, it still exceeded 1%/year in the first year of operation and then was stable
between the second and the third year [219].
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

Another study found that the average and median values of PLR for mono-Si
installed before 2000 were, respectively, =0.7% per year and —=0.5% per year, whereas
the values for thin-film technologies installed after 2000 were higher at =1.5% per year
and —1% per year, respectively [232]. Although the PLR is often used to quantify the
performance change at the module level based on laboratory or outdoor test conditions
[234], the indicator can also be applied on the PV system level [235-237].

PLR is calculated using the following general steps:

- Reading in available input data;

- Datafiltering;

- Selection of performance metric;

- Possible correction and data aggregation;

- Application of the statistical method to calculate the final PLR.

In this work, two different raw data irradiance sources, namely measured irradiance
and clear sky modeled irradiance [222], are tested and two different methodologies were
used to calculate PLR.

A study in Cyprus [234] found that the annual PLR of mono-Si was —0.64%/year,
with —=0.62%/year for mono-Si, and —=1.78%/year for thin-film systems. Although the
study uses quite a small sample size, it could indicate that the PLR value of thin-film is
nearly three-fold of the PLR value of c-Si PV systems in warm climates.

Unlike the calculation of PR, which is basically straightforward, the calculation of
PLR does not follow a pre-determined procedure. To estimate the PLR of a PV system,
a performance metric must be selected and calculated first. After possible correction
and aggregation steps, a statistical method is applied to extract the performance trend.
Many methods decompose the metric time-series into their components. Using additive
decomposition, the sum of the components at each point of time is the same as the value
of the data at that specific time as represented by Equation (7.1) [238].

V=St T+ g (7.1)

where yt is the data, St is the seasonal component, Tt is the trend-cycle component, and
€t is the remainder, all at period t. The “seasonality” component is a repeated pattern
observed between regular intervals due to seasonal factors such as the time of the day
or the month of the year. Seasonality in weather data related to PV systems shows the
regular variation in the environmental conditions such as the irradiance, the spectral
content, the angle of incidence (8), the ambient temperature (1,,), and wind speed (v)
[239]. Seasonality affects both c¢-Si and thin-film technologies, although c-Si
technologies are more dependent on temperature changes and spectral effects [240].
The “trend” component shows the overall increasing or decreasing slope of the metric

over time. The “remainder” component is the activity that is not explained by the trend
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

or the seasonal value. The remainder is also expressed as the “error”, “residual”, or
“irregular” component.

The time-series are a sequence of observations recorded at regular time intervals.
They contain information about the inherent nature of the measured phenomenon, such
as the physical world, which displays interesting movements over longer periods.
Understanding time-series can also be used as a basis for forecasting the future
characteristics of the measured phenomenon. Time-series can contain features such as
autocorrelation and periodic movements, stationarity and nonstationarity, volatility,
seasonality, trends, and other common features [241]. In this work, we will focus on the
seasonality and trend features of the time-series.

Various statistical models are used to extract the components of time-series. The
most commonly used methods are moving averages (either moving average smoothing
or weighted moving averages), X11 method, SEATS decomposition, or Seasonal and
Trend decomposition using Locally weighted scatterplot smoothing (STL decomposition)
[238]. Other methods include Simple Linear Regression (SLR), Classical Seasonal
Decomposition (CSD), Holt-Winters exponential smoothing (HW) [242], as well as X12
ARIMA [240]. All of the extraction methods give better or worse estimates of the ‘trend’
between them. However, SLR was found to be the least accurate method for ¢c-Si and
thin-film because it is sensitive to seasonality and outliers in the time-series, especially
when long-term data are not available [242].

In this work, we use STL decomposition as a statistical method for computing PLR.
STL uses locally weighted regression and thereby provides robust estimates of the trend
and seasonal components that are not distorted by outliers and missing values
compared to other methods [243,244]. STL handles any type of seasonality, not only
monthly or quarterly data. The seasonal component is allowed to change over time. The
user can control the rate of change and the smoothness of the trend-cycle. However,
STL does not handle trading day or calendar variation automatically, and it only provides
facilities for additive decompositions. A complete description of STL procedure is given
in [243].

In this work, we also evaluate the calculation of PLR using the year-on-year (YoY)
approach which follows a different concept. The idea behind the YoY approach is
explained in Section 7.3.4.

The performance of PV systems has been extensively evaluated worldwide
[245,246], mainly in Europe [219] and the US. In particular, among the comprehensive
study of the performance of PV systems in China, Japan, the US, Europe, and Australia
have been reported in respectively [247-249], and [250]. In South-East Asia, PR of PV
system operations has been reported such as in [251,252], and [54].

Recent studies about the PLR are available among others in
[229][219][232][222,233-235][239][241][251][54,253-261]. However, only two
studies were based on PV systems in South-East Asia, and no study was found in
Indonesia. Therefore, in this work, we include PV systems in Indonesia to fill the gap of
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

PLR study of PV systems located in the tropical rainforest climate in South-East Asia.
We present the performance of fifteen grid-connected PV systems using six different
module types operating under the real outdoor conditions in three climates in Europe,
Australia, and Indonesia. The quality of the PV systems will be evaluated using the
performance indicators previously discussed: PR and PLR. The available time-series
gathered by outdoor PV system monitoring and meteorological data used in this work
ranged from two to nine years depending on the PV systems.

7.2. Experimental Set-Up

Figure 7.1 shows the geographical distribution of fifteen PV systems used in this
work. For each system, we provide the location, coordinates, climate, and annual global
horizontal irradiation in kWh/m? per year. The PV systems are located in Bolzano, Italy
(EURAC), Pekanbaru, Indonesia (OTH Amberg-Weiden, maintained by UIN Suska Riau
University), Cirata, Indonesia (PJB), and Alice Springs, Australia (Desert Knowledge
Australia Solar Center (DKASC), maintained by Ekistica). The PV systems are located
at the Southern hemisphere, with the highest irradiation of around 2245 kWh/m?/year,
near the equator (around 1700 kWh/m?/year), and the Northern hemisphere, with the
lowest irradiation (1400 kWh/m?/year).

Basic information about each system is given. The information includes rated
power, module technical specification, mounting, tilt angle, and basic configuration. The
PR calculation was possible with several months of data, but a minimum of 24 months
of recording period is required for the calculation of PLR.

Solar irradiance on a horizontal surface in W/m? is represented by several terms.
They are beam or direct normal irradiance (DNI), diffuse horizontal irradiance (DHI), and
ground-reflected irradiance on a horizontal surface (Eg). The sum of all irradiances is
represented as global horizontal irradiance (GHI). On the plane of array (POA), also in
the unit of W/m?, we use the in-plane terms, namely, in-plane global irradiance (Groa),
in-plane beam irradiance (Gy,.,), in-plane diffuse irradiance (Gg,,), and in-plane

ground-reflected irradiance (G . The terms used for irradiation in Watt-hours/m? are

fPOA)
horizontal irradiation (Hn) and POA irradiation (Hi), which are the irradiance aggregated.
Other important variables include Tamo in °C, module temperature (Tm) in °C, and wind
speed (v) in m/s.

Global irradiance on the plane of array, Groa, is mandatory for PR calculation. If
Groa was not available, it could be estimated from the global horizontal irradiance, GHI,
using available decomposition and transposition models. Various empirical
decomposition models that are commonly used have been tested by [262]. In general,
they are used to estimate the diffuse horizontal irradiance, DHI, from measured GHI.
Thereby, both parameters have the following relation.

DHI

Ke= Ghi (7.2)
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

Here, kq is the diffuse fraction and its value depends on the clearness index, k,, and
the selected decomposition model. Furthermore, GHI, DHI, and the direct normal
irradiance, DNI, can be described by Equation (7.3).

GHI = DHI + DNI % cos(8s) (7.3)

where 0s is the solar elevation angle (°). All decomposition models use at least the
clearness index, k;, as input for computing kg, while the other models require additional
variables such as elevation angle, ambient temperature, or relative humidity (RH). All
models can estimate both DHI and DNI effectively [262]. In this work, we use the Erbs
decomposition model [264] due to simplicity because it requires only k. as the input
variable to compute ky.

Next, a transposition model is used to determine Groa using Equation (7.4).

Gpoa = GbPOA + GFPOA + GdPOA (7.4)

where Gy, = DNIxcos (8), with 8 being the angle of incidence of the sunbeam on the

plane of the array surface.

The calculation of G is implemented using Equation (7.5) which is based on an

"POA
isotropic model.

1-cos (B)

Gy, = GHI X px 5

TPOA ™

(7.5)

where p is the ground albedo, and B is the tilted angle of the PV array. Albedo is the
fraction of G, and GHI on the ground that is reflected by a surface, with a value that
can be significant, reaching up to 100 W/m?. Albedo is close to zero when the surface
is very dark, and albedo is 1 when the surface is bright white, metallic, or a mirror. A
ground albedo value of 0.2 is widely accepted and is used in the modeling of PV systems
[265].

To estimate G, Equation (7.6) is used by assuming that the sky is a uniform
source of diffused irradiance [266]. Thus, Gg,,, can be found from DHI and the tilt angle

of the PV array.

1+ cos (B)

Gapop= DHI X ——

(7.6)

If the PV module temperature, Tm, was not available, it can be estimated using the
Sandia module temperature model shown in Equation (7.7).

Tm = Gpoa (ea+ b.v) + Tamp (7.7)

where v is the wind speed in m/s, a and b are parameters that depend on the module
construction and materials, as well as the mounting configuration of the module. The
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

table that lists representative values for a and b for various common module types and
configurations is provided in [267].

The estimations of Gppa and Tm were implemented using PVLIB Python, initiated by
Sandia National Laboratories and developed by the PVLIB community [268]. PVLIB
calculations are documented on Sandia’s PV Performance Modelling Collaborative
(PVPMC).

If no meteorological data were available, the meteorological data from PVGIS were
used [269]. PVGIS provides historical satellite data from many locations in the world and
has been extensively used in scientific publications.

Monitoring sensors for PV systems in Alice Springs are cleaned fortnightly. The
monitoring sensors in Italy are not cleaned periodically due to enough rain and low soiling
rates. However, information regarding the sensors used in the monitoring system and
maintenance of the sensors is not given for systems in Indonesia. The history of the
plants and the record of the inverter failures are also available for systems in Alice
Springs. Accordingly, we translated the moments of inverter failure into missing values
and later dropped them from the analysis. Of all systems, only the system in Cirata is
known to be free from any obstacles causing shading on the PV arrays throughout the
year. The PV system in Italy has shading from the surrounding mountains, but that holds
for the systems as well as for the irradiance sensors and simple filter-detected moments,
where one is shaded but the others are not. For the other systems, there is no
information available about shading.

The climates are classified according to Kbppen—Geiger, which takes differences in
temperature and rainfall as the basis for classification [97,270,271]. In the Képpen—
Geiger classification, the Earth is classified into five main climate classes and 30
subtypes. The codification of the climate classes uses two or three letters (Figure 7.2).
The first letter represents the five climate groups, where A is for equatorial or tropical,
B is for arid, C is for warm temperate, D is for cold or snow, and E is for polar.
Furthermore, subgroups are assigned as the second letter, which indicates the type of
precipitation (water vapor condensation product in the atmosphere). The third letter, if
applicable, represents the air temperature. Figure 7.2 shows a matrix of the complete
and updated list of the 30 climate classes from Képpen—Geiger. The left axis represents
the first letter, the top axis is for the second letter, and the bottom axis is for the third
letter. For example, climate Aw is read as tropical, savannah; climate Dsc is read as
cold, dry summer, cold summer.

The PV systems are located in three different climates and countries: one system
in climate Cfb in Italy, two systems in climate Af in Indonesia, and twelve systems in
climate BWh in Australia. Table 7.1 summarizes the list of PV systems and the
corresponding climatic information.

Most PV systems in Alice Springs are connected to identical SMA Sunny Mini
Central 6-kW inverters. Only the PV systems in Site 17 (HIT modules) and Site 7 (CdTe)
use differently sized inverters. Site 17 uses an SMA Sunny Mini Central 7-kW, and Site
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

7 uses a Fronius Primo 6 kW. The CdTe thin-film modules in Alice Springs Site 7 were
originally rated by the manufacturer for installation in Europe. They were installed in Alice
Springs without the installer, having gained approval from the manufacturer. PV systems
in Site 3 and Site 11 in Alice Springs use p-Si modules with identical size and
configuration. However, Site 3 is a roof installation, while Site 11 is ground-mounted.
Therefore, it would be interesting to observe the performance difference between these
two arrays and explain the impact of mounting an array on the roof.
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Figure 7.2 Thirty climatic subclasses according to Képpen—Geiger [271] and updated by [270].

Table 7.1 shows the mentioned parameter next to the total active area, Aa, of PV
arrays and the temperature coefficient of the maximum output power (yemp) of the PV
modules. yemp indicates how strongly the PV array power output depends on the cell
temperature. It is a negative number because power output decreases with increasing
cell temperature.

The PV system capacity ranges from 1.76 to 6.96 kWp, tilted 20° toward an
orientation of 0° (North) for systems in Alice Springs. Systems in Pekanbaru and Cirata
in Indonesia were tilted 10° toward an orientation of 180° (South) and 15°, respectively.
The array angle of the system in Bolzano was 30°, with an orientation of 188.5° (South-
West).

Figure 7.3 shows a chart of data availability for all PV systems and weather data. In
general, data were available from September 2008 to January 2019. As shown, data
from each PV and weather monitoring system were distributed over different periods.
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

There was no period of time shared by all systems. Therefore, in this work, we
analyzed each PV system according to the period of data availability rather than using
the same period of time. The PV system in Bolzano had the longest period of available
data of nine years, from February 2011 to January 2019. In contrast, the PV system in
Cirata had the shortest period of two years of data, from March 2016 to March 2018. At
a monthly level, most of the systems did not have missing values except for the PV
systems in Site 27, which missed two months in total, and Site 7, which had a total of a
half-year of missing data, both in Alice Springs. The weather data in Alice Springs are
only available until October 2016. That is why all systems have the same end date.

7.3. Methods

7.3.1. Data Preparation

The measurement data should be as free from errors as possible. However, this is
rarely the case. Data used in this work contain wrong values, gaps, outliers, spikes,
drops, and other types of noise. Data also contain wrong or different formats of
timestamps. These common problems affect the readiness of data for analysis, the
quality of the time series, and, further, the quality of the analysis.

To ensure the systematic patterns of the time series data more salient, we applied
a series of data preprocessing techniques to the raw data for each PV system. (1) Data
were filtered according to standard IEC61724-1:2017 [216]. Namely, the daytime data
were selected by eliminating irradiance values below 200 W/m? and above 1500 W/m?.
For Tamo, only values between -40 and 60 °C were used. For the module temperature,
Tm, values between Tamp and Tamb plus 30 °C were included [272]. Wind speed values, v,
between 0 to 30 m/s were included. (2) The data were thoroughly checked to ensure
consistency and to detect gaps. Duplicates in the data were detected and removed. (3)
Further general outlier removal was applied based on predefined criteria depending on
the characteristic of the data. If a variable value, X, minus the population mean, y, is
greater than two times the standard deviation, o, then that specific X value is an outlier,
and it will be excluded.

|X - y| >20 (7.8)

(4) Any abnormal value, such as largely negative and dead values that were stuck for
one hour or longer, were removed. (5) Due to many incomplete records based on the
previous treatments, we selected data with high monitoring fractions (MFs), either
intrahours, intradays, or intramonth. A minimum MF of 85% was found to be optimal to
keep the data quality high without losing too much data.
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

7.3.2. Calculation of the Performance Ratio

The monitoring standard IEC61724-1:2017 [216] was applied to calculate the PR.
In chapter 3 Section 6.3.1, a detailed performance calculations has been given. Three
types of PR were calculated: PR, STC temperature-corrected PR, PRsc, and annual-
averaged temperature-corrected PR, PRam. For the calculation of PRsi. and PRann., the
temperature coefficient of maximum power (yemp) is a critical component.

7.3.3. Calculation of the Performance Loss Rate Using Linear Regression and STL

In this work, PLR was evaluated using linear regression (LR), STL decomposition,
and the YoY approach. With the first approach, PLR was computed by evaluating the
PRann time series using linear regression. With the second approach, the calculation of
PLR involved three main steps. First, the decomposition of continuous monthly PR time-
series into its components using STL (see Equation (7.1)). We used the annual-averaged
temperature-corrected PR, PRann, as the base data from which the PLR was calculated.
PRann. was calculated using Equation (7.14) [273].

5
21 [Po (=) (-¥58 (Tmave = T (79

PRann =

where i is a given point in time, Eac is the measured a.c. electrical generation (kWh).

The STL algorithm extracts T: using a locally weighted polynomial fitting. The STL
decomposition results in the “trend”, “seasonal”, and “residual” components of the
original temperature-corrected PR time series. STL has been implemented in other PV
performance studies using the software R [229][232][244][261]. Other studies such as
[261][274] have also applied STL without mentioning the tools used to implement it in
the analysis of PV systems’ time-series. In this work, the STL algorithm was implemented
using a Python library named STLDecompose [275], according to the LOESS smoothing
method [243]. The annual analysis period of 12 months is used, which represents the
number of months in a year. To accommodate strong annual periodicity within the years
of daily observations, if needed, a period of 365 days would be appropriate.

Second, the calculation of the linear least-squares regression values of the “trend”
component, Tt, of the temperature-corrected PR using Equation (7.15).

Ty=ax+b (7.10)

where x is an independent variable or the variable to make predictions, a is the slope of
the regression line that represents the effect x has on Ti, and b is the Ti-intercept. The
final PLR value, in percentage, is the rate of change, either positive or negative, of the
regression of the trend component. From the regression parameters, the relative PLR is
computed using Equation (7.16) [257].
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7 PERFORMANCE AND DEGRADATION OF PV SYSTEMS IN THREE CLIMATES

PLR= 22 (7.11)
b

where 12 is the number of months in a year. Further, removing the denominator b, if

needed, will result in an absolute value of PLR, also known as PL.

As its name implies, the year-on-year (YoY) method uses performance time-series
over year-on-year distributions. It aggregates the data points of the chosen metric
between the same calendar days of subsequent years [224] by which the effects are
minimized by comparing points at similar times of the year. The standard metric used in

RdTools is renormalized power/energy values based on PVWatts.
7.3.4. Calculation of the Performance Loss Rate Using the YoY Approach

We calculated PLR based on monitoring data (using sensors) and a clear sky model
using NREL’s RdTools. Figure 7.4 shows an example of degradation calculations taken
from a CIGS PV module in Alice Springs in daily resolution. The time-series charts on
the left-hand side show the year-on-year energy production normalized using baseline
a.c. energy values from PVWatts calculation according to the following equation [276].

P=— PO (14y, (T, 25°C) (7.12)
1000*Pq Pmp :

PVWatts is a free software provided by NREL. It uses typical meteorological data to
generate predicted energy production.

As shown, the annual PLR value was observed to be large enough to be visually
detectable when calculated using sensor data compared to using the clear sky model.
The histograms on the right-hand side present the distribution of the daily PLR values
calculated by comparing a renormalized energy value of one particular date in a
particular year to another PR value on the same date from the previous year. Depending
on the comparison result of the energy output of two consecutive days, PLR values can
be both positive and negative, as shown in the histograms. The median of the PLR values
becomes the final single annual PLR value to be reported.

Degradation values obtained by the clear-sky method and measurement sensor
method differ. Using the example from the CIGS PV system in Alice Springs (Figure 7.4),
the clear-sky method resulted in a smaller degradation value, 0.17%/year, as compared
to 1.2%/year based on measurements. This can be explained by the different origins of
irradiance data in these methods. Namely, a clear-sky model simulates irradiance by
geometric sun position modeling and atmospheric clear sky modeling [277], which is
ideal as compared to the real world irradiance measured by irradiance sensors which
can be disturbed by clouds and shading by neighboring objects. Since monitoring data
represent the actual operation of PV systems, they measured irradiance data provide
the best input to PV performance analysis and hence the determination of degradation
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rates. If monitoring data are not available, then the clear-sky method could be a useful
alternative to estimate degradation values with less accuracy.

Sensor-based degradation results
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Figure 7.4 Examples of the degradation rate of a copper indium gallium selenide (CIGS) PV
system from Site 27 in Alice Springs. The degradation calculation based on (a) measurement
sensors, and (b) a clear sky model.

7.4. Results and Discussion
7.4.1. Performance Ratio

Figure 7.5 presents an example of daily performance ratios of a selected PV system,
a p-Si system in Cirata, during the year of 2017. The performance ratio, PR, is shown in
blue, PRse. in orange, and PRann in green. Scatter plots are the actual values, and the
lines are the 30-day averaged values. As shown, the PR and PRam. values are close
together while the PRst. values are higher, about 0.1.
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Figure 7.5 Daily performance ratio of a p-Si system in Cirata in 2017.

In Figure 7.6, the performance ratios for each PV system, together with their mean
values and standard deviation (std), are shown. In each subplot, the blue box plot to the
left is the PR value. The middle orange plot is the PRsi. value. The right green plot is the
PRann. value. As shown, the mean values of PR were slightly higher than PRan., with
around a 0.4% difference. However, PRann. had a narrower standard deviation by 30%
compared to the standard deviation of PR because its seasonal variations due to the
temperature effect had been reduced using annual-averaged temperature values. The
PRstwe. values were always the biggest among the two other PRs (around 10% higher)
because they were estimated with an STC temperature of 25 °C.
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Figure 7.6 Box plots of the performance ratio of each PV system. Left/blue: PR, middle/orange:
temperature-corrected PR by STC, right/green: annual-averaged temperature-corrected PR.
Numbers at the upper right corners in the boxes indicate the duration of the analyzed data in the
number of years.

Figure 7.7 shows the mean performance ratio and its standard deviation by
technology. The CIGS module has the highest values of all PR types, followed by HIT.
The performance superiority of CIGS and HIT modules were also reported in Thailand,
which has a tropical climate as well [237]. The p-Si and CdTe modules follow in terms
of the values of PR and PRann. However, when the temperature is closer to STC, p-Si
modules performed better than CdTe modules. In addition, the performance range of p-
Simodules is smaller than CdTe modules. A similar comparison was observed for mono-
Si and a-Si modules in terms of STC temperature; the mono-Si modules had a higher PR
than a-Si while their PR and PRann. were relatively similar.
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Figure 7.7 Performance ratio by technology.

Table 7.2 shows the performance ratio and their standard deviation by climate. For
the climatic comparison of PRs, we use p-Si modules because 50% of the evaluated PV
systems fall in this category. In terms of PR and PRam., the p-Si system in climate Cfb of
Italy has a higher performance of 0.84 than those in climates BWh (Australia) and Af
(Indonesia) with the same value of 0.81. In contrast, PRst. in climates BWh and Af were
slightly higher than those in climate Cfb. The reason for this is because the average
temperature in climates BWh and Af are closer to 25 °C.

Table 7.2. Performance ratio of p-Si systems and their standard deviation by climate.

Climate Country PR PRste. PRann.
BWh Australia 0.81 +0.03 0.92 + 0.02 0.81 +0.02
Af Indonesia 0.81 +0.03 0.90 + 0.03 0.81 +0.03
Cfb Italy 0.84 + 0.04 0.89 + 0.03 0.84 + 0.03

7.4.2. Performance Loss Rate Calculation Using LR and STL

PLR has been evaluated using linear regression and STL decomposition. Figure 7.8
shows the monthly PRan. time-series, their fitting lines, and trend components. As shown,
the data do not have the same length, ranging from two to nine years. The grey lines are
PRann., also shown in blue lines for PV systems with data less than a five-year period. The
dashed orange lines are the applied linear regression fits of PRann., and the green lines are
the STL-extracted “trend” component of the PRann. time-series. For almost all systems, the
difference between the regression fits with the trends is very small, which means that the
STL method is useful for an accurate calculation of changes in performance.
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Figure 7.8 Annual-averaged monthly temperature-corrected performance ratios, PRann., of the PV
systems (grey or blue lines), their linear fit (dashed orange line), and trend components (green
line) over the monitoring period. Numbers at the top right of the charts indicate the lengths of the
data in years.

The quantities of PLR using STL are presented in Figure 7.9, grouped by module
technologies and climate zones. The values of PLR are presented as relative values
(chart on the left-hand side) and absolute values (chart on the right-hand side). Reading
the mean of relative values, p-Si shows the lowest PLR of =0.6%/year, followed by CIGS
at —0.8%/year, mono-Si at -0.84%/year, HIT at =1.01%/year, and CdTe at -1.18%/year.
The strongest degradation was experienced by a-Si modules at -1.58%/year. CdTe
systems have the largest range, from -0.38%/year to -2.20%/year. In contrast, the
range of PLR values of p-Si systems was the smallest, from -0.19%/year to
-0.97%/year. The results are in line with a previous similar study [232].
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Figure 7.9 Performance loss rate of the PV systems using STL. (a) Grouped by module
technologies, (b) grouped by climate. Left: relative values, right: absolute values.

7.4.3. Comparison of PLR Values Using STL and YoY

While the methodology of calculating PR is widely accepted and standardized, the
degradation of PV systems is estimated using different approaches. For that reason, in
this section, we compare the PLR values presented in Section 7.4.2 with the ones
retrieved using the YoY approach. For the YoY approach, the PLR calculation is mainly
focused on using sensor-based data, but additional analysis is also performed using a
clear sky model.

As shown in Figure 7.10a, the PLR calculation based on monitoring data showed
that p-Si modules degraded the least while the highest rate was observed for the a-Si
modules. On average, p-Si modules degrade at —0.93%/year, followed by mono-Si at
-1.01%/year, HIT at =1.07%/year, CIGS at =1.2%/year, CdTe at —=1.38%/year, and a-Si
at —1.63%/year. If we apply the clear sky model for the calculation, the lowest PLR is
observed for the HIT modules with —=0.12%/year, while the a-Si system still experiences
the highest PLR at =1.22%/year. In between, CIGS degrades at =0.17%/year, mono-Si
at —0.28%/year, p-Si at —0.53%/year, and CdTe at —0.82%/year.
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Figure 7.10 Performance loss rate of the PV systems using YoY. (a) Grouped by module
technologies, (b) grouped by climate. Left: based on monitoring sensors, right: based on the clear
sky model.

When the PLR values were grouped by climate, as shown in Figure 7.10b. while
using sensor data, the lowest PLR was observed in the Cfb climate of Bolzano at
-0.8%/year, followed by Bwh in Alice Springs at —=1.11%/year. The largest PLR was
observed in the climate of Af in Indonesia at —1.6%/year. This confirms the previous
study that higher PLR values occur in hotter climates compared to more moderate
climates [233]. The annual average Tams in Bolzano, Alice Springs, and Indonesia during
their corresponding reporting periods were, respectively, 13, 26, and 31 °C. Moreover,
calculations using the clear sky model showed different results, where the lowest PLR
was in the BWh climate at —0.4%/year, followed by climate Af at =1.29%/year, and the
highest rate was in the climate of Cfb at —=1.41%/year. It has to be kept in mind, however,
that clear sky modeling of irradiance data will inevitably result in higher uncertainties. It
is usually used to cross-compare the quality of measured irradiance and as an
alternative if no or corrupted irradiance measurements are available.

Appendix 7.A, Table 7.A1 shows a complete performance matrix of the PV systems.
The PR and PRann values of all systems fall between 76% and 88%, while the values of
PRstc are slightly higher. According to [34], the typical PR of present PV systems ranges
from 80% to 90%. For most of the PV systems, the relative values of PLR using STL are
smaller compared to the sensor-based PLR values using YoY, with a significant
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difference ranging from =12% to -20% for mono-Si in Alice Springs and —-13% to -60%
for p-Si in the same location. The differences in degradation values retrieved from STL
and YoY were caused by the underlying differences in the methods themselves. The PLR
using STL was calculated based on a decomposition of the temperature corrected PR
while the YoY-based PLR was calculated using the differences in daily instances of PR
and renormalized energy using PVWatts.

7.5. Conclusions

Two performance matrices of fifteen PV systems of six module technologies
operating under real conditions in three climates were calculated. The PV systems
consist of one amorphous silicon (a-Si) solar cell system, one heterojunction with
intrinsic thin layer (HIT) hybrid silicon system, one copper indium gallium selenide (CIGS)
system, three monocrystalline silicon (mono-Si) systems, three cadmium telluride
(CdTe) systems, and six polycrystalline silicon (p-Si) systems. The PV systems are
located in Australia, Indonesia, and Italy. The matrices include performance ratio (PR)
and performance loss rate (PLR). PLR was calculated using two different approaches.
Seasonal and trend decomposition using locally weighted scatterplot smoothing (STL
decomposition) was applied to temperature-corrected PR time-series, while the Year-
on-Year approach was applied to renormalized energy values based on the power
predictive model PVWatts. The latter was furthermore applied to sensor-based
irradiance data as well as clear-sky modeled data. The general conclusions of this work
are

1. The annual-averaged temperature-corrected performance ratio, PRam, with an
average value of all systems from each technology. The CIGS system performed
best with an average PR value of 0.88 + 0.04. The least performing technology was
the a-Si PV systems, with an average PR value of 0.78 + 0.05. The p-Si systems in
climate Cfb of Italy had a higher average PR of 0.84 than those operating in climates
BWh (Australia) and Af (Indonesia), with the same value of 0.81.

2. Performance loss rates based on the STL approach. For almost all systems, the use
of STL for the calculation of PLR is helpful, especially if monitoring data of high
quality was not available. The p-Si systems show the lowest PLR among the
technologies with an average PLR value of -0.6%/year. The strongest performance
loss was experienced by a-Si modules at -1.58%/year.

Results from Indonesia were appreciated because they provide the first study on
the topic. However, they were based on only two PV systems with a data period of two
and three years, which is not representative enough to draw a strong general conclusion
and is subject to very high uncertainties. In addition, PV systems that used a-Si, CIGS,
and HIT were represented by only one PV system each. More studies involving PV
systems in South-East Asia and other climates are needed. Moreover, further
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investigations are required to show the nonlinear behavior in PV system performance,
which is the actual case, while this work and many others assume a linear performance.

The differences in the calculation methods, in this case using STL and YoY, result
in significant degradation values. STL employs a decomposition of the temperature
corrected PR and the YoY was based on differences in daily instances of renormalized
energy values. Distinct differences among the calculated PLR values between both
approaches demand a standardization along the whole calculation chain from input data
treatment to the application of statistical methods to calculate reliable PLR.
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CHAPTER 8. CONCLUSIONS,
DIsSCUSSION, AND RECOMMENDATIONS

8.1. Conclusions

In this thesis, the societal aspects of the electricity grid and the performance of PV
systems in Indonesia have been studied with the purpose to answer the main research
question of this thesis: What are the experiences and attitudes of Indonesian end-users
towards the electricity grid, as well as solar energy, and would a transition towards solar
photovoltaic (PV) systems be feasible considering the performance of PV systems
operating under Indonesia’s tropical climate conditions?

At the end of this section, we will be able to answer this main research question based
on findings related to sub-research questions, which were presented in Chapter 1. These sub-
research questions will therefore be answered in the following sub-sections, 8.1.1 to 8.1.5.

8.1.1. What are the Main Factors that Influence the Energy Situation in Indonesia?

As shown in Chapter 2, several aspects have been influencing the energy situation,
particularly the electricity sector, in Indonesia. Those aspects are briefly described as
follows. Being one of the largest archipelagoes in the world, Indonesia has a unique
power supply system. With a total area of 8.3 million km?and the existence of more than
17,000 islands [56], a centralized power system connecting the whole country is not
suitable for Indonesia. Extending power lines between the big islands and extending the
grid to the smaller islands are often technically or economically unviable. With such a
geographical factor, it can be seen that Indonesia has many isolated power systems of
different sizes. Also, for decades, diesel generators have been very popular on small
islands in Indonesia due to their simple installation and low initial costs.

The demand for energy in Indonesia is strongly influenced by its economic and
population conditions. Indonesia has a big economy which grows positively. Regarding
the gross domestic product (GDP) based on purchasing power parity (PPP), Indonesia
is predicted to become one of the world’s economic leaders in the coming decades. In
2019, Indonesia’s GDP (PPP) was US$3.3 billion, which was ranked seventh in the world
and contributed to 2.5% of the total global GDP (PPP). The economic growth in 2019
was 5.02% [70] with a target of 7% in the coming years’.

7The target of 7% of economic growth in 2020 was set before the coronavirus outbreak occurred.
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The economic condition of Indonesia strongly correlates with the high and
increasing demand for energy. Besides the economy, population size also influences
energy demand. In 2019, Indonesia was the fourth most populous country in the world
with a total population of 268 million [86].

Indonesia needs a new approach in developing its power system. This is affected
by its geography that consists of distributed islands and the ever-increasing electricity
demand. Namely, Indonesia should increase the share of renewable energy in its
national energy mix. Renewable energy uses limitless local energy sources which is
suitable for a distributed generation (DC). Vast potential for renewable energy is
available in Indonesia’s, thanks to its unique topography and climate. Being part of the
Pacific Ring of Fire, the total potential of 312 geothermal sites across Indonesia is
approximately 28.9 gigawatt (GW) [60]. Also, its topography is characterized by the
existence of mountain and valley which provides around 75 GW hydro-power potential
[278]. Further, being a tropical rainforest climate, Indonesia is a rich source of biomass
energy and has a good solar irradiance across the year. The potential for biomass
electricity is around 50 GW [279] and the potential for solar PV will be presented in
Section 8.1.2. To ensure a steady improvement of renewable energy development in
Indonesia, stakeholders call for supporting regulation by the government to ensure a
higher share of renewable energy in the national energy mix.

8.1.2. What are the Challenges in Providing Proper Electrical Power Supply to the Whole
Population in Indonesia?

At present, Indonesia is still facing challenges in providing a proper electrical power
supply to the whole population and to pursue the 5.8% annual growth of electricity
demand [118]. In 2019, 1.1% of Indonesian population remained without electricity
services [3], which has been decreased from 4.7% in 2017 [117]. We identified three
groups of challenges as have been discussed in Chapter 3 of this thesis and briefly
presented below.

First, Indonesia is characterized by significant variations between regions regarding
access to electricity, power sale, price of electrical energy, and the reliability of
electricity service by the grid. The western and central regions are relatively better
developed than the eastern region. By the end of 2019, the electrification rate (ER)
ranged from the lowest value of 85% in East Nusa Tenggara (ENT), the average value
of around 91%, to the highest value of 99% in some provinces in Java and Sumatra [3].
Most of the electricity sales take place in Java, with a figure of 2.6 times higher than for
all other regions outside Java combined [118]. The electrical energy price disparity
exists between urban and rural areas where the costs of electricity in urban areas are
lower than those in rural areas. Since the end of 2017, the household electricity tariff
provided by PLN is IDR1,352/kWh (= US$9 cent/kWh) [123] while electricity generated
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by diesel generators on smaller islands cost IDR2,730/kWh (=US$39 cent/kWh) in 2018
[124], which was typical values for diesel generators that normally run less than 12 h
per day [125]. The reliability of the power grid in Indonesia is improving. Nevertheless,
power supply in Indonesia is still characterized by frequent blackouts and brownouts.
On the main islands of Java and Bali, the grid is more reliable than elsewhere, where
blackouts occur daily.

Second, despite its economic size and growth rate, electricity consumption in
Indonesia is relatively low compared to other Asian countries and any European country.
In 2017, the annual electricity consumption per capita was only 1 megawatt-hour (MWh)
[119], which was low compared to that in Vietnam at 1.6 MWh/capita, Thailand at 2.7
MWh/capita, Singapore at 8.7 MWh/capita [65], and Netherlands at 6.7 MWh/capita
[120].

Third, power infrastructure development and climate change mitigation in Indonesia
seems to be conflicting with each other. To tackle a power shortage that reached 21,000
MW in 2015, the government of Indonesia initiated the “35,000 MW Power Plant
Development Program” for a duration of five years starting from 2015. However, while
the CO2 emissions were supposed to be reduced in Indonesia, the program consists of
around 20 GW of coal-powered plants that are predicted to emit more than 10
Megatonne CO2-equivalents each year or a cumulative amount of 1.4 Gigatonne CO»-
equivalents until 2035 [139].

The Indonesian national fossil fuel reserves are depleting. Without discoveries in
the forthcoming period, the coal reserve would be depleted in 20-61 years, natural gas
in 17-19 years, and oil in 9 years. This is a clear message that renewable energy should
play a crucial role in the future to combat climate change and ensure energy security in
Indonesia. Policy-wise, the government has set a 23% target for new and renewable
energy in the national energy mix by 2025. But, progress has been slow showing at the
implementation level, renewable energy is not a priority at the moment. The total
renewables installed capacity, both on-grid and off-grid, until the end of 2019 was only
10.17 GW [28]. The renewable energy mix was mainly dominated by hydropower (5.4
GW) and geothermal energy (2.13 GW) totaling 74% of the total renewable energy
capacity [28]. The contribution of other types of renewable was bioenergy at 1.9 GW,
mini/micro hydro at 464.7 MW, wind at 148.5 MW, solar PV at 152.4 MWp, and waste
power plant at 15.7 MW [28].

One of the main reasons for the low progress of renewable energy in Indonesia is
the large influence of the central government in the energy sector. This is not favorable
for building local and sectoral capacity in developing the energy sector across the
nation. The central government holds important roles in initiating the changes, for
example by initiating a more aggressive development of renewable energy and
decentralizing the energy sector to local entities.

Solar energy is the largest renewable source in Indonesia [28]. The average specific
daily PV power output over Indonesia’s region ranges between 2.82 kWh/kWp and 4.62
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kWh/kWp or equivalent to around 1029 kWh/kWp to 1686 kWh/kWp annually [31].
Studies in 2013 [280] and 2015 [106] which were updated in 2020 [26] concluded that
Indonesia could host 49 TWp of grid-connected and off-grid PV systems in 2018.
However, taking the actual electricity demand into account, the total potential for PV
systems is estimated to be 734 GWp. However, by 2019, the total capacity of solar PV
in Indonesia was only 152.4 MWp [28] or around 0.003% and 0.02% of the total
theoretical and actual potential, respectively. With the right implementation approach, a
great opportunity for large-scale PV systems in Indonesia is widely opened.

8.1.3. What are the Experiences of End-users with the Electricity Grid in Indonesia?

In Chapter 4 of this thesis, end-user experiences regarding the reliability of
electricity supply in their homes have been explored and compared with the reliability
indices as reported by the national utility company for the cities of Pekanbaru in the
Province of Riau, Kupang in the Province of East Nusa Tenggara (ENT), and Jayapura
in the Province of Papua, Indonesia. The study was executed using data from 114
randomly-selected respondents in the city of Pekanbaru, 65 in the city of Kupang, and
26 in the city of Jayapura, totaling 205 participants. The study was executed for the
year 2017 and indicators used for this comparison are the SAIDI and SAIFI, meaning the
System Average Interruption Duration Index and System Average Interruption
Frequency Index, respectively. The use of SAIDI and SAIFl indicators is relevant because
they can be applied for evaluations of smaller areas of cities with known distribution
network configurations. The Perceived- (P) SAIDI and P-SAIFI values resulted in this
research show that the end-users experience more frequent and longer duration
outages compared to the SAIDI and SAIFI values reported by PLN. Also, users
experience a larger number of outages and longer duration for each interruption than
those that are reported by the authority. P-SAIFIs are 4-fold to 14-fold higher than the
PLN’s SAIFls. Also, P-SAIDIs are 8-times to 12-times the PLN’s SAIDIs for the
corresponding provinces.

Further, it is interesting to observe the relations between different variables, such
as P-SAIDI, P-SAIFI, households’ income, and the willingness to pay (WTP). There exist
strong positive correlations between P-SAIDI and P-SAIFI in Pekanbaru and Kupang with
R? values of 0.8 and 0.6, respectively, as is also valid for the correlation between the
reported SAIDI and SAIFI.

In our analysis, it was found that middle-high income and high-income households
experience a slightly higher P-SAIDI than those from low-middle and low-income
households. An interesting finding from our analysis shows that in Pekanbaru and
Kupang more low-medium income households are willing to pay extra for improved
power reliability, although this income group experiences fewer outages. On the other
hand, the WTP among high-income households is rather low. This is because high-
income households often own gensets, which incur an extra cost of operation and
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maintenance, and this makes them rather reluctant to spend more income to improved
electricity services. The increase in the monthly electricity bill for improved electricity
services in the cities in Indonesia is 10% to 30% somewhat higher than those in other
countries. However, the values in dollars, which are represented in a US$3 to US$8
increase for a comparable outage duration, can also be found in other countries, such
as Cyprus [184] and Sweden [207]. Therefore, it can be concluded that the WTP is
determined by the outage duration [207] as well as by genset ownership. The latter is
due to the assumption among respondents that “improved reliability” does not imply a
complete escape from outages, which means that household expenditure for gensets
and other costs may still be needed.

8.1.4. What are the Attitudes of the Grid’s End-users toward Solar Photovoltaic
Systems?

To answer this sub-question the results of the end-user surveys which were
conducted in the cities of Pekanbaru in the Province of Riau, Kupang in the Province of
ENT, and Jayapura in the Province of Papua was further evaluated in Chapter 5. It was
found that 55% to 77% of the grid’s users were knowledgeable about renewable energy.
Based on these values, it can be expected that 51%, 57%, and 81% of the participants
in resp. Pekanbaru, Kupang, and Jayapura, respectively, believe that renewable energy
is important for Indonesia. Logically, the more they know about renewable energy, the
more important they found renewable energy.

Sixty-nine to 92% of the grid’s users were knowledgeable about climate change.
Their knowledge about climate change seemed to influence their attitude towards
climate change where the majority of participants were worried about climate change;
60% in Pekanbaru, 51% in Kupang, and 85% in Jayapura. As such, it can be concluded
that awareness and concerns about climate change are closely related.

Most of the grid’s users in the three cities had some knowledge about PV systems.
However, they had limited knowledge about the difference in the price of electricity from
the grid and PV systems. Most of the participants in Pekanbaru did not know which one
is cheaper, while a significant number of the participants in Pekanbaru believed that PV
systems generate more affordable energy than the grid does. Differently, in Kupang and
Jayapura, the majority of the participants believed that the price of electricity from PV
systems is lower than the electricity from the grid (PLN). The lack of knowledge of the
participants about the difference in price between the electricity from the grid and PV
systems is logical because none of the participants had experience with PV systems. In
fact, this is a difficult question even for an expert. The truth is that under the official
tariffs, the price of electricity from PV systems was more than two times higher than the
price of electricity from the grid. However, the price of electricity from the grid paid by
the end-users did not reflect the true price of energy production because the
government subsidizes electricity which is supplied to consumers.
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Most of the grid’s users in the three cities knew that PV systems generate electricity
which is more sustainable than electricity from the grid. However, most of the
participants did not know which power source is more reliable: PV systems or the grid?
In Kupang, while the majority of the participants did not know the best option for them,
the second largest percentage of participants favored off-grid PV systems, followed by
those who wanted grid-connected PV systems, and the lowest percentage chose
electricity from the grid. In Jayapura, 58% of the participants favored PV systems in
particular grid-connected installations. Only 19% of the participants in Jayapura
selected the grid, while 15% of the participants did not know how to answer the question.

Many households in this study (65% in Pekanbaru, 71% in Kupang, and 88% in
Jayapura) wanted to have PV systems on their houses’ rooftops, either to increase the
reliability of electricity supply or to become separated from the grid. The majority of the
participants who refused to have rooftop PV systems were concerned about the strength
of their houses’ roofs for accommodating PV system components and structures.

8.1.5. How Well do PV Systems in Indonesia Function, and How is their Performance as
Compared to PV Systems which are Installed in Other Climates?

To answer this sub-question in Chapter 6, we first compared the performance and
degradation rate of a 1 MWp copper, indium and selenium (CIS) PV system with those
of a 5 kWp poly-crystalline silicon (p-Si) PV system operating in Cirata, West Java.
Concerning the final yield (Yr), the CIS system outperformed the p-Si system by 14%.
The daily-averaged performance ratio (PR) of the CIS system was 89.6%, which is
12.2% higher relative to the PR of the p-Si system of 80%. Based on the monitored a.c.
power (Pac), the degradation rate (Rq) of the PV systems in Cirata at the module level
was high; namely, the CIS system degraded by 1.53% per year, while the Rq of the p-Si
system was 3.72% per year. However, at the system level, the Rq values were within
acceptable boundaries. By considering the other technical performance indicators, it
can be concluded that CIS technology performs better than p-Si in Indonesia’s tropical
climate. However, there may be some uncertainty concerning the calculation of the Ra.
Such uncertainties are caused by soling and the relatively short two-year monitoring
period.

Secondly, in Chapter 7, we evaluated the performance evolution of fifteen
photovoltaic (PV) systems of six different PV module technologies in three different
climates. Changes in performance are presented using the performance ratio (PR) and
the performance loss rate (PLR). PR was calculated using IEC standard 61724, and PLR
was calculated using seasonal and trend decomposition, applying locally weighted
scatterplot smoothing (STL decomposition) and the year-on-year approach from
NREL/RdTools. PV technologies applied in these PV plants are amorphous silicon (a-Si)
solar cells (one system), heterojunction with intrinsic thin layer (HIT) hybrid silicon (one
system), copper indium gallium selenide (CIGS, one system), monocrystalline silicon
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(mono-Si, three systems), cadmium telluride (CdTe, three systems), and polycrystalline

silicon (p-Si, six systems). The PV systems are located in three different climates,

namely, Alice Springs, Australia (arid, desert, hot), Cirata and Pekanbaru, Indonesia

(tropical, rainforest), and Bolzano, Italy (temperate, dry summer, hot summer). We

analyzed monitoring data from 2008 to 2019, ranging from two to nine years from the

PV systems.

The general conclusions of this work are:

1) The annual-averaged temperature-corrected performance ratio, PRam, with an
average value of all systems from each technology. The CIGS system performed
best with an average PR value of 0.88 + 0.04. The least performing technology was
the a-Si PV systems, with an average PR value of 0.78 + 0.05. The p-Si systems in
climate Cfb of Italy had a higher average PR of 0.84 than those operating in climates
BWh (Australia) and Af (Indonesia), with the same value of 0.81.

2) Performance loss rates are based on the STL decomposition approach. For almost
all systems, the use of STL for the calculation of PLR is helpful, especially if
monitoring data of high quality was not available. The p-Si systems show the lowest
PLR among the technologies with an average PLR value of -0.6%/year. The
strongest performance loss was experienced by a-Si modules at -1.58%/year.

8.1.6. General Conclusion

Based on the results reported above the answer to the main research question can
be discussed, which is: What are the experiences and attitudes of Indonesian end-users
towards the electricity grid, as well as solar energy, and would a transition towards solar
photovoltaic systems be feasible considering the performance of PV systems operating
under Indonesia’s tropical climate conditions?

The end-users of the grid who participated in this study experienced more frequent
and longer duration of outages compared to reported reliability values by the authorities.
To improve the reliability of domestic power supply, they appeared to be willing to pay a
10% to 30% higher electricity bill or an equivalent of about US$3 to US$8 per month.
They recognized the importance of renewable energy and were concerned about climate
change. They were knowledgeable about PV systems although they had limited
knowledge about the difference in the price of electricity from the grid and PV systems.
Also, they knew that PV systems generate more sustainable electricity as compared to
the electricity from the grid although they could not assess the difference between PV
systems and the grid regarding the reliability. Many of them wanted to have PV systems
on their houses’ rooftops, either to increase the reliability of electricity supply as the user
of the grid or to become separated from the grid although some were concerned about
the strength of the roofs of their houses for accommodating PV system installations.
However, because this conclusion was based on field research, it contains uncertainties
due to the limited availability of time and persons to conduct the survey. By executing
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similar studies in more of the 34 provinces in Indonesia would result in a more
representative conclusion for the whole Indonesia. In Section 8.2.3, we present the
limitation of this study in more detail.

A transition towards solar PV systems is feasible for Indonesia. PV systems would
be a sustainable option along with other renewable power generation technologies amid
fossil fuel reserves that are facing depletion in Indonesia. The quality of the performance
of PV systems in Indonesia with a PR of 78 to 90% is comparably as high as those in
other sunny climates. A plus point for Indonesia is that a high solar irradiance is available
the whole year through. Actually for this reason autonomous solar PV systems are a
proven option for the electrification of rural areas and remote islands. The greatest
application is the integration of PV systems with the grid. However, much work remains
to be done at the level of implementation of renewables. Namely, Indonesia needs to
include all potential and current stakeholders in a correct strategy that is beneficial to
all. Moreover, the energy transition should be supported by effective regulations for the
connection and feed-in tariffs of PV systems to the national grid. The central government
holds important roles in initiating the changes, for example by decentralizing the energy
sector to local entities, creating supporting and consistent policies. Hence the
government and PLN, with their dominant power and authority, are expected to facilitate
a fair ‘playing field’ for renewable power generation. However, in order to draw stronger
conclusions, the number of monitored and analyzed PV systems in Indonesia should
become higher.

8.2. Discussion

In this section, the scientific contributions, practical contributions, and limitations
of the conducted research are discussed.

8.2.1. Scientific Contribution

This thesis brings two main scientific contributions. The first contribution is related
to the opinion of the grid users on the reliability of electricity service they get from the
grid. Previously, the reliability of the electricity services in Indonesia was represented
using SAIDI and SAIFI values which is periodically reported by PLN. We appreciate those
metrics, but they should not be used as a single standard because the quality of
electricity services is also a day to day experience of the grid users. Therefore, in this
thesis, we have introduced new metrics to complement the conventional ones, namely
P-SAIDI and P-SAIFI. The letter ‘P’ indicates the users' perception of or their actual
experience with the grid. The users were households in Pekanbaru, Kupang, and
Jayapura, respectively in Western, Central, and Eastern Indonesia. We believe that this
approach would provide a balance between what the service provider reports and what
the service recipients get. To the best of our knowledge, there was no previous literature
proposing a similar approach, at least in the context of the electricity grid in Indonesia.
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The second scientific contribution of this thesis is regarding the performance of
grid-connected PV systems in Indonesia. Before this study was started, there were only
a few pieces of literature that evaluating the performance of grid-connected PV systems
in Indonesia. However, that literature was based on only one grid-connected PV system
which is located in Jayapura. Jayapura is located in the easternmost part of Indonesia
where electricity demand is small. From the western part of Indonesia, where the
electricity demand is the greatest, no study available regarding the performance of PV
systems. Therefore, we believe that this thesis, which presents the analysis of PV
systems from the western region of Indonesia, is filing the spatial gap of PV system
performance study in Indonesia. Furthermore, this thesis does not only present PR as a
performance metric, as the previous study did, but also presents the performance loss
rate or the degradation of PV systems. Degradation is an important topic in the solar PV
domain because it directly links to the financial health of solar PV projects.

8.2.2. Practical Contribution

The practical contribution offered by this thesis mainly comes from its technical
part, namely the performance and degradation of PV systems. As mentioned above, in
Indonesia only a few studies are available on this topic. Therefore, there are no
benchmarks available related to important technical options in solar PV projects. For
example, what are the performances of various PV module technologies operating under
Indonesia's tropical climate? How do PV systems in Indonesia perform compared to
those in other climates? In this thesis, the answers to those questions are offered.
Indeed, this thesis does not offer a conclusive benchmark for strategic choices in solar
PV projects in Indonesia. However, the research reported in this thesis offers new
answers to Indonesia, especially those frequently asked by PV project developers.
Further studies are needed to achieve more permanent answers.

8.2.3. Limitations

The first limitation relates to the field research presented in Chapter 4 and Chapter
5. Like all studies involving field research, our research also includes limitations mainly
due to the availability of time, cost, and person-hours. The field research was executed
at three locations across the large geography of Indonesia. This situation and a few other
factors that could affect the results of this research are explained as follows:

1) We present the values for SAIDI and SAIFI at the provincial level because of the
related statistics available at that level. However, due to time and cost constraints,
our field survey was conducted at specific locations, namely in the capital cities of
the provinces. Thus, we extrapolate the P-SAIDI and P-SAIFI values from the city
level to the provincial level. However, it is still surprising that the officially reported
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values of reliability indices are lower than those recorded by our measurements on
the grid and reported by end-users. In fact, higher values can be expected for the
officially reported SAIDI and SAIFI because they cover the whole province, which
contains urban areas, with a relatively high-quality supply of electricity, and rural
areas, which tend to have a lower power quality. It would, therefore, be valuable to
expand this study to other locations in the studied provinces and other provinces to
obtain more evidence.

2) It is obvious that both reliability indices, those reported by PLN and those introduced
in this study, have advantages and drawbacks. On the one hand, the PLN SAIFI and
SAIDI data are likely generated based on careful documentation of actual outages,
which could offer more reliable information. However, because they are based on
large provincial areas ranging from 664 km? to 154,000 km?, they do not distinguish
between urban and rural areas. On the other hand, the perceived reliability indices
introduced in this study are based at the city level with smaller resolution areas of
180 km? to 936 km?, which could result in better accuracy.

3) The values of P-SAIDI and P-SAIFI were based on the user’s perspective captured
from the user survey. Perception could be biased. Respondents might exaggerate
their perception compared to their real behavior or situation [198]. However, we
applied a correction factor of 30%, C, to P-SAIFI and P-SAIDI values obtained from
the survey according to an empirical finding by List and Gallet [199] to decrease bias.
Still, we found the perceived values of the reliability metrics were higher than the
reported values.

N>

In the city of Jayapura, only 26 households participated in the user survey compared
to the higher numbers of participants in the other two cities. In this thesis, therefore,
we mark the results from Jayapura being not representative. However, given
difficulties to access Jayapura from the other parts of Indonesia, we include results
from Jayapura because it provides valuable preliminary information on the topic.

In our study, the income-bias of the respondents were not accounted for. As a result,

S

this study mostly represents high and upper-middle-income classes.

Apart from the above potential points of improvement, this study is unique and fills
a void in existing real-life data on experienced power quality, and it confirms our initial
hypothesis that the reported indices of the reliability of the power supply from PLN are
lower than the user experience. As far as we know, this is the first independent study in
Indonesia to evaluate the user experiences on the reliability of the power supply by the
distribution grid and how the user experiences compare to the reported data from the
utility. It can be concluded that the reliability of the power supply in these three cities in
Indonesia could be improved considerably.
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The second limitation relates to the performance of PV systems in Indonesia and
some other countries as reported in Chapter 6 and Chapter 7. They are described
below.

1) The number of PV systems in Indonesia being analyzed in this research should have
been higher. In Chapter 6, we analyzed three PV systems in the same location in
West Java. In Chapter 7, we used one of these PV systems again with an addition
of another PV system in Pekanbaru. Therefore, only four PV systems from two
locations were used in this research. Both locations are in Western Indonesia
although they are around 500 km longitude and 750 km latitude apart. The single
reason for not analyzing a higher number of PV systems is due to the limited amount
of good quality data. The majority of PV systems in Indonesia are those of kilowatt-
peak size systems lacking a monitoring system that is suitable for research
purposes. Many of the PV systems that are monitored did not measure the critical
variable required for the performance analysis. Some PV systems must be excluded
from the analysis because the duration of their monitoring data was too short or the
quality was not satisfactory. Some megawatt-scale PV systems owned by
companies are equipped with good monitoring data. However, they seem reluctant
to give the data for research purposes even though a series of official approach
had received a positive response and was followed by a visit to the location where
the data are stored. A better analysis would be assured when the number of PV
systems was higher. Yet, results from Indonesia are appreciated because they
provide the first study on the topic. However, due to a small number of PV systems
from Indonesia, it is not representative enough to draw a strong conclusion and is
subject to high uncertainties. In addition, module technologies that use amorphous
silicon (a-Si), CIGS, and heterojunction with intrinsic thin layer (HIT) hybrid silicon
were represented by only one PV system each. More studies involving PV systems
in South-East Asia and other climates are needed.

»

In Chapter 7, the performance of PV systems in one climate was compared to PV
systems in the other climates. In this work, comparisons were only carried out on PV
systems that use module technology of p-Si. The data availability, again, is the reason
for this selection. The only module technology that its data was available at all of the
studied climates was from the type of p-si. However, when comparing the
performance of PV systems by technology, we used the other module technologies,
namely a-Si, HIT, CIGS, mon-crystalline silicon (mono-Si), and cadmium telluride
(CdTe).

Although it is stated in this thesis that this study was conducted in Indonesia, the

w
=

actual research involved a few locations only. Indonesia is a large country with an
area nearly the same as the size of Europe and is divided into three time zones. Also,
instead of having one climate class, Indonesia has four climates, which reflect the
vast area of Indonesia. Therefore, to be representative, we took three locations
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according to time zones, one location each in the Western, Central, or Eastern part
of the country.

8.3. Recommendations

This research has shown many variables that play a role and should be addressed
to ensure a smoother transition from the current power supply system to another one in
which solar PV had a higher fraction in Indonesia. This final section presents several
recommendations regarding further research as well as policy and managerial
implications to a lesser extent. They address the solar PV researchers, the Indonesian
central government, and developers of PV systems.

Recommendation for further research

First, further studies on the experience of the grid users should involve higher
statistics than those presented in this thesis. The study locations could be selected from
each city class according to the number of population. Namely, the city can be classified
as small, medium big, metropolitan, and megapolitan. Normally, the reliability of
electricity services in Indonesia is higher in a larger city than in smaller ones. The sample
size from each location should also be increased. As a general rule of thumb, for a survey
in a city with a 300,000 to 1 million population, a sample size of 385 would result in a
95% confidence level and confidence interval of 5.

Second, future research on the performance of PV systems in Indonesia should
include a higher number of PV systems from each module technology and region. To
generate more widely applicable results, each module technology should be represented
by multiple PV systems in different locations. It would also valuable to select PV systems
from each big island: Sumatra, Java, Kalimantan, Sulawesi, and Papua, because those
islands are evenly distributed across Indonesia’s area. For now, monitoring is usually
lacking in private solar PV projects. If monitoring were available, access to the data
would be difficult. However, an initiative from the government involving multiple agencies
could solve the issue of lacking data in PV system research in Indonesia. For example,
the Ministry of Energy and Mineral Resources (MEMR) could collaborate with Indonesia’s
Bureau of meteorology, BMKG, to build a nationwide solar PV monitoring network. For
this purpose, those government institutions could optimize their utilization of their
existing infrastructure and involve research institutions and universities.

Third, other types of research are required to develop more knowledge about PV
systems in Indonesia such as nowcasting and forecasting of solar PV performance as
well as geographic mapping of PV system implementation. Again, for nowcasting and
forecasting of solar PV performance, rigorous data sets of meteorological and PV
system’s electrical variables would be required. Research on the geographic mapping
of PV implementation could be conducted upon the availability of recent maps of the
studied regions. These maps should include georeferenced aerial photos or high-
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resolution satellite images from the state’s geospatial information agency and maps of
the PLN’s distribution networks. Thus, a simple procedure to obtain such maps is
necessary to be able to conduct future research.

Recommendations regarding energy policy and grid management

Indonesia is characterized by a vast area, geographical challenges, big population
size, as well as differences and disparities between one region or island, to the other.
Therefore, surrendering the energy sector to a national level government could
introduce challenges when it comes to the implementation stage. It is therefore
recommended that the central government establishes policies and regulations that
support the steady implementation of solar PV systems in Indonesia with clear market
insights. An alternative to such a national regulation is a decentralization of the electricity
sector, enabling local entities to develop electricity supply systems according to their
own needs, strengths, and other local characteristics.

Distributed generation (DG) and the smart grid are considered the future of the
electric power system. Therefore, PLN as a public company should improve its grid
management practices by transitioning from a centralized power system strategy to DG
with a smart grid. Such a transition could allow for significant investments in the solar
PV sector providing that DG is characterized by a higher penetration of sustainable
energy generation.
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Appendix 4.A

Table 4.A1. Demographics of respondents who participated in the user study

Pekanbaru Kupang Jayapura
No. of respondents

114 65 26

The Distribution of Respondents by City
Address (%)
- Urban-core 53 45 23
- Sub-Urban 47 55 77
Monthly Income (%)
- High 28 5 4
- Upper-Middle 43 28 50
- Lower-Middle 17 49 27
- Low 6 15 0
- Not answer 6 3 19
Sex (%)
- Male 49 51 42
- Female 51 49 58
Age Groups (%)
- 18-29 11 5 31
- 30-49 63 54 58
- 50-64 23 35 12
- 65+ 4 6 0
Education (%)
- No school 0 2 0
- Basic school 8 14 0
- High school 50 42 0
- Undergraduate 30 38 8
- Postgraduate 5 3 85
- No answer 7 2 8
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Appendix 4.B

The survey sheet (English-translated).

A. General Information

Respondent Information

Income group : ET/EM/ES/ER (to be filled by the surveyor)

Sex . M/F (circle an answer)

Age : years
Occupation

Education : No formal school/Primary/Junior H./

Senior H./Diploma/UG/M/PhD (circle an answer)
Marital status : Nor married/Married/Widow (circle an answer)

Ethnic group

Address : Village
District
Regency/City :
Province

Confidentiality

Your personal information will be kept confidential and be treated based on standard
practice. You can also mention below if there are other information you will provide that
you would like to be confidential as well.

Signature

B. Questions

Please circle (O) on the most proper answers.
1. Would you accept an increase in your electricity bill for better electricity service?
a. Yes
b. No
2. How much increase in your electricity bill would you find acceptable?
a. 10%-30%
b. 30%-50%
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c. 50%-70%
3. Do you have a backup generator at home?

a. Yes
b. No
4. Do you experience a stable electricity voltage at home?
a. Yes
b. No
5. Have you ever experienced a blackout at home?
a. Yes
b. No

6. On average, how often in a month do you experience blackouts?
a. lessthan 3 x
b. 3-5x
c. 6-10x
d. more than 10 x
7. On average, how long is the duration of the blackouts you experience?

a. <5 min

b. 5-15min

c. 15-60 min
d. >120 min

8. At what time of day would a blackout event incur the most losses for you?
a. 6am-12am
b. 12 am-6 pm
c. 6pm-12 pm
d. 12 pm-6 am
9. On average, what is the duration of a blackout that would incur economic losses for

you?

a. less than 5 min

b. 5-15min

c. 15-60 min

d. more than 120 min
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