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Abstract
Currently over one million households in the Province of Riau in Indonesia,
mainly in rural villages, do not have access to electricity. This dissertation was
aimed to fill the gap of the lack of studies in exploiting local renewable energy
resources to extend the reliable, affordable and sustainable electricity supplies for
Riau’s rural villages. It identifies, designs, and analyses the feasible options that
harness solar energy, hydrokinetic power from rivers and palm-biodiesel fuel for
diesel generators.
Along with a literature study, the HOMER simulation program was used as a
technical design tool, and the I3A framework proposed by Retnanestri (2007) was
adopted as a general design tool to enhance the sustainability of rural
electrification programs (REPs) in Riau.
Two options have been recommended to meet the future electrical load in a
typical Riau rural village. The first option is a hybrid power system comprised of
a photovoltaic array, Darrieus hydrokinetic turbines (DHTs), a back-up diesel
generator, a battery bank, and an inverter. The second option consists of a diesel
generator with biodiesel fuel.
The first option met 100% of the load but the second option had around 20%
capacity shortage. In the first option, the DHTs contributed 55% of the power
output, indicating the viability of exploiting the river power in Riau. The first
option had low O&M costs but its capital cost was high, while the second option
had the opposite cost structure. The costs of energy (COEs) of both options were
higher than the current electricity tariff in Riau, but would be lower than the COE
of a diesel-only system. To enhance the sustainability of the REP implementations
in Riau, it would be necessary to consider the Institutional issues related to
Accessibility, Availability and Acceptability aspects, which simultaneously look
at all features of the REP’s “hardware-software-orgware.”
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“The narrow and incorrect view about
Renewable Energies is the prejudice that they
would be an economic burden. The most
urgent need is to overcome these mental
barriers, including the psychological fear of the
consequences of changes for the individuals
and society on the whole”
(Dr. Hermann Scheer, General Chairman of World Council
for Renewable Energy, President of EUROSOLAR).
From: Bassam, N. E. and P. Maegaard. 2004. Integrated
Renewable Energy for Rural Communities: Planning
Guidelines, Technologies and Applications. Amsterdam:
Elsevier.
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Acronyms, Glossary and Terms
APBD

Anggaran Pendapatan dan Belanja Daerah (Provincial Annual Budget)

BPS

Biro Pusat Statistik (Bureau of Statistics)

CHP

Combined Heat-Power or Cogeneration System

COE

Cost of Energy

DESDM

Departemen Energi dan Sumber Daya Mineral (Department of
Energy and Mineral Resources)

Distamben

Dinas Pertambangan dan Energi (Mining and Energy Board)

GDP

Gross Domestic Product

GHG

Greenhouse gases

Kepri

Propinsi Kepulauan Riau (The Province of Riau Island)

NASA SMSE

NASA’s Surface Meteorology and Solar Energy database

NGO

Non-Governmental Organization

NPC

Net Present Cost

O&M

Operation and Maintenance

PLN Riau-Kepri

PLN Riau and Kepulauan Riau

PLN

PT. Perusahaan Listrik Negara (National Utility Company)

PV

Photovoltaic

RAPS

Remote Area Power Supply

RE

Renewable Energy

REP

Rural Electrification Program

RIS

Riau Interconnected System

RUKD Riau

Rencana Umum Ketenagalistrikan Riau (Riau Electric Power General
Plan)
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Chapter 1 Introduction
The role of electricity is critical for modern society to live a better quality of life
and has been used for an enormous, and proliferating, number of applications [1].
We consider modern living to be defined by the availability of electric lamps, air
conditioners, communication, industrial electric motors, electric trains, and even
extraterrestrial human-made objects. All are dependent on the power of electricity.
Thus, it is obvious that major difficulties would be experienced by human
civilisations today when access to electricity is restricted or limited.
Unfortunately, services provided by electricity are not equally delivered to all
global inhabitants. More than 1.6 billion people in the world – most are in the
developing countries - have never felt the delight of the electricity services [2]. In
Indonesia, over 70 million people in 2005 did not have any electricity
connections, of which more than 80% live in remote areas, and 50% were outside
the economic centre of Java and Bali islands [3].
In order to promote the expansion of distributed power generation, to balance the
concentrated ones, Remote Area Power Supply (RAPS) Systems, by means of
maturely available technologies, are the fashionable options for addressing the
challenge of low electrification rates in Indonesia.

1.1 Problem Definition
In the Province of Riau in Indonesia, access to electricity seems to be a ‘never
ending’ problem. Urban communities of Riau have yet to achieve reliable
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electricity services, while people in rural areas are still dreaming of connecting to
an electricity supply. In 2009, over one million dwellings in Riau are still not
electrified, mostly in rural villages located on four large riverbanks [4].
Despite its strong economy, the lack of electricity supply has contributed to social
issues such as poverty, poor health services, low education, and gender inequity.
Furthermore, the environmental challenges with regard to greenhouse gas (GHG)
emissions from fossil fuel burning in diesel power stations, as the main power
generators in Riau, are obvious [5]. Finally, the lack of studies, expertise and
experiences in dealing with rural electrification programs, are some of the
impediments among Government agencies, to optimize REP implementations in
Riau. With only 4,000 dwellings targeted per year [4], it would take 250 years to
extend electricity to all Riau people.
On the other hand, Riau has potential to build a mixed-power system strategy by
introducing renewable energy (RE) to the existing power generation systems. This
dissertation explores the ways of harnessing the promising sources of renewable
energy in Riau including biodiesel, solar photovoltaic (PV) and river hydrokinetic energies as a contribution to understanding how to address the electricity
supply issues in Riau, particularly in rural areas.

1.2 Objectives and Potential Contribution
The main objectives of this study are:
1. To identify the electricity supply issues in Riau and their effects on the social
life overall, with particular emphasis on the rural areas.
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2. To identify the feasible options, from a technical perspective, to provide
electricity for rural communities in Riau, based on the available technologies
and local energy potential, with particular attention to RE.
3. To perform the design and analysis of power systems for the identified
feasible options.
4. To propose recommendations to enhance the sustainability of REPs in Riau.
This dissertation is among the first holistic studies, if not the first, to fill the gap
with respect to the lack of local expertise and experience related to electricity
delivery for rural communities in Riau. The target audience includes Government
agencies (national, provincial and district levels), policy makers, energy planners,
Non-Governmental Organizations (NGOs) and other interested parties.

1.3 Previous Research
The only identified academic study which addresses Riau electricity supply is the
Riau Electric Power General Plan (RUKD Riau) of the Riau Mining and Energy
Board [6]. RUKD Riau identifies issues around Riau electricity supply, primary
sources of energy, and the future electrical power supply strategic plans (with a
focus on the energy policy perspective). With respect to rural electrification,
RUKD Riau identifies three obstacles for implementing REPs in Riau: (1) most of
the villages have small populations that are very remote and scattered, (2) lack of
road access for fuel transport, and (3) insufficient local energy potential [7]. The
latter, unfortunately, was not supported by any evidence. Additionally, the
recommendations proposed were focused on extending the grids or installing
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diesel generators, which contradict the above points 1 and 2, respectively [8]. In
general, RUKD Riau does not reflect the electricity needs of rural communities,
which are the majority of Riau’s population.

1.4 Structure of Dissertation
This dissertation consists of seven chapters, which are organised as follows:
Chapter 1: Introduction overviews the rationale for this study. It includes the
problem definition, objectives of the study, potential contribution, previous related
research, and the structure of the dissertation.
Chapter 2: Methodology comprises methods implemented covering seven
stages. These are formulating the problem definition, selecting site candidates for
the study, assessing local renewable energy resources, selecting a definitive
reference village, indentifying options to generate electricity for rural villages in
Riau, designing and analysing the identified options, and designing a
comprehensive sustainable REPs.
Chapter 3: The Province of Riau introduces general information about the
Province of Riau, the location of this study. It consists of an overview about Riau
(geography, climate, population, and economic status). Then, the current electricity
industry in Riau is introduced by considering the current scenario of electricity
production, electricity supply crisis, future demand for electricity, and the electricity
tariff. Following this technical overview, the social issues related to the absence or
the lack of electricity supply, are outlined. They include poverty, health, education,
and gender equity issues. Finally, three RE potentials applicable to this dissertation
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are presented. They include biodiesel, hydrokinetic power from rivers, and solar
energies.
Chapter 4: Evaluation of Hybrid RAPS for Riau deals with the first option
considered in this dissertation. It evaluates a detailed process of designing
hybrid renewable RAPS for Riau, in four parts. The first part deals with the
process of selecting a reference village. It covers selecting three site candidates
based on a number of criteria. These comprise assessing RE resource in three
site candidates, and selecting a definitive reference village by comparing
parameters from three site candidates. In the second part, the process of
designing a hybrid RAPS system in the reference village is explained in great
detail. The key elements for design are: specifying general criteria of the system,
assessing electrical load, selecting the simulation software, inputting
information to the software, and running the simulation. The simulation results
(economics, electrical and emission) are presented and discussed in the third
part. Strategies to improve the system’s performance are also proposed in this
part. The last part covers system configuration, components’ performances,
control, and integrated power output of the system.
Chapter 5: Evaluation of Biodiesel Power Systems for Riau deals with the
second option considered in this dissertation. It contains the methodology used in
designing a biodiesel power system using the HOMER simulation program, issues
pertaining to running the simulation and the results and discussion.
Chapter 6: Sustainable Rural Electrification Program identifies issues that are
intrinsic to the implementation of REPs in Riau. It consists of two parts. The first
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part outlines information about the I3A framework suggested by Retnanestri as
the design tool for a sustainable REP in Riau [7]. In the second part, a list of
recommendations to enhance the sustainability of the REPs is presented. They
include recommendations in institutional, financial, technological, social, and
ecological aspects of REPs.
Chapter 7: Conclusion and Recommendation presents conclusions that have
been derived from this study, followed by recommendations for further study and
for practical implementation of both proposed options. This chapter concludes
with a few brief final words.
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Chapter 2 Methodology
Different methodologies have been applied to address each objective of this study.
Each methodology was selected to suit the seven phases used to undertake this
research. The detail methodology is presented in Figure 2.1.

2.1 Problem Identification
The problem identification involved a literature survey in collecting general
information about Riau such as geography, climate, population, economic status,
current electricity industry and future demand, and cost of energy (COE) was
collected. The main focus of the survey was on the renewable energy sources
available, electricity supply crisis in areas where the grids exist, as well as social
issues related to the absence of electricity in areas in the absence of electricity.

2.2 Site Candidates Selection
Three villages were selected as site candidates for the power systems. Each
village met the following criteria: accessible for undertaking field work, has no
access to the grid and was unlikely to have the grid extended in the near future,
has both micro-hydro and solar energy resources, is close to the river body, and
has a relatively small population.

2.3 Renewable Energy Resources Assessment
The potential for river power, solar resource and biodiesel resource in the three
site candidates were assessed. In the selected river, the flow velocity, depth, and
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width were measured using a float method, long-scaled stick, and stretching metal
string, respectively. The solar insolation and clearness index for a year long period
was obtained from the NASA Surface Meteorology and Solar Energy database
(SMSE). Information about biodiesel resources in Riau was obtained through a
literature survey.

2.4 Definitive Reference Village Selection
Based on the criteria in Section 2.2 and comparing parameters from three site
candidates, one village was selected as the definitive reference village on which
the system design was based.

2.5 Options Identification
Feasible options of generating electricity in rural villages were proposed based on
available power generating technologies and local energy resource potentials. The
paramount feature of this task was power extraction from renewable resources.
The available technologies were identified through a literature survey based on
best practices in off-grid power systems applications.

2.6 System Design and Analysis
Notwithstanding the types of power systems selected in Section 2.5, the following
is the sequence of system design used in this dissertation.
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Step 1: Establishing general criteria of the systems
The approved systems followed these criteria: they consisted of a photovoltaic
component – at least in one option (refer to Section 4.3.1), they have lowest Net
Present Cost (NPC), and would deliver the lowest environmental impact.
Step 2: Electrical load assessment
Electrical load assessment comprises identification of consumer groups, listing
load devices (after the village is electrified), and plotting the load profile of the
village. Information about the consumer groups came from the village statistic
board in the reference village. Information about load devices and load profile
was obtained from two sources including: the local utility office (electricity
consumption in several households at a nearby grid-connected village), and the
author’s understandings of the electricity consumption pattern in another gridconnected village near the reference village.
Step 3: System design and analysis
The power supply systems were designed using the HOMER(R) simulation
software developed by the National Renewable Energy Laboratory (NREL) of the
United States of America. Special attention was given to the following
considerations:
-

Since HOMER is not equipped with a free-flow river module as used in this
study, the wind power modules have been used instead. Information about
hydro turbine was inputted to HOMER’s wind turbine module, and
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information about river flow speed was provided to the HOMER’s wind
resource module.
-

To simulate the biodiesel power system, the fuel properties and emission
factors of biodiesel fuel were specified.

The analysis of the simulation results was based on simulation output information
and its logical relation with inputs and underlying power system theories. The
currency used was US Dollars (US$1 = 9,000 Indonesian Rupiah (Rp.).

2.7 Sustainable Rural Electrification Programs Design
Implementing REPs for rural villages in developing countries like Indonesia must
take account of technical and non-technical aspects. All underlying aspects were
addressed by adopting the I3A (Implementation, 3A) framework proposed and
tested by Retnanestri as a general project design tool that the REP planners need
to consider to ensure the projects will be sustainable [9].
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Figure 2.1 -

Research methodology.
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Chapter 3 The Province of Riau
3.1 Introduction
The Province of Riau – also known as Central Sumatra – is among Indonesia’s
richest regional areas. However, despite its strong economic structure and the
large potential of the energy resources it possesses, the province is still
encountering problems due to poverty, poor health services, low levels of
education, gender inequity, and insufficient electricity supply.
This chapter, based on a review of the literature, introduces general
information about Riau in relation to energy-related issues. The first part of
the chapter overviews Riau’s geography and climate, population, and
economy. It is followed by Riau’s electricity industry status and a discussion
of the current electricity supply scenario, electricity crisis, future demand,
and the COE. The social impacts of the electricity crisis are briefly outlined.
This chapter concludes with a review of three available renewable energy
resources which are relevant to this dissertation.

3.2 Overview of Riau
3.2.1 Geography and Climate
Riau is located in the middle of Sumatra Island, in the western part of Indonesia,
and it lies precisely on the equator (Figure 3.1). It is spread between Latitude
02o25'00’’North and 01o05'00’’South, and between Longitude 100o00'00’’ to
105o05'00’’East [10].
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Figuree 3.1 -

Riaau’s geograpphical position in Indonnesia [11].

Riau’s climate is wet and troopical with two seasonns. The lenggths of the dry and
rainy seeasons are almost
a
equaal, with app
proximately 160 days oof rain per year.
y
The
averagee temperatuure in Pekannbaru, the caapital city, is
i 27.2°C. [88].

Figuree 3.2 -

Thee map of Riiau showing
g major town and four m
main rivers [12].

Hundreeds of riverrs flow throough Riau, with four of
o them beiing the majjor ones.
The rivvers are impportant for transportatio
t
on, agricultuure, drinkinng water sup
pply and
other domestic
d
usse such as for laundrry and bathhing. This pproject atteempts to
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harness power from those rivers – together with other local energy resources – in
generating power for the nearby communities. The map of Riau in Figure 3.2
shows the four large rivers: Kuantan, Rokan, Kampar and Siak Rivers.
3.2.2 Population Distribution
The population of Riau in 2006 was 4.8 million with an annual growth of 3.8 %
per annum (from 1998 to 2002) [13], which is higher than the average national
population growth at 1.4% per annum for the same period [14]. As shown in
Figure 3.3, around 45 % of the inhabitants live in the cities and 55 % are villagers
living in rural areas [15].

Figure 3.3 -

Riau’s population distribution, cities and villages [13].

Due to cultural background, most of the population, both in cities and villages, live by
four large riverbanks [16] - [17]. Unfortunately, information about the exact
percentage of population living in the riverbank villages is unavailable.
3.2.3 Economic Status
As the largest oil producer in Indonesia, some 61.5% of Riau’s total revenue in
2006 came from natural resources ‘sharing’ [18]. The contribution from oil
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revenue has made Riau one of the Provinces with the largest annual budget
(APBD) in Indonesia. Accordingly, the per capita Gross Domestic Product (GDP)
is high; for example, it was US$3,200 in 2006, or twice the average national per
capita GDP at US$1,663 [19]. However, if oil revenue is excluded, the GDP per
capita falls to US$1,600 [20].
The majority of the Riau population are farmers (53%), and the rest work for trade
and hospitality (14%) and service sectors (10%) [11]. The average inflation rate in
Pekanbaru during January to November 2008 was 0.1% [21]. The unemployment
rate in 2007 was 10.39% [22].

3.3 Electricity Industry
3.3.1 Introduction
Riau is still facing electricity supply challenges. By 2005, the electrification ratio
was only 40% so that the majority of rural villages do not have access to
electricity [23], [24]. According to the IEA [25], the root of the problem causing
the electricity crisis throughout the country is the inadequate capacity of the
Indonesian Government to raise and administer the capital required to increase its
electricity infrastructure. The latter is the case in Riau.
3.3.2 Current Scenario of electricity production
Electricity supply generation in Indonesia is dominated by the national utility
company, PT. Perusahaan Listrik Negara (PLN), which is wholly owned by the
Central Government. Riau and its neighbour, the Province of Riau Islands (Kepri),
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share a regional PLN office named PT. PLN Riau and Kepulauan Riau (PLN
Riau-Kepri).
There are three power systems currently in existence in Riau (Figure 3.4).
According to the PLN Riau-Kepri [5], the largest public system consists of a
number of isolated microgrids from diesel generators (mainly situated in the
District’s capital cities), small capacity off-grid renewable power systems, and a 4
MW private cogeneration system. The second system is the Riau Interconnected
System (RIS) coupled to the 150 kVA South and Central Sumatra
(SumBagSelTeng) System. The maximum operating capacity of the RIS is 230
MW. The third system is the isolated captive generators owned and operated by
industries operating in Riau for self uses with the total capacity in 2005 of 950
MW [24].

Figure 3.4 -

Electrical Power Supply Systems in Riau [5].
16

3.3.3 Electricity Supply Crisis
Apart from the unelectrified areas, in the areas to where the grids are extended,
both through the RIS and isolated microgrids, the power supply is insufficient.
The society is increasingly encountering electrical power service tribulations such
as power quality issues (frequency and voltage fluctuations), power restrictions,
and even blackouts [26]. To provide one example, in Rokan Hulu District which
is around 200 km from Pekanbaru, where a microgrid powered by a diesel
generator exists, people cannot properly operate home appliances like televisions,
electric pumps, refrigerators, air-conditioners, lamps, etc., due to frequency and
voltage fluctuations.
According to the PLN Riau-Kepri [5], the peak load of the RIS is around 270
MW, whilst the supply is only 230 MW. Thus, in normal situations, areas
connected to the RIS experience a power deficit of around 40 MW. The shortfall
could swell anytime if one or more plants in the SumBagSelTeng network
encounter problems, because its share of the RIS is significant; around 35% [5].
For example, the output depletion of the Ombilin Hydro Power Plant in the
neighbouring province which is connected to the SumBangSelTeng network in
2004 has aggravated the ongoing electricity crisis in Riau [26].
Pekanbaru, where the power supply is most secure, is not exempt from blackouts.
During the dry season, when the output of hydro plants decreases, the normal
daily blackout in Pekanbaru is around 6 hours, and in a worst case situation could
reach 24 hours a day [27].
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Figuree 3.5 -

Kotto Panjang Hydro-Pow
H
wer Plant (Soource:
httpp://img.phottobucket.co
om/albums/vv687/ranidss/bendungko
otokamp
ar-11.jpg).

In the future,
f
the crisis
c
is likeely to contin
nue, or evenn worsen, duue to the deecreasing
water-ccatchment area
a
and thhe decreasiing perform
mance of thhe majority
y of the
isolatedd diesel gennerators. Reecent data confirm
c
thatt, due to thhe deforestaation, the
remaining protecteed forest arround Koto
o Panjang Hydro-powe
H
er Plant, thee largest
R is onlyy 33%, loweer than the prescribed land-use reegulation
power source in RIS,
of 54%
%, while thhe deforestaation is ong
going [28], [29]. Alsoo, according
g to the
DESDM
M and Rahhardjo andd Fitriana [25], [30], most of the isolated
d diesel
generattors in Riauu have beenn in operation for overr 15 to 25 yyears. By assuming
a
the lifeetime of a diesel
d
generrator is 30 years,
y
in 5 years’ timee new challeenges of
electriccity supply in
i the area beyond
b
the RIS must be addressedd by PLN.
3.3.4 Future
F
demand for eleectricity
Accordding to Disttamben Riauu [6], as sh
hown in Figuure 3.6, thee average grrowth of
electriccity demandd in the periiod of 2004
4 – 2013 in Riau is aroound 8.6% per
p year,
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and thee peak load is expectedd to grow by 7.63% peer year. As shown, in ten
t years
time, inn the low growth sceenario, the demand coould be moore than do
ouble to
currentt demand.

Figuree 3.6 -

Eleectricity connsumption projection,
p
1
1997
– 20200 [6].

3.3.5 Cost
C of Enerrgy
A unifoorm electriccity tariff iss applied th
hroughout Inndonesia. T
Table 3.1 sh
hows the
electriccity tariff for residenntial, sociaal services (e.g. worrship centrres) and
governm
ment officees (e.g. heealth clinicss), based on
o the Pressident of Republic
R
Indonesia Decree No.
N 104/20003.

Table 3.1
3 - Electriicity tariff for
f residentiial, social seervices and governmen
nt
officess.

Taariff group
Social Services

Power
Max. (VA)
(

Insstalment feee
(US$
$/kVA/montth)

4500

1.11
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Price per unit con
nsumed
(U
US$ cent/kW
Wh)
00-30 kWh::
31-60 kWh::
> 60 kWh::

1.4
2.9
4.0

Table 3.1 – (cont.)

Tariff group
Social Services

Residential

Government offices

Power
Max. (VA)
900

Instalment fee
(US$/kVA/month)
1.67

1,300

2.78

450

1.22

900

2.22

1,300

3.34

450
900
1,300

2.22
2.73
2.73

Price per unit consumed
(US$ cent/kWh)
00-20 kWh:
2.2
21-60 kWh:
3.3
> 60 kWh:
4.0
00-20 kWh:
2.8
21-60 kWh:
3.7
> 60 kWh:
4.5
00-30 kWh:
31-60 kWh:
> 60 kWh:
00-20 kWh:
21-60 kWh:
> 60 kWh:
00-20 kWh:
21-60 kWh:
> 60 kWh

1.9
4.0
5.5
3.1
4.9
5.5
4.3
4.9
5.5
6.4
6.7
6.7

Source: Office of President of Republic Indonesia [31].

3.4 Energy Related Social Issues
3.4.1 Introduction
Riau’s electrification is among the lowest for comparable regions in Indonesia.
According to PEUI [24], in 2005, the annual per capita electricity consumption in
Riau was only 264 kWh. This is equivalent to around 0.7 kWh a day, or the
equivalent of running two 25 watts lamps and an 80 watts television for 5 hours a
day, not more. The Riau per capita electricity consumption was far below the

20

national average at 484 kWh per year in 2005 [24], and is almost negligible if
compared to some nations in South East Asia (SEA) (Figure 3.7).

* The 2002 data source for Riau is from the Distamben Riau [6], and the 2004 data is from PEUI [25]

Figure 3.7 -

Per capita electrcity consumption in some SEA countries, 2002 &
2004 [32].

Mapako and Prasad argue that the level of access to electricity, in many
developing countries, is commonly seen as one of the essential indicators of
development [33]. Noticeably, the low level of electricity access influences the
social and economic welfare of the Riau people.
This section looks at the correlation between energy consumption, particularly
electrical energy, and social issues in Riau, i.e. poverty, health, education, and
gender equity.
3.4.2 Poverty
Despite its strong financial structure (refer to Section 3.2.3), poverty is the major
issue in Riau which is yet to be resolved. The BPS Riau defines the poor as those
with less than US$ 24 income per month or below US$ 0.8 per day [23]. Using
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this deffinition, aroound 22.43 % of Riau population
p
l
lived
below
w the povertty line in
2007, where
w
9.5%
% lived in cities and 13% in villages. If the W
World Bank’’s global
povertyy line was used,
u
which is US$ 1.25
5 per day [334], the num
mber of poo
or people
in Riauu would be greater. Without acccess to ellectricity, thhe opportu
unity for
villagerrs to engagge in incom
me-generatin
ng activitiess is restricteed, and accordingly
their pooverty is perrpetuated.

Figuree 3.8 -

A woman
w
in a village in Riau
R (Photo: Harlepis aand Iyon, 20
008).

3.4.3 Key
K Health Problems
Lack of
o electricityy in Riau villages
v
cau
uses difficullties for obttaining cleaan water
and creates a heavily reliannce on trad
ditional bioomass (esppecially wo
ood) and
kerosenne lamps. Figure
F
3.9 shhows, in 20
006, kerosenne and wickk lamps weere being
used byy around 400% - 55% households
h
in Kuantann Singingi, Indragiri Hulu
H
and
Rokan Hulu Distriicts. A worse situation
n takes placee in Indragiiri Hilir wh
here 60%
of the householdss are still using
u
thesee traditionall lamps. Overall, 33%
% of the
househholds in 2006 were usinng kerosene and wick laamps for coooking and lighting.
l
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Dumai

Pekanbaru

Rokan Hilir

Bengkalis

Rokan Hulu

Kampar

Siak

Pelalawan

Indragiri Hilir

Indragiri Hulu

Kuantan Singingi

Number of households

180
0,000
160
0,000
140
0,000
120
0,000
100
0,000
80
0,000
60
0,000
40
0,000
20
0,000
0

District
Electri city (PLN & Non PLN)

Figuree 3.9 -

Kerosene & wick lamps

Eneergy sources for lightin
ng in Riau [335].

The oppen fire methhod for coooking and liighting carriies a seriouus health pro
oblem to
the Riaau communnity. Since they
t
are usu
ually used indoors,
i
thee house meembers –
particularly womeen and childdren – are exposed
e
to ‘particulate
‘
matter’ and
d carbon
monoxide pollutioon.

Figuree 3.10 - Typpical traditioonal stove used
u
by houuseholds in R
Riau (Sourcce:
httpp://malaysiaana.pnm.my
y/Alat%20Trradisonal/daapur_dapurk
kayu.ht
m).
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There is
i no data abbout the im
mpact of the open fire method
m
on thhe health co
onditions
of Riauu people. Hoowever, as a compariso
on, WHO shows
s
that tthere are aro
ound 1.6
millionn prematuree deaths annnually amo
ong womenn and childdren in dev
veloping
countriies caused by
b indoor biomass
b
bu
urning, which is equivvalent to on
ne death
every 20
2 seconds [36].
[
3.4.4 Education
E
Accordding to thee Riau Goovernment, by 2002, the highesst qualificaation of
54.76%
% of the poopulation iss Elementarry School, 18.45% Juunior High School,
23.35%
% Senior High
H
Schoool, and on
nly 3.44% of populattion obtain
n higher
educatiion qualificcations [37]]. This situation has not
n improveed significantly. By
2006, graduations from Eleementary School
S
werre 55 % oor showed 0.24 %
increasse in 4 yearrs [38].

Figuree 3.11 - Typpical schooll in a Riau rural
r
villagee: beautiful building bu
ut is not
elecctrified (Phooto: Harlepis and Iyon,, 2008).
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A low level of education
e
is likely to continue the povertyy, and the lack of
ducation.
electriccity is a paarticular connstraint forr the achievvement of a better ed
Schools in unelecttrified villaages (Figuree 3.11) cannnot providee an optimal quality
of educcation due too their inability to operrate some leearning equuipment. Thee lack of
electriccity supply is also afffecting info
formal educcation amonng the villagers in
gainingg access to information
i
n.
3.4.5 Women’s
W
Liiberty
The nootion “poverrty has a wooman’s facee” takes plaace in Riau [39]. For example,
e
the maj
ajority of women
w
in Riiau’s unelecctrified villlages have to walk forr several
kilomettres to get firewood
f
foor cooking. Women alsso spend a llot of time washing
clothes in the riverr and carrying drinking
g water from
m the rivers.. All these activities
a
lessen their oppoortunity to get a bettter educatiion and too do econo
omically
producttive activitiies.

Figuree 3.12 - A woman
w
in a village in Riau
R (Photo: Harlepis aand Iyon, 20
008).
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3.5 Renewable Energy Potential
Riau has a number of renewable energy possibilities including peat land,
processed-wood, biodiesel, coconut oil and coconut by-products, micro-hydro
power, solar energy, and geothermal energy. In this section, the potential of three
of them; biodiesel, micro-hydro, and solar energy are assessed.
3.5.1 Biodiesel
As shown in Table 3.2, Riau has a large potential for biomass energies. Palm
plantations cover an area of almost 1.5 million hectares, offering a large potential
for biodiesel fuel production. By 2001, there were 44 Crude Palm Oil (CPO)
plants operating in Riau [40].

Table 3.2 - Riau’s Plantation status, 2007.
Commodity
Palm
Coconut
Rubber tree
Areca palm
Cacao
Uncaria gambir

Area (hectares)
1,428,814.21
546,938.13
528,746.48
9,325.56
4,903.87
5,109.00

Production (Tons)
3,142,440.02
528,926.14
396,290.70
6,742.42
4,152.71
1,758.00

Source: Riau Government [41].

The opportunity for using palm biodiesel in transportation and power generation
has been initiated by the Government. As shown in Table 3.3, there are five
biodiesel factories operating in Riau with the total capacity of 535 thousand
tonnes per year. More factories are to be built in the near future following the
Government program to increase biodiesel production from currently 1 million
tonnes per year to 6 million tonnes in 2010 [9].
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Figuree 3.13 - Typpical Riau palm
p
plantattion (Sourcee:
httpp://farm1.staatic.flickr.com/29/567779725_4f911c6565a.jpg
g?v=0).
Table 3.3
3 - Biodieesel manufaacturers in Riau.
R
No. C
Company
1
P Sari Dum
PT
mai Sejati

2

P Indo Bioffuels
PT

3

Riau Provinccial Governm
R
ment (in
p
partnership
w The Ageency For thee
with
A
Assessment
and Applicattion
T
Technology
(BPPT))
R Provinccial Governm
Riau
ment (in
p
partnership
w BPPT)
with

4

5

PT Wilmar Bioenergi
P
B
Inddonesia
(
(Subsidiary
o Wilmar Holdings
of
H
S
Singapore)

Source: Business Watch
W
Indoonesia [42].
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Products, production
n capacity, etc.
e
- Product:: biodiesel
- Locationn: Bengkalis (Riau)
- Capacityy: 100,000 toons / year
- Operatioon commencement: 2009
9
- Product:: biodiesel
- Locationn: Dumai (Riiau)
- Capacityy: 150,000 toons / year
- Operatioon commencement: 2009
9
- Product:: biodiesel
- Locationn: Riau
- Capacityy: 3,000 tonss / year
- Operatioon commencement: 2006
6
- Product:: biodiesel
- Locationn: Riau
- Capacityy: 30,000 tonns / year
- Operatioon commencement: 2009
9
- Product:: biodiesel
- Locationn: Dumai (Riiau)
- Capacityy: 252,000 toons / year
- Operatioon commencement: 2009
9
- Investmeent: US$ 1000 million
- The com
mpany owns a 150,000-heectare
plantationn in Riau andd East
Kalimanttan

3.5.2 Hydropowe
H
r
The esttimated totaal potential for hydro-p
power in Riiau is 949 M
MW [25]. Table
T
3.4
summaarises severaal studies thhat were un
ndertaken too assess hyddro-power potential
p
in Riauu. Unfortunnately, the data
d
does not
n indicate the technoology to be used to
extract specified power
p
outpuut; whetherr from dam
mmed-large hhydro-poweer plants
or smalller hydro-ppower generrations from
m river kinettic energy.

Table 3.4
3 - Hydroo-power poteential from large riverss.
Name of Riverr

Location

Indraggiri River
Kampaar River

Lubukk Ambacang Village
Tanjunng Balit Village

Rokann River

Lubukk Bendahara Village

Rokann River

Sibodaak Village

Potentia
P
l (MW)
350
178
132
56

Data sourrce
JIICA, 1979
B
Bappeda Riau
u,
nn.d.
B
Bappeda Riau
u,
nn.d.
B
Bappeda Riau
u,
nn.d.

Source: Distambenn Riau [6].

or hydro
Figuree 3.14 - Siak River: onne of four larrge rivers inn Riau with potential fo
kinetic energy (Source:
httpp://farm4.stat
atic.flickr.com
m/3049/24444824227_7bb589d4f10.jp
pg?v=0).
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3.5.3 Solar
Due to its equatorial location, Riau is endowed with good solar resource. In areas
close to the equator, the monthly variation of the day length is very small, and the
sun elevation at noon is reasonably high across the year [43]. Figure 3.15 below
summarises the average daily solar radiation in the main cities of Riau. Overall,
the average solar radiation on a horizontal surface in Riau is 4.7 kWh/m2/day and

4.2

0.42

Solar radiation on horizontal surface

Riau (average)

0.43

Siak Sri Indrapura

0.44

4.3

Pasir Pengaraian

4.4

Bagan Siapiapi

0.45

Pangkalan Kerinci

0.46

4.5

Pekanbaru

4.6

Teluk Kuantan

0.47

Bangkinang

0.48

4.7

Rengat

4.8

Tembilahan

0.49

Dumai

4.9

Bengkalis

Kwh/m2/day

the average clearness index is 0.46.

Clearness index (0‐1)

Figure 3.15 - Solar resources in main cities of Riau [44].
To compare, the solar radiation in Singapore, based on five years hourly data
recorded by the Meteorological Service Singapore, is 14.5 MJ/m2/day [45], which
is equivalent to 4.03 kWh/m2/day. Singapore is situated just across the Malaka
Strait to the east of Riau.

3.6 Concluding Remarks
In this chapter, general information about Riau was reviewed, and special
attention was given to the current electricity supply provision. It has been shown
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that the Riau power security under the current electricity strategy is weak. The
low ratio of electrification and low quality of supply are among the reasons that
perpetuate the ongoing electricity supply crisis which is likely to continue in the
future.
The lack of electricity supply affects mainly the villagers – the majority of the
Riau population. The poverty rate among the villagers is high, the health risk of
burning biomass is clear, many people are less-educated, and women’s rights need
to be improved. To provide better access to electricity for villages, a number of
renewable energy resources are available to be exploited. Three of them include
biodiesel, solar, and micro-hydro energies.
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Chapter 4 Evaluation of Hybrid RAPS for Riau
4.1 Introduction
In this chapter a detailed evaluation of hybrid renewable RAPS systems for Riau
is presented. The chapter begins with the selection of a reference village on which
the system designed will be based. A load analysis of the reference village will
then be undertaken. Then a computer simulation program will be used as a design
tool. The technologies considered include solar PV, river hydrokinetic power, and
diesel generator. The simulation output will be applied to specify the system
configuration and components used. This process is intended to be applicable in
other unelectrified villages near the four large rivers in Riau.

4.2 Selecting a Reference Village
4.2.1 Selecting Three Site Candidates
It has been shown in Chapter 3 that the majority of the unelectrified villages in
Riau are situated by four large riverbanks. Among those, three have been chosen
as the potential sites for hybrid RAPS systems, and one of the three subsequently,
will be chosen to become the definitive reference village for this dissertation. The
need for a reference village is solely for the system design purposes. In reality, all
unelectrified villages are demanding electricity.
Indeed, no two rivers are identical because of a number of physical characteristics
they possess [46]. Therefore, it has been assumed that the river near the reference
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village shares common physical characteristics e.g. roughness of river beds and
sides, the depth, and the width, etc. with other rivers in Riau.
Three villages (Saik, Pulau Panjang Hulu, and Pulau Panjang Hilir) on the
Kuantan riverbank in Kuantan Singingi District were nominated based on the
following criteria: accessible for undertaking field work, have no access to the
grid and unlikely to have the grid extended in near future, have both micro-hydro
and solar energy resources, are close to the river body (to minimize distribution
losses), and have relatively small populations. In practice, there were trade-offs in
following the above criteria. Some villages are very remote with small
populations, which were suitable for RAPS system, but were not selected because
undertaking field work in those villages would require considerable effort and
costs. Table 4.1 summarises basic information about the three candidate villages
based on the villages’ statistic boards.

Table 4.1 - Three site candidates for hybrid RAPS system.

Location1
Number of households
Number of worship centres
Health clinic
Village office
School
Small shop
Distance of the proposed
microhydro’s site:
- to the population centre (m)
- to the farthest house (m)
Length of the village (m)

Pulau Panjang
Hulu
0.27 S, 101.47
E
353
9
1
1
1
9

Pulau Panjang
Hilir
0.30 S, 101.49
E
460
15
1
1
0
36

200
2,500
4,000

100
4,000
7,000

1) Source: Google Earth(R)
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Saik
0.37 S, 101.24 E
221
6
1
1
0
9

200
2,500
4,000

4.2.2 Energy Resources Assessments

4.2.2.1 River hydrokinetic power
A series of field work visits has been performed to measure key parameters
required in designing a hydrokinetic power system which uses the Kuantan River.
Unlike most hydro-power systems that require a head1, the power output from a
free-flow river power system is mainly influenced by its flow velocity and flow
rate. Also, to determine the point of the system installation, information about the
river’s depth is needed.

20 m

S2

S1
flow direction

Figure 4.1 -

The schematic of the river flow velocity measurement.

Some traditional methods have been applied to measure the above three physical
characteristics at three villages. The current velocity was measured using the
float method suggested by Fraenkel et al. [47]. As shown in Figure 4.1, two
strings (S1 and S2) were stretched from the riverbank to the river body,

1

The “head” is defined as “the vertical height, in metres, from the turbine up to the point where
the water enters the intake pipe of penstock” (Source: N. E. Bassam and P. Maegaard, Integrated
Renewable Energy for Rural Communities: Planning Guidelines, Technologies and Applications.
Amsterdam: Elsevier, 2004).
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perpendicular to the water flow direction. Then, a soft-drink tin-can which filled
by water was released before String 1, flowed downstream to String 2. The
current velocity is calculated by dividing the strings’ distance (i.e. 20 metres)
over the time spent by the tin-can to travel from S1 to S2. For each site, ten
measurements were undertaken. A picture of the actual flow velocity
measurements is shown in Figure 4.2 (the tin-can was emptied from water, so it
could be captured by the camera).

Figure 4.2 -

Actual measurement of river flow velocity (Photo: Harlepis and
Iyon, 2008).

The depth of the river was measured using a long-scaled stick which was
submerged to the level of the river bed and the scales of the stick on the surface
were recorded. The measurement was performed at 5 metres intervals using a
canoe. Figure 4.3.b shows the depth measurement schematic and Figure 4.4 shows
the actual measurement.
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y4
y3
y2

z3

y1

z2

z1

(b)

(a)

Figure 4.3 -

Schematic of the river depth measurement.

Figure 4.4 -

Actual river depth measurement (Photo: Harlepis and Iyon, 2008).

The depth information can also be used to estimate the cross-sectional area of the
river. Based on Figure 4.3.a and an equation from Twidell and Weir [48], the
cross sectional area A, in square metres is:

A≈
Also, using the values of velocity and cross-sectional area, the flow rate of the
river can be calculated using the following formula [49].

,
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Figure 4.5 -

Schematic of the river width measurement.

The width of the river was measured by simply stretching a thin metal string from
one side of the river to another (Figure 4.5). The dotted line was the imaginary
straight string crossing the river. A number of sticks were erected in the river to
avoid the current pulling the string downstream. There is no correction factor used
to compensate for the effect of water pulling on the string, because the river width
is not a critical parameter in the design process.
Figure 4.6 shows the depth of the river and Table 4.2 is the flow velocity at
three locations. Among three villages, Pulau Panjang Hulu is not preferred as
the system location, because the deep part of the river is not on the village
side.
The summary of the physical characteristics of the river is shown in Table 4.3.
A correction factor of 0.8 has been applied to the measured values to
accommodate friction effects along the bottom and sides of the river on the
current velocity [49].
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Figure 4.6 -

The depths of the river near the three candidate villages.

Table 4.2 - The river current velocity near three villages.
Measurement
#
1
2
3
4
5
6
7
8
9
10
Average
Average x 0.8

Velocity (m/s)
P. Panjang Hilir
1.09
1.06
1.06
1.07
1.05
1.06
1.05
1.06
1.06
1.05
1.06
0.85

P. Panjang Hulu
1.04
1.01
1.04
1.02
1.03
1.04
1.04
1.03
1.04
1.04
1.03
0.82
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Saik
1.81
1.77
1.77
1.69
1.8
1.74
1.71
1.75
1.7
1.72
1.75
1.40

Table 4.3 - Summary of river characteristics in three villages.
Pulau Panjang
Hulu

Pulau Panjang
Hilir

Saik

0.82

0.85

1.4

3.6
285
234
92

5
288
245
98

4.1
227
318
72

Average current velocity
(m/s)
Viable average depth (m)
Cross sectional area (m2)
Flow rate (m3/s)
Width (m)

4.2.2.2 Solar radiation
Solar radiation data was obtained from the NASA SMSE satellite
measurements. The NASA SMSE database was derived from the meteorology
and solar energy parameters that have been recorded for 22 years by over 200
satellites. The accuracy of the data ranges from 6 to 12% [45]. Among the
twelve parameters available in the database, for this dissertation only solar
insolation on horizontal surface and insolation clearness index were used.
Detailed solar resource data for the three villages is available in Appendix A and
it is shown in Figure 4.7. The three villages have the same solar resource
information, because of their close proximity to each other. As shown in Figure
4.7, the annual average solar radiation is 4.69 kWh/m2/day, and ranges from 4.05
kWh/m2/day to 5.01 kWh/m2/day in January and April, respectively. Due to its
equatorial position, the likeliness of the cloud-cover over Riau is relatively high
throughout the year [44]. The annual average clearness index is 0.46 and varies
from 0.39 to 0.51 in January and June/July, respectively. The lowest clearness
index of 0.39 represents a fair value.
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Monthly averaged horizontal solar radiation at Saik, which is same
as those in the other two villages.

To conclude, three villages have a good solar radiation level although slightly less
than the ideal solar radiation of 5 to 6 kWh/m2/day [51], and has fair clearness
index. The main positive feature is the small annual variation for both parameters.
This would allow a PV system to operate optimally across the year without any
requirement for a solar tracking system.
4.2.3 Selecting a Reference Village
A reference village was selected based on criteria in Section 4.2.1 which is
summarized in Table 4.1 and Table 4.3. Solar radiation was excluded because its
values are the same for all candidates.
Referring to Section 4.2.2.1.2, Pulau Panjang Hulu is no longer considered.
Between two other villages, Saik has several attributes that distinguish it from
Pulau Panjang Hilir. It has a smaller number of households and smaller size, and
has a faster river flow velocity. Accordingly, Saik has been chosen as the
reference village for this dissertation.
4.2.4 Overview of the Reference Village
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Table 4.4 summarises information about Saik. A typical middle income household
is shown in Figure 4.8.

Table 4.4 - Information summary of Siak.
Buildings:
- Households
- Worship centres
- Health clinic
Length of the village (m)
Transportation available

221
6
1
4,000
River
(by canoes or a small wooden boat)

Distance from river field measurements location:
- To the population centre (m)
200
- To the farthest house (m)
2,500
River information:
1.4
- Average current velocity (m/s)
4.1
- Average depth (m)
227
- Cross sectional area (m2)
396
- Flow rate (m3/s)
72
- Width (m)
Solar resource information:
- Annual average insolation incident on a Horizontal Surface
(kWh/m2/day)
4.69
- Annual averaged Insolation Clearness Index
0.46
Economy:
- Average income (US$/day per household)
5
- Main occupations of the population
Farmer, merchants, house builders

Figure 4.8 -

Typical middle income household at Saik (Photo: Harlepis and
Iyon, 2008).
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4.3 System Design
4.3.1 General criteria of the system
The system to be designed followed the following criteria:
 It contains a PV component
 It has the lowest NPC
 It has the lowest environmental impact.
Choosing PV components matched the Indonesian Government’s enthusiasm for
exploiting renewable resources for REPs, particularly solar energy, either for
unelectrified locations or to support existing diesel stand alone systems [50], [51].
4.3.2 Electrical load

4.3.2.1 Consumer Groups
As shown in Table 4.4 above, based on the village’s statistic board, the future
electricity consumer groups in Saik include 221 residential, 6 worship centres and
a health clinic, as well as street lighting.

4.3.2.2 Load Devices
To date there have not been any studies of the electrical load in Saik. Information
about load devices and load profiles were obtained from two sources: local utility
office (electricity consumption of several households in the nearest village which
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is connected to the grid), and the author’s understanding about the electricity
consumption pattern in another grid-connected village near Saik.
Figure 4.9 below shows the actual meter reading of five selected households in the
closest grid-connected village to Saik named Muaro Tombang, provided by PLN
Riau-Kepri Rengat Branch (Teluk Kuantan Office). The high-income households
consume around 250 kWh per month or 8.3 kWh per day. The middle-income
consumption ranges from 1.6 kWh to 3.6 kWh per day. The low-income
households in Muaro Tombang usually do not have electricity. The annual
variation of the load is small.
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Figure 4.9 -

Monthly electricity consumption of selected households in Muaro
Tombang (Source: PLN Riau-Kepri, Rengat Branch, Teluk
Kuantan Office, unpublished).

Based on information from Figure 4.9, a list of load devices was created for Saik
(Table 4.5). To determine the operating hours of the appliances and to plot the
load profile, the author’s understanding of the lifestyle of villagers in Riau was
used.
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Table 4.5 - Estimated load devices of the typical consumer groups in Saik.
No.

Typical household
1 Radio and tape player
2

Television and
parabola receiver

3
4
5

Mobile phone and
charger
Iron
Lamp 1

6

Lamp 2

7

Lamp 3

8

Lamp 4

9

Lamp 5

Typical worship centre
10 Radio and tape player
11
12

Rated
power
(watt)

Quantity

Total
power
(watt)

A simple radio with tape
player
21 inch colour TV

10

1

10

82

1

82

Nokia mobile charger

4

1

4

Dry Iron
Fluorescent lamp in
bedrooms
Fluorescent lamp in living
room
Fluorescent lamp in
kitchen
Fluorescent lamp in
bathroom
Fluorescent lamp in toilets

300
8

1
2

300
16

11

1

11

11

1

11

8

1

8

5

1

5

A simple radio with tape
player
Ceiling fan with
Fluorescent lamp near
front door
Fluorescent lamp inside
Sound system for outdoor

10

1

10

40
5

2
1

80
5

11
100

4
1

44
100

Refrigerator with freezing
compartment
Fluorescent lamp near
front door

54

1

54

5

1

5

Fluorescent lamps (200 m
intervals)

11

20

220

Electrical device

Fan 1
Lamp 1

13 Lamp 2
14 Sound system
The health clinic
15 Vaccine refrigerator/
freezer
16 Lamps
Street lightings
17 Lamps

Description

4.3.2.3 Load Profiles
Table 4.6 below shows the list of electric devices and their daily operational
pattern for all consumer groups.
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Table 4.6 - Electrical devices’ operational details for all consumer groups in Saik.
No.

Electrical device

Typical household
1 Radio and tape
player
2 Television and
parabola receiver

Total
power
(watt)

Time of
operation

Num. of
operation
hours

Daily Wh

10

10

0.5

5

82

9, 10, 11, 20,
21, 22

6

492

20, 21

1.5

6

14
21, 22
18-22
19
19, 20
19

1
2
5
1
2
0.5

300
32
55
11
16
2.5
919.5
203 kWh

2

20

4
11
3.5
2

320
55
154
200
749
4.5 kWh

24

1296

12

60
1.36 kWh

12

2.6 kWh
212 kWh

3

Mobile phone and
4
charger
4 Iron
300
5 Lamp 1
16
6 Lamp 2
11
7 Lamp 3
11
8 Lamp 4
8
9 Lamp 5
5
Total per household
Total household in the village: 919.5 x 221

Typical worship centre
10 Radio and tape
10
4, 12, 15, 17
player
11 Fan 1
80
12, 15, 18-20
12 Lamp 1
5
18-04
13 Lamp 2
44
4, 18-20
14 Sound system
100
4, 12, 15, 17
Total per worship centre
Total worship centre in the village: 749 x 6
The health clinic
15 Vaccine
54
00-24
refrigerator/
freezer
16 Lamps
5
18-05
Total
Street lightings
17 Lamps
220
18-06
GRAND TOTAL FOR THE WHOLE VILLAGE

Around 96% of electricity is consumed by the residential sector. The typical daily
electricity consumption rates of a household, a worship centre, the health clinic and
street lighting are 1 kWh, 0.75 kWh, 1.36 kWh, and 2.6 kWh respectively. The total
daily electricity consumption for all Saik’s consumer groups is estimated at 212 kWh.
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Figure 4.10 below shows the estimated load profile for Saik. A large peak demand
of 66 kW occurs at 2 PM due to ironing at all households. There are also two
smaller peak demands of around 22 kW before midday and before midnight. In
practice, however, such a load profile is not suitable for renewable RAPS system
applications, especially if the system reliability is demanded. This is because a
large capacity of the system, and thus also a large capital cost, would be needed to
meet the peak load, which unfortunately, occurs for one hour only.
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Figure 4.10 - The estimated electrical load profile in Saik.
Therefore, this load profile has been modified by applying an ironing-scheduling
as follows: each household is given three hours per week, on a specified day, for
ironing. By dividing the number of households (221) over 6 working days of a
week, 37 households would do their ironing per day; half from 12:00 PM to 3:00
PM and the other half from 3:00 PM to 6:00 PM. Figure 4.11 below is the revised
daily load profile for the proposed schedule. One major change is the reduction of
the 2 PM surge and a reduction of peak load from 66 kW to 25 kW. Similarly, the
daily energy consumption falls from 212 kWh to 180 kWh.
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The majority of load occurs between 8 to 10 PM. The load fluctuations take place
throughout the day. The lowest demand of 54 W to 770 W occurs from 11 PM to 8 AM
and increases to around 6 kW from 12 to 5 PM. Two peak load times occur in the
morning (9 to 11 AM) and in the evening (8 to 10 PM), both start and end abruptly.
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Figure 4.11 - Revised estimated electrical load profile in Saik.
4.3.3 System design
This section presents a detailed description of the process used in designing the
power system for the given revised load. It started with selection of a computer
simulation program and was followed by the application of design steps.

4.3.3.1 Simulation Software Selection
The NREL HOMER(R) simulation program has been chosen as a tool for system
design. HOMER was selected due to its capability to evaluate the best option by
harnessing energy from a single or combination of various energy resources [52].
Its sound economic model provides rational selection of the most cost effective
option [54]. Furthermore, its hourly energy flow approach offers a comprehensive
analysis of the system performance throughout a year [54]. In addition, its
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greenhouse gas emission analysis is important to examine the ecological
performance of the proposed system.

4.3.3.2 Simulation Inputs
Figure 4.12 shows the architecture of HOMER, which was taken from Fung et al.
with a small modification [53]. There are three main parts of HOMER; inputs,
HOMER simulation and outputs.

INPUT
Load

Resources

Components

Optimisation

HOMER
Simulation

OUTPUT

Optimal System
Category

Net Present
Cost

Cost of Energy
US$/kWh

Excess Energy
Fraction (%)

Total Capital
Cost

Fuel
Consumption

Renewable
Fraction (%)

CO2 emission
(kg/yr)

Figure 4.12 - Architecture of HOMER simulation and optimisation.
Unfortunately, HOMER is not equipped with a hydrokinetic power module
considered in this dissertation, while its run-of-river (hydro) module is not
suitable for this study. Therefore, instead of using its hydro module, its wind
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turbine module has been used with hydrokinetic input rather than wind-related
information. This approach was considered because wind turbines share some
similarities with hydrokinetic turbines which are commonly referred to as
‘underwater wind turbines.’ Thus, the wind turbine power-curve has been
replaced with the power curve of the selected hydrokinetic turbine by altering the
wind speed information with the river current velocity. Tom Lambert, who
developed HOMER at NREL in an email message to the author on 6 April 2009
affirmed that this idea “will work.”
In the next section, some examples of the process of providing input to HOMER
are presented.

4.3.3.3 Component selection
A range of typical RAPS system components has been selected which included a
Primary Load, a Photovoltaic, a Wind Turbine, a Converter, a Generator, and a
Battery bank (Figure 4.13).

Figure 4.13 - HOMER’s component selection input window.
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4.3.3.4 Load input
The load information provided for HOMER (Figure 4.14) was taken from Figure
4.11 above. Small random variability of 5% has been applied for both day-to-day
and time-step-to-time-step (refer to Section 4.3.2.2). All loads are alternating
current (AC) equipment and appliances. HOMER calculated the scaled annual
average of the load of 180 kWh/day, peak load at 30 kW and a 0.253 load factor.
A summary of the load input is provided in Appendix B page 89.

Figure 4.14 - HOMER’s load input window.
4.3.3.5 PV input
According to DESDM [54], the installed cost of a complete PV system in
Indonesia is around US$10/Wp2. However, DESDM does not mention whether
other enabling components such as inverters, battery chargers, cables and array
structures are included in the above cost guideline. Due to the high price of
2

To compare, the price of PV module only (Kyocera Solar Panel KC130GT) offered by the
Aviotech International based in Jakarta is US$5.7/Wp (Source: Aviotech International. n.d.
Katalog Produk: Panel Surya / Solar Panel. http://aviotech.indonetwork.co.id/969761/panelsurya-solar-panel.htm (accessed 3 February 2009)
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inverters and relatively low cost of battery chargers and cables, it was assumed
that the cost of inverters is not included in the above cost guideline. Also, since
the report does not mention the area covered by the specified costing estimation,
it has been assumed that this cost is applicable for Saik. Replacement cost is
estimated at about US$8/Wp. To allow the natural module cleaning by the rain,
a slope of 70 was used rather than using the latitude angle of 0.40. A summary of
the PV input is provided in Appendix B page 89.

4.3.3.6 Hydro Turbine input
As mentioned in Section 4.3.3.2, the hydrokinetic turbine information was
inserted into the Wind Turbine Input window. The Darrieus Hydrokinetic
Turbines (DHT) developed by Alternative Hydro Solutions in Canada has been
chosen because of its simple structure and its ability to generate a relatively high
power output from low to medium flow velocities. Figure 4.15 is the power curve
of the turbine based on information from the turbine’s manufacturer. The turbine’s
rated power is 3 kW at 1.4 m/s current velocity. Since the information about the
power outputs at the flow speed above 1.5 m/s flow was not available, it has been
assumed that above 1.5 m/s, there are no increases in power output.
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Figure 4.15 - Hydrokinetic turbine power curve.
To calculate the turbine capital cost, the following formula was used.

,

To calculate the Net Purchase FOB and the import duty cost, the formulas
suggested by Putra (2008) were used:
,

where: Import duty tariff
Freight cost
3

4

: 12.5%3
: US$22,3404

There is no specific import duty tariff for hydrokinetic turbines. This tariff is an approximation
by assuming the import duty tariff for hydrokinetic turbines is same as the import duty tariff for
electrical transformers which is 12.5% (Indonesian Custom, 2008).
Freight cost was calculated using the DHL Canada online rate calculator
(http://www.dhl.ca/ca/wfRateCalculator.aspx). Based on information from the turbine
manufacturer, each turbine is packed in two boxes. The size of the first box is 0.5m x 0.5m x
1m. The size of the second box is 2m x 2m x 1m. The weights of the first and second box are
150kg and 250kg, respectively. The destination city is Pekanbaru (post code 28281).
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Insurance

: 0%

Gross Purchase

: US$27,5005

Discount

: 5% = US$1,3756

Value-added Tax, VAT : 5% = US$1,3757
Installation costs

: US$500 (using local materials and labour).

Note: most of the above costs and prices were in Canadian Dollars which
were converted into US Dollars using http:www.xe.com website.
Based on the above formulas and by allowing a fixed local delivery cost of
US$125, the total capital cost for each turbine is US$56,700 and the replacement
cost is US$56,200. A summary of the hydro turbine is available in Appendix B
page 90.

4.3.3.7 Generator input
Hybrid energy systems use synchronous alternators which are directly connected
to a diesel-engine [55]. It must be equipped with an electric starter system to
allow automatic start and stop. The generator was not permitted to work at less
than 40% of its rated power to avoid ‘glazing’ on the cylinder walls and prevent
a low load efficiency operation [57]. Based on information from CV Generindo,
a diesel generator distributor in Jakarta, the capital and replacement costs per
kW were US$450. The costs included unit price, electric starter, shipment, and
installation costs. Operational and maintenance costs were estimated at US$0.5
per hour. A summary of the generator input is available in Appendix B page 91.

5

The gross purchase (unit price) is based on information from the turbine manufacturer.

6

It was assumed 5% discount applied.

7

VAT in Canada: 7% (Source: http://www.economywatch.com/business-andeconomy/canada.html)
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4.3.3.8 Batteries input
Trojan T-105 batteries have been selected because of their popularity and
relatively low cost [54]. Trojan T-105 is a 6V deep-cycle battery with 185Ah and
225Ah capacity at 5 hour and 20 hour rate, respectively [56]. Figure 4.16 shows
detailed information about Trojan T-105. The capital and replacement costs of a
Trojan T-105 is US$215 including an estimation of the shipping and installation
costs [57]. The O&M cost is US$5 per year. A 48 volts system voltage was
specified by placing 8 batteries per string. A summary of the batteries input is
available in Appendix B page 92.

Figure 4.16 - Trojan T-105 batteries.
4.3.3.9 Hydro resource input
The river flow velocity has been entered into the Wind Resource module. The
monthly averaged flow velocity cannot be input into the Wind Resource Input
window, because, as shown in Figure 4.18, HOMER will synthesize the data
following four wind-related parameters i.e. “Weibull distribution value,

53

autocorrelation factor, diurnal pattern strength, and hour of peak wind speed”
(source: HOMER’s Help facility). The river flow velocity, of course, does not
fluctuate like the wind speed following the Weibull distribution. Instead, an
hourly flow velocity over a period of one year has been supplied to ‘force’
HOMER to work without considering its Weibull-influenced characteristic.
Unfortunately, the river flow velocity data for the whole year was not available
and the field measurements were performed on just one day. In order to estimate
the flow velocity over the year, the seasonal variation of the rainfall measurement
was used. As shown in the flow rate equation in Section 4.2.2.1.1, the flow
velocity is proportional to the flow rate, and the flow rate is proportional to the
amount of rainfall. Figure 4.17 is the average rainfall (from 1971 to 2000) in the
western part of Riau (Zone 10) where Saik is located. Each month is divided into
three time groups; I, II, and III which represent the first, middle and last ten days
of a month, respectively. The field measurement in Saik was taken in the time
group of September I (Figure 4.17).
In September I, which was the base month, the rainfall is 52 mm and the flow
speed was 1.4 m/s. In the other time groups, for instance May III, the rainfall is 60
mm or 15% higher than September I’s rainfall. Accordingly, the flow speed in
May III was assumed also 15% higher than September I’s flow speed. A detailed
account of the process in generating the hourly flow speed is available in
Appendix C. Figure 4.18 shows HOMER’s Hydro Resource Input window.

54

Figure 4.17 - Rainfall in western part of Riau (Zone 10): The field measurement
in Saik was taken in the time group of September I [58].

Figure 4.18 - The HOMER’s hydrokinetic resource input window (using Wind
Resource module).
4.3.3.10 Other inputs
There was a lot of information provided to HOMER other than some examples
overviewed above. The summary of other information is shown in Table 4.7 and a
detailed version can be seen in Appendix B.
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Table 4.7 - Summary of other information was entered into HOMER.
Input
Solar resources

Notes
 Similar to information in Figure 4.7 above.

Converter

 Inverter efficiency: 90%
 Rectifier efficiency: 85%
 Inverter and diesel generator were allowed to operate
in parallel. Capital cost: US$2000/kW (based on
information from the SolarPowerIndo, an inverter
distributor in Jakarta)

Diesel

 Diesel price: US$0.6 [61].
 Sensitivity value of US$ 1/litre was specified

Economic

 Project lifetime: 25 years.
 Annual interest rate: of 8% [62].

System control

 Both dispatched strategies were applied (i.e. cycle
charging and load following) to allow HOMER to
choose the optimal dispatch strategy.
 Setpoin state of charge: 30%, to maximize the
lifetime of the battery.
 The generator was allowed to operate simultaneously.
 Generator with a capacity less than the peak load was
allowed to operate.

Reliability constraint

Maximum annual capacity shortage constraint: 10% and
30% (to reduce the capital cost).

4.3.3.11 Optimisation variables
Table 4.8 summarises the components and their sizes as well as sensitivity
variables which have been entered into HOMER. As discussed in Section 4.3.1,
there is no option for a zero PV array. In Figure 4.19 the schematic of the system
is shown. This is a system where a diesel generator meets the load directly and
charges the batteries through an inverter, and other technologies i.e. PV array,
hydrokinetic turbines and battery bank feed to the load via an inverter.
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Table 4.8 - Optimisation and sensitivity variables of the inputs.
Sensitivity Variables

Optimization variables
No
.

PV
Array
(kW

1
2
3
4
5
6
7

5
10
35
40

Hydro
turbine
(quantity
)

0
1
2
3
4
5
10

Generator
(kW)

0
18

Storage
T-105
(strings)

0
6
8
10
12
14
16

Converter
(kW)

Diesel US$/L

0
20
30
35
40

0.6
1.0

Capacity
shortage (%)

0.0
10
30

Figure 4.19 - Hybrid RAPS system configuration for Saik.

4.4 Results and discussion
HOMER has simulated nearly 4 thousand possible system configurations and 6
sensitivities. Figure 4.20 shows, in tabular form, the optimisation results of the
base case in which sensitivities were not considered. Three cases of hybrid
systems have been considered. The results were ranked based on the Net Present
Cost (NPC). The lowest NPC system, the ‘winner,’ is in the first row. The
winning system comprises a 5 kW PV array, 2 DHTs (3kW each), an 18 kW
diesel generator, 64 x 225 Ah batteries, and a 20 kW inverter.
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Figure 4.20 - Hybrid RAPS system optimization results.
4.4.1 Economic analysis
Table 4.9 and Figure 4.21 summarise the economic performance of the winning
system. The capital cost constituted the largest portion of the total NPC at 72%,
followed by fuel cost (15%), replacement cost (10%) and O&M costs (4%).
The component incurring the largest cost is the DHTs (36%) followed by the
diesel generator (24%), inverter and PV modules (16%) and battery bank (7%).
The turbine costs are high because all components must be directly imported and
therefore modest costs of shipping, import duty and manufacturer’s profit were
included. The other components, though also overseas products, are available in
Indonesia.

Table 4.9 - Economic performance of the hybrid RAPS system.
Component
PV
DHTs
Generator
Batteries
Converter
System
Levelized COE

Capital
($)
50,000
113,400
8,100
13,760
40,000
225,260

Replacemen
t (US$)
0
0
9,303
9,326
12,610
31,239
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O&M
(US$)
0
1,067
11,737
53
0
12,858

Fuel
(US$)
0
0
48,030
0
0
48,030

Salvage
Total
(US$)
(US$)
0
50,000
0
114,467
-396
76,774
-1,005
22,134
-1,947
50,663
-3,348
314,039
US$0.448/kWh

The COE for the optimum system is US$0.448/kWh. If compared to the current
electricity tariff of small residences in Indonesia which is US$0.019 /kWh
(Section 3.3.5) which is heavily subsidised, the COE of the RAPS system is 23.6
times higher. However, if compared to the COE of a diesel generator only system
at US$0.595/kWh8, which is a popular option for rural electrification in Riau
today, the RAPS system offers a competitive COE which is lower by 25%.
Unfortunately, the capital cost of the hybrid system is far above the generator only
option at around 17 fold9. Therefore, special financial concessions are needed to
implement such a system in Riau.

Figure 4.21 - Lifecycle costs of hybrid RAPS system by components.
4.4.2 Electrical output analysis
Table 4.10 shows the electrical performance of the RAPS system for the base case
optimum system. The total electricity production is 88,471 kWh/year, mostly
from renewable elements of the system. The system is capable of meeting 100%

8

The COE for the diesel generator only system was obtained by undertaking another separate
HOMER simulation.

9

The capital cost of the diesel generator only system was US$13,500.
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of the load throughout the year and has space for future demand growth with
around 21% excess power.

Table 4.10 - Electrical performance of the hybrid RAPS system.
Parameter

kWh/year

Production
PV array
Hydro turbines
Diesel generator
Consumption
AC primarily load
Quantity
Excess electricity
Capacity shortage
Renewable fraction

%

7,694
48,391
32,387

9
55
37

65,697

100

18,303
0

21
0
64

Figure 4.22 shows the power production of each generator by month. The PV
array produces almost the same amount of power throughout the year. The output
of the diesel generator is dictated by the output of the DHTs; when the DHTs
produce less power, the role of the diesel generator is increasing, and vice versa.

Figure 4.22 - Monthly electricity production of each component of the hybrid
RAPS system.
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4.4.3 Emissions analysis
The hybrid RAPS system emits 19.7 tonnes of carbon dioxide (CO2) per year. This
is a particular advantage of implementing such a system because if compared to the
diesel only system, the CO2 emission would be 114 tonnes per annum or 580%
higher.
4.4.4 Sensitivity analysis
Sensitivity analysis includes changes in diesel price and maximum load to be
unmet. If the diesel price rose from US$0.6/litre to US$1/litre, the system size is
changed and the role of the diesel generator is slightly reduced. The number of
batteries is increased from 64 to 96, and the diesel generator’s share of the output
is reduced by 2%. In consequence, the COE is increased by 10%.
If 10% of the capacity shortage is allowed, one DHT can be removed from the
system and the number of batteries becomes 48. The COE is decreased by 10%,
but the diesel generator’s contribution becomes dominant (i.e. 54%).
4.4.5 Strategies to improve the system’s performance
There are two potential strategies to increase the performance of the hybrid RAPS
system, both economically and technically. The first strategy is by using the
locally produced DHTs. This would decrease the cost of the DHTs significantly
because the costs of shipping and import duty can be removed and the price of the
turbines will be lower. In turn, the NPC of the system would fall thereby
contributing to a significant reduction in the COE.
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The second strategy is by using the higher capacity of the DHTs. It has been
assumed that at flow velocity above 1.5 m/s, there is no increase in the turbine’s
power output (refer to Section 4.3.3.6). Conversely, it has been shown in Section
4.3.3.9 and Appendix C that 70% of the time of over a year, the flow velocity is
greater than 1.5 m/s. If higher rated power turbines were used, the number of the
DHTs can be reduced to only one (but producing the same output), the role of the
diesel generator will be minimised, and the sizes of other components can be
lessened. These strategies, if combined together, have the potential to improve the
economical and technical performance of the hybrid RAPS system significantly.

4.5 System Configuration and Component Performances
In this section, the physical configuration of the base case system is proposed. The
components were selected based on the market availability to provide a ‘ready to
use’ information for REPs’ planners and executors in Riau. Specifications and
operation performance of each component are presented. At the end, relations
among components in the system are analysed.
4.5.1 System configuration
In this project, a parallel hybrid configuration (Figure 4.23) has been chosen due
to its ability in meeting the load optimally, to promote high diesel generator
efficiency and therefore minimise the diesel generator maintenance, and reduce
the rated capacity of both diesel and renewable generators [59]. Another reason
was because the system configuration simulated by HOMER, as shown in Figure
4.19, is a parallel hybrid configuration.
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Parallel hybrid configuration allows the system to decide which component(s) to
operate under a specific load. During a low load period, the inverter takes power
from the battery, converts it to alternating current (AC) then supplies the load. As
load exceeds the actual capacity of the battery bank, a synchronised control
system in the inverter activates the diesel generator, which takes over the load,
and exports excess power to the battery bank. In this instance, the inverter
changes its function to become a battery charger. As the load increases
continually and exceeds the diesel capacity, the diesel remains active, and the
inverter returns to its genuine function to draw power from the battery bank to
‘help’ the diesel generator to meet the load.

Figure 4.23 - Parallel hybrid configuration of the system.
4.5.2 Component specifications
The specifications of components are available in Appendix D. In general, the
components specifications should be consistent. For example, the input
requirement of the battery charger must match the output of the PV array or the
DHTs. Similarly, the output of the battery bank must be able to activate the

63

inverter, and the inverter output has to match the load requirements. The size of
each component is also critical. Fortunately, HOMER output provides the
recommended sizes of the components.
The DHTs are the unique components of the system, while the other components are
commonly found in many hybrid RAPS systems. Stephen Gregory of the Alternative
Hydro Solutions Ltd., the turbine manufacturer, in an email message to the author on
15 April 2009 explained this unit involves a gearbox to provide a faster rotation to the
generator and a permanent magnet alternator to allow operation in a wide range of
water flow speeds. The alternator is mounted on the turbine shaft and positioned
above the waterline for system longevity and ease of maintenance. Figure 4.24, which
is taken from the Newenergycorp, which produces a similar type of turbine, shows
the picture of the unit and the mounting method considered for this project. A boat
was used for simplicity and in order to allow the unit to follow the variation of the
river depth.

This picture intentionally left blank due to the
absence of written permission from the author

Figure 4.24 - Darrieus hydrokinetic turbine and its boat mounting method
(Source: http://www.newenergycorp.ca/index.htm).
The original outputs of the alternators are a variable voltage AC electricity
ranging from 0 to 165 volts which is converted by an integrated rectifier to
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DC. Unfortunately, information about the input and output voltages of the
rectifier is not available. Therefore, in this dissertation, a battery charger was
added to make sure that the turbine outputs can charge the batteries. This,
unfortunately, reduced the overall efficiency of the DHT system due to power
losses in rectifier and battery charger. The detailed specifications of components
are available in Appendix D page 95.
4.5.3 Component performance
Table 4.11 shows the electrical performance of each component, as estimated by
HOMER. The DHTs and diesel generator have a relatively high capacity factor;
92% and 44%, respectively. This indicates that both generators, especially the
DHT, work optimally, and in turn, provide the majority of power output. The
other components i.e. PV array and converter (inverter and rectifier) have lower
capacity factors.

Table 4.11 - Electrical performance of each component.
Component

Simulation output

PV array output
Mean output (kW)
Mean output (kWh/day)
Capacity factor (%)
DHTs
Mean output (kW)
Capacity factor (%)
Generator output
Hours of operation (hrs/yr.)
Operational life (yrs.)
Capacity factor
Mean electrical out. (kW)
Mean electrical efficiency (%)

0.88
21.1
17.6
5.52
92.1
2,199
6.82
20.5
14.7
43.9
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Table 4.11 – (cont.)
Simulation output

Component
Battery output
String size
Strings in parallel
Bus voltage (V)
Usable nominal capacity (kWh)
Autonomy (hrs.)
Expected life (yrs.)
Inverter output
Mean output (kW)
Capacity factor (%)
Hours of operation (hrs./yr.)
Rectifier output
Mean output (kW)
Maximum output (kW)
Capacity factor (%)
Hours of operation (hrs./yr.)

8
8
48
60.5
8.06
10.0
3.8
19.0
8,749
0.0
1.3
19.0
11

The monthly outputs of components are shown at Figure 4.25 to 4.30. The DHTs
produce continuous power throughout the year, with less production during June
to August, following the seasonal flow speed variation. To compensate for this,
the diesel generator output is increased during this period. The inverter operates
almost throughout the year, except for 11 hours in June when the outputs of
renewable generators are low and cause the diesel generator to operate at high
load producing excess power to charge the battery through the rectifier. The diesel
generator starts and stops two times per day at almost the same time, to serve two
peak demands well before midday and before midnight.
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Figure 4.25 - DHTs power output.

Figure 4.26 - PV array power output.

Figure 4.27 - Battery bank frequency of SOC.

Figure 4.28 - Inverter output.
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Figure 4.29 - Rectifier output.

Figure 4.30 - Diesel generator output.
4.5.4 Control
Controls for hybrid power systems carry out a number of tasks. Two of them are
subsystem management and battery regulation [60]. Subsystem management
determines

when

to

start/stop

the

diesel

generator,

and

when

to

connect/disconnect the loads or some portions of the renewable generators e.g. PV
array and hydro turbines. This job is carried out by a synchronised control
integrated in the inverter. The battery regulation is performed by the charge
controller to avoid the battery bank from being overcharged, and it commonly in
switched series configuration [44].
In addition, for a system that includes PV arrays, blocking (or string) diodes are
used to avert the batteries from being discharged through the PV cells at night and
to protect the battery from short circuiting. Also, bypass diodes are used to
prevent the PV cells from being overheated due to shading on the cells [44]. The
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blocking diodes are connected in series with each PV string and the bypass diodes
are connected in parallel with every PV module. Figure 4.31 shows the circuit of a
charge controller, the blocking diodes and bypass diodes used in this dissertation.

Figure 4.31 - Charge controller, blocking diodes and bypass diodes circuit,
modified from Markvart and Castaner [44].
Specification of the charge controller (solar and hydro) is shown in Appendix D
page 96. The charge controllers will disconnect renewable generators when the
battery bank is fully charged. This feature allows the DHTs to work without a
dump load to avoid overcharging.
4.5.5 Integrated system power output
Figure 4.32 shows a sample of combined hourly simulation results of components
for June 16. This day was chosen because output of the DHTs on this day is
among the lowest. As shown below, the majority of the load is supplied by the
battery which is charged by the PV array and the DHTs. The main role of the
diesel generator is to serve peak loads.
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Figure 4.32 - Integrated system power output.

4.6 Concluding Remarks
A detailed design process to evaluate a feasible power generating system to
provide electricity for remote villages near four large rivers of Riau has been
performed.
From the HOMER simulation, it was found that the best technology to provide
electricity for Saik, the reference village, is a PV/Hydrokinetic/Diesel/Battery/
Inverter hybrid system. The system is capable of meeting 100% of the load with
21% space for the load growth. Renewables served 63% of the load and the
largest contribution of 55% was provided by the DHTs. The initial cost of the
system was US$ 225,260, which was the largest component of the costs (72%). If
the hydro turbines were produced locally and a larger DHT was used, a significant
reduction of cost could be achieved to compete with a popular option for rural
electrification i.e. diesel only system. The COE was US$0.448 or around 24 times
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of current electricity tariff in Riau, but 25% lower than the COE of a diesel only
system.
The Indonesian Governments (national, provincial and district levels) have the
REPs mainly using the PV systems. However, the lack of local expertise and
experience has been impeding the introduction of hybrid RAPS systems from
renewable energy sources in Riau. This study, therefore, proposes a feasible
option which is reliable, has low O&M costs, lower COE, and is cleaner.
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Chapter 5 Evaluation of Biodiesel Power
Systems for Riau
5.1 Introduction
It has been shown in Section 3.5.1 that Riau is the largest palm biodiesel producer
in Indonesia. This production capacity provides the opportunity to develop
biodiesel-fuelled power generating systems to address the power supply shortage
in Riau.
Biodiesel is now the most commonly accepted fuel to substitute petroleum diesel
fuel for diesel engines for the following advantages as suggested by Demirbas: (1)
Portable; (2) Readily available; (3) Renewable; (4) Higher combustion efficiency;
(5) Lower sulphur and aromatic content; (6) Higher cetane number; (7) Inherent
lubricant in the neat form; (8) High flash point and (9) Biodegradable. Furthermore,
since biodiesel is available locally, it could help a country to lessen its reliance on
imported petroleum [61].
The major drawbacks of biodiesel, referring to Demirbas include: (1) Higher
viscosity; (2) Lower energy content; (3) Higher cloud point and pour point; (4)
Higher nitrogen oxide (NOx) emission rates; (5) Lower engine speed and power;
(6) Injector coking; (7) Engine compatibility; (8) Higher price and (9) Higher
engine wear [65].
This chapter evaluates the feasibility of generating electricity for villages in Riau,
both in rural and urban areas, using diesel generators with palm biodiesel fuel.
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5.2 Method of Biodiesel Power Systems Design
Theoretically, palm biodiesel can be used as fuel in power generating plants in
blends with conventional diesel. The most popular blends, which were considered
in this dissertation, are B5 and B2010. B20 was chosen because its performance
has been widely tested and it is applicable in any diesel engine [62], while the
B100 was selected to represent an ideal condition that might well be widely
adopted in the near future. Three assumptions have been made in using B100,
they include: (1) No impact of B100 on equipment and fuel systems; (2) No
additional precautions, handling, maintenance, and engine modification
considerations; (3) Instead of using a biodiesel-specialised generator, a general
diesel generator has been used.
Again, HOMER was used as a tool for system design. It was assumed that load
was the same as the load for Saik (refer to Section 4.3.2).

5.3 System Design
The design process of the biodiesel systems was the same as one used when
designing the hybrid RAPS system in Chapter 4. The considerations for design
include; determining the general criteria, determining the load, inputting
information to HOMER, and running the simulation.

10

B20 refers to the ratio of biodiesel and diesel is 20:80, while B100 is just “biodiesel.”
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5.3.1 Fuel Input
When biodiesel is used in blends with conventional diesel, differences in the basic
chemical properties of both types of fuels affect the engine performance and
pollutant emissions [63]. Thus, to use palm biodiesel fuel in the HOMER
simulation, it is necessary to specify its properties as shown in Table 5.1.
The value of carbon content of B20 fuel was interpolated from the values of
conventional diesel and B100 fuels. The carbon content of the conventional diesel
fuel is 86.337% and carbon content of B100 is 30% [64], [65]. Therefore, the carbon
content of B20 is 75%. Similarly, the sulphur content of conventional diesel fuel and
biodiesel are 0.3% and 0.2%, respectively, resulting in a sulphur content of B20 at
0.28% [70].

Table 5.1 - Properties of palm biodiesel.
B100
36.65 (1
920 (1
30 (3
0.2 (4

Lower heating value, LHV (MJ/kg)
Density (kg/m3)
Carbon content (%)
Sulphur content (%)

B20
45.40 (2
848 (2
75
0.28

1. Beer et al. [71]
2. Pandey [66]
3. Wilson and Burgh [69]
4. Loo and Koppejan [67]

5.3.2 Emissions
Table 5.2 shows the average biodiesel emission properties compared to
conventional diesel based on the information from the United States
Environmental Protection Agency [68].

74

Table 5.2 - Average biodiesel emission compared to conventional diesel.
Emission type
Carbon monoxide (g/L of fuel)
Unburned hydrocarbons (g/L of fuel)
Particulate matter (g/L of fuel)
Proportion of fuel sulphur converted to PM
(%)**
Nitrogen oxide (g/L of fuel)
* Source: HOMER’s Help facility

Conventional
Diesel*
6.5
0.72
0.49
2.2
58

B100

B20

3.38
0.24
0.26
2.2

5.72
0.58
0.43
2.2

63.8

59.16

** Data not available, assume similar as of

diesel

5.3.3 Schedule
The generator was not intended to run for 24 hours a day in order to avoid long
periods of low load operation11. Instead, a scheduling mechanism has been applied
to the generator and has allowed the system to meet 81.5% of the load. As shown in
Figure 5.1, regardless of the seasonal condition, the generator was forced to run
from 9:00 AM to 1:00 PM to serve the daytime peak load (refer to Figure 4.1 in
Section 4.3.2). Similarly, it also runs from 7:00 PM to 22:00 PM to supply the night
time peak load. Beyond these periods of time, the generator was forced off.

Figure 5.1 11

Biodiesel daily operation schedule.

A separate HOMER simulation with zero capacity shortage was made for comparison purposes.
The results can be seen in Appendix E.
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A specification of the fuel properties, emission properties and the operational
schedule of the generator above, were among the major changes made in
preparing the simulation of the biodiesel power system in HOMER. Table 5.3
summarises other inputs which are same as those outlined in Chapter 4.

Table 5.3 - Design information for biodiesel power system.
Design parameter
General criteria of the system

Notes
To use B20 and B100 in a conventional
diesel generator

Electrical load (refer to Section 4.3.2)
 Average energy consumption
 Peak load
Component selected
Generator input
 Capital cost
 Sizes to consider
 Lifetime
Biodiesel input
 Diesel price
Economic input
 Project lifetime
 Annual interest rate
System control input
 Dispatch strategy
Constraints Input
 Maximum annual capacity shortage

180 kWh/day
29.6 kW
Primarily Load, Diesel generator
US$450/kW
0, 20, 25, 30, 35, 40 kW
15,000 hours
US$0.6/litre (Sambodo 2009, 8)
25 years.
8% (Bank of Indonesia, 2009).
Load following.
0% and 30%.

5.4 Simulation Results and Discussion
Figure 5.2 shows the optimisation results of the simulation for both B20 and
B100, which were identical. HOMER recommended a 30 kW biodiesel generator
to serve the load. The capital cost was US$13,500 and the operating cost was
US$16,123. With total NPC of US$185,610, the COE is US$0.318.
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Figure 5.2 -

Optimisation results of the Biodiesel power system simulation.

Figure 5.3 shows the costs breakdown of the system. The highest cost is for fuel
(68%), while the smallest cost is incurred by the capital cost of the system (7.3%).
Replacement and O&M costs were 14.3% and 11.3%, respectively.

Figure 5.3 -

Costs of biodiesel power system.

Table 5.4 is the performance of diesel generator for both systems (B100 and B20).
It is shown that both generators have the same performance in almost all
parameters, except for specific fuel consumption (SFC), annual fuel energy input
and generator efficiency. The main drawback of the system is because not all load
can be met (capacity shortage is 18.5%).
It has been found that both systems consume the same amounts of fuel which is
19,606 litres/year. This result has revealed a weakness in HOMER for simulating a
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diesel power system with different fuel properties. As shown in Table 5.1, B100 has
smaller LHV than B20 and therefore the fuel energy input of B100 is smaller than
B20, which is confirmed in Table 5.4. Consequently, to produce the same power
output, the B100 system should have consumed more fuel than the B20 system
rather than the same. Also, by multiplying SFC and annual electrical production,
both systems should have resulted in different annual fuel consumption instead of
the same.
This issue arises because when the fuel for a generator is changed, HOMER does
not automatically change the fuel curve inputs. It would be necessary to adjust the
fuel curve slope and intercept, or else the required fuel consumption will not
change. If the fuel was changed to a less-energetic fuel, one should increase the
fuel curve slope and intercept accordingly. However, this method was not used
because information about the values required for adjusting the fuel curve slope
and intercept is unavailable.

Table 5.4 - Generator performance for B100 and B20 systems.

Hours of operation
Operational life
Capacity factor
Electrical production
Mean electrical output
Fuel consumption
Specific fuel consumption
Fuel energy input
Mean electrical efficiency
Capacity shortage
Excess electricity

Units
hr/yr
yr
%
kWh/yr
kW
L/yr
L/kWh
kWh/yr
%
%
%
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B100
3,285
4.57
22.9
60,264
18.3
19,606
0.325
183,636
32.8
18.5
9.2

B20
3,285
4.57
22.9
60,264
18.3
19,606
0.328
209,676
28.7
18.5
9.2

The prime advantage of using biodiesel power system is its lower emission
characteristic compared to a conventional diesel power system. Table 5.5 shows
the emissions of both systems. B100 system has reduced more than 57% of CO2
compared to the B20 system. Emissions of the other pollutants in the B100 system
are always less than B20 system, except for Nitrogen oxide (NOx). This is
because the concentration of NOx in biodiesel is greater than in diesel fuel.

Table 5.5 - Emission of B100 and B20 systems.
Pollutant

Emissions (kg/yr)
B100

Carbon dioxide
Carbon monoxide
Unburned hydrocarbons
Particulate matter
Sulphur dioxide
Nitrogen oxides

B20
21,294
71.5
5.08
5.5
76.1
1,350

49,116
121
12.3
9.1
98.2
1,252

5.5 Concluding Remarks
The role of palm biodiesel fuel for power generation in Riau is large. Despite its
drawbacks compared to petroleum diesel fuel, biodiesel is being produced and
entering the fuel markets, driven by some major advantages such as its
renewability, and the fact that it is locally available, is ready to use to operate
general diesel engine, and is more environmental friendly. The latter, however,
does not include the ecological effects of replacing native forests with palm
plantations. In this chapter, the HOMER simulation program has been used to
evaluate options for generating electricity for both rural and urban areas in Riau
from B100 and B20 fuels. HOMER recommended a 30 kW biodiesel power
system to meet the load. However, the diesel was scheduled to operate during day
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and night times peak demand only, resulting in a nearly 20% capacity shortage.
The major expenses were for fuel. With a low capital cost and cheap COE, such a
system is a viable option (technically and economically) for power generation in
Riau.

80

Chapter 6 Sustainable Rural Electrification
Programs
6.1 Introduction
In Chapters 4 and 5, two options for providing electricity to rural villages in Riau
have been evaluated. It has been found that both hybrid renewable and biodieselfuelled power systems are among the feasible options to be considered. However,
implementing REPs in villages in developing countries like Indonesia is not solely
a matter of dealing with the technical aspects of the programs. Also, there are
corresponding non-technical issues that the REPs’ planners need to take into
account to ensure the projects are sustainable.
This chapter identifies the main issues that accompany REPs in Riau. The I3A
framework proposed and successfully tested by Retnanestri is adopted in this
thesis [7]. Despite its original context, which was focused on the PV energy
system applications in Indonesia, this framework can also be applied to general
rural electrification projects [7]. The I3A framework is used in this dissertation as
a design tool, although it can also be implemented as an analytical tool to assess
the sustainability and identify barriers for RE projects.

6.2 The I3A Framework in Brief
The I3A framework is generally aimed at acknowledging all stakeholder interests,
maximising equity, assuring the continuity of RE and institutionalising RE in
order to develop the capacity of the host communities in meeting their growing
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needs, and in turn, to contribute to sustainable development in rural areas. In
practical terms, the design of RE projects should integrate a partnership with
target communities as an empowerment process to allow the host communities to
gain required capacity to independently manage the O&M, financing and redesign
of RE systems in meeting their growing needs [69].
Figure 6.1 shows the sustainable RE delivery framework following the I3A
Model. The main finding of the I3A (Implementation, 3A) framework is that “to
be sustainable and equitable, RE projects should be implemented in an
institutional framework that addresses RE Accessibility (financial, institutional
and technological), Availability (technical quality and continuity) and
Acceptability (social and ecological),” which simultaneously looks at all facets of
the RE’s “hardware-software-orgware” [75].

Figure 6.1 -

The I3A Model: Sustainable RE Delivery Framework [75].
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To put the I3A framework into practice, it is necessary to assess the components
as summarised in Table 6.1.

Table 6.1 - Summary of the I3A framework for practical use.
I3A element
Implementation

Corresponding
aspect
Institutional

Accessibility

Financial,
institutional and
technological

Availability

technical quality
and continuity

Acceptability

social and
ecological

Description
Deal with the social system of RE projects which
covers: “the stakeholders and their objectives, skills,
interrelationships and roles in RE delivery”. In
addition, “the enabling environment describes
external factors that may affect RE delivery.”
Tackle the equity issues of RE projects which cover:
“financial, institutional and technological
perspectives (RE affordability, profitability,
financing, skills and networks).”
Deal with the issues of the “quality and continuity of
energy supply in order to maintain user trust and
confidence in RE systems and their providers.”
Address the “social and ecological viewpoints,
identifying the extent to which RE can acculturate
into local life, enhancing rural socioeconomic
culture and promoting ecological care” to facilitate
sustainable rural development.

Source: Retnanestri et al. [75]

6.3 Recommendations to Enhance RE Projects’ Sustainability
The following is a list of recommendations to consider by any party in designing
rural RE program delivery in Riau. All recommendations are based on the I3A
framework suggested by Retnanesti [7]. Recommendations may appear in morethan-one aspect and this understanding is important for looking at the interrelation
among those aspects.
6.3.1 Recommendations to Enhance Institutional Sustainability
1. Design projects as simply as possible which are well-matched with preexisting situations (institutions, energy supplies and end-uses).
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2. Understand and encourage participation of pre-existing institutions e.g. health,
education, governance, NGOs, commerce, religious, social, women, youth, etc.
3. Provide skill-transfer activities to build the capacity of the above institutions
including project management skills, project design, operation, evaluation and
decommissioning.
4. Use competitive tendering to minimise costs of the project, and aim to
emphasise the importance of project budget on software and orgware.
5. Evaluate and improve project design and delivery strategies, involving the
local communities at all times.
6.3.2 Recommendations to Enhance Financial Sustainability
1. Use competitive tendering to minimize cost of project, and aim to emphasise
the project budget on software and orgware.
2. Ensure financial intervention matches the market segment of target
community.
3. Assist the target community to do income generating activities.
4. Design projects as simply as possible, to reduce overall project costs.
5. Attempt “modularity and trialability” of system hardware to promote
affordability.
6. Evaluate and improve project design and delivery strategies, involving the
local communities at all times.
6.3.3 Recommendations to Enhance Technological Sustainability
1. Design projects as simply as possible following the principles of “simplicity,
modularity, trialability and upgradability.”
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2. Build local capacity (including non-energy specialists) for design, operation
and maintenance, and decommissioning of RE system.
3. Monitor and evaluate field performance to improve designs and enhance
project performance.
4. Design the project to be well-matched with the current “absorptive capacity”
of the target community.
6.3.4 Recommendations to Enhance Social Sustainability
1. Assist the target community to maximise the electricity services to enhance
health, education, economy and quality of life in general.
2. Provide end users with knowledge and skill and then engage them to
participate in local RE institutions, and in RE design, operation, refurbishment
and decommissioning.
3. Attempt to prioritise the need of the less-advantaged members of rural
communities.
4. Design projects as simply as possible, to enhance opportunities for community
participation.
6.3.5 Recommendations to Enhance Ecological Sustainability
1. Design RE hardware to make possible use of “recycling, reuse and
ecologically sound disposal.”
2. Provide end users with knowledge and skill to be able to apply ecological
sustainability concepts in operating and decommissioning of RE hardware.
3. Encourage the end users to apply the system to promote fossil fuels
displacement.
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6.4 Concluding Remarks
Five aspects integrated in a rural RE program have been introduced. They are
institutional, financial, technological, social and ecological aspects. To assure the
sustainability of a rural RE program overall, each of above aspects has to be
sustainable. The I3A framework proposed by Retnanestri has been used as the
design tool for the REP programs delivery for rural villages in Riau [7]. The I3A
framework was developed to assure the Institutional sustainability and enhance
Accessibility, Availability and Acceptability of REPs in target communities. The
framework is also adaptable to be used as an analytical instrument in evaluating
the sustainability and identifying and overcoming barriers to the implementation
of REPs in Riau. A list of recommendation for each aspect has also been
provided.
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Chapter 7 Conclusions and Recommendations
7.1 Conclusions
This study aimed to identify options and to design feasible systems to provide
electricity for communities in rural villages in the Province of Riau, Indonesia by
harnessing power from renewable energy resources. It has also set out to identify
and recommend factors to enhance the sustainability of REP in Riau.
Two power generating system options have been identified. The first option was a
hybrid RAPS system for rural villages near four large rivers of Riau, and the
second option was the use of biodiesel as a fuel for a diesel generator. The
HOMER simulation program developed by the NREL has been used as the design
tool for both options.
The design of a hybrid RAPS system took place in the context of a village named
Saik. It incorporates a 5 kW PV array, two 3 kW DHTs, an 18 kW diesel
generator, 64 x 225 Ah batteries, and a 20 kW inverter constructed in a parallel
configuration. Over the project lifetime of 25 years, the total NPC is US$314,039,
of which the capital cost constituted the largest portion (72%). The component
incurring the largest cost is the DHTs (36%) followed by the diesel generator
(24%), inverter and PV modules (16%) and battery bank (7%). The COE is
US$0.448/kWh, which is 24 times the current electricity tariff, but 25% lower
than a diesel only system’s COE.
With 63% renewable contribution, the system is capable of meeting 100% of the
load (households, worship centre, health clinic, and street lighting) throughout the

87

year and has spare capacity to meet future demand growth with around 21%
excess power. Interestingly, with a relatively slow river flow velocity (1.4 m/s),
the DHTs contributes to 55% of the power output, where the diesel generator and
PV array contributions are 37% and 9%, respectively. From the environmental
perspective, the hybrid RAPS system emits 19.7 tonnes of CO2 per year, far below
a diesel only system that would emit 580% higher CO2 to the atmosphere.
The second option looked at the potential for using palm B20 and B100 as fuels
in general diesel engines to take advantage of the large biodiesel production in
Riau. With the same load as in Saik, a 30 kW diesel generator system was
proposed. The capital cost was low (US$13,500), but the fuel cost was high
(US$146,617). With a total NPC of US$185,610, the COE is US$0.318, which
is 29% lower than the hybrid RAPS system’s COE. However, with 18.5%
capacity shortage, the biodiesel power system cannot meet all loads as the
hybrid RAPS system does.
If both systems are implemented in rural villages of Riau in the future, it is critical
to consider factors that influence the sustainability of the REPs. The I3A
(Implementation, 3A) framework proposed by Retnanestri was used as the design
tool [7]. It recommends the REP Implementation strategy as the “institutional
framework that addresses RE Accessibility (financial, institutional and
technological), Availability (technical quality and continuity) and Acceptability
(social and ecological),” which simultaneously incorporates all aspects of the
REP’s “hardware-software-orgware”.
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7.2 Recommendations
The results of this study have led to the following recommendations. For further
study, it is recommended to:
1.

Investigate the diesel generator performance when operating with palm
biodiesel fuel.

2.

Perform a validation study with respects to the use of HOMER’s wind
modules with hydrokinetic hydro power inputs.

3.

Evaluate a hybrid RAPS system which combines biodiesel power system
with other components such as PV, battery bank, etc.

4.

Identify other options for generating electricity by harnessing other potential
energy resources possessed by Riau such as coconut fuel, coconut byproducts, biogas from waste treatment facilities in palm oil fabrics, etc.

5.

Assess the effectiveness of the I3A framework for Riau’s situation, in
particular.

In order to implement the first option i.e. the hybrid RAPS system, the following
points are recommended:
1.

Use locally produced DHTs to reduce the capital cost. This would remove the
shipping and import duty costs. Also, the locally manufactured turbine’s
price will be cheaper. In turn, the NPC and the COE would fall significantly.

2.

Use the DHTs with higher rated power to harness the flow velocity above 1.5
m/s and decrease the capital cost by reducing the number of DHTs.

3.

Perform the actual load assessment for the target village.

4.

Assess the river flow velocity for at least one full year period.
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7.3 Final Words
This dissertation is among the first holistic studies, if not the first, that tackles
issues related to electricity delivery for rural communities in Riau, by considering
both technical and non-technical aspects of REPs. This, hopefully, will contribute
to fill the gaps of the lack of studies of introducing renewable energy technologies
in Riau.
The Government agencies (national, provincial and district levels), policy makers,
energy planners, Non-Governmental Organisations (NGOs) and other parties are
welcome to consider these options, not only because they offer reliable and
cleaner power generation strategies, but also because they include interesting
economic features i.e. low O&M. Consequently, these options will entail lower
COE to the villagers. Above all, this initiative is expected to contribute to
combating poverty, inadequate health services, low-level of education, gender
inequity, and environmental issues in Riau.
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Appendix A
Solar radiation data
Source: NASA Surface meteorology and Solar Energy
Pulau Panjang Hulu (0.27 S, 101.47 E)
Pulau Panjang Hilir (0.30 S, 101.49 E)
Saik (0.37 S, 101.24 E)
Note: Since three sites are closely situated, they have identical solar radiation
values. The data of one of sited i.e Saik is presented here.
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0.54

0.55

0.55

0.54

0.54

0.49

0.53

0.50

0.49

0.52
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Appendix B
HOMER Input Summary

AC Load: Load
Data source:
Daily noise:
Hourly noise:
Scaled
annual
average:
Scaled peak load:
Load factor:

Synthetic
5%
5%
180 kWh/d
29.6 kW
0.253

PV
Size (kW)
1.000

Capital ($)
10,000

Replacement ($)
8,000

Sizes to consider:

5, 10, 35, 40 kW

Lifetime:

25 yr

Derating factor:

90%

Tracking system:

No Tracking

Slope:

7 deg

Azimuth:

180 deg

Ground reflectance:

20%

O&M ($/yr)
0

Solar Resource
Latitude:
Longitude:
Time zone:

0 degrees 37 minutes South
101 degrees 24 minutes East
GMT +7:00

Data source: Synthetic
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Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Clearness
Index

Average
Radiation
(kWh/m2/day)

0.400
0.447
0.460
0.492
0.507
0.520
0.511
0.482
0.465
0.476
0.456
0.424

4.050
4.660
4.840
5.010
4.870
4.800
4.790
4.760
4.800
4.940
4.630
4.230

Scaled annual average: 4.7 kWh/m²/d

DC Wind Turbine (i.e. Darrieus Hydrokinetic Turbine)
Quantity Capital ($) Replacement ($) O&M ($/yr)
1
56,700
56,200
50
Quantities to consider:
Lifetime:
Hub height:

0, 1, 2, 3, 4, 5, 10
25 yr
20 m
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Wind Resource (i.e. river flow velocity)
Data source: FlowVelocity2.xls

Month

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

River Flow
Speed
(m/s)
1.93
1.67
2.18
2.41
1.95
1.09
1.28
1.30
1.86
2.34
2.92
2.30

Weibull k:
Autocorrelation factor:
Diurnal pattern strength:
Hour of peak river flow speed:
Scaled annual average:
Anemometer height:
Altitude:
Wind shear profile:
Surface roughness length:

3.71
0.999
0.0000000307
13
1.94 m/s
20 m
10 m
Logarithmic
0.01 m

AC Generator: Gen18
Size (kW)
18.000

Capital ($)
8,100

Sizes to consider:
Lifetime:
Min. load ratio:
Heat recovery ratio:
Fuel used:
Fuel
curve
intercept:
Fuel curve slope:

Replacement ($)
8,100

0, 18 kW
15,000 hrs
40%
0%
Diesel
0.0101 L/hr/kW
0.219 L/hr/kW
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O&M ($/hr)
0.500

Fuel: Diesel
Price:
Lower heating value:
Density:
Carbon content:
Sulfur content:

$ 0.6, 1.0/L
43.2 MJ/kg
820 kg/m3
88.0%
0.330%

Battery: Trojan T-105
Quantity Capital ($) Replacement ($)
1
215
215
2
430
430

Quantities to consider:
Voltage:
Nominal capacity:
Lifetime throughput:
Min battery life:

O&M ($/yr)
5.00
5.00

0, 6, 8, 10, 12, 14, 16
6V
225 Ah
845 kWh
5 yr

Converter
Size (kW)
1.000

Capital ($)
2,000

Replacement ($)
2,000

O&M ($/yr)

Sizes to consider:
0, 20, 30, 35, 40 kW
Lifetime:
15 yr
Inverter efficiency:
90%
Inverter can parallel with AC Yes
generator:
Rectifier relative capacity:
100%
Rectifier efficiency:
85%

Economics
Annual real interest rate:
Project lifetime:
Capacity shortage penalty:
System fixed capital cost:
System fixed O&M cost:

8%
25 yr
$ 0/kWh
$0
$ 0/yr
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0

Generator control
Check load following:
Check cycle charging:
Setpoint state of charge:

Yes
Yes
30%

Allow systems with multiple generators:
Allow multiple generators to operate simultaneously:
Allow systems with generator capacity less than peak load:

Yes
Yes
Yes

Emissions
Carbon dioxide penalty:
Carbon monoxide penalty:
Unburned hydrocarbons penalty:
Particulate matter penalty:
Sulfur dioxide penalty:
Nitrogen oxides penalty:

$ 0/t
$ 0/t
$ 0/t
$ 0/t
$ 0/t
$ 0/t

Constraints
Maximum annual capacity shortage:
Minimum renewable fraction:

0, 10, 30%
0%

Operating reserve as percentage of hourly load:
Operating reserve as percentage of peak load:
Operating reserve as percentage of solar power output:
Operating reserve as percentage of wind power output:
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10%
0%
25%
50%

Appendix C
Estimating monthly average flow speed using rainfall variation.
Month
of Year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Time
Group

Rainfall
(mm)

Fraction
compared to base
i.e Sept. group I

Flow
Speed
(m/s)

Monthly averaged flow
speed with correction
factor of 0.8 (m/s)

I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III

74
84
53
70
64
44
70
68
96
84
84
93
86
66
60
44
36
38
42
47
50
50
43
48
52
66
83
84
76
93
119
98
99
79
77
92

1.42
1.62
1.02
1.35
1.23
0.85
1.35
1.31
1.85
1.62
1.62
1.79
1.65
1.27
1.15
0.85
0.69
0.73
0.81
0.90
0.96
0.96
0.83
0.92
1.00
1.27
1.60
1.62
1.46
1.79
2.29
1.88
1.90
1.52
1.48
1.77

2.56
2.91
1.83
2.42
2.22
1.52
2.42
2.35
3.32
2.91
2.91
3.22
2.98
2.28
2.08
1.52
1.25
1.32
1.45
1.63
1.73
1.73
1.49
1.66
1.80
2.28
2.87
2.91
2.63
3.22
4.12
3.39
3.43
2.73
2.67
3.18

2.05
2.33
1.47
1.94
1.77
1.22
1.94
1.88
2.66
2.33
2.33
2.58
2.38
1.83
1.66
1.22
1.00
1.05
1.16
1.30
1.38
1.38
1.19
1.33
1.44
1.83
2.30
2.33
2.10
2.58
3.30
2.71
2.74
2.19
2.13
2.55
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Appendix D
Specification of the components of the hybrid RAPS system
This Appendix D intentionally left blank due to the absence of written permission
from the authors.
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Appendix E
Simulation results of a diesel only system with zero capacity
shortage

Parameter
System configuration
Capital cost (US$)
Replacement costs (US$)
O&M costs (US$)
Fuel cost (US$)
Total NPC (US$)
Levelized COE (US$/kWh)
Electricity production (kWh/yr.)
Electrical load (kWh/yr.)
Excess electricity (%)
Capacity shortage (%)
Generator lifetime (yr.)
Generator capacity factor (%)
Generator mean output (kW)
Generator fuel consumption (litre/yr.)
Generator Specific fuel consumption (litra/kWh)
Mean electricity efficiency (%)
Carbon dioxide emission (kg/yr)
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Result/Note
A 30 kW diesel generator
13,500
80,694
46,756
276,829
416,990
0.595
125,964
65,700
47.8
0.1
1.71
47.9
14.4
43,222
0.343
29.6
113,817

