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Executive Summary

This thesis report investigates the effects of operating conditions and repair strategies on
the reliability of typical government initiated rural microgrids in Indonesia. The project is
conducted in collaboration with the Muhammadiyah University of Yogyakarta, Indonesia and
the Arnhem based consultancy company DNV-GL. It is part of a double degree in Industrial
& Applied Mathematics and Sustainable Energy Technology.

Background

Government initiated rural microgrids powered by renewable energy technologies are installed
in large numbers all over Indonesia with the goal of electrifying rural areas. Unfortunately,
most microgrids have run into trouble within the first year of operation leading to frequent
outages experienced by the local communities. These failures are due to various reasons of
which the most prominent is a lack of budget for maintenance and repair. Not enough has
been done within government agencies to focus on the sustainable performance of microgrids,
which leads us to believe that there must be incentives embedded in the intergovernmental
system that prevent a dedicated focus on sustainable performance. Therefore, the Sustainable
Energy Technology part of this thesis focuses on analyzing the intergovernmental system to
discover these incentives and provide recommendations on how to change this. The results
are written down in a paper which was submitted to the Journal of Energy Research & Social
Science. The paper can be found in the appendix A.

The mathematical part of this graduation project focuses on providing stakeholders such
as policymakers, contractors, consultancy firms and local operators with more insights into
how their management decisions influence the system’s performance and reliability. This to
help them make well-informed decisions. A mathematical model and simulation model were
developed and applied to a typical microgrid in Indonesia, located in Pantai Baru, that sup-
plies electricity to 60 restaurants and consists of wind turbines, solar panels and a battery
pack.

Mathematical Model

The components that are responsible for most of the outages are the batteries (discharge
regime and control system), the wind turbines (generator and rotor blades), the solar panels
and the inverters. Therefore, we will mainly focus on investigating the effect of these compo-
nents on the reliability.

Most local operators in Indonesia have insufficient training. Therefore the batteries are often
fully discharged with a discharge regime of 0-100%, which severely decreases the battery’s
lifetime and the reliability of the grid. Starting with a more conservative discharge regime
might lead to more outages in the beginning, but because the battery lifetime is prolonged,
it might lead to a more reliable system in the long run. A Markov Decision Problem (MDP)
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model was developed to predict what the optimal discharge policy was to maximize the overall
energy availability of the system, this proved to be to start with a more conservative discharge
regime of 0-40% and slowly increase this to 0-100% discharge.

Simulation Model

The MDP model does not take failure rates of components and the intermittent nature of
solar and wind into account. Therefore, a discrete event simulation was made to analyze the
effect of different repair strategies and discharging regimes on the reliability of the microgrid,
that does take the stochastic behavior of the renewable energy sources and failure rates
into account. Due to the frequent failure of components, the system was already severely
deteriorated after only 2 to 3 years. The MDP strategy that greatly increases the battery
lifetime is not the optimal strategy when considering the practical lifetime of the system since
in the beginning there will be more outages than with less conservative regimes. It proved to
be more beneficial to apply a discharging regime of 0-80%. Replacing the batteries is extremely
expensive and if the battery discharge regime is not changed, it does not significantly improve
the reliability. The solar panels are not repaired due to insufficient funds; if the panels would
be repaired, this would increase the system’s performance but would also be quite costly. Six
of the nine inverters are manufactured in India and need to be shipped to India when they
break down, which unfortunately is quite often, leading to an increase in outages experienced
by the local community. The other three are locally manufactured inverters, which break
down even more but can also be repaired locally. Working with only locally manufactured
inverters will increase the reliability of the system due to the shorter repair times, it will also
create more work in the area and hopefully eventually lead to an increase in quality as well.
Keeping extra inverters on site, so if an inverter breaks down it can be replaced immediately
does improve the system a little bit, but it will probably not outweigh the costs.

Conclusion

An overview of the effect of different improvement measures on the reliability of the microgrid
and their associated costs can be found in the following table:

Effects of Battery Discharge Regimes and Repair Strategies

Improvement Measure Effect on Reliability Costs

Changing the discharge regime to 0-80% +++++ $

Replacing the battery + $ $ $ $ $

Keeping an extra inverter on site ++ $ $

Keeping two extra inverters on site ++ $ $ $

Working with self made inverters +++ $

Repairing the solar panels ++++ $ $ $ $

To increase the overall reliability of rural microgrids in Indonesia, it is important to preserve
the battery storage system since this is an expensive component to replace. From the table,
it becomes clear that changing the discharge regime from 0-100% to a more conservative
regime of 0-80% will increase the reliability the most of all measures. Furthermore, working
with locally manufactured inverters is also a way to increase the system’s performance in an
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economically attractive way. The other measures do not greatly improve the reliability and
will probably not outweigh their costs.

The model can also be applied to other microgrids throughout the Global South by changing
the parameters and can, therefore, help stakeholders to make well-informed decisions regard-
ing repair strategies and operating conditions. To improve the quality of rural microgrids in
Indonesia, it is not only important to understand the effect of operating conditions and repair
strategies on the system’s reliability. To evoke change we must also understand the incentive
system that has led to a structural lack of focus among all involved stakeholders regarding
sustainable performance of microgrids. Therefore, the technological dimension of the problem
should not be separated from the political, social and economic dimension.
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Chapter 1.: Introduction

This chapter starts with an introduction to the project as well as some background infor-
mation and the motivation behind the topic. Then the research questions will be presented
and the methods used to answer these questions will be discussed. Furthermore, the report
outline will briefly be discussed.

This project is somewhat different from other graduation projects within the Faculty of
Mathematics since it involves two master degrees; Industrial and Applied Mathematics and
Sustainable Energy Technology, both disciplines are combined in one project. The project
was done in collaboration with DNV-GL, a consultancy company based in Arnhem, and the
Muhammadiyah University of Yogyakarta in Indonesia. A previous internship in Yogyakarta
in 2017 laid the groundwork for this project, which focuses on problems surrounding gov-
ernment initiated microgrids for electricity supply to rural areas in Indonesia. This report
will cover the mathematical part of the project, but to fully understand the complexity of
the problem we aim to solve, it is necessary to provide the reader with some background
information.

1.1. Background

Due to the rising prices for fossil fuel based energy generation, climate change, the resulting
emissions and technological developments, the energy network and the energy industry are
changing.

The future electricity network is expected to be an interconnected network of microgrids,
i.e., small-scale and self-contained grids, with a large penetration of decentralized renewable
energy sources, rather than generation via large-scale centralized generation facilities from
where the electricity is transported via transmission and distribution networks. Microgrids
are already used for industrial areas, college campuses, “smart”- neighborhoods, hospitals and
to electrify rural areas. Working with microgrids that can operate in island mode from the
main grid will increase reliability, resilience, security, efficiency and quality of the electricity
services and supply. Microgrids can be a great way to utilize locally produced power on a local
level and therefore increasing reliability, cost-effectiveness and efficiency. Microgrids powered
by renewable energy sources provide an economical and environment-friendly form of energy
production [1].

Microgrids can also be installed as completely isolated and standalone systems. This is
extremely useful to supply electricity to remote areas where grid extension is expensive or the
grid is unstable due to geographic or demographic challenges. It can also increase the relia-
bility of supply in areas where extreme weather conditions or earthquakes have caused power
losses among residents or local businesses. Microgrids can play an important role in supplying
electricity to the 1.2 billion people worldwide who do not yet have access to electricity. Many
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of these people live in rural areas where grid extension is expensive [2]. Electricity access is
one of the first steps in alleviating poverty. It can help to increase productivity, employment
and social welfare of a community [3]. This is why many governments of countries with low
electricity ratios have made it a priority to increase the electrification ratio of their country,
which is often done via microgrids.

Sustainable implementation of microgrids requires extensive planning, especially during the
operation phase where frequent maintenance will be necessary. The intermittent behavior of
many decentralized renewable energy sources makes operation and control of microgrids chal-
lenging. Problems arise with voltage and frequency control which need to be within certain
operating limits, due to sudden changes in the generation (electrical power that is generated)
and load (electrical power that is consumed). In bigger electricity networks, the grid is better
at mitigating between these sudden changes than in a small network. Additionally, issues
with the reliability of the network occur due to mismatches in time between generation and
supply that were not anticipated for [4]. This mismatch in time can (partly) be solved by
installing storage systems such as batteries. This will result in a trade-off between reliability
and cost-efficiency since storage is often expensive. Another trade-off happens when deciding
on a battery (dis)charge regime. Conservative discharge regimes, which do not allow the
whole battery capacity to be discharged, will result in longer lifetimes but will require larger
battery packs or increase the initial unavailability of energy since the battery cannot fully be
used. A trade-off also exists for the quality of components and repairs. Investing in high-
quality components will most likely mean longer lifetime and lower failure rate, but it will
have a higher initial investment cost. The exact effect of frequent maintenance and repairs or
the lack thereof is often not clear to involved parties. Especially in certain Asian and African
countries maintenance is often not prioritized [5],[6].

1.1.1. Motivation

During an internship in Indonesia that was conducted during the last half of 2017, four micro-
grid projects were evaluated. These microgrid projects were all initiated by the central or local
government. The goal of the Indonesian government is to reach nearly 100% electrification
ratio by 2020 [7]. To do this, many microgrids in rural areas have been constructed over the
past twenty years by the government, which is the main actor in reaching the electrification
target. The central government pays the installation costs through a fund that is provided to
the provincial government, who hires a contractor company via a tender process to construct
the microgrid. After construction, the responsibility of operating the microgrid is informally
transferred to the local community. Due to insufficient training, this often results in problems
with the microgrid during the operation phase.

From the four projects that were evaluated during the internship, one was completely aborted
and the other three were delivering at least 50% less capacity than was originally intended.
The decrease in capacity was due to bad maintenance and rapid battery and component de-
terioration, without the prospect of repair due to inadequate financing mechanisms to pay
for repairs. This lack of prioritizing operation and maintenance, and therefore jeopardizing
project sustainability, was caused by a lack of long-term financial planning, insufficient financ-
ing mechanisms, inadequate community involvement, communication issues between involved
parties, no clear responsibility and task allocation among involved parties, inadequate tariff
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mechanisms and lack of incentives to focus on long-term sustainability of installations [8].
There was a strong technology focus. Project executioners saw energy projects as merely
engineering ’design and build’ projects instead of as facilities that deliver a service to society
that need constant attention to keep delivering this service.

This graduation project combines two master degrees: Sustainable Energy Technology (SET)
and Industrial & Applied Mathematics (IAM). The main goal of this graduation project is to
provide recommendations with the aim to increase the reliability of government-initiated mi-
crogrid projects in Indonesia, to supply more reliable electricity to the rural communities who
are dependent on the microgrid for their electricity and sometimes even for their livelihoods.
The project is divided into two parts. The SET part of this project is a follow-up on the
internship. The goal is to analyze which motives, incentives, policy structures and cultural
structures have led to a consistent lack of focus on project sustainability and durability among
different levels of government. Recommendations will be made on which policies lead to a
lack of focus on project sustainability at all government levels and where attention should be
focused to increase the reliability of microgrids. This will hopefully lead to better microgrid
policy and therefore better implementation of future microgrids.

However, this will not do anything about all the microgrids that are already in operation
or will be constructed in the near future. To analyze how the reliability of a microgrid
changes over time for various operating regimes, a mathematical model will be developed.
The remote location of many microgrids will influence the repair time of components. The
design of the microgrid such as the quality of components and the amount of storage and
discharge regimes will impact the system’s performance. More insights into how these things
affect reliability will help contractors, consultants, operators and other involved parties to
make well-informed decisions regarding operating conditions, repair strategies and operation
& maintenance. It can also help local governments to make well-informed decisions about
future microgrid projects regarding the budget for design and installation. The model de-
veloped will be used to analyze a hybrid microgrid that was evaluated during the internship
in 2017 and was revisited for additional information during fieldwork in Indonesia in 2018.
This microgrid was constructed in 2012 as a pilot project with the aim to upscale the project.
Therefore it is important to analyze why this project failed to have the intended impact and
how the energy availability could have been increased.

1.1.2. Research Question

It is often unclear for involved government ministries, institutions and operators, what the
exact effects of maintenance and operating regimes is on the reliability of the microgrid
on the long run. Location of the microgrid, available budget, quality of components, battery
(dis)charge regimes and design decisions, will all influence the reliability of the microgrid. But
it is often unclear when problems will start occurring and what the intensity of these problems
will be. A model that predicts the reliability of a microgrid throughout its lifetime for various
operating conditions, rates of failure (quality of components) and repair time could help in
the decision making, design and budgeting process. Therefore, the main research question is:
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How do operating conditions and repair strategies affect the reliability of a typical rural mi-
crogrid in Indonesia throughout its lifetime?

If there are insufficient energy generation and storage, part of the network will lose its power.
Battery discharge regimes can seriously affect the capacity of the battery at any point in time
and its overall lifetime. Long repair times could result in relatively long periods of time in
which there are energy supply issues.
The model should simulate multiple years of operation to see how different operating strate-
gies and budgeting strategies affect the reliability of the microgrid. To do this, the following
sub-questions will serve as guidance throughout the project:

1. How does the battery discharge regime influence the availability of energy of the system
over its lifetime? What is the optimal discharge regime?

2. Which components are most likely to cause power outages in the system?

3. How do the failure rates, repair times and repair strategies influence the availability of
energy over the system’s lifetime?

4. How does the trade-off between quality of components (and the effect on the reliability
of the network) and their respective costs work?

The results will be highly case-specific since the brand and type of battery and of components
will greatly affect the results. Therefore a straightforward one-to-one translation of the results
to other microgrids is not possible. However, the models developed in this thesis are widely
applicable to other microgrids, if the parameters are changed accordingly. It will also provide
the reader with general lessons and insights that apply to other microgrids throughout the
Global South.

1.1.3. Contribution

There have been some evaluations conducted on microgrids to uncover why many microgrid
projects powered by renewable energy have run into problems within only a few years of
operation [9],[10]. There also exist quite a few models for the optimization of microgrids and
on the reliability of microgrids [11],[12],[13],[14]. However, these do not focus on developing
countries. There is not much research done into how reliability models can help with the
decision-making process regarding the financing mechanisms and operating/repair strategies
of microgrid projects, especially in developing countries. However, this could have a great im-
pact on the sustainability of microgrids since it will predict the effect of insufficient financing
mechanisms during the operation phase on the reliability. In Indonesia the focus is more on
reaching high numbers of systems rather than on sustainability performance of these systems,
this could lead to decisions that significantly impact the quality and reliability of electricity
supply to end-consumers.

Most of the research that has been done on the effect of battery discharge regimes, failure and
repair rate on the reliability of microgrids uses Monte Carlo Simulation (MCS) [15],[14],[11].
In existing literature, MCS scenarios are randomly generated based on the pdfs (probability
density functions) of wind, solar or other renewable sources. Then the state of the micro-
grid under each scenario is analyzed and based on the occurrence probability the reliability
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is assessed. This method has some disadvantages: it has a high computational complexity
since many scenarios need to be generated and analyzed, this can, therefore, cost more time.
Furthermore, correlations between load and supply are not taken into account as well as cor-
relations between consecutive days [16]. An analytical model that uses Markov Chains can
decrease computational complexity since reliability indices are computed based on stationary
distributions and state transition probabilities, rather than scenario sampling which is done
in MCS [11].

1.2. Methods

The result of the whole graduation project (this thesis and the attached paper) was an iter-
ative process of literature reviews, field work and sense-making, where we tried to interpret
the findings of the literature review and fieldwork. First, an extensive literature review was
conducted to analyze what reasons are the root cause for early failure of government initiated
microgrid projects in Indonesia. This was supplemented by four in-depth evaluations of mi-
crogrids conducted during an earlier internship in 2017. After the field work came a round of
sense-making, which focused on why the same problems kept persisting in microgrid projects
while they were already highlighted in literature as far as two decades ago. This led to the
insight that there must be incentives and motives embedded in the political system that lead
to a lack of focus on project sustainability. It also raised the question of why failures happen
so early after construction, often within one year of operation.

From both the literature review and the case studies it became evident that one of the
reasons was a lack of budget for operation & maintenance, but if this was the root cause, why
was this not changed? How did this lack of budget influence operation & maintenance and
lead to such early failures? From this point on it was decided to focus on two things.

1. Which incentives and policies lead to a lack of focus on the sustainable performance of
rural microgrids?

2. Why do microgrids perform so bad, how do operating conditions influence the perfor-
mance and how can we help policymakers, contractors and operators to make well-
informed decisions regarding operating conditions and repair strategies?

For the latter, the decision was made to take a microgrid located in Yogyakarta that was
already evaluated during the internship as a case study. From this microgrid, data would be
collected during another field trip planned in 2018. For the former, an additional round of
literature review that focuses on energy policy and policy surrounding project implementa-
tion in Indonesia would be conducted, to see which policies and incentives lead to a lack of
focus on the sustainable performance of microgrids. This together with interviews conducted
in the Netherlands with Dutch NGOs (Non-Governmental Organizations) and government
officials involved in rural development, led to the construction of a hypothesis on why there
is such a lack of focus on project sustainability among various governmental levels. To verify
or reject this hypothesis and to collect additional data, additional interviews and fieldwork
in Indonesia were planned and carried out in 2018. The results are written down in a paper
that can be found in appendix A.
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To construct the model to help stakeholders during the decision-making process, a thor-
ough literature study was conducted to see what is already out there. After this, the decision
was made to first focus on the discharge regimes since the fieldwork suggested that this was
the biggest reason for early microgrid failure. An analytical model was developed to analyze
discharge regimes and their effect on the reliability. However, there was still a need to better
understand how failure rates and repair times influence the grid. Therefore, a simulation
model was constructed that modeled the typical hybrid power plant in Yogyakarta, so the
energy availability of this grid could be analyzed. The power plant was visited multiple times
to talk to the operators about the conditions of the plant and to receive data on the charac-
teristics of the power plant.
After the construction of the model came another round of sense-making in which the findings
from the model were interpreted and recommendations were made, the result is this report.

1.3. Report Outline

Since this graduation project is part of two master degrees the thesis outline will be slightly
different. This report will mainly discuss stochastic models for analyzing the reliability of a
microgrid. A separate paper about incentives, motives, behavior and policy that has led to
early failure of many microgrid projects in Indonesia was written and submitted to a peer-
reviewed journal. The paper is attached in appendix A.

In this chapter, a brief introduction into the topic was given. In chapter 2 an overview
of relevant literature regarding the stochastic modeling of microgrids will be discussed. After
this the microgrid that will be used as a case study in this report is presented in chapter 3, to
already give the reader an idea of the characteristics of typical microgrids in Indonesia. We
will continue by presenting the mathematical model in chapter 4 which focuses on the effect
of battery discharging regimes. To include failure rates en repair times a stochastic simulation
model is developed in chapter 5. The results of both models and the answers to the research
and sub-questions can be found in chapter 6. The report will be concluded with chapter
7, which contains the main conclusions of this report as well as some recommendations for
future research.
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Chapter 2.: Literature Review

In this chapter, an overview of the relevant literature on stochastic modeling of microgrids is
given. The models are used to evaluate microgrids and can be applied for design, operation
or control purposes. The chapter is divided into two sections. The first section will give an
overview of the different types of stochastic models for microgrids. The second section will
discuss some research about the application of Markov Chain models in microgrids.

2.1. Introduction

Stochastic models for microgrid performance evaluation for the purpose of design, operation
and control can be divided into three types: state evaluation, state estimation and reliability
analysis models [11]. This section will briefly discuss each of these types.

2.1.1. State Evaluation Model

State evaluation models aim to model the amount of power generated by each generator over
time and can be used to schedule generation and demand response in microgrids. Realistic
models of microgrids are extremely complex due to a number of factors: first, microgrids can
operate autonomously or connected to a central grid, second, microgrids often deliver not
only electricity but also heat, third, the microgrid management system should coordinate and
dispatch multiple small-scale generation facilities, transfer and transform energy and manage
storage devices. Furthermore, a microgrid model needs to take into account the stochastic
behavior of the generation facilities and the loads (demand). For state evaluation models,
Stochastic Hybrid Systems (SHS) are often used [17]. SHS models can deal with the interac-
tion between probabilistic events (failure of a device) and discrete modes such as generation
facilities that are connected or disconnected, storage that is charging or discharging, loads
that are connected or disconnected and if the microgrid is connected to the main grid or oper-
ating in island mode. Continuous dynamics such as the power output of generation facilities
can be taken into account as well.

2.1.2. State Estimation Model

State estimation models are real-time models of the current state of the microgrid network
and are important for demand response and control. State estimation models are based on
available measurements. Unfortunately, there are often only limited analog or logic measure-
ments available because it is expensive to receive extensive real-time measurements. Pseudo
measurements are used to make the system observable. Pseudo measurements are estimations
of measurements for, for example, loads or power generation [18].
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2.1.3. Reliability Analysis Model

Reliability analysis models aim to predict the reliability of a microgrid and the probabil-
ity that certain loads will experience power outages within a certain amount of time. This
is important to ensure customer satisfaction, but there are also laws and policies in place
that microgrid operators need to adhere to, regarding outage probabilities. If an operator
is not able to adhere to these policies, then significant costs and penalties can apply [13].
Unfortunately, there are no such policies in Indonesia regarding the availability of supply for
microgrids.

Most reliability models, such as the models in papers [19], [14] and [20] use Monte Carlo
Simulation (MCS) to calculate the reliability indices. With MCS different scenarios are ran-
domly obtained based on the probability density functions of generation facilities and loads.
MCS is usually performed under the assumption that there is no time correlation between
components. However, this is a big limitation since a rainy day without much sun will more
likely be followed by another day with not much sun. Not taking into account these temporal
correlations in weather characteristics will often result in an overestimation of the reliability
of the network. Consecutive days without sun can seriously endanger energy supply and it
is, therefore, important to take such correlations into account [11].

Since the goal of this project is to develop a model for the reliability of a microgrid, rather
than for state estimation or evaluation, we will now discuss three reliability analysis models
in detail.

2.1.4. Model 1: Prioritized Loads

In [13] a model is developed to evaluate the reliability of a microgrid with distributed Renew-
able Energy Sources (RES) and prioritized loads. When there is only limited energy available
from both generation and storage, choices have to be made which loads should be prioritized.
The loads prioritized first are generally the loads for public services, such as small health
clinics or water pumps. The paper combines analytical methods with Monte Carlo state sam-
pling simulation. The RES modeled are wind and solar power. The model is developed via
seven steps:

Step 1: Historical data on wind speed and solar irradiation on the target location are used to
construct corresponding cumulative distribution functions. For the wind speed, the
Weibull distribution is used. The beta distribution is used on the historical data of
solar irradiation [21].

Step 2: The inverse transformation method is used to generate simulated values for wind speeds
and solar irradiation, by using the cumulative distribution functions constructed in step
1. This can be done for any number of samples. One sample could be considered as one
day or one hour. This paper considers the time step to be one day.

Step 3: The wind and solar power formulas are used to convert wind speed and solar irradiation
to power.

Step 4: Now the wind power and solar power for each time step are combined and compared
to the load. If there is insufficient energy available for all loads, then priority is given
according to the prioritized load order.

14



Step 5: Step 4 is repeated for one year. From this the probability that a load point i is supplied
by the RES, P iRES can be calculated. Failure rates and repair times are then used to
calculate the average failure rate, unavailability of energy and repair time at each load
point over the course of a whole year.

Step 6: Now system indices on the performance can be calculated.

Step 7: This method can be repeated for each year.

Although this method does not include storage, the idea of using historical data to construct
a sampling method for the power output of solar and wind is interesting. A limitation of
the model is that time correlation between generation facilities and/or loads is not taken into
account.

2.1.5. Model II: Supply-to-Load and Failure Rate Correlation

Scott Kennedy et al. [14] proposed the next model considered in this literature study. The
contribution of this model to this literature review is that it explicitly examines the influence
of supply-to-load correlation, it also considers the correlation between failure and repair rates
of various components. The correlation between load and supply is important; when the solar
irradiation is high (lots of sunshine) there is a high probability of big loads (air conditioning),
or when there is not much solar irradiation, there is a higher probability that it is chilly and
people are more likely to switch on heating systems. Monte Carlo Simulation is used for the
modeling of the failure and repair rates. The model is developed according to the following
steps:

Step 1: Energy Resource Availability and Load Series → Historical data of simultaneous obser-
vations of load and energy resource data should be used to generate a time series. Many
models do not consider the correlation between load and supply and generate these two
independently via Monte Carlo techniques or first-order Markov processes. This cor-
relation could, however, significantly influence the reliability. The spatial correlation
between the SDG (Stochastic Decentralized Generation) units should also be taken into
account to prevent overestimation of the true reliability.

Step 2: Available Power at SDG unit → the energy data is converted to power by either using
a fixed conversion efficiency factor or via power curves.

Step 3: Technical Availability → The availability of a network section or an RES is modeled as
a series of binary values. This series is generated by using exponential distributions for
the failure and repair rates.

Step 4: Connection Matrix → A connection matrix is constructed to specify which network
section is still connected to which RES if a network section fails, the priority order of
each section is also accounted for in the connection matrix. This because it can happen
that if there is a network failure in a certain part of the network, other parts of the
network are affected as well; which is especially the case for microgrids with radial
instead of meshed/ring structures.

Step 5: Available Power at Load → The power that is available at load i from SDG unit k at
time t, Pi,k(t), is calculated by first allocating power to all loads that have a higher
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priority than i and that are still available according to the connection matrix. The
remainder of the power can then be used to supply load section i.

Step 6: Reliability Indices→ By using simulation, a large set of output data is constructed from
which reliability indices and their distributions are examined.

This method does also not include storage systems, but it does include network configuration
and the correlation between load and supply.

2.1.6. Model III: Voltage and Current dependent Failure Rates

The next model is proposed by Xufeng Xu et al. [22] and uses a different approach. Most
models consider failure rates to be component-specific constant values, provided by the man-
ufacturer or statistical data. But failure rates depend heavily on the operating conditions. In
large transmission networks there are securities in place to prevent negative effects of operat-
ing conditions, but in small-scale off-grid systems such preventive measures are not taken into
account during system design and should, therefore, be considered, to prevent overestimation
of the reliability of a microgrid. Abnormal conditions that could affect the failure rate are
overcurrent, overvoltage and undervoltage. The failure rate λ is calculated by introducing
some coefficients h(U) and h(I), that are dependent on the voltage U and current I, and
multiplying these with the statistical failure rate λ0. The stochastic behavior of RES are
included in the model by looking at historical data for ambient temperature, irradiation and
wind speed. Each combination of these is represented as a scenario. The meteorological data
is discretized to limit the number of scenarios to reduce the large number of scenarios. From
this, the reliability indices can be calculated by using the average failure rate of the ith load,
the average outage time, the number of customers and the load demand.
The inclusion of voltage and current in the failure rate is new and could increase the accuracy
of a reliability model.

2.2. Markov Chains

To reduce computational complexity, Markov Chain models can be used. A Markov chain is
a stochastic model. It is used to describe a sequence of possible events. The probability of the
next event depends only on the state of the event in the previous time step, i.e., it does not
matter if all the process’s full history is known or just the previous step; the prediction for the
future remains the same. This is called the Markov property, or sometimes memorylessness.
Typical applications of Markov processes include queuing systems.

We will now introduce the ruin problem, which can be used to model a storage system as we
will explain in chapter 4.

2.2.1. Ruin Problem

Ruin theory (sometimes called risk theory) makes use of mathematical models to compute the
probability of ruin, surplus immediately before ruin, time to ruin and so on. Filip Lundberg
founded the theoretical foundation in 1903 and Harald Cramer later published his work. The
classic ruin model was therefore called the Cramer-Lundberg model. The model was extended
in 1957 by E. Sparre Andersen and since then many have used and adapted the model for
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various applications. Classical ruin theory finds its application in insurance companies. It is
discussed here because it can be applied to storage systems.

Claims to an insurance company arrive according to a renewal process with interarrival times
X1, X2, ... The values of successive claims are independent and identically distributed random
values and independent of when they occurred. Yi will denote the ith claim and N(t) the
number of claims by time t. The total value of claims made up until time t is then given

by
∑N(t)

i=1 Yi. Furthermore, the company receives c > 0 money from customers per time unit.
The goal is now to determine the probability that the insurance company will go bankrupt if
it starts with an initial capital of A:

pbankruptcy = P{
N(t)∑
i=1

Yi > ct+A for some t ≥ 0}. (2.1)

The company will eventually go bankrupt with probability 1 if E[Y ] ≥ cE[X]. The intuitive
idea behind this is that if the expected value of the claims is larger than the expected amount
of time units between two claims multiplied by the amount of money that the company re-
ceives per time unit, the insurance company will, on the long run, go bankrupt. Therefore
E[Y ] < cE[X] should hold.

The amount of money after the nth claim is thus:

A+ c
n∑
i=1

Xi −
n∑
i=1

Yi. (2.2)

The probability of bankruptcy depending on the starting capital A, is:

p(A) = P{A+ c

n∑
i=1

Xi −
n∑
i=1

Yi < 0 for some n}. (2.3)

Now this can be formulated as a random walk by defining Sn =
∑n

i=1(Yi − c · Xi), where
the goal is to calculate p(A) = P (Sn > A) = P (D > A), with D the limiting delay in queue
G/G/1 with interarrival times cXi and service times Yi.

From this an upperbound for the probability of the insurance company going bankrupt can
be determined:

p(A) ≤ e−θA, with θ > 0 such that E[eθ(Yi−cXi)] = 1. (2.4)

Now if the claims are exponentially distributed with rate µ, then

p(A) =
µ− θ
µ

e−θA with θ > 0 such that E[e−θcX ] =
µ− θ
µ

. (2.5)

If the arrival process of the claims is a Poisson process with rate λ, then the probability of
bankruptcy starting with 0 capital is:

p(0) =
λE[Y ]

c
. (2.6)

The proof can be found in Theorem 7.4.2. in [23].
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Chapter 3.: Hybrid Power Station in Pantai
Baru

This graduation project aims to develop a model that will give insights into how operating
conditions and repair strategies influence the reliability of microgrids for government-initiated
projects in Indonesia. The models that are developed during this graduation project are ap-
plied to a microgrid located at the Pantai Baru beach in the Yogyakarta Province of Indonesia.

This chapter will describe the technical details of the microgrid as well as provide the reader
with some background information on the initiation, construction and operation of the mi-
crogrid.

3.1. Background

The Pantai Baru beach lays in the Poncosari Village which is in the Bantul Regency, a re-
gency in the Yogyakarta Province. The location can be seen in figure 3.1. The Poncosari
Village covers an area of 11.8 km2 and has approximately 12.000 inhabitants. It consists of
many beaches, one of these is Pantai Baru. In the weekend the beaches are very crowded
since many local tourists from Yogyakarta City escape the city for a day or two and spend
time on the beach.

In the Pantai Baru beach area a pilot project was set up, in which local resources are utilized
as energy sources. The goal was to provide electricity access to the beach, so that food stalls
could be constructed that could provide food for the many tourists coming to the area. This
would lead to more economic activity for the inhabitants of the Poncosari Village, which is
an economically disadvantaged region wherein most inhabitants earn their livelihoods with
agriculture and fishing.

Pantai Baru has both a stable wind quality as well as adequate sunlight throughout the
year, which is why a hybrid plant was constructed in 2012 that consists of both solar panels
and wind turbines. The amount of solar irradiation in the region is among the highest in
Indonesia; this can be seen in figure 3.2. The high availability of solar irradiation in the area
makes solar energy a reliable source of energy for the construction of a hybrid power plant.
The institutions involved in the project were the Ministry of Research and Technology, the
National Aviation and Space Agency, Ministry of Marine Affairs and Fisheries, the Gadjah
Mada University and the Bantul Regional Government.

The Hybrid Power Station consists of 34 wind turbines that deliver 61kW, a photovoltaic
system of 29kW and a battery pack of 4260Ah. There is also a powerhouse, which consists
of a control room, battery room, ice factory, presentation room, storage room and a toi-
let. The system can be seen in figure 3.3. The total power capacity of the Hybrid Power
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Station (Pembangkit Listrik Tenaga Hybrid in Bahasa Indonesia or PLTH) is sufficient to
sustain the local community’s businesses. The PLTH was intended to be utilized mainly for
street lighting, food stalls, the ice factory (to make ice for the fishery) and animal husbandry.
However, the system had a larger capacity than necessary for only these purposes. The elec-
tricity from the PLTH would also be used to drive water pumps for cooking, cleaning and
to increase agricultural yields. The electricity that the community would receive from the
PLTH is much more competitive than the prices of electricity from the state-owned electric-
ity company, the PLN, which by the time of construction did not supply to the beach area yet.

The goal of the rural microgrid proejct was to increase social welfare by not only full-filling
the basic human need for electricity provision but also to contribute to regional/community
development, income generation as well as equality. Besides the construction of the PLTH,
there were other measures taken to kick-start the region’s development. Such as the construc-
tion of an ice factory for the fishery industry, a biodigester system for gas cooking, repairs
and improvements of infrastructure to stimulate tourism, and permit availability for places
of business along the coastline to start food stalls and other small shops.

Figure 3.1.: Location of PLTH in Pantai Baru.
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Figure 3.2.: Solar irridation in Yogyakarta Province (blue square).

Figure 3.3.: Hybrid power plant in Pantai Baru.
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3.2. Life Cycle

The construction of the microgrid was initiated by the local community, which expressed
its need for electricity at the beach area to the local government in order to provide food
for the tourists coming to Pantai Baru for its beaches. This because life as a farmer in the
Pantai Baru area had become more difficult due to changing weather conditions as the salty
sea wind influenced the crop yields. This is why the local community searched for different
forms of livelihood, inside and outside of the Poncosari Village. This search led to the idea
of transforming the Pantai Baru beach into a more touristic area.

After a long process of proposal submission, feasibility studies and tender processes, the
construction of the hybrid power plant was finally started in October 2011 and finished in
December 2011. Men of the local community were used as labor forces for the construction of
the PLTH. Besides this, there was no further community involvement in project preparation
and installation.

After construction, two engineers stayed behind to train the local operators. This train-
ing focused more on how to operate the generators than on electrical equipment. When the
engineers left, the local operators were able to fix minor problems. When electrical equip-
ment problems started to occur the local operators did not know how to fix these. After the
engineers left, all financial aspects became the community’s responsibility and the regency
government did not provide sufficient budget that was necessary for maintenance and repairs.
There was no training on how to manage finances and the local operators had limited educa-
tion, with the highest finished education being middle school.

Since there was no clear responsibility and task allocation between the involved parties be-
fore construction of the project, nobody felt financially responsible for assisting the local
community with operation and maintenance. There was no financial planning done before
construction of the plant. The lack of training led to insufficient maintenance which led to
shorter component lifetimes. When components broke down outside their guarantee period,
there was often no budget to replace them. Key components were sometimes replaced with
cheaper similar components or not replaced at all. This together with rapid battery dete-
rioration due to inappropriate discharge mechanisms, has led to the rapid deterioration of
the capacity of the power plant, which is currently only able to provide electricity for the
streetlamps.

The operators shut down the ice factory after about half a year of operation. This because
due to a lightning strike an important inverter broke down, there was no money to repair
this, which resulted in even more outages than before this inverter broke down. The most
important thing to the villagers was electricity at the restaurants at the beach area; therefore
the decision was made to shut down the ice factory to allow for a more reliable supply to the
restaurants. After a few years of struggling to get enough electricity and having to rely partly
on kerosene lamps, the national electricity company came to the area, which for the villagers
solved the problem of the unreliable electricity supply.
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3.3. Technical Aspects

The Hybrid Power Station consists of 21 wind turbines that deliver 1kW at 240V, two wind
turbines of 2 kW at 110V, two wind turbines of 10kW at 240V, six 1kW wind turbines at 48V,
two wind turbines of 2.5kW at 240V, one wind turbine of 5kW at 240V, a photo-voltaic array
of 29kW and a battery pack of 4260Ah. Details on these components can be found in table 3.1.

The electricity produced by the power plant delivers energy to the office of the power plant
from where the operators work, street lighting in the area, 60 small restaurants at the beach
area, the water pump that the villagers use to provide water for the small restaurants and
agriculture, and the ice factory to provide ice for the fishermen. The maximum allowed load
for all these groups can be seen in table 3.2. The microgrid is divided into five groups. Group
Timur, Group Tengah and Group Barat each supply electricity to 20 small restaurants and
14 street lights. Group KKP supplies electricity to the office and group Produksi Es Kristal
supplies electricity to the ice factory. Interaction between groups is possible; when there
is insufficient generation in a certain group due to failures, demand can still be fulfilled if
other groups have excess energy available. Seven more restaurants were connected to the grid
through the years, but it is unclear to which group they were connected. The topology of the
grid is visualized in figure 3.4.

Table 3.1.: Power Plant Details

Group Type Brand Total Capacity

Group Timur: Battery Powerfit FT 110-12 240Ah/240V

Solar Panel unknown 4kW@240V

Wind Turbine Self made 6kW/48V

Wind Turbine Self made 30kW/240V

Group Timur Wind Turbine Self made 4kW/120V

Inverter Luminous 3.5kW/48V

Inverter Self Made 2kW/48V

Group Barat: Battery Luminous (ILTT 24028) 300Ah/240V

Battery Luminous (ILTT 24028) 720Ah/120V

Solar Panel unknown 15kW@120V

Wind Turbine Self made 21kW/240V

Inverter Luminous 3.5kW/48V

Inverter Self made 2kW/48V

Group KKP: Battery Sacred Sun 1000Ah (GFMU 1000C) 3000Ah/48V

Solar Panel unknown 10kW/48V

Inverter LEN 5kW/240V

Group Tengah: Inverter Luminous 3.5kW/48V

Inverter Self made 2kW/48V

Group Produksi Es Kristal: LEN 2x 7.5kW/120V
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Figure 3.4.: Power plant topology.

Table 3.2.: Load per Group

Group Name Maximum Load Allowed

Office Building 1 kW

Street Lighting 1 kW

Waterpump 0.5 kW

Freezer 5.25 kW

Small Restaurants 3.9 kW

23



Chapter 4.: Mathematical Model

This chapter presents the model developed to analyze the energy availability of the system.
The focus is on how discharge regimes affect the reliability of the microgrid. In this model
failure and repair times are not yet taken into account. First, we start by approximating the
outage probability in a microgrid, then a Markov Decision Problem (MDP) is constructed
wherein this probability serves as part of the cost/reward function. In chapter 6 the optimal
policy is calculated by solving the MDP.

4.1. Model Assumptions

The assumption is made that the probability of a power outage somewhere in the network is
the same as the probability of having zero energy left in the battery. No distinction is made
between the location and intensity of a power outage; the only performance indicator is the
fraction of the load that the system is unable to supply.

The model is a discrete time model, wherein generation and load are seen as x ’packets’
of energy, rather than continuous values, that arrive at a certain time t.

4.2. Micro Grid Model with Infinite Storage Capacity

In this section, we develop a model that approximates the outage probability in a microgrid
with infinite storage capacity. We show that this probability can be approximated by apply-
ing concepts from ruin theory as discussed in chapter 2.

Let us first define the outage probability as:

Poutage = P

M(t)∑
i=1

Li >

N(t)∑
i=1

Gi + s0 for some t ≥ 0

 , (4.1)

where Li is the value of the ith load, M(t) the number of load moments, Gi the value of the
ith generation, N(t) the number of generation moments up until time t and s0 the energy
that was already in the battery at t = 0.
Poutage is the probability that the total load is greater than the generation. This leads to
insufficient energy in the network and hence an imbalance/outage somewhere in the network.

Now we define:

S(t) = s0 +

N(t)∑
i=1

Gi −
M(t)∑
i=1

Li, (4.2)

herein is S(t) the energy in the battery at time t. Since this model assumes infinite storage,
there is no limit to the amount of energy that can be stored in the battery.
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At a generation moment, Gi energy packets arrive and are added to the battery, in the mean-
time Li energy packets are subtracted from the battery. This all happens simultaneously at
the start of a time slot. The energy unavailability can now be denoted as:

Poutage = P(S(t) ≤ 0 for some t), (4.3)

which is the probability that the load cannot be fully supplied by the generation and the
energy that was already in the battery.
Now, this probability is equivalent to the probability that an insurance company goes bankrupt
because its claims are greater than its starting capital and income. Therefore, an upper bound
for this probability can be derived based on Ruin Theory as described in chapter 2 and the
book of S.M. Ross [23].

The upper bound is:

Poutage ≤ e−θs0 , with θ ≥ 0 such that E[eθ(Li−Gi)] = 1. (4.4)

Now if E[G] > E[L], there is a chance that an outage will never occur [23].

In this model, infinite capacity of the storage system is assumed. This will underestimate the
outage probability since in reality there is no infinite storage. Therefore, outages will occur
more often since the battery is not always able to mitigate between supply and demand. The
goal of this chapter is to investigate the effect of discharge regimes of the battery on the
reliability of the system, thus it is essential to include the maximum capacity of the battery
in the model. The current model will be adapted to include a finite capacity storage system.

4.3. Micro Grid Model with Finite Storage Capacity

In this section, a model will be developed that can approximate the loss probability of a finite
buffer system by linking it to its corresponding infinite buffer system. The approximation of
this loss probability will then be used in the next section as part of the cost/reward function
in the Markov Decision Problem.

In [24] a method is proposed to calculate the loss probability in a discrete-time finite-buffer
queue by using the state probabilities in the corresponding infinite-buffer queue. This method
was developed to calculate loss probabilities in the GI/G/1/K + 1 queue, which is a queuing
model that represents the queue length with one server, K waiting spaces and wherein the
Gs denote a general distribution for the interarrival times and the service times. The equiv-
alence of the model to the GI/G/1/K queuing system will first be shown. To do this, we
will show that the GI/G/1 queue and the microgrid model with infinite capacity are Lindley
processes and then extend this to the GI/G/1/K queuing system and show its equivalence to
the microgrid model with finite capacity.

4.3.1. Equivalence of Microgrid Model with Infinite Capacity to GI/G/1 Queue

Definition 1. A discrete-time stochastic process {Wi} is a Lindley process if and only if the
recurrence relation is satisfied:

Wn+1 = max(0,Wn + Un), (4.5)
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with Tn the time between the nth and (n+1)th arrivals, Sn the service time of the nth customer,
Un = Sn − Tn and Wn the waiting time of the nth customer. D. Lindley first described this
in [25] to describe waiting times in a G/G/1 queue.

Theorem 1. The microgrid process S(t) with infinite capacity as described in 4.2, observed
just before the next energy moment arrives is a Lindley process that satisfies the recursive
formula:

Sn+1 = max(0, Sn +Wn), (4.6)

where S0 = s0 and Wn = Gn − Ln.

Proof. Sn is the energy in the battery just before the arrival of the nth energy package. The
energy in the battery at the start is the energy in the battery just before the arrival of the
first energy package and is S0 = s0. Now Sn+1 is the energy in the battery just before the
arrival of the (n + 1)th energy package and is the sum of the amount of energy that was in
the battery during the previous time step, Sn, and the amount of energy that was generated
minus the load that was consumed during the interarrival period, Wn. And thus:

Sn+1 =

{
Sn +Wn if Sn +Wn ≥ 0

0 if Sn +Wn ≤ 0

}
. (4.7)

Now this is written to a compact form as:

Sn+1 = max(0, Sn +Wn), (4.8)

which is a Lindley process.

Theorem 2. The microgrid model with infinite capacity is equivalent to the GI/G/1 queuing
system.

Proof. This because the GI/G/1 queuing systems is a Lindley process, described by D. Lindley
in [25], to describe the waiting times for customers in a queue with a first-in-first-out service.
In this Wn is the waiting time of the nth customer and Un = Sn− Tn, the service time of the
nth customer minus the time between two arrivals. Now we already proved that the microgrid
model with infinite capacity is a Lindley process and thus the equivalence holds.

4.3.2. Equivalence of Microgrid Model with Finite Capacity to GI/G/1/K Queue

In the finite capacity model, the storage system only has limited capacity available. The
maximum capacity of the battery storage system will be K. Now we will adapt the microgrid
process Sn+1 described in Theorem 1 so it includes limited capacity:

Sn+1 = min(max(0, Sn +Wn),K), (4.9)

where S0 = s0, Wn = Gn − Ln and K is the maximum storage capacity. The excess energy
will be lost.

Now the GI/G/1/K queue is the queue in which there are only K waiting places available. If
a customer arrives and finds K customers waiting in the queue the customer is turned down
and leaves. This can be expressed as:

Wn+1 = min(max(0,Wn + Un),K). (4.10)

From this it follows that the GI/G/1/K queue is equivalent to the microgrid model with finite
capacity.
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4.3.3. Computing the Outage Probability

In the previous sections, it was shown that the microgrid model is equivalent to the GI/G/1/K
queue and thus the same results as for this queuing system hold for the finite capacity model.
In [24] a method is proposed by F.N. Gouweleeuw and H.C. Tijms to derive the loss proba-
bilities (probability that customers arrive in the queue and find the queue full and thus have
to be turned down) in a GI/G/1/K+1 queue. The +1 stands for the fact that the customer
that is in service at a certain moment does not count for the queue length, i.e., the customer
already left the queue. The method proposed in [24] is applied to the microgrid problem
to derive an upper-bound for the loss probability, which is the fraction of the load that the
system is unable to supply. First, a short recap and adaptation of the model and the notation
that will be used will be given. Then the derivation will be presented to reach an expression
for the approximated outage probability.

The model proposed in the previous section looks at the amount of energy stored in the
battery at a certain time. The outage probability is the probability that at a certain time
t ≥ 0, P(S(t) ≤ 0), i.e., the probability that the generation and the amount of energy stored
in the battery at the start minus the load is smaller or equal to zero. To make a clear com-
parison to the GI/G/1/K model, where it is important to compute when the queue is full
and what the fraction of customers is that is turned down, the model will be reformulated to
look at the amount of energy that can still be stored in the battery. In the battery, there are
a maximum of K spaces available. If all these spaces are available, then this is equivalent to
the battery being empty. Furthermore, it is assumed that every time step a new generation
moment Gn and a new load moment Ln arrive. The original model was:

Sn+1 = min(max(0, Sn +Wn),K), (4.11)

where S0 = s0, Wn = Gn − Ln and K is the maximum storage capacity.

The new model will be:
S′n+1 = min(max(0, S′n +Wn),K), (4.12)

where S′0 = s0, Wn = Ln −Gn and K is the maximum storage capacity.

In this model, the amount of storage capacity that is still available at a time step will be
calculated instead of the amount of energy stored in the battery. The amount of storage
capacity still available at S′n+1 is the sum of the amount of storage capacity that was avail-
able in the previous time step S′n and the value of the load that subtracts energy from the
battery and therefore makes more space available for storage, minus the generation that is
poured into the battery. By formulating the problem in this way, the outage probability is
now: P(S′(t) = K).
The performance indicator is the fraction of the demand (load) that can not be supplied, i.e.,
the unavailability or the loss probability.
Furthermore, it is assumed that at the beginning of a time step n generation packets arrive,
which are subtracted from the room that is still available in the battery, and m load packets
arrive, which are added to the battery.

Now let bm be the probability that the the load has value m, then bm,m ≥ 1 is the correspond-
ing probability density function (pdf). The system has a finite buffer K which represents the
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available energy packet spaces that can still be used for storage. Let an be the probability
that n generation packets arrive during one time slot. Note that the word package is used to
describe one generation moment in which n packets of energy are generated. Then an, n ≥ 1
is the corresponding probability density function.

A partial rejection strategy applies if the arrival of a batch results in more than K capacity
left for energy storage. Now ρ = α

β with α the average number of load energy packets that
arrive during one time slot, i.e., the load arrival rate, which is added to the storage space left
in the battery. β is the average number of generation energy packets that arrive during one
time slot, i.e., the generation arrival rate, which is subtracted from the storage space left in
the battery. Now ρ must be smaller than 1, this because if ρ ≥ 1, then in the infinite-storage
model the number of available spaces will keep increasing since on average more load packets
arrive than generation packets.

Ploss is now defined as the long-run fraction of packets that are rejected, i.e., it is the fraction
of the load that the system is unable to supply because the battery is empty and there is not
enough generation to meet the demand.

To approximate Ploss, the steady-state probabilities in the corresponding infinite-capacity

model are first calculated. In this model u
(∞)
j is defined as the long-run fraction of time slots

at whose beginning j energy packet spaces are available, with j = 0, 1, ... The approximation
of Ploss is now:

Papploss =
(1− ρ)

∑∞
j=K q

(∞)
j

1− ρ ·
∑∞

j=K q
(∞)
j

, (4.13)

where

q
(∞)
j =

1

α

j∑
k=0

u
(∞)
k ·

∞∑
s=j−k

as, j = 0, 1, .... (4.14)

The proof of this statement can be found in the paper of F.N. Gouweleeuw and H.C. Tijms [24].

Now q
(∞)
j can be interpreted as the long-run fraction of finding j other energy packet spaces

available in the battery at a certain time step: P(S = j). And thus
∑∞

j=K q
(∞)
j = P(S ≥ K),

which in the infinite capacity queuing model means that there are K or more energy packet
spaces free at a certain time step. And thus equation 4.13 can be rewritten to:

Papploss =
(1− ρ)

∑∞
j=K q

(∞)
j

1− ρ ·
∑∞

j=K q
(∞)
j

=
(1− ρ)P(S ≥ K)

1− ρ · P(S ≥ K)
. (4.15)

An upper-bound for P(S ≥ K) can be given by adapting equations 4.1, 4.2, 4.3 and 4.4. For
the finite capacity model where an outage occurs when there are more than K energy spaces
available, the outage probability is equal to:

Poutage = P

M(t)∑
i=1

Li −
N(t)∑
i=1

Gi − sSOC ≥ K ′ for some t ≥ 0

 , (4.16)

= P

M(t)∑
i=1

Li −
N(t)∑
i=1

Gi ≥ K for some t ≥ 0

 , (4.17)
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where K ′ is the total number of energy spaces available (size of the battery) and K =
K ′ + sSOC. Where sSOC denotes the starting State Of Charge, which in the model of 4.1
was called s0.

Now S(t) =
∑M(t)

i=1 Li−
∑N(t)

i=1 Gi and the outage probability is Poutage = P(S(t) ≥ K for some t).
Therefore an upper-bound is given by:

Poutage ≤ e−θK , with θ ≥ 0 such that E[eθ(Li−Gi)] = 1. (4.18)

Putting equations 4.15 and 4.18 together results in an approximation for the loss probability,
i.e., the fraction of the load that the system is unable to supply:

Papploss =
(1− ρ) · Poutage
1− ρ · Poutage

=
(1− ρ) · P(S ≥ K)

1− ρ · P(S ≥ K)
≤ (1− ρ) · e−θK

1− ρ · e−θK
. (4.19)

4.4. Markov Decision Problem

In this section, the final version of the mathematical model will be constructed that includes
battery deterioration and formulates the problem of finding the optimal discharge regime as
a Markov Decision Problem (MDP).

Recall that the formula that gives an upper bound for the fraction of the load that the
system is unable to supply is given by:

Papploss ≤
(1− ρ) · e−θK

1− ρ · e−θK
, (4.20)

herein θ ≥ 0 is such that E∞[eθ(Li−Gi)] = 1 in the infinite buffer system.
Using series expansion on eθ(Li−Gi), results in:

E∞[eθ(Li−Gi)] = 1 + θE∞[(Li −Gi)] +
θ2E∞[(Li −Gi)2]

2!
+ ...+

θnE∞[(Li −Gi)n]

n!
+ ...

(4.21)

= 1 + θm1 +
θ2m2

2!
+ ...+

θnmn

n!
+ ..., (4.22)

herein mn, is the nth moment of Li and Gi.
The first moment m1 corresponds with the mean. Using the additive property of moments
the first moment can be written as:

m1 = E∞[(Li −Gi)] = E∞[Li]− E∞[Gi]. (4.23)

Now the goal is to solve equation 4.21 for θ when the equation equals 1. This results in the
following calculations:

E∞[eθ(Li−Gi)] = 1 (4.24)

1 + θE∞[(Li −Gi)] +
θ2E∞[(Li −Gi)2]

2!
+ ...+

θnE∞[(Li −Gi)n]

n!
+ ... = 1 (4.25)

1 + θm1 +
θ2m2

2!
+ ...+

θnmn

n!
+ ... = 1 (4.26)

m1 +
θm2

2!
+ ...+

θn−1mn

n!
+ ... = 0. (4.27)
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The heavy traffic approximation is used, which states that higher moments than the first two
can be ignored [26]. And therefore θ is approximated by:

m1 +
θm2

2!
≈ 0 (4.28)

θ ≈ −2 ·m1

m2
(4.29)

θ ≈ −2 · E∞[(Li −Gi)]
E∞[(Li −Gi)2]

. (4.30)

Now, battery discharge regimes will be included to investigate the unavailability of energy
for various operating conditions, since battery discharge regimes can heavily impact battery
deterioration.

If the discharge regime is set to be 0 − 100%, then this means that the battery is allowed
to completely discharge (100%) and completely charge (0% discharge). Limiting the battery
to a discharge regime of 0-90%, will increase its lifetime and therefore performance on the
long-run. However, it will limit the available battery capacity and therefore increase the
probability of an outage. On the long run, the remaining capacity might be larger than it
would be for the 0-100%-system since the battery system will deteriorate more slowly. This
trade-off will be investigated in chapter 6. The approximation of the loss probability will be
used in the reward function of the MDP. The idea is that for higher loss probabilities the
reward is lower.

4.4.1. Markov Decision Problem Formulation

The state space S consists of a finite set of states.
The action space A consists of a finite set of actions.
Pa(s, s

′) is the probability that action a in state s will lead to state s′. These probabilities
will make up the transition matrices.
Ra(s, s

′) is the received reward for transitioning from state s to state s′ due to action a.
γ corresponds to the discount factor, which is a measure of the importance of future rewards
in comparison to present rewards. This is set to γ = 1 for our case, but can easily be adjusted
if future rewards are less important.
The goal now is to find a policy that maximizes the cumulative reward function. This optimal
policy is a function π that specifies for each state s, which action π(s) should be taken. The
cumulative reward function over a finite horizon is given by:

N∑
t=0

γtRat(st, st+1), with at = π(st) and N the number of time steps. (4.31)

Using value iteration the optimal policy can be determined, the value iteration algorithm can
be found in appendix B.1.
The battery capacity consists of K available spaces for energy storage.
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State Space

The state space S consists of states si with i = {0, 1, 2, ..., 100}. si represents the state
of battery deterioration with s0 corresponding to 0% deterioration, s1 corresponding to 1%
deterioration and so on.

Action Space

The action spaceA consists of actions ai with i = {1, 2, 3, 4, 5, 6, 7, 8, 9}. Action a1 corresponds
to the action in which there is no decrease in discharge capacity and thus the battery is allowed
to discharge between 0− 100%, a2 corresponds to the action in which the discharge capacity
is decreased by 10% and thus the battery is allowed to discharge between 0−90%, and so on.

Transition Matrix

The transition matrix provides the probabilities of transitioning to another state sj , for each
state si. In this section, a description is given of how the transition matrix was constructed.
The microgrid we aim to model uses lead-acid batteries of three different brands. From
two brands (Sacred Sun and Luminous) data is available on the depth of discharge versus
the battery lifetime. This data is used to construct a composed formula that describes the
relationship between the depth of discharge and the number of cycles left until the battery
is deteriorated completely. The deterioration curves of both batteries can be seen in figures
5.14 and 5.16. In chapter 5 section 5.5 all details and information about the batteries used
in the microgrid are described.

Table 4.1.: Remaining Cycles for Various Levels of Discharge

Depth of Discharge Cycles Sacred Sun Cycles Luminous

100% 350 381

90% 450 768

80% 550 1155

70% 650 1543

60% 750 1795

40% 1050 2628

20% 2000 5123

10% 2879 7435

In table 4.1, one can see the number of cycles until the end of life vs. the depth of discharge
of each cycle for the depth of discharge values that are needed for the model.

The rest of the analysis is only done for the Sacred Sun battery, for the Luminous battery it
works similarly. From table 4.1 it becomes clear that:

E[Life Expectancy] = E[100%→ 0% capacity] = (4.32)

E[0%→ 100% deterioration] = 350 cycles = 350 days, (4.33)

if the battery is allowed to discharge between 0-100% and if full battery discharging is as-
sumed during each cycle.
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One cycle is defined as one day; it is not taken into account that the battery can be charged
and discharged multiple times, and thus experience various cycles, during one day. The as-
sumption is made that the probability of the time until the battery deteriorates 1%, i.e.,
go from state si to state si+1, is geometrically distributed. This because the deterioration
process is more or less linear around the depth of discharge rates that are expected to be the
most optimal as can be seen in figures 5.14 and 5.16. Now one can calculate the time it will
take to deteriorate one step instead of 100 steps:

E[x%→ (x+ 1)% deterioration] =
E[Life Expectancy]

100
= 3.5 days, (4.34)

and thus the probability that it takes only one step before transitioning to the next state, is:

p =
1

E[x%→ (x+ 1)% deterioration]
=

1

3.5
=

2

7
. (4.35)

The transition matrix for action a1 is thus:

P ′a1 =


5
7

2
7 0 . . . 0

0 5
7

2
7 . . . 0

...
...

. . .
. . .

...
0 0 . . . 5

7
2
7

0 0 0 . . . 5
7

 . (4.36)

A similar approach is used for the other eight actions. The actions ranged from discharge
regimes of 100% discharge to 20% discharge in steps of 10%. As described in detail in chapter
5 section 5.5, there is a risk of immediate breakdown of the batteries when overdischarged.
This is why the manufacturer advises to never discharge above 80%, since above this value
some batteries may experience overdischarging. If the deterioration level of certain battery
units is higher than the average deterioration level of the whole battery system, then these
battery units might already be fully discharged. This risk only exists when discharge levels
are above 80%, therefore only the matrices P ′a1 and P ′a2 should take this into account. Now
depending on the discharge regime, the number of units is calculated that are overdischarging.
It is assumed that zero units are at risk at 80% discharge limit and all 212 units are at risk
at 100% discharge limit, which leads to the linear formula:

f(x) = 10.6 · x− 848, (4.37)

wherein x is the maximum allowed discharge rate in %.

Now the probability of immediate breakdown for each unit that is overdischarging is de-
termined. This number depends on the lifetime of the battery system. If the battery system
is older and thus the deterioration level of the system is higher, then the risk of immediate
breakdown increases exponentially. The assumption is made that at 0% deterioration the
probability of immediate breakdown is minuscule, only 0.001. When the battery system is
fully deteriorated, the batteries have an immediate breakdown probability of 1. An exponen-
tial function was fitted to these two points leading to the formula:

g(t) = 0.00093 · 1.07227t, (4.38)
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wherein t is the deterioration level in %.

To illustrate the approach to construct P ′a1 and P ′a2 , an example is given.
Imagine that we want to calculate Pa2 [40, 40]. This means that the battery is allowed to
discharge 90% of its energy, resulting in 106 units that are at risk of immediate breakdown
due to overdischarging. The battery system has already deteriorated by 40%, thus the prob-
ability for each unit to break down immediately is 0.00093 ·1.0722740 = 0.0152. Now position
Pa2 [40, 40] of the matrix represents the value that there is 0% deterioration. This means that
there is no deterioration due to the discharge regime and none of the battery units broke down.
This is 1 − 1

4.5 = 7
9 multiplied by the probability that zero of the 106 units that are at risk

of immediate breakdown, actually break down, which is modeled by a binomial distribution.
If we want to calculate entry Pa2 [40, 41], we need to consider two possibilities. Either there
is a one-step deterioration due to the discharge regime with probability 2/9 and no batteries
break down, or there is no deterioration due to the discharge regime and 1% of the batteries
(b0.01 ∗ 212e = 2 units) break down. For Pa2 [40, 42], there are also two possibilities, namely
one step deterioration from the discharge regime and 1% of the batteries break down, or 2%
of the batteries break down. For the other entries in this row, the deterioration solely depends
on the number of batteries that break down, since deterioration due to the discharge regime
goes with maximally 1% deterioration at a time. Both matrices P ′a1 and P ′a2 are constructed
in this fashion.

It is important to keep in mind that both batteries have different degradation curves but
are charged and discharged at the same time with the same percentage. Therefore, it is not
possible to decide on two different discharge regimes for each batteries since the battery op-
erating system cannot handle two different strategies. Therefore we will construct one matrix
Pa1 that includes the weighted average of both battery types within the discharge regime a1.
The weighted average is based on the initial installed capacity of the batteries, this was 208.8
kWh in total for the Luminous battery and the battery similar to the Luminous battery, and
144 kWh for the Sacred Sun battery.

Reward Matrix

The reward matrix gives the expected reward when action ak is chosen while in state si. And
is given by:

rak(si) =
∑
j

Pak(si, sj) · rak(si, sj). (4.39)

Now rak(si, sj) is the reward when transitioning from state si to state sj when action ak
is chosen. Now the reward function is based on the approximated outage probability. The
smaller this probability the higher the reward, since the chance of an outage is smaller and
the goal is to maximize the energy availability. Therefore the reward rak(si, sj), corresponds
to:

rak(si, sj) =

(
1− (1− ρ)e−θ(1−

sj
100

)·Kak

1− ρ · e−θ(1−
sj
100

)·Kak

)
, (4.40)

wherein Kak is the capacity of the battery when action ak is chosen.
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This was implemented in R Studio, the pseudocode can be seen in algorithm 1. Genera-
tion data for both solar and wind was simulated via ARIMA models as described in chapter
5. The total battery capacity of the system is 4260Ah (352.8 kWh). Second-hand batteries
were used. The end of life is normally defined as 70% of original capacity, therefore the ca-
pacity is multiplied by a factor of 0.7 [27],[28].

The condition E[G] ≥ E[L] most hold for there to be a chance that an outage will never occur.
The average daily generation in the microgrid at Pantai Baru in kWh is E[G] = 145.876kWh
and the average daily load is E[L] = 124.852 and thus the condition holds.

Algorithm 1 Optimal Discharge Regime

import load and generation data;
define parameters of battery;

function units overdischarging(max Depth of Discharge)
use the linear function (equation 4.37) to calculate the number of units that are at risk of
immediate breakdown due to overdischarging. Round this to the nearest integer;

end function

function breakdown probability(current level of deterioration)
calculate the probability for one unit to break down based on the exponential formula of the
level of deterioration (equation 4.38);

end function

function degradation luminous(max Depth of Discharge)
if maximum depth of discharge allowed < 80 then

use extrapolated polynomial curve for battery degradation (section 5.5 figures 5.14 and
5.16)

else
use extrapolated linear curve (section 5.5 figures 5.14 and 5.16)

end

end function

function degradation sacred sun(max Depth of Discharge)
if maximum depth of discharge allowed < 80 then

use extrapolated polynomial curve for battery degradation (section 5.5 figures 5.14 and
5.16)

else
use extrapolated linear curve (section 5.5 figures 5.14 and 5.16)

end

end function

function transition probability(action)
calculate weighted transition probability per action based on degradation.luminous(max
Depth of Discharge) and degradation.sacred.sun(max Depth of Discharge);

end function
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for for action a1 and a2 do
construct the transition matrices;
u=units.overdischarging(max Depth of Discharge)
p=breakdown.probability(current level of deterioration)
if column j = row i then

this entry has probability (1-transition.probability(action)) · binomial(0,u,p)
end
if j=i+1 then

this entry has probability transition.probability(action)· binomial(0,u,p) + (1-
transition.probability(action)) · binomial(1,u,p)

end
if j=i+2 then

this entry has probability transition.probability(action)· binomial(1,u,p) + (1-
transition.probability(action)) · binomial(2,u,p)

end
if j>i+2 then

binomial(b(j − i)/100 ∗ 212e, u, p)
end
P[101,101]=1

end

for for action a3 to a9 do
construct the transition matrices;
if column j = row i then

this entry has probability 1-transition.probability(action)
end
if j=i+1 then

this entry has probability transition.probability(action)
end
P[101,101]=1

end

function reward(state, action)
calculate the reward for a certain state while performing a certain action (equation 4.40)

end function
for all 9 actions do

construct the reward matrices
end

Construct combined 3D transition and reward matrices;
Value iteration to decide on optimal policy;
Make plots of loss probability and optimal policy
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Chapter 5.: Simulation Based Model

In the previous chapter a mathematical model was constructed to decide on an optimal dis-
charge regime to optimize the system’s performance. This model did not include failure rates
and repair times yet. Furthermore, since the model assumed full discharge during every cycle,
the daily fluctuations in solar and wind and the resulting battery deterioration were heavily
overestimated. In this chapter, a simulation-based model is proposed that takes into account
battery deterioration, failure rates and repair times of components and the stochastic behav-
ior of solar, wind and the load. Since the batteries, the rotor blades and generators of the
wind turbines, the battery control system and the inverters have caused the biggest problems
in microgrids in Indonesia, we limit ourselves to these components [29],[30],[31].

In the first part of this chapter the set up of the simulation is discussed, after this, the
models for energy generation, the load profiles, battery deterioration, the failure rates and
repair times are discussed in detail.

5.1. Simulation Set-Up

The simulation is an event-based simulation, where each new event triggers a change in the
system. There are three types of events:

• Load/Generation Event: a new time step starts with a certain load and generation
value.

• Battery Deterioration Event: after each time step the battery deteriorates, depending
on the depth of discharge during that time step.

• Failure Event: a component breaks down, each component type has its own failure rate
model and repair time distribution.

Each event is handled in chronological order by the simulation until a certain end time.
Throughout the simulation, various performance indicators are measured such as the time
that the system is unable to supply the full load, the remaining battery capacity and which
components broke down. The simulation was implemented in Python using the SimPy library,
which is a process-based discrete-event simulation framework. When creating a SimPy process
in Python, a loop is started that automatically schedules events while t < endtime, stores
them in a list, sorts this list according to time and handles them in chronological order. The
pseudocode of the discrete event simulation can be seen in algorithm 2. The values of the
load, the wind speeds and the solar irradiation are calculated in advance in R Studio to reduce
computational complexity in our Python simulation, since generating wind speeds and solar
irradiation data in every step will be costly regarding computational time and R Studio has
a more advanced library for ARIMA models which will be used to simulate wind speeds and
solar irradiation data based on historical data.
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Algorithm 2 Simulation of events in Python

t=0 . create Load/Generation/Battery SimPy processes
while t<total time do

get load value from algorithm 6
Check which solar panels, wind turbines, battery operating system and inverters are work-
ing; (Algorithms 7, 8, 9 and 10);
for solar panels/windturbines that are working do

get generation value according to Algorihms 4 and 5
end

if inverters are working then
load can be supplied by generation

else
determine which inverters are not working and if load can still be supplied via other
inverters

end

Add generation - load to battery level.
if required battery level < 0 then

unable to supply the whole network, remember duration and network configuration
end

if required battery level > max battery capacity then
Set level to maximum capacity

end
if required battery level < min battery capacity then

Set level to minimum capacity
end
schedule next event

end
while t<total time do

get discharge depth and calculate deterioration, decrease battery capacity according to
algorithm 11;
schedule next event

end
. create Failure SimPy process

while t<total time do
schedule failure events based on failure rate and repair times (Algorithms 7, 8, 9 and
10) for each pv panel group, each individual wind turbine rotor blades and generator, all
inverters seperatly and for the battery control system;
schedule next event;

end

5.2. Energy Generation

In many models that investigate the reliability of a microgrid, solar and wind generation is
modeled by sampling from the Beta and Weibull distribution respectively. A big disadvantage
of this is that this method does not include correlation over time, i.e., the solar irradiation
and wind speed do not depend on the previous time steps but are completely independent.
However, in reality, the solar irradiation and wind speed on a certain moment depend heavily
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on the irradiation and wind speed in the time steps before. In a small energy system where
all generation comes from intermittent sources, such as for this microgrid, this dependence is
critical. If there is a period of low wind power, then this can greatly affect the availability of
energy, especially since these systems often have limited battery storage capacity available.
Therefore in this chapter, a method is proposed to take into account these dependencies.

5.2.1. Wind Power Model

To simulate the wind power, we first need to simulate wind speeds. Via the power formula
that will be presented later in this chapter, the wind speeds are then converted to wind power.
Articles [32],[33],[34],[35] and [36] suggest that AR(I)MA models are a good way to predict
and simulate wind speeds and take into account time correlation. The model is trained based
on historical data of the location of the microgrid we aim to model.

In this section, an ARIMA (Autoregressive Integrated Moving Average) model is proposed
to predict future wind speeds based on time series data. In an ARIMA model the evolving
variable is regressed on its previous values, i.e., it uses the dependent relationship between
observation and prior observations, and the regression error is a linear combination of error
terms which occurred at various times in the past. The data values are replaced with the dif-
ference between consecutive values; this process can be repeated more than once. The result
of this transformation is that the time-series data does not depend on the time at which the
series was observed anymore, i.e., the data is made stationary. Differencing can also be done
with the corresponding observation in the previous year. ARIMA models can be seasonal
or non-seasonal. A typical seasonal ARIMA model is denoted as ARIMA(p, d, q)(P,D,Q)m,
herein is p the number of time lags, d is the number of times the difference between consecu-
tive data points is taken, i.e., the degree of differencing, q is the order of the moving average
model, i.e., the size of the moving average window, m is the number of periods in the season,
P,D and Q are the seasonal components of the ARIMA model.

An ARMA(p′, q) model is given by:

Xt − α1Xt−1 − ...− αp′Xt−p′ = εt + θ1εt−1 + ...+ θqεt−q(
1−

p′∑
i=1

αiL
i

)
Xt =

(
1 +

q∑
i=1

θiL
i

)
εt,

(5.1)

wherein L is the lag operator, αi the parameters of the autoregressive part, θi the parameters
of the moving average part and εt the i.i.d. error terms sampled from N(0, σ2).

An ARIMA(p, d, q) model is an ARMA(p′, q) model that has been differenced d times. This
results in the model: (

1−
p∑
i=1

ΦiL
i

)
(1− L)dXt =

(
1 +

q∑
i=1

θiL
i

)
εt. (5.2)

The order (parameters p,d,q) of a non-seasonal ARIMA model can be determined by mini-
mizing AIC (Akaike information criterion), AICc (similar to AIC but better suited for small
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sample sizes) or BIC (Bayesian information criterion):

AIC = −2log(L) + 2(p+ q + k + 1), (5.3)

AICc = AIC + (2(p+ q + k + 1)(p+ q + k + 2))/(T − p− q − k − 2), (5.4)

BIC = AIC + (log(T )− 2)(p+ q + k + 1), (5.5)

herein L is the likelihood of the data, p is the order of the autoregressive part of the model,
q is the order of the moving average and k is the number of parameters being fitted to the
data. AICc has as a limitation that it can only be used to compare same order differencing
ARIMA models.

The Box-Jenkins method is then used to find the best fit of the time series model to the
data. The steps of this process are as follows:

1. Model Identification: Plots and summary statistics are used to identify trends, sea-
sonality and autoregression elements to get an idea of the appropriate lag size and the
amount of differencing that will be needed.

2. Parameter Estimation: A fitting procedure is used to find the coefficients of the
regression model.

3. Model Checking: The model is then checked and verified to determine which temporal
structures are not captured in the model.

This process is repeated until the desired level of accuracy is achieved.

Model Identification

As a starting point, the wind speed data for Pantai Baru for one typical year will be plotted
and visually examined for outliers and other irregularities. The data for a typical year was
constructed by meteonorm software, which examined data from the past ten years to con-
struct a typical year. This year is depicted as the year 2011; however, it is not the exact
data from 2011 but a typical year construct by using data from 2001 until 2010. DNV-
GL provided the data. Unfortunately, the data for these ten years is not available. Only the
typical year data is available. The wind speeds for the typical year are visualized in figure 5.1.

In this figure one can see that there is a slight trend, the wind speeds are slightly higher
between July and November. However, due to the volatility of the data it is still not clear
if there is a pattern throughout the data. To better recognize the pattern, the noisy fluctu-
ations will be smoothed out by using a moving average technique. It averages points across
several time periods, which results in a smoothing of the observed data into a more stable
and predictable time series. A moving average model of order m is calculated by taking the
average of a time series Y , for k periods around each point.

MA(m) =
1

m

k∑
j=−k

Yt+j (5.6)

herein m = 2k + 1.
The moving average model for both weekly and monthly periods can be seen in figure 5.2.
From this data the pattern in the data becomes more easy to observe.

39



Figure 5.1.: Windspeeds for a typical year.

Figure 5.2.: Moving average for windspeeds.

Parameter Estimation

The built-in auto.arima function of R Studio is used to predict the parameters of the data
set. Since the aim is to make a tool that can be used by policymakers and other stakeholders
to analyze the consequences of their management decisions, it is necessary to use the built-in
ARIMA function of R Studio, so the process of parameter estimation is automated. A short
description of the algorithm that R Studio uses for the parameter estimation can be found in
appendix B.2.

Model Checking

It is important to investigate how well the model behaves. The data set is split into a train
and test dataset. The ARIMA model is trained based on the train data set and then plotted
in the same graph as the test part of the data set.

40



The whole procedure was implemented in R Studio, the pseudocode can be found in Al-
gorithm 3 and the result can be seen in figure 5.3. Here one can see that the model behaves
quite good and that it is not necessary to change the parameters.

Algorithm 3 Implementation of ARIMA wind speed prediction in R Studio

import weather data from excel and convert to right format;
plot wind data;
plot weekly and monthly moving average in same plot;
check data for stationarity using Augmented Dickey-Fuller Test;
fit auto.arima model to data set;
construct ACF plot;
if no correlation then

split data in test and train dataset, make one step predictions based on train dataset, plot
in the same plot as test data set;
if results are as expected then

simulate wind speeds for next few years and write in excel file for input in Python
end

else
Modify ARIMA model based on results of plots, repeat procedure

end

Wind Power Calculation

Now for the simulation of the microgrid, it is necessary to generate wind speed data for the
next 5 or 10 years. In meteorology, it is already quite difficult to predict the weather for the
next few days, let alone the next few years. Therefore the model will not be used to predict
future wind speeds but based on the historical data the ARIMA model will generate wind
speeds with the same pattern. In figure 5.4 graphs of the true windspeeds and the ARIMA
simulation for one year are visualized. It can be seen that the ARIMA model simulates wind-
speeds in similar patterns.

To make the discrete event simulation in Python faster, wind speeds are simulated in R
Studio and saved in a data file and used as input for the Python model. This will increase
the computational speed of the program in Python.

From the windspeeds, the power in kWh that is delivered by a turbine is calculated via
the following formula [37]:

P =
1

2
· ρ ·A · v3 · η · 24

1000
. (5.7)

In which ρ is the air density in kg/m3, A is the area of the rotor blades in m2, v is the wind
speed in m/s and η is the efficiency factor with a maximum theoretical limit of 0.59 following
the Betz limit. Furthermore, a factor 24

1000 is necessary to convert to daily power output in
kWh.

The details of all wind turbines at the PLTH in Pantai Baru can be seen in table 5.1. All
wind turbines are self-made by the local operators and local community.
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Unfortunately, there is no data available on the rated output speed, cut-in and cut-out wind
speeds and the resulting efficiency factor. However, for turbines of similar height, the rated
output speed is 7.2 m/s [38]. The rated output speed is the speed from which increasing the
wind speed does not affect the power output anymore. Based on the rated output speed, the
efficiency factor can be calculated for all turbines. An example calculation of the 1kW/240V
turbine is given:

E =
1

2
· ρ ·A · v3 · η (5.8)

1000 =
1

2
· 1.16 · 12.566 · 7.23 · η (5.9)

η = 0.368, (5.10)

herein ρ = 1.16kg/m3, which is typical for Indonesia’s air density. A is the area calculated
based on the radius of the rotor blades and v is the rated output speed. This was also done
for all the other wind turbines. Cut-in and Cut-out windspeeds, i.e., below the cut-in and
above the cut-out wind speed the turbine is switched off, were ignored since the windspeeds
rarely come above 7.2 m/s, let alone above a certain cut-out wind speed. Furthermore, there
is no data available on this and the operators were not even sure if the turbines do switch off
when wind speeds are below or above specific values.

Table 5.1.: Wind Turbines at Pantai Baru

Group Radius Capacity per Unit Amount Total Capacity Efficiency factor

Group Timur: 2 m 1kW/48V 6 units 6kW/48V 0.368

3 m
6 m
5 m

2.5kW/240V
10kW/240V
5kW/240V

2 units
2 units
1 unit

30kW/240V
0.409
0.409
0.294

3 m 2kW/120V 2 units 4kW/120V 0.327

Group Barat: 2 m 1 kW/240V 21 units 21kW/240V 0.368

Figure 5.3.: One step wind speed prediction.
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Figure 5.4.: Simulated wind speeds vs. real wind speed.

5.2.2. Solar Power Model

From meteonorm, data for a typical year on solar irradiation and temperature has been made
available. This typical year was constructed by the meteonorm software based on weather
data from 2001 until 2010. The data consisted of hourly Global Horizontal Irradiance (GHI)
values, which is the total amount of shortwave irradiation received from above a surface hori-
zontal to the ground. It includes both the direct normal irradiance and the diffuse horizontal
irradiance. The data were then grouped by day to get daily irradiation data in W/m2. Based
on this typical year, an ARIMA model for the solar irradiation was constructed in a similar
fashion as for the wind speed prediction. Note that the goal was not to accurately predict
the solar irradiation, but to generate a similar profile. Based on the typical year data, solar
irradiation is simulated for a year and plotted in the same figure as the true solar irradiation,
which can be seen in figure 5.5.

Now from the solar irradiation data, the yields of the solar panels are calculated via the
following formula [39]:

E = A · r ·H · PR · 1

1000
, (5.11)

herein is E the energy in kW , A the area of the solar panel in m2, r the efficiency factor, H
the solar irradiation in W/m2 and PR the performance ratio which includes resistance losses,
inverter losses, wiring losses and so on.

Table 5.2 shows all the solar panels that were installed in Pantai Baru with their capac-
ity, amount and efficiency factor, which was calculated by using the area and capacity. A
performance ratio of 0.75 is also taken into account, this performance factor accounts for en-
ergy losses due to the wiring of the panels, overheating, shading, and was based on personal
conversations with members of the solar team at DNV-GL.
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Figure 5.5.: Simulated solar irradiation vs. true solar irradiation.

Table 5.2.: Solar Panels

Group Capacity per Unit Total Capacity Surface Area Efficiency factor

Group Timur 40 Units @100W 4kW@240V 1x0.67 m 14.9%

Group Barat 150 Units @100W/12V 15kW@120V 1x0.67 m 14.9%

Group KKP 48 Units @220W/24V 10kW/48V 1.64x0.994 m 13.5 %

5.2.3. Implementation in Python

For both brands of PV panels and the wind turbines, there are different files created in Python
that calculate the generation done by each type. The main code in the main file keeps track
of which components are still in operation and when a generation event occurs it calls upon
the PV and wind generation files to give the corresponding value per group, it then bundles
the generation into a total generation value. The pseudocodes for the PV components and
wind turbines can be seen in algorithms 4 and 5. Both PV panel brands are simulated in
this way, but with different characteristics such as area and efficiency. All wind turbines are
simulated in this way, but with different features such as rotor blade radius and efficiency
factors.
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Algorithm 4 Generation Value of PV Component in Python

import simulated ARIMA solar irradiation;

function generation value(failure.array, number.of.groups)
get solar irradiation value for this day;
set daily.output.power to zero;
for 1 to number.of.groups do

if group is working then
calculate the output power by equation 5.11 multiplied by 24 (daily instead of hourly)
and a factor between 0.9 and 1.1 to account for variations among different groups and
add this value to daily.output.power;

end

end

return daily.output.power;

end function;
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Algorithm 5 Generation Value of Wind Turbines in Python

import simulated ARIMA wind speed data;

function power of turbine(radius, efficiency, wind speed)
calculate the power of the turbine (based on equation 5.7) multiplied by a random factor
between 0.9 and 1.1 to account for variations among different turbines;

end function

for each turbine group with different capacity do

function generation value(failure.array.rotorblades, failure.array.generator, units)
set daily.output.power to zero;
get wind speed for this day;
determine if wind speed is above the rated output speed, if so put windspeed to rated
output speed;

for i in units do
if turbine is working then

calculate power output by Function(power of turbine) and add to
daily.output.power

end

end

return daily.output.power;

end function

end
return daily.output.power;

5.3. Load of the Hybrid Power Plant

The load of the Hybrid Power Plant consists of electricity supply to the office building, street
lighting, water pump, the freezer and 60 small restaurants (warungs). The load characteristics
and maximum load per group can be found in table 5.3. The modeling of the load components
will be discussed separately.
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Table 5.3.: Load Characteristics per Group

Group Name Maximum Load Allowed Load Profile

Office Building 1 kW Monday - Saturday from 8:00-15:00, consumption varies.

Street Lighting 1 kW Monday - Sunday from 17:30-5:30, consumption stable.

Waterpump 0.5 kW 24/7 available, consumption varies.

Three Freezers 1.75 kW per unit 24/7 available, consumption varies and depends on fishermen.

Small Restaurants 3.9 kW
Monday - Sunday 6:00-23:00, consumption varies,

peaks in weekends and with good weather.

5.3.1. Office Building

The operators occupy the office building from Monday until Saturday. The office hours are
from 8:00 until 15:00. The office consists of one room with two desks, one computer, a fan
and some demonstration equipment to show to the tourists and school children that visit the
power plant. The following assumptions are made to create a load profile and were based on
conversations with the local operators and through observations:

1. Whenever the building is occupied, the light is on. There are three light bulbs in the
office that each uses 50 Watt. Therefore 150 Watt is consumed by lighting during
office hours. The lights are always on since the office does not have many windows.
Since office hours are between 8:00 and 15:00, the electricity consumed by lighting is
0.150 · 7 = 1.05kWh on office days.

2. The fan is always on during office hours since there is no air conditioning, insufficient
windows, and bad insulation, which causes the inside temperature to increase quickly.
The fan consumes 100 Watt. This results in an electricity consumption of 0.100 · 7 =
0.7kWh.

3. The computer is on for about half of the time and depends on the work that needs to
be done. When activated, the computer uses 400 Watt. This results in an electricity
consumption of 0.400 · 3.5 = 1.4kWh.

Therefore the total load during office hours is 3.15kWh per day.

5.3.2. Street Lighting

All 42 street lights are on every day from 17:30 in the evening until 5:30 in the morning.
Since the power plant is located so close to the equator, there are no significant changes in
the sunrise and sunset times. The light bulbs used consume 24 Watt which leads to a combined
consumption of roughly 1000 Watt. The street lighting, therefore, consumes 1 · 12 = 12kWh
of electricity per day.

5.3.3. Waterpump

The water pump is used every day by the people of the warungs. The intensity of this usage
depends on how many warungs are open and therefore on how many tourists are at the beach
area, which depends on both the day of the week and the weather. Therefore the water pump
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usage is linked to the warungs. The assumption is made that every warung that is open uses
the water pump once a day for 10 minutes. The water pump uses 0.5 kW. Therefore if 30
warungs are open, the consumption is 30 · 16 · 0.5 = 2.5kWh.

5.3.4. Freezer

Many of the inhabitants of the Poncosari village earn their livelihoods by the fishing industry.
Especially since the construction of all the small restaurants that all sell meals containing fish
to customers, the fishing industry has increased. When the weather conditions are favorable
(not too much wind), fishers will fish on small wooden boats that fit one or two people; these
boats can be seen in figure 5.6. The fishermen will leave very early in the morning and return
before noon to sell their catch to the warungs. There is no large commercial fishery in the
area. To preserve the fish, fishers and warung owners use the ice produced in the ice factory
that was part of the construction of the PLTH. This ice factory consists of three freezers, one
of the three freezers can be seen in figure 5.7. One of the freezers is kept as a back-up and is
only used if one of the other two is broken.

To produce enough ice, the freezers need to be switched on for about three days, which
is not always very practical. When a large inverter broke down in 2012 due to a thunder-
storm and there was no money for a proper replacement, the operators decided that the ice
factory would be shut down. Keeping the warungs in operation was everyone’s priority since
it generated much economic activity in the area.

The assumption is made that the ice factory is turned off when high wind speeds are predicted
(30 km/h (8.2 m/s) or above) since then the fishermen will not go out to fish. There are only
24 days a year that there are wind speeds above 8.3 m/s predicted. Thus the assumption is
made that the time the ice factory is off can be neglected. The ice factory consists of three
freezers. When the ice factory is on, this does not mean that the full capacity of 5.25 kW is
consumed all the time. Freezers maintain their temperature by alternating periods of almost
no energy consumption to periods with almost full energy consumption.

It will be assumed that the freezers follow a typical freezer consumption curve, which means
they will alternate between 90% of total capacity usage and 10% of total capacity usage. The
time in each state is divided equally. Two of the three freezers are used at a time, which
means that the daily electricity consumption of the ice factory is:

2 · (0.5 · 0.9 · 1.75 · 24 + 0.5 · 0.1 · 1.75 · 24) = 42 kWh. (5.12)
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Figure 5.6.: Boats used by the fishermen at
Pantai Baru.

Figure 5.7.: One of the three freezers that
make up the ice factory.

5.3.5. Small Restaurants

Household demand is normally taken into account in reliability models via standard load
profiles, which is the average load profile based on a large number of households. However,
for the microgrid this project aims to model, no load profiles exist. Standard load profiles for
households cannot be used since the characteristics of these restaurants differ too much from
households. The only data available is some handwritten load data collected between 8:00
and 15:00 on one day per month for five years, which provides an indication, but it will not
be sufficient since there is only one day a week collected and only during office hours. This
means that there is no data on Sundays, but these weekly variations are important since a lot
more tourists come to the area to enjoy the beaches and the food on the weekends compared
to the weekdays. Furthermore, the handwritten data contained multiple errors. Thus, it is
necessary to create daily load profiles that take into account correlations between weather,
the day of the week and load. Figure 5.8 shows a few warungs on the Pantai Baru beach. All
warungs are divided into two parts, a sitting area (not facing the beach) and a kitchen. Each
warung also has a terrace facing the beach with another sitting area.

The following assumptions were made via interviews [40], [41] and through observations,
and were used to construct the load profile for the warungs:

1. Each of the 60 warungs is allowed to consume 220 Watt; however, this is not enforced,
so it is possible to consume more. The assumption is made that all warungs that are
open consume on average 220 Watt.

2. Not all warungs are occupied every day. Moreover, on average over half of the warungs
are occupied on weekdays and more than 80% on weekends, if the weather is favorable.
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It is assumed that there are between 30 and 50 warungs open from Monday to Thursday
and between 40 and 60 in the weekend from Friday to Saturday.

3. If it rains then the occupancy is less since there will be a decrease in tourists at the
beach. The maximum daily rainfall, according to our weather data file, is 70mm. There
were approximately 55 days per year with more than 5 mm rain. The assumption is
made that the number of open warungs is not affected by rain if there is less than 5
mm rain on a day. Based on the correlation between rain and solar irradiation a linear
regression line was constructed that will predict the rainfall given the solar irradiation.
The number of warungs that is still open on a rainy day decreases linearly with the
amount of rain. The assumption is made that there are zero warungs open if the rain
is at its maximum of 70mm and that only half of the warungs are open when it rains a
little bit (5mm).

Figure 5.8.: Warungs at the Pantai Baru beach area.

5.3.6. Implementation in R Studio

The load profiles were generated in R studio. The load profiles consist of the baseload (street-
lights and the freezer), the office load on Mondays to Saturdays, and the warung and water
pump load that is based on the number of warungs that are open. The implementation can
be found in algorithm 6.
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Algorithm 6 Load Profile Simulation in R Studio

import simulated ARIMA solar irradiation data;
construct an array that will contain the loads;
add baseload of freezer and streetlight to all entries;
for All Mondays to Thursdays do

calculate rain prediction based on linear regression between rain and solar irradiation;
if rain is less than 5 mm then

sample value between 30 and 50, this is the number of open warungs;
else

number of open warungs is calculated based on the amount of rain;

end
multiply the number of open warungs with warung and water pump loads;
add this value to the entry in the array;

end

for All Fridays to Sundays do
if rain is less than 5 mm then

sample value between 40 and 60, this is the number of open warungs;
else

number of open warungs is calculated based on the amount of rain;

end
multiply the number of open warungs with warung and water pump loads;
add this value to the entry in the array;

end

for All Mondays to Saturdays do
add the office load to the entry in the array;

end

write all array entries to ’load’ file, which is used as input for the simulation model (see
algorithm 2);
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5.4. Failure rate and Repair time of Components

The components that influence reliability the most for the hybrid microgrids in Indonesia
are the rotor blades and the generator of the turbines, the inverters and the battery control
system which is why only these components will be considered in the failure rate model. The
rotor blades often break down due to corrosion of the salty sea wind, which can be seen in
figure 5.9. The inverters break down regularly and the long repair times and high costs make
this a critical component in the reliability analysis. There are often problems with the battery
control system and the turbine generators too.

In academic literature, a wide range of reliability prediction models is described. Reliability
prediction models aim to estimate the reliability of a component or system before sufficient
empirical data is obtained. The goal of such mathematical models is to achieve a reliable
design or to assess potential warranty risks. It can also be used to determine if a preset
reliability requirement is achievable or to help achieve a reliable manufacturing process [42].

Electric components such as inverters or battery control systems have varying failure rates
throughout their lifetime, which produce a bathtub curve, as can be seen in figure 5.10. The
first part is often called the infant mortality period with relatively high failure rates which
are the result of manufacturing errors [43]. The second part is characterized by a constant
failure rate that accounts for random failures. The last part is called the wear-out period,
since in this part the product starts to degrade, which leads to increased failures.

Mechanical components such as rotor blades have an increasing failure rate due to degra-
dation and do not have this infant mortality phase. Therefore the failure curve consists only
of the wear-out failure part.

Unfortunately, there is insufficient data available to construct accurate failure curves. The
only data that is available is how often components have broken down during the past few
years and what the repair times were, which results in mean time to failures (MTTFs) and
the corresponding repair times. The repair time depends heavily on if the component is man-
ufactured locally and can, therefore, be repaired locally or if it was manufactured abroad and
is repaired by the manufacturer abroad. The MTTF and repair times for the most critical
components can be found in table 5.4. This data was gathered by conducting in-depth inter-
views with the local operators in Pantai Baru in April 2018. Due to the lack of more elaborate
data, a failure model based on the exponential distribution is constructed, which is often used
to model the reliability of components that do not experience wear out failures. The lifetime
of each component, as provided by the manufacturer, is a lot higher than the time to failure
in practice. This lets us believe that the operating conditions and the lack of maintenance
are to blame for the frequency of the failures rather than the degradation of components.

A characteristic of the exponential distribution is that it assumes constant failure rates and
is memoryless. The probability of a component failing at time t does not depend on any-
thing that happened before time t. Given a failure rate, λ, or the mean time to failure
(MTTF = 1

λ), the reliability at a specific point in time can be determined by the Reliability
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Function. The probability density function is:

f(t) = λ · e−λ·t for x ≥ 0 (5.13)

The cumulative density function is:

F (t) =

∫ t

0
f(t)dt = 1− e−λ·t (5.14)

The reliability function is:

R(t) =

∫ ∞
t

f(t)dt = e−λ·t (5.15)

From the reliability function the probability can be calculated that there is no failure up until
time t.

Table 5.4.: Failure Rates and Repair Times

Component Mean Time to Failure Repair Time

Rotor Blades 4 years 4 days

Turbine Generator System 4 months 7 days

Battery Control System 12 months 3-7 weeks

Inverter Luminous 16 months 3-7 weeks

Inverter LEN 6 months 3-7 weeks

Inverter Self-made 4 months 3 days

Solar Panels 1/5 broken within 5 years not repaired

Figure 5.9.: Corrosion on turbines at PLTH in Pantai Baru.
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Figure 5.10.: Bathtub curve.

5.4.1. Inverters

There are nine inverters in total that convert the electricity generated by the solar panels
in DC to an AC supply at the correct voltage. The inverters also serve to convert the wind
power that is not always already at 240V AC. We assume that the load is equally divided
over the inverters during the day. It is a reasonable assumption that the load is more or
less equally supplied over the day since the biggest load is the ice factory, which is on during
the whole day and because the street lighting is only on in the evening, while the office and
the restaurants are mainly open during the day. The different types of inverters, with their
capacity and the maximum kilowatt-hours they can convert, is visualized in table 5.5.

Each inverter receives electricity from different panels and turbines, depending on the voltage
level of the power output from the panels and turbines. The groups are visualized in table 5.6.

In Python, time to failures and repair times are simulated and scheduled for every inverter
separately. The pseudo-code can be seen in algorithm 7. At each generation/load event, it is
checked if the corresponding inverter can process all generated electricity.

Table 5.5.: Characteristics of Inverters

Component Capacity Amount

Inverter Luminous 3.5 kW @48 V 3

Inverter LEN 5 kW@240V 1

Inverter LEN 7.5kW@120V 2

Inverter Self-made 2kW@48V 3
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Table 5.6.: Inverters and Generation Sources per Voltage

48V 120V 240V

Inverter
3x 3.5kW Luminous
3x 2kW self-made

2x 7.5kW LEN 1x 5kW LEN

Generation
6x 1kW turbines

10kW solar
2x 2kW turbines

15kW solar
4 kW solar

Algorithm 7 Inverter Failure Rate Simulation in Python

function time to failure
Generate random time to failure based on mean time to failure of the coresponding inverter
and exponential distribution;

end function
if Luminous or LEN inverter then

function repair time
Generate random repair time between 21 and 49 days (3 to 7 weeks);

end function
end

function repair time for self-made inverter
Set repair time to 3 days;

end function

5.4.2. Solar Panels

The solar panels are connected in series within a solar panel group; this means that if one solar
panel breaks, the whole group is unable to deliver energy. Solar panel groups are connected
to each other in parallel, which means that if one group breaks down, the other groups are
still able to produce and deliver energy to the system.

For each group, a time to failure is calculated, based on the failure rate. Unfortunately,
the solar panels are not repaired when broken since the local operators do not have the ex-
pertise to repair the panels themselves and shipping the panels for professional repair is too
expensive. The pseudo code can be found in algorithm 8.

Algorithm 8 Solar Panel Group Failure Rate Simulation in Python

function time to failure
Generate random time to failure based on mean time to failure and exponential distribution;

end function

function repair time
Panels are not repaired;

end function
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5.4.3. Windturbine Rotorblades and Generator

All wind turbines are assumed to have the same mean time to failure for failures in the rotor
blades or for failures in the generator system. For each turbine, a time will be generated
for when the generator system breaks down and for when the rotor blades break down, as
well as the corresponding repair times. When a generation/load event takes place, only the
wind turbines that do not experience any failures in rotor blades or generator are allowed to
participate. The pseudo code can be found in algorithm 9.

Algorithm 9 Wind Turbine Failure Rate Simulation in Python

for turbine generator do

function time to failure
Generate random time to failure based on mean time to failure of the turbine generator
and the exponential distribution;

end function

function repair time
Repair Time is 7 days;

end function
end

for rotor blades do

function time to failure
Generate random time to failure based on mean time to failure of the rotor blades and
the exponential distribution;

end function

function repair time
Repair Time is 4 days;

end function
end

5.4.4. Battery Operating System

The battery operating systems controls the batteries and if this operating system is broken,
then the whole battery system becomes unavailable. When the battery operating system
is broken, there cannot be any energy taken from or stored in the battery. This does not
necessarily mean that there is a power outage. If there is no mismatch between supply and
demand and the amount of generation exceeds the load, then there is no need for the battery
and therefore no power outage. The pseudo code of the time to failure and the repair time
model can be seen in algorithm 10.
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Algorithm 10 Battery System Failure Rate Simulation in Python

function time to failure
Generate random time to failure based on mean time to failure of the battery operating
system and the exponential distribution;

end function

function repair time
Generate random repair time between 21 and 49 days (3 to 7 weeks);

end function

5.5. Battery Deterioration Model

Battery deterioration is presumably the main cause for the decreased reliability of microgrid
systems. When the battery deteriorates, the available capacity decreases and therefore the
amount of energy that can be stored for later use decreases, which can increase the unavail-
ability of energy and the outage probability of the system. How fast the battery deteriorates
depends on various factors of which the most important is the depth of discharge of each
cycle. Also the voltage and current play a role, but this is not taken into account in this
project due to time constraints and data unavailability.

There were four types of batteries of three different brands used in the microgrid. The
types and capacities can be found in table 5.7. For both the Luminous batteries as well as
for the Sacred Sun batteries, the degradation curve based on the depth of discharge is avail-
able as well as the degradation based on the outside temperature. The manufacturer of the
batteries provided these. Unfortunately, this is not available for the Powerfit battery. The
manufacturer quality and type of battery for the Powerfit battery is similar to the Luminous
battery. Furthermore, the installed capacity of the Powerfit type is low in comparison to Lu-
minous and Sacred Sun. Therefore the same degradation curve as for the Luminous battery
will be used. The degradation curves of the batteries can be seen in figures 5.11, 5.12 and 5.13.

These figures only include the number of cycles for depth of discharge levels from 20% until
80%. This because the manufacturers advice to keep the energy level of the battery under
80% and since measurements for the number of cycles below a discharge level of 20% are ex-
tremely difficult. However, in practice, the batteries are often charged and discharged beyond
these levels. Therefore the data was extrapolated for the range 0% until 100%. The results
can be seen in figures 5.14, 5.15 and 5.16.

The following assumptions were made for simulation purposes because of a lack of data.

• The batteries that were used in the microgrid in Pantai Baru are second-hand batteries.
The end of life of a battery is defined as when there is only 70% of the original capacity
left. Therefore the assumption is made that the original capacity as stated by the
manufacturer will be decreased by 30%.

• The assumption is made that the batteries of all brands are interconnected and charged/dis-
charged according to their ratio in the total amount of installed capacity.
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• There was only a temperature curve available for the Sacred Sun battery, but the tem-
perature has a major influence on the battery lifetime. This curve displays how the
lifetime of the battery differs for various ambient temperatures. Since the temperature
has such a large influence, the Sacred Sun temperature curve in percentages of the total
lifetime is applied to the other batteries as well, based on the average ambient temper-
ature at Pantai Baru.

The average outside temperature for the typical year was 27.4 degrees Celsius. However,
since there is no air conditioning or any other form of climate control in the battery
room and since the battery room has a flat roof and therefore does not insulate properly,
the inside room temperature is a lot higher than 27.4 degrees. During project visits,
it was approximately 35 degrees inside the room. According to the temperature curve,
this will lead to a lifetime that is decreased by around 50%. There is no data available
on how the temperature influences the battery throughout the years. However, from
the graph, it can be observed that in perfect conditions and perfect temperature the
batteries have a lifetime of 15 years. Now, because of the temperature of 35 degrees, this
perfect lifetime is halved to only 7.5 years. Now the end of life of the battery is defined
as having only 70% of the initial capacity left. Therefore the temperature degradation
factor is determined by:

g7.5·365 = 0.7 (5.16)

g = 0.999837. (5.17)

From this, we deduce that the battery deteriorates by 0.016% every day due to the high
temperatures. In reality, this might be a lot higher since the manufacturer constructed
the temperature curve under ideal circumstances, which will never occur in the field,
hence the incredibly long lifetime.

Now in the simulation, every time there is a generation/load event, the battery deterioration
will be calculated. This is done by determining what the depth of discharge is and what the
remaining number of cycles are for this level of depth of discharge. The battery is then dete-
riorated with one over the remaining number of cycles and the battery capacity is decreased
according to the deterioration level.

When the depth of discharge is above 80%, there is a risk of immediate breakdown of battery
units. Overdischarging is extremely bad for lead-acid batteries and can lead to acute failure.
To prevent overdischarging a minimum voltage level is set; the end-of-discharge voltage. As
soon as the voltage drops below this level, the battery system stops discharging. This end-of-
discharge voltage level will not change throughout the lifetime of the system. Not all batteries
deteriorate at the same pace, batteries that are closer to a wall or roof might experience more
deterioration due to the increase in temperature, and there are always manufacturing differ-
ences among the different units within a battery pack. Therefore when the end-of-discharge
voltage level is reached to prevent overdischarging, some batteries might already be overdis-
charging. The closer one gets to 100% discharging the more units will be overdischarging
already, which is why manufacturers advice never to discharge more than 80% since at 80%
the risk is still small. The risk of immediate breakdown of battery units increases with the
lifetime of the battery.
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Every time the depth of discharge is over 80% the simulation will calculate how many batter-
ies are overdischarging. We assume that this goes linearly and that at 80% depth of discharge
none of the battery units are overdischarging while at 100% depth of discharge all battery
units are overdischarging. Furthermore, we assume that every unit that experiences overdis-
charging has a failure probability which increases exponentially over time and is zero at the
start and one at the end of the lifetime stated by the manufacturer.

This was all implemented in Python and during every time step, a deterioration event takes
place based on the depth of discharge of both types of batteries. The pseudo code of this can
be seen in algorithm 11.

Table 5.7.: Battery Types

Battery group Brand Capacity Amount in kWh

Group Timur Powerfit FT 110-12 105 Ah/12V 40 units 50.4 kWh

Group Barat Luminous (ILTT 24028) 100Ah/12V 60 units 72 kWh

Group Barat Luminous (ILTT 24028) 180Ah/12V 40 units 86.4 kWh

Group KKP Sacred Sun 1000Ah (GFMU 1000C) 1000Ah/2V 72 units 144 kWh

Total installed capacity 352.8 kWh

Figure 5.11.: Degradation curve
Sacred Sun battery.

Figure 5.12.: Temperature curve
Sacred Sun battery.

Figure 5.13.: Degradation curve luminous battery.
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Figure 5.14.: Degradation curve
Sacred Sun battery extrapolated.

Figure 5.15.: Temperature curve
Sacred Sun battery extrapolated.

Figure 5.16.: Degradation curve Luminous battery extrapolated.
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Algorithm 11 Battery Deterioration Simulation in Python

for luminous and sacred sun batteries do
if battery capacity and depth of discharge are unequal to zero then

if depth of discharge is smaller or equal to 80 then
calculate deterioration value based on 5.14 or 5.16 depending on the brand of
battery;

else
calculate deterioration value based on 5.14 or 5.16 depending on the brand of
battery and calculate the number of battery units that experience overdischarging;
calculate probability p of acute failure;
for each unit that experiences overcharging do

generate a zero (not broken) with probability 1 − p and a one (acute failure)
with probability p;

end

decrease the battery capacity according to the battery units that are not working
anymore;

end
Calculate deterioration based on temperature;

end
if depth of discharge is zero then

only deterioration based on temperature
end

end

get time between deterioration events and yield for this time, schedule next event;

61



Chapter 6.: Results

This chapter will contain answers to the research question presented in chapter 1. The goal
of this project was to provide insights regarding the main research question:

How do operating conditions and repair strategies affect the reliability of a typical rural mi-
crogrid in Indonesia throughout its lifetime?

The sub-questions have guided us in this process and were:

1. How does the battery discharge regime influence the availability of energy of the system
over its lifetime? What is the optimal discharge regime?

2. Which components are most likely to cause power outages in the system?

3. How do the failure rates, repair times and repair strategies influence the availability of
energy over the system’s lifetime?

4. How does the trade-off between quality of components (and the effect on the reliability
of the network) and their respective costs work?

To answer the first question, a battery model was developed and formulated as a Markov
Decision Problem to decide on the optimal discharge regime that would maximize the energy
availability of the system. This model does not include the intermittent nature of renewable
energy sources, failure rates and varying cycle discharge per cycle. Therefore, a simulation
model was constructed to provide a more elaborate answer to the first sub-question question.
The simulation model also answers the other three sub-questions.

6.1. Mathematical Model - Numerical Results

In this section, the model developed in chapter 4 is used to determine the optimal discharge
regime that maximizes the overall availability of energy and therefore minimizes the proba-
bility of an outage somewhere in the network.

For each discharge regime, the initial loss probability is calculated via equation 4.20 and
plotted in figure 6.1a. Note that policy 1 corresponds to a discharge regime of 0-100%, policy
2 to 0-90% and so on. As expected, the loss probability increases when the allowed discharge
interval decreases. Now, the optimal policy can be calculated by algorithm 1.

The optimal policy is visualized in figure 6.1b. From this figure, it becomes clear that it
is best to start with a rather conservative discharge regime which allows the microgrid sys-
tem to discharge the battery for only 40%, which will prolong the battery life. After certain
deterioration levels are reached, it becomes more beneficial to discharge less conservative and
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the system will allow itself to use more of the battery. This goes step-wise until almost at
the end, where the system goes from 80% deterioration immediately to 100% deterioration,
without stopping at 90% deterioration. This is most likely because at 90% deterioration there
is also a probability of the immediate breakdown of battery units, just as there is for 100%.
This is such a heavy disadvantage that it is better to directly go to 100% because at that
level of discharge the system can at least use the whole battery pack.

Figure 6.1.

(a) The initial loss probabilities for policy 1 to 9, cal-
culated using equation 4.20.

(b) The Optimal Policy π(S) for each state s ∈ S.

6.1.1. Sensitivity Analysis

The assumptions made in chapter 4 to develop this model might influence the outcomes of
the model. Therefore, it is necessary to analyze what effect changing the assumptions would
have on the optimal policy.

Most assumptions regarding the battery system did not influence the optimal policy. However,
varying the factor with which the original battery capacity is decreased because second-hand
batteries were used, does influence the optimal policy slightly. Figure 6.2a shows how differ-
ent factors of capacity reduction influence the optimal policy. We observe that the overall
structure of the policy remains the same, the points from where it is more beneficial to change
to the next action, however, differs. This is because, for larger battery capacity, there is more
energy remaining in the battery for a certain deterioration level. Therefore the outage proba-
bility is lower and it is beneficial to stay longer in conservative actions since this will increase
the lifetime.

Increasing/decreasing load or generation also results in a small shift of the switching points
as can be seen in figure 6.2b. All other assumptions did not influence the optimal policy.
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Figure 6.2.

(a) The Optimal Policy for various percentages of
capacity reduction due to the fact that second hand
batteries were used.

(b) The Optimal Policy for various percentages of load
en generation decrease/increase.

6.2. Simulation Based Model - Numerical Results

In contrast to the MDP model, the simulation model as described in chapter 5 does take the
intermittent behavior of the generation sources and the load into account, it also considers
the cycle depth and the failure rates with corresponding repair times. First, the influence of
the discharge regimes on the energy availability of the system will be investigated and the
optimal policy found in section 6.1 will be verified or refuted. Then the interaction between
the discharge regimes, the resulting battery deterioration and the failure rates will be investi-
gated to see which components are more likely to cause problems in the network. After this,
the energy availability will be investigated for different repair strategies for the critical com-
ponents. We will continue by discussing the economic aspects of the different strategies. The
chapter is concluded with a sensitivity analysis of the most important assumptions. But first,
some basic results are presented to provide the reader with an initial idea on the performance
of the microgrid in Pantai Baru, with the discharge regime set to 0-100%.

In figure 6.3a the average daily load and generation for two years are visualized averaged
over 100 simulation runs. It becomes clear that the generation is always bigger than the load
and that there is not so much variation in the load, which is on average around 120 kWh
per day. However, there is a lot of variation in the generation, because of changing weather
conditions and component failure. The generation is decreasing over time, which is because
of failures in wind turbines and solar panels that cause a decrease in the generation. In figure
6.3b the fraction of the load that the system is unable to supply is visualized. It is easy to
see that this fraction is increasing over time. In the first half year, the fraction is lower than
0.2, but it rapidly increases over the next few months until it reaches an average of 0.5. So
let’s have a look at the depth of the outages. Note that these are not, in fact, full outages
in the whole network, but rather local outages somewhere in the grid. In figure 6.4a one

64



can see how often a certain depth of outage/imbalance happens. It becomes clear that an
imbalance is either relatively small, between 0-5 kWh, or relatively large, between 13-18 kWh.

Either component failure or battery deterioration causes these outages. Figure 6.4b shows the
battery deterioration over time. Here we can see that the battery capacity is slowly decreasing
until the battery starts to deteriorate rapidly, which happens after about 200 days. It seems
like this change happens immediately, but closer examination shows that this is not the case.
What happens is that when the battery deteriorates, the frequency increases in which the
battery discharges for more than 80%, which means that there is a probability that battery
units break down immediately, this causes the battery to deteriorate even further and the
battery system is stuck in a vicious cycle of rapid deterioration.

Figure 6.3.

(a) Average daily generation and load per month. (b) The fraction of time the system is unable to fully
supply the load.

Figure 6.4.

(a) Frequency of the depth of the outages. (b) The battery capacity over time for the Sacred Sun
and Luminous battery.
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Allowing the battery to discharge for more than 80%, which means risking battery units to
break down immediately, results in rapid battery deterioration and therefore severely affects
the system’s performance. Therefore it is interesting to investigate if other discharge regimes
result in better performance.

6.2.1. Discharge Regimes

As demonstrated, a discharge regime from 0-100% seriously affects the lifetime and perfor-
mance of the storage system. The optimal policy according to the solution of the Markov
Decision Problem (MDP) was to start with a conservative discharge regime of 0-40% discharge
and slowly increase the level of discharge until finally a level of 0-100% is reached.

Now let’s have a look at how the MDP strategy performs in comparison to the 0-100%
strategy, which is used at Pantai Baru. Figures 6.5a and 6.5b show the effect on the system
of using the MDP optimal policy versus the 0-100% discharge regime. The situation was
simulated for seven years since the MDP strategy prolongs the battery life greatly and the
effect will only become visible after a few years. From these figures, it becomes clear that
although the MDP policy results in higher outages in the beginning, this policy outperforms
the 0-100% discharge regime in the long run. However, the difference is less pronounced than
one might expect. This is because, after a while, problems with other components become
more prominent. In figure 6.6, it becomes clear that after about four years the generation is
structurally less than the load, due to solar panel and wind turbine failures.

From figures 6.5a, 6.5b and 6.6, it becomes clear that although the battery’s lifetime is
significantly prolonged when using the optimal MDP policy, the rest of the system does not
perform well after the first 2 to 3 years because of failure of other components. Therefore the
optimal MDP policy, might not be the best policy for the microgrid in Pantai Baru after all,
since in the beginning it performs worse than the 0-100% discharge regime and since after a
few years the system already performs so bad that the battery cannot significantly improve
the reliability anymore. This leads us to believe that slightly more conservative discharge
regimes than 0-100%, but not as conservative as the MDP policy will probably be more opti-
mal for the microgrid, taking into consideration that the effective lifetime of the grid is only
2 to 3 years.
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Figure 6.5.

(a) The fraction of time the system is unable to fully
supply the load for the MDP strategy and the
0-100% discharge regime.

(b) The battery capacity over time for the sacred Sun
and Luminous battery for the MDP strategy and
the 0-100% discharge regime.

Figure 6.6.: Average daily generation and load per month for seven years.

Figure 6.7a shows the performance of discharge regimes 0-0%, 0-20%, 0-40%, 0-60%, 0-80%,
0-100% and the MDP policy regime. It shows that a discharge regime of 0-80% discharge is
optimal and severely improves the system’s reliability since the fraction of time the system
cannot fully supply the load is constantly below 20% during the first two years. It therefore
also outperforms the MDP discharge regime. Figure 6.7b shows the battery deterioration
over time. It becomes clear that as long as there is no immediate breakdown probability,
the batteries deteriorate in a similar pattern. The scenario in which the battery is not used
(0-0%) also leads to battery deterioration since there is always some ambient temperature
deterioration happening. One can also see here that it does not matter that much if one uses
a discharge regime of 0-40, 0-60, 0-80 or the MDP policy. Intuitively, one might expect that
discharge regimes under 0-80 will increase the outage fraction more severe. But the difference
is not that significant. This is because most of the time the battery is used to mitigate
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between small imbalances, which can be seen in figure 6.8.

Figure 6.7.

(a) The fraction of time the system is unable to fully
supply the load for various discharge regimes.

(b) The battery capacity over time for the Sacred
Sun and Luminous battery for various discharge
regimes.

Figure 6.8.: Cycle depth in percentages for discharge regime 0-80%.

We now found the answer to the first subquestion; the optimal discharge regime is 0-80%.
This regime prolongs the battery life considerably, as can be seen in figure 6.7b, with over 65%
of the original capacity remaining after two years. In the rest of this chapter, this discharge
regime will be used as the default mode.

6.2.2. Failure Rates

In this section, the effect of failure rates and repair strategies on the system’s performance
will be investigated to answer the second and third sub-questions. First, we investigate which
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components are most likely to cause an outage for the 0-100% (which is currently used at
Pantai Baru) and 0-80% (which we found to be the optimal policy) discharge regimes and what
effect replacing the battery might have on the system. Second, the influence of keeping an
extra inverter on site and working with only locally manufactured inverters will be analyzed.
Third, the influence of repairing the solar panels will be investigated.

Causes of Outages

It became clear that the battery discharge regimes influence the battery deterioration and
the energy availability of the system significantly. Now we will proceed to answer the second
research question; Which components are more likely to cause power outages in the system?
In figures 6.9a and 6.9b, the reason behind an outage can be seen for two years averaged over
100 simulation runs, for the current situation in Pantai Baru (which uses a 0-100% discharge
regime) and for the optimal policy (which dictates to use a discharge regime of 0-80%). It
gives a clear idea of the distribution of the reasons behind imbalances, which is quite valuable.

It seems like the battery and solar panels are to blame for both the frequency and sever-
ity of outages. The battery system causes more deep outages, but the solar panels cause more
frequent outages. The influence of the solar panels is due to the fact that solar panels are not
repaired after they break down. The inverter causes some outages but less frequent and less
severe than the solar panels and the battery system. The difference in discharge regimes can
be seen in the frequency. The frequency for solar panel and battery outages are as high as
30 and 12 respectively for the 0-100% discharge regime, while only 18 and 10 for the 0-80%
discharge regime. A discharge regime of 0-80% therefore severely improves the system. In
general, there are a lot fewer outages and these outages are also a lot less severe since the
battery can better mediate between a shortage in wind or solar due to component breakdown
or due to variations in the wind speed and solar irradiation. Still, the battery and solar panels
are the most critical component, but the inverter is playing an increasingly important role.
In both scenarios the failures caused by wind turbines are extremely small.

Figure 6.9.

(a) Reasons for component failure for discharge
regime 0-100%.

(b) Reasons for component failure for discharge
regime 0-80%.

To answer the third research question on how repair strategies influence the system’s relia-

69



bility, we will discuss the most critical components separately in the next paragraphs. From
the answer to the second research question, we now know that the most vulnerable elements
are the battery storage system, the solar panels and the inverter. The wind turbines did not
impact the reliability of the microgrid significantly.

Battery Storage System

We already showed that a discharge regime of 0-80% would improve the system’s performance.
However, it is still important to investigate what the effect is of replacing the battery for a
discharge regime of 0-100% since this is the regime that the local operators use at the moment.
Replacing the whole battery pack is quite costly; however, it might significantly improve the
performance. Figures 6.10a and 6.10b show what happens to the microgrid if the battery is
replaced once, as soon as the old battery pack reaches zero capacity. This shows that in the
first year there is a slight improvement, but after the first year, the performance for both
situations is the same. Because the battery is replaced after about four months, which is also
the time that other components start to experience trouble and thus the battery is needed
more intensively, the life expectancy of the second set of batteries is only short since they will
be used quite intensively.

Figure 6.10.

(a) Battery capacity over time with and without the
battery being replaced one time.

(b) The imbalance fraction for the system where the
batteries are not replaceable and where they are
replaced one time.

Inverter

Now it is interesting to investigate how the performance of the system can be increased by
adjusting other components besides the battery. We already saw that a discharge regime of
0-80% was the preferred strategy; therefore this strategy will be used as a baseline throughout
this section. Keeping an extra inverter on site, so when an inverter breaks it can immediately
be replaced, could influence the system’s performance. Since inverters of brands Len and
Luminous need to be shipped to India for repairs, we will consider the effect of keeping one
or two extra inverters of each brand on site. The effect of this repair strategy can be seen
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in figure 6.11a. From here it seems like having an extra inverter is somewhat beneficial but
the difference is not very pronounced, having two extra inverters does make the system more
reliable. However, the influence of other components could be to blame for a distorted view.
When eliminating the effect of solar panels and wind turbines on the system, it becomes clear
that it is indeed beneficial to keep one or two extra inverters per brand on site, as can be
seen in figure 6.11b. Having two extra inverters increases the system’s performance slightly
in comparison to having only one extra inverter. However, the difference is less pronounced
than the difference between having no extra inverters on site or having one extra available.
In general, the overall reliability of the system is not increased that much by adding either
one or two extra inverters.

Figure 6.11.

(a) Fraction of time system is unable to fully supply
the load for multiple extra inverters.

(b) Fraction of time system is unable to fully supply
the load for multiple extra inverters and without
variability of other components.

Another repair strategy that might be worth to consider is to install only locally manufactured
inverters. Although the failure rate for these inverters is higher, the repair time is a lot shorter.
In figure 6.12 the fraction of time the system cannot fully supply the load is visualized. From
here it becomes evident that it is indeed beneficial to the overall system’s performance to
work with locally manufactured inverters since although these break down more, the repair
time is a lot shorter.
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Figure 6.12.: Fraction of time the system is not able to supply the load when only self-made
inverters are used.

Solar Panels

Another big influence on the performance of the system is the fact that the solar panels are
not repaired when they are broken. This means that the generation slowly decreases overtime
without the prospect of improvement. It is important to investigate what the effect would
be on repairing the solar panels after they break down. The solar panels are not produced in
Indonesia and when broken, they need to be repaired in either Jakarta (Indonesia’s capital)
or in the country where they were produced which is most likely India or China. The average
repair time will be more or less equal to that of the inverters, which is between three and
seven weeks. The results can be seen in figure 6.13. It is clear that it is indeed quite beneficial
to repair the solar panels. The difference becomes more pronounced after about a year since
the expected lifetime of the solar panels is relatively large compared to the other components,
and therefore the difference will be more noticeable later in the system’s lifetime when solar
failures become more frequent.

Figure 6.13.: Fraction of time the system is not able to supply the load for both repairable
and not repairable solar panels.
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6.2.3. Trade-off between Quality of Components and their respective Costs

Although there was insufficient data to perform a thorough economic analysis, it is still im-
portant to discuss the financial feasibility of possible improvements to the system to answer
the fourth and last research question. The easiest method to improve the reliability of the
system without exhausting financial resources is to adjust the discharge regime which is an
almost free way of prolonging the overall lifetime and reliability of the system. For the
battery system in Pantai Baru, it is already too late since the batteries have already been
(almost) completely deteriorated. However, if new batteries could be acquired and for future
projects, changing the discharge regime will be the cheapest and most rigorous measure that
can be taken. Aiming to replace the battery without changing the discharge regime as well
is difficult since it is the most expensive component of the system. Therefore it is essential
to be conservative with the battery and apply a discharge regime that prolongs the battery life.

With more financial resources, keeping an extra inverter on site, which is not that expensive,
will influence the system’s performance as well, but not that much. Investing in reparation of
the solar panels will probably not outweigh the costs since repairs cannot be done locally and
the panels need to be shipped to either Jakarta or its origin (often China or India) which will
be expensive. Working with locally produced inverters will significantly increase the system’s
performance and locally manufactured inverters are often cheaper. Hopefully, the quality will
slowly increase once the local manufacturers better understand the technology. Working with
locally manufactured inverters will also increase local revenue generation, which will benefit
the community.

Table 6.1 summarizes the effect of different measures on the reliability of the network and the
associated costs.

Table 6.1.: Effects of Battery Discharge Regimes and Repair Strategies

Improvement Measure Effect on Reliability Costs

Changing the discharge regime to 0-80% +++++ $

Replacing the battery + $ $ $ $ $

Keeping an extra inverter on site ++ $ $

Keeping two extra inverters on site ++ $ $ $

Working with self made inverters +++ $

Repairing the solar panels ++++ $ $ $ $

6.2.4. Sensitivity Analysis

Assumptions were made to make this high-level simulation of which the aim was to investigate
the effect of operating conditions and repair strategies on the reliability of a typical microgrid
system in Indonesia. The aim was not to predict the exact probability of an outage, but to
provide more insights into how different operating conditions and repair strategies affect the
availability of energy. Even though the aim was to give more qualitative results than quanti-
tative, it is still important to investigate if the same conclusions would have been reached if
assumptions were changed a little bit.

Thus a sensitivity analysis is needed to investigate how vulnerable the model is to changes
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in the generation and load, as well as in the probability of immediate breakdown of the bat-
teries or in the failure rates of the components. Fortunately, the load is not so variable and
therefore it proved that it does not matter that much if the load is increased or decreased
for the conclusions that are reached. All other assumptions made to construct the simulation
model also did not influence the conclusions.

Generation

In the simulation, an ARIMA model was used to simulate wind speeds and solar irradiation,
which was trained on the data of a typical year. To verify if the same conclusions would
have been reached with a different model, a new simulation is run to decide on an optimal
discharge regime. The weather data used is the real data from Pantai Baru. Unfortunately,
only the data of two years was available. Therefore, each of the hundred simulations is run
with the same data set. The results can be seen in figures 6.14a and 6.14b. From here it
becomes clear that the same conclusions hold for the optimal discharge regime, and therefore
the model is not too sensitive to changes in the generation model. The big dip that can be
observed in figure 6.14b around month twenty is because only two years of data were available
and were used for all 100 hundred iterations of the simulation. Therefore, a random spike in
the generation which led to a dip in the fraction of time the system is not able to fully supply
the load was not flattened out like was the case in the other simulations where the ARIMA
model generated a different data set for each new iteration.

Figure 6.14.

(a) Battery capacity over time. (b) Fraction of time the system is unable to fully sup-
ply the load for various discharge regimes.

Battery

The analysis has shown that the battery is the most critical component, especially the imme-
diate breakdown of battery units heavily influences the system. Therefore it is important to
investigate if the same conclusions would have been drawn for other probabilities of immedi-
ate breakdown. In the simulation, the assumption is made that the probability of immediate
breakdown per battery unit increases linearly and that each unit breaks down with probability
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1 at the end of the battery lifetime, which is 7.5 years including temperature deterioration,
as stated by the manufacturer. To investigate how sensitive the conclusions are to changes in
this probability, the probability of immediate breakdown is drastically decreased to only 10%
of the original probability. Figures 6.15a and 6.15b show the results of the simulation. The
expected lifetime of the battery is improved significantly when the probability of immediate
breakdown is severely lowered. Also the fraction of time there is an outage is decreased for
all discharge regimes. It is still beneficial to discharge conservatively and apply a regime of
0-80%, especially after the first year the difference between the 0-80% and 0-100% discharge
regimes becomes more prominent. The figures show that the immediate breakdown probabil-
ity heavily influences the system’s performance and therefore it might be beneficial to conduct
more research into the exact probability and how it evolves.

Figure 6.15.

(a) Battery capacity over time. (b) Fraction of time system is unable to fully supply
the load for various discharge regimes.

Components

There was only limited data available on the frequency of component failure. Therefore it
might be that the true failure rates are lower than the failure rates that were observed during
the last two years. The repair time is more stable since shipment to other countries takes a
long time. However, it could be that the number of failures observed over the past two years
were exceptionally high. Therefore the time to failure will be increased with 25% (and thus
the failure rate is decreased) to see if the same conclusions would have been reached regard-
ing keeping an extra inverter on site, working with only self-made inverters and regarding
reparations of solar panels. If the true failure rate is even higher, than the conclusion would
still be that the system’s reliability is improved by repairing the solar panels, working with
self-made inverters or keeping an extra inverter on site, since failures will happen more often
and measures to deal with this will become increasingly important. Therefore the sensitivity
analysis will only consider the scenario wherein the true failure rates are lower than the failure
rates provided by the local operators.

From figure 6.16 the conclusion can be drawn that it is still beneficial to repair the solar
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panels after they break down. The difference is slightly less obvious than in figure 6.13.

From figure 6.17a it becomes clear that even when the failure rates of the Luminous and
Len inverters are decreased by 25%, it is still beneficial to use only self-made inverters. The
difference is slightly less prominent though. The failure rates of the self-made inverters were
not decreased with 25% since the self-made inverters break down so often that the failure
rate was based on a larger sample and is, therefore, more reliable. Figure 6.17b shows that it
is still beneficial to work with one or two extra inverters per brand. Therefore, we conclude
that the model is not sensitive to small changes in failure rates.

Figure 6.16.: Fraction of time system is unable to fully supply the load with or without re-
pairable solar panels when the failure rate is decreased with 25%.

Figure 6.17.

(a) Fraction of time system is unable to fully supply
the load with or without only self-made inverters
when the failure rate of all non-selfmade inverters
is decreased with 25%.

(b) Fraction of time system is unable to fully supply
the load with one or two extra inverters for the
Luminous and Len brands and when the failure
rate of these inverters is decreased with 25%.
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Chapter 7.: Conclusions and Further Research

The goal of this combined master project was to give recommendations to policymakers, local
operators, contractors and other involved stakeholders on how to increase the sustainability,
reliability and durability of microgrids. This report has focused mainly on assessing the effect
of operating conditions and repair strategies on the lifetime and reliability of a hybrid power
system in Indonesia, driven by solar and wind energy, that served as a pilot project with the
intention of replicating it on various other locations.

The operators stated that the battery had deteriorated within a year, causing frequent out-
ages. Therefore, the first aim was to see how battery discharge regimes affect the system’s
lifetime. A Markov Decision Problem (MDP) was formulated to determine the optimal dis-
charge regime that maximizes the overall energy availability of the system throughout its
lifetime. The optimal policy showed that it is beneficial to start with a more conservative
discharge regime that allows discharge between 0-40% and then slowly increases this until
eventually a discharge regime of 0-100% is reached. The mathematical model was a heavily
simplified version of reality that did not consider failure rates. This is why a simulation model
was constructed in which the policy found in the MDP model was tested. The simulation also
provided insights on how different repair strategies affect the energy availability of the system.

This simulation model showed that the chosen discharge regime heavily affects the energy
availability and that a discharge regime of 0-80% is best to increase the system’s perfor-
mance. The MDP policy prolonged the battery lifetime greatly, but the rest of the system
deteriorated within a few years due to failures of other components. The MDP policy (which
does not allow the battery to discharge for more than 40% during the first years), was there-
fore not able to mitigate as much between supply and demand as the 0-80% regime is.

Changing the discharge regime from 0-100% to 0-80% is the most cost-efficient way to in-
crease the reliability since there are almost no extra funds needed. Working with only locally
manufactured inverters is also a cost-efficient way to improve the system’s performance even
further. Although locally manufactured inverters have a higher failure rate, they have a
shorter repair time since they do not have to be shipped to India for repairs. It will also
stimulate the local economy and will help to speed up the learning curve which will hopefully
lead to an increase in quality as well. Whenever a solar panel is broken, it is not repaired,
due to the unavailability of the budget to do so. If these solar panels would be repaired,
this would greatly improve the system’s performance. However, since these panels cannot be
repaired locally, this might not be the most cost-efficient option. Keeping an extra inverter
on site will slightly improve the system’s performance, but not as much as working with only
locally made inverters or repairing the solar panels. Replacing the batteries is the costliest
measure that could be taken to improve the system’s performance.

The microgrid in Pantai Baru has already deteriorated significantly. Fortunately, the national
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electricity company has extended the central grid to the Pantai Baru beach area. Therefore
the need to raise funds to improve the microgrid has decreased. However, since this is a pilot
project that is already replicated in other locations and will be replicated even more in the near
future, it is important to learn from the things that can be improved. The most important
recommendation is that the discharge regime should never exceed 80% since above this the
battery deteriorates quickly and is therefore not able to mitigate between supply and demand.

Further research is needed into how the trade-off between component quality, the effect on
the reliability and the associated costs work exactly and to see which other measures are ben-
eficial to apply. Since battery deterioration is the most important factor, more research needs
to be conducted to further improve the deterioration model in order to get the most accurate
results. Furthermore, the simulation model could be improved into a more user-friendly tool,
so that it can more easily assist policymakers and consultants in their decision-making process
regarding operating conditions and repair strategies for other microgrid projects.

To improve the quality of rural microgrids in Indonesia, it is not only important to un-
derstand the effect of operating conditions and repair strategies on the system’s reliability. It
is also of great importance to understand the incentive system that has led to a structural lack
of focus among all involved stakeholders regarding the sustainable performance of microgrids.
The technological dimension of the problem at hand can therefore not be separated from the
political, social and economic dimension. Thus, to evoke significant change, attention should
also be focused on these areas.
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Abstract 
Rural electrification via off-grid systems powered by renewable energy has become popular in the Global 
South. Unfortunately, many of these microgrids have experienced trouble during their first years of operation, 
leading to premature deterioration of the systems. The literature has identified some problems to explain 
this, but we argue that they are mere symptoms of deeper underlying structural and institutional issues. We 
analysed the role of policies and incentives in project failure in Indonesia, where microgrids are implemented 
on a large scale through government-initiated projects. We found that early project failure was mainly the 
result of policy and incentive systems that focussed primarily on expanding the quantity of microgrid systems, 
rather than improving quality. In Indonesia, political campaign strategies and international pressures lead to 
higher governmental echelons caring more about reaching preset installation targets than ensuring 
sustainable functionality of the systems. There is no reward or punishment procedure to ensure that local 
governments focus on maintenance and repair. The one-sided focus on quantitative expansion also explains 
the lack of incentives or pressures to address a persistent lack of clarity about responsibilities of each 
government level, the local community and the contractor. To improve governance, it is important to raise 
awareness of the need to create more transparency, particularly among the general public. Academia could 
play a major role in this. Donors and NGOs, together with the public, can pressurize the Indonesian 
government to effect structural policy change. Our findings also confirm that focussing on one aspect of 
premature failure of microgrids without considering the whole scope of incentives and policies will not result 
in any significant change. Therefore, it is extremely important for all stakeholders to be fully aware of the 
complexity of the problem of premature failure before trying to tackle it. We also show that the main causal 
failure patterns transcend the specifics of the Indonesian context, thereby yielding broader relevance for 
understanding the key determinants of sustainable performance of microgrids in the Global South.  
 
Keywords: Rural electrification, energy policy implications, Indonesia, microgrids, governance, goal 
displacement, replication strategy, upscaling, incentive framework 
 

1. Introduction 
Renewable energy will play a large role in providing electricity to remote rural areas in the Global South. 
These rural areas are generally thinly populated, isolated and with limited access to health care and clean 
water supply. (71) Due to high costs, there has been limited progress in electrifying these regions through 
central grid extension. (70) This has drawn attention to electrification of rural areas through decentralized 
systems such as off-grid small-scale electricity generation systems, i.e., microgrids that are powered by 
renewables. The International Energy Agency predicts that around 60% of the additional electricity generation 
needed for universal energy access by 2030 will come from off-grid technologies, of which 90% will consist of 
renewable energy sources. (31, 65-69) 
 
Unfortunately, only a small number of microgrid projects implemented throughout the Global South have 
achieved the intended impact, while most have struggled with problems from the outset. (2, 25, 72-74) The 
scientific literature has addressed reasons for the failure of some off-grid systems in developing countries, 
mainly through project evaluation. These evaluations concluded that lack of a maintenance budget, design 
errors, insufficient participation and capacity building, and lack of clear responsibilities are to blame. (34-35, 
64, 76-79) 
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Nevertheless, to our knowledge, the current scientific literature fails to answer why these problems are not 
being resolved and why they keep arising over and over again in new projects. We address this question in 
this paper. We argue that observed causes identified in existing studies are just the tip of an iceberg and 
symptoms of deeper underlying structural/institutional problems that give rise to an inadequate policy and 
incentive system that does not encourage stakeholders to focus on project sustainability. Some research has 
been conducted on the type of energy governance needed to implement electrification programmes properly. 
(2, 31, 33, 90) Ikejemba et al. (72) emphasize the importance of policies and regulations for success of 
microgrid projects in sub-Saharan Africa. Ulsrud, K. et al. (75) show that success of microgrid projects depends 
mainly on policy structures. Debajit Palit et al. (76) find that governance barriers are the main reason for 
microgrid failure in India. However, these papers still fail to identify specific policies and incentives that lead 
to early microgrid failure, how they lead to failure and why they are not changed. The papers observe a 
system that is not working because of inadequate governance but fail to go deeper into what exactly is wrong 
with that governance. Wild et al. (89) and Pritchett & Woolcock (92) point out the importance of analysing 
specific institutional and governance arrangements that contribute to lack of sustainable performance of 
public services in developing countries. They also emphasize the risk of combatting symptoms, which will not 
solve the problem if the whole complexity of the problem is not fully understood. Unfortunately, this has not 
received enough attention in scientific literature addressing sustainable performance challenges of 
microgrids.  Therefore, in this paper we will provide an in-depth analysis of the nature of incentives and 
policies that prevent long-term success, durability and sustainability of microgrid projects in Indonesia.  
 
Differences in policy and governance among countries within the Global South prevent a straightforward one-
to-one translation of our findings beyond the Indonesian context. However, our case does yield insights into 
more generic patterns of misgovernance that are characteristic of many of these countries. We establish this 
wider relevance of our findings by linking them to extant literature from which we were able to extract 
scattered information about the importance of similar issues in other locations. By positioning our case 
analysis in this way, we derive general lessons that are broadly applicable to different countries struggling 
with sustainable implementation of microgrid projects.  
 
Indonesia was chosen as a case study since it is the world’s largest archipelago and comprises approximately 
17500 islands, of which 6000 are inhabited, making decentralized electricity systems a very attractive solution 
for electrification. With the population estimated at around 260 million, it is the fourth-most-populous 
country in the world and the biggest country in Southeast Asia. It is also the highest energy consumer in the 
region, accounting for about 36% of the total regional energy demand. Changes in the energy generation of 
such a large fossil-fuel-dependent regional power will most likely affect other countries in the region. (43) 
Since Indonesia is also extremely vulnerable to climate change, the central government has adopted 
incentives to promote the use of renewable energy technologies, which, however, has not had the intended 
impact. (44) The limited progress of renewable energy in Indonesia is influenced by the geography of the 
country, its economic capacity, the very diverse population (more than 300 ethnic groups, speaking 700 
languages) and the complex, heavily decentralized political system. (12, 43) Indonesia has, however, already 
implemented numerous microgrid projects. This has been done through government initiated programs, since 
the state-owned electricity company, the PLN, has had difficulties in electrifying rural areas for various 
reasons. (4) The PLN has had budgetary problems for years due to the Asian financial crisis, inappropriate 
tariff mechanisms (over which the PLN has no control), electricity theft, poor power plant selection and 
customer debts. Since the islands of Java, Madura and Bali account for roughly 80% of total power 
consumption, most of PLN’s investment capital is spent there. (5) Furthermore, the Indonesian population is 
increasing by roughly 900,000 households every year, so approximately 90% of PLN’s new connections are to 
new households in urban areas. Only the remaining 10% go to electrification of rural areas. (3) 
 
Private sector involvement in electrification of rural areas remains limited due to high uncertainty of cost 
recovery, regulations and permits. The government-initiated rural microgrid projects often involve various 
parties such as provincial and district governments, energy consultancy firms, construction companies and 
universities. 
 
As in many other developing countries, many microgrid projects in Indonesia experience problems during 
their first years of operation. (23) Scientific literature suggests that lack of a maintenance budget, problems 
with task and responsibility allocation, and insufficient participation and capacity building are the main 
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reasons for microgrid failure. Similar problems have been noted elsewhere in the Global South. (23, 25, 27-29, 
35-36) 
 
So far, the accumulating evidence has not resulted in significant change in the way projects are initiated and 
executed. This could be related to the fact that studies have failed to explain the underlying reasons for 
insufficient maintenance budgets, inadequate responsibility allocation and insufficient capability. There is a 
need for a more in-depth analysis of the reasons behind the initial observed causes, which we believe are 
rooted in the country’s policy structure. Therefore, it is necessary to understand how national policies 
influence project implementation at the local level. We do not intend to criticize Indonesia’s governance or 
specific individuals; we are trying to understand how the governance system is caught up in a complex web of 
policy and procedures that limits the working proficiency of various government agencies and individuals 
within it and therefore hinders sustainable implementation of microgrids.  
 
The goal of this paper, therefore, is to provide an in-depth analysis of how specific policies and incentives 
influence maintenance strategies and responsibility allocation, which we argue are the main factors behind 
the observed early failures of microgrids in Indonesia; and to derive implications for other countries in the 
Global South that are similarly struggling with sustainable implementation of microgrids. 
 
We will proceed by describing the analytical framework in Section 2. In Section 3 we will present the methods 
and then go on to present our empirical findings in Section 4. In Section 5 these findings will be interpreted 
through the lens of the analytical framework. Section 6 will conclude and point out some key aspects that 
policymakers should consider to improve the regulatory framework surrounding microgrid projects. 
 

2. Framework to Analyse Disincentives to Project Sustainability 
In this section, we will discuss our conceptual framework for analysing the incentives and motives that lead to 
a lack of focus on project sustainability. The framework focusses on two areas: replication innovation and goal 
displacement. 
 

Replication Innovation Theory 
We are building our framework on replication innovation and scaling studies. We realize that the 
technological components cannot be separated from the organizational, political and cultural dimensions of 
analysing premature microgrid failure, so we are not focussing only on the technological dimension.  
 
Winter and Szulanski (59) identify two stages of applying a replication strategy as a business formula: 
exploration and exploitation. In the exploration phase, the business model is created and refined, and in the 
exploitation phase it is used for large-scale replication. Learning from new replications is important 
throughout the process. However, its importance is emphasized in the first stage, where it is necessary to 
develop a good business formula by learning from each instance. During this phase, core processes need to be 
developed that specify the conditions under which replication will most likely succeed. The authors realize 
that some local tweaking will always be necessary when applying the replication to its surroundings. Other 
research on upscaling also distinguishes these stages of discovering and standardizing core processes and 
allowing for flexibility to adapt the replication to the local context, while emphasizing on learning from new 
replications. Some researchers regard learning through feedback as a separate stage while others argue it 
should be embedded in both stages. (81-85) 
 
While articles (59, 81-84) focus mainly on private businesses, the necessity of core processes, local tweaking 
and feedback loops to successfully apply a replication strategy, are also important for the Indonesian 
government’s upscaling of microgrid technologies. Every new infrastructure project can be seen as replication 
of an innovation that was first implemented in the past and is subsequently being replicated at different 
locations. The rural microgrid projects in Indonesia were initiated in 1990 and have since been replicated 
throughout the country. (80) To the local community, each replication is an innovation, but at central and 
provincial levels, it is not. Consequently, one could expect certain core processes of the design and 
implementation of these replications to be already thoroughly embedded in policy and procedures. 
Additionally, there should already be a mechanism for feedback on how these policies and procedures are 
working out at the local level so that they can be further optimised and the core processes perfected over 
time. Some local adaptation will always be necessary to attune the replication innovation to the specific 
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surroundings. Through feedback from each new replication project, the policymakers would be expected to 
learn the best procedures for local embedding, so this aspect could also be optimized. Therefore, we will 
examine the core processes that need to be embedded in policy and procedures for proper replication of 
energy infrastructure projects, the local tweaking necessary to embed the innovation at the local level and 
the feedback loop necessary to further tweak policies and procedures.  
 

Goal Displacement 
We also build on literature on goal displacement theory. This provides important insights on how lower 
government levels that transform policies into programmes tend to focus on maximizing their score on final 
quantitative outputs set by the agency that oversees them, rather than the outcomes and developmental 
impacts of a programme. This focus on quantity rather than quality can also result in a lack of responsibility 
and accountability allocation. The agency’s requirements lead to goal displacement since organizations will 
focus their resources on maximizing their quantitative assessment score on the performance measures, 
rather than implementing programs that have the desired social outcomes. (40, 86-88) Organizations 
particularly try to 'cheat' when some goals are prioritized, with negative repercussions following negative 
evaluations. Bohte and Meier highlight three forms of organizational cheating: (40) 
 

1. Cutting Corners: If an agency has limited resources, it is likely to focus on generating outputs 
without considering their quality. 
2. Lying: Since political officials cannot monitor every step taken during project implementation, 
agencies can keep political officials ignorant of disadvantageous information. 
3. Biasing Samples: Agencies can also cheat by selecting only successful programme implementation 
for evaluation. 
 

Agencies might be tempted to cheat to hide a performance gap since poor performance can result in negative 

attention from political officials, legislators, the media and so on while improving the performance is difficult 

and time-consuming. Overwhelming task demands and low level of bureaucratic monitoring (which makes 

cheating easy) can also lead to goal displacement. (40)  

This is why organizational cheating occurs more in decentralized structures, like those in Indonesia, where 

monitoring is difficult. (14, 86-88) Agencies face the dual pressure of solving a complex problem while 

simultaneously scoring high on performance indicators to please government officials. When performance 

scores are lower than the standard, an organization has two options: organizational cheating through goal 

displacement, even if this affects the programme negatively in the long term; or trying to improve quality in 

the hope that it will also lead to an increase in the performance indicators. (40) 

If governments apply a replication strategy on a large scale and there are incentives to prioritize quantity over 

quality, then goal displacement might occur. In these cases, goal displacement can also lead to lack of 

responsibility and accountability allocation. Consequently, insufficient focus will be given to developing 

procedures on who is responsible to guarantee sustainable performance of the intervention, after the 

intervention is in place. 

3. Research Methods 
The collection of the empirical evidence on which our argument is based was an iterative process. First, an 
extensive literature review was conducted to determine the observed causes of early failure of government-
initiated microgrid projects in Indonesia. This was supplemented by in-depth empirical studies of three 
microgrid systems and an analysis of the implementation of a project providing a hamlet with solar home 
systems in Yogyakarta Province in 2017. The projects were chosen based on their diversity in generation (two 
micro-hydro grids, one solar/wind microgrid and one solar home system project) and diversity in initiation 
(two initiated by the central government and two by local governments). The empirical evidence was 
gathered through inductive, exploratory research that involved semi-structured interviews with government 
officials and free-format interviews with local operators and local communities as well as observations. 
 
After the field work came a round of sense-making, which focused on why problems that had been 
highlighted in the literature as far back as two decades kept persisting in microgrid projects. This led to the 
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insight that there must be incentives and motives embedded in the political system that caused a diversion of 
focus from project sustainability. 
 
From both the literature review and the case studies it became evident that one of the factors was lack of a 
budget for operation & maintenance. If this was a root cause, why had it not been addressed? An additional 
literature review was carried out, focussing on energy policy and policy surrounding microgrid projects, to see 
which policies and incentives could lead to lack of focus on the operational phase of a project. In this phase, 
the goal displacement framework helped us to explain why there was a lack of focus on the operational phase 
and it helped us to distinguish between cause and effect. 
 
This, together with interviews [1],[2],[3],[4] and [5] led to a hypothesis on why there is lack of focus on project 
sustainability at various governmental levels. A flow chart was drawn up showing how all causes were 
connected to each other and how they led to the lack of focus on sustainable performance. To test our 
hypothesis, additional interviews and fieldwork were carried out in Indonesia in 2018. Since the Indonesian 
government is sensitive about criticism, all the interviewees requested anonymity. 
 
The semi-structured interviews left ample room for interviewees to elaborate on aspects they deemed 
important. The interviews were mostly one-on-one; however, sometimes two to five people were interviewed 
in focus groups. This led to some discussion among the interviewees and helped participants to be more open 
and reflective about policies and regulations. Table 1 summarizes all the interviews. They are referred to in 
the text with their interview number in square brackets. The flow chart was constantly updated during the 
interviews, to keep track of new causes and test the expected cause-effect relations.  
 
After the interviews came another round of sense-making.  We checked to see if all phases for successful 
replication and upscaling had been implemented. The theory on replication and upscaling helped us to 
perceive what was going wrong in Indonesia. The final flow chart was drawn up and the information from the 
interviews was interpreted by using the elements of the analytical framework presented in Section 2.  This 
culminated in the analysis in Section 4 of this paper.  
 
The structure of our argument is as follows: We start by addressing the causes of premature microgrid failure 
in Indonesia given in existing literature, which we argue are merely symptoms of deeper underlying causes. 
Then we discuss the policy and procedures surrounding design and operation to analyse why microgrids 
experience trouble so early in their lifetime and discuss why there is no push from local communities to get 
their systems fixed. We continue by diving deeper into policy and procedures within government agencies to 
analyse which incentives lead to a lack of focus on sustainable implementation of microgrids. The structure of 
our argument is summarised in Figure 1.   
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       Reasons for Premature Failure of Microgrids 
 

 
Figure 1: Pyramid structure of our argument. 
 
After the first round of literature review and the first field trip during which various projects were visited and 
evaluated, the following questions arose, which guided us during the second round of literature research, 
fieldwork and interviews: 
 
‘Why are frequent repairs needed so early in the project in the first place?’ 
‘Why do local communities not complain to their local governments that their systems are not working?’ 
‘Who is or should be responsible for the operation of the microgrids and how is this enforced?’ 
‘Why does the provincial or central government not step in to change this system that clearly hinders success 
of microgrid systems?’ 
 
The first two questions were designed to probe the issue in the middle of the pyramid, while the last two 
questions served as the guiding frame for investigating the issue at the base of the pyramid. After a thorough 
analysis, all reasons for the lack of sustainability in the performance of microgrids were visualised in a 
flowchart (see Figure 2) in which the colours correspond to the levels in the pyramid of Figure 1. 
 

4. Incentives and Motives that Lead to Premature Deterioration of 
Microgrids in Indonesia 
In this section, we present the empirical evidence collected through interviews with various stakeholders 
involved in microgrid projects in Indonesia. We start by explaining Indonesia’s governance structure and the 
process of receiving electricity via off-grid systems.  We then discuss observed symptoms of microgrid 
performance problems in the current literature. We end the section with deeper analysis of the microgrid 
problems to unravel the causes behind these observed symptoms. 
 

Procedure for Rural Microgrid Construction Projects  
Indonesia has a decentralized governance structure comprising 34 provincial governments, each having 
considerable independence. Each province is sub-divided into regions, which all have their own regency 
government (kabupaten). There are 416 regency governments. Each regency is divided into several districts, 
which also have their own district government (distrik). The districts are divided into villages, which all have a 
village head and are allowed some autonomy. (58) The stated advantage of this decentralized structure, 
which brings local governments physically close to their constituencies, is to facilitate local-level revenue 
generation and service delivery. (55) 
 

Observed
Symptoms

Design & Operation 
and Local-Level 
Accountability

Incentives and Policy at Central 
and Local Governance Levels

Tip of the iceberg 

Underlying causes 
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The process of electrification through off-grid systems involves the following steps. 
 
Step 1   A hamlet seeking electrification through an off-grid system submits a proposal to the village (kota) 
of which it is a part. 
Step 2   The proposal is sent to regency and provincial governments, who review it and prepare a budget. 
The proposal and budget are submitted to the central government for DAK funding.1 
Step 3   When DAK funding is received, additional feasibility and design studies are conducted by an 
independent consultant, the hamlet residents are acquainted with their tasks and duties, and land permits 
are issued. 
Step 4   The project is put out to tender online by the National Procurement Agency (LPKK). The company 
that wins the tender constructs the microgrid and simultaneously trains local residents appointed by the 
hamlet to operate and maintain the system.  
 
Project proposals are not always initiated by a hamlet; sometimes, a local university or central/local 
government proposes a microgrid as part of a development or electrification project. [7],[10],[13],[14] 
 
During construction, there is no coordination between the contractor and the consultant that conducted the 
feasibility and design studies unless specifically requested by the contractor. It is mandatory to have another 
consultant supervise the work of both the consultant who carries out the studies and the contractor; 
however, this role is almost always executed by the local government (either provincial or regency), which 
enables them to keep 5% of the total construction budget. No feasibility study is conducted and no consultant 
hired to do the design for individual systems such as solar home and biodigester systems.  
 

Problems during the Design Process 
After the microgrid has been constructed, the local community is responsible for operating and maintaining it. 
The literature shows that most problems in Indonesia arise during the first year of operation, due to 
insufficient maintenance, inadequate budget for repairs, lack of knowledge among the local operators to 
conduct repairs and unclear responsibility and task allocation among the involved parties. (17-23, 25-29, 32, 
35-36, 42) 
 
We see these observed symptoms as just the tip of the iceberg and therefore ask: ‘Why are frequent repairs 
needed so early in the project in the first place?’ 
 
The answer to this question lies in how the design and construction processes are executed. There is no 
standard procedure for communication between contractor and consultant. The contractor can meet with the 
consultant only through the provincial government, but requests are hardly ever made and are certainly not 
the standard. To prevent mistakes during design and implementation, the central government requires the 
provincial government to hire an overseeing consultant. These errors happen often since the technologies are 
still quite new and can be difficult for the construction companies to understand. [4],[7],[9] However, for 
microgrid projects, which are relatively small, the provincial governments are allowed to do the overseeing 
themselves and keep 5% of the total construction budget as payment. Especially in more remote areas of 
Indonesia, provincial governments do not have the capacity, knowledge and the resources to do this properly, 
which leads to many design issues and construction errors that are not discovered until the operational 
phase. [9],[10],[12],[14] 
 
When the microgrid is ready, the contractor can be held accountable and is expected to fix any problems in 
the system for six months. After this guarantee period, the contractor cannot be held responsible for the 
system in any way. Thus, the contractor has no incentive to ensure that the system will be problem-free 
beyond six months. This, in turn, means that the local community and local governments have to deal with 
the consequences of construction errors. [6],[7],[11],[12],[15] 
 
Another reason for failures early in the operational phase is that the Local Content Requirement (LCR) 
stipulates that every microgrid project should use locally manufactured components for 30-70% of the 
project, depending on location and type of microgrid. Since local manufacturing has yet to meet international 

                                                           
1 DAK (Dana Alokasi Khusus, or Special Purpose Grant) is central government funding for construction of specific projects. 
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standards, this results in poor-quality components. Or it leads to components being imported as disassembled 
parts, which are then assembled in Indonesia to comply with the LCR requirement. This increases costs. 
Furthermore, lack of maintenance and repairs because of budget constraints rapidly leads to system 
breakdown. [6],[7],[11],[12],[15]  To make the situation worse, local operators receive very limited training, 
typically two days, so they do not have the skills to carry out proper maintenance or deal with early failures. 
(11, 13) 
 
The annual budget submission requirement states that local governments have to submit their budgets for 
the coming year in April of the current year. This has two negative effects on microgrid projects: 

1. Local governments are expected to complete the feasibility study, design process, tender process 
and construction within one year. The government grant becomes available at the start of the year 
and should be spent within that year. If some of the money is not spent, the local government’s next 
budget will be reduced. This creates an incentive to spend and to limit the time available for the 
consultant and contractor to design and construct the system properly. (14-16) If a local government 
wants more time for a project, it needs to submit a proposal requesting this, which can be a difficult 
process and is therefore avoided if possible. [2],[3],[9],[11],[15] 
 
2. In 2018, a scheme was introduced under DAK to provide funding for rehabilitation of completely 
dysfunctional micro-hydro grids. However, if a local government applies for funds under the 
rehabilitation scheme, the money will only become available the next year. Thus, the microgrid 
system will be inoperative for yet another year. [9],[15] This new policy does not allow frequent 
additional funding for maintenance or repairs and does not include other types of microgrid systems. 

 
It is clear that various factors during design and construction lead to early failures during the operational 
phase. This leads to the question: ‘Why do local communities not complain to their local governments that 
their systems are not working?’ 
 
This is partly because local communities are unclear where they should send complaints, but more often 
because they do not want to complain. [24] These communities often pay very little for electricity (for 
example, USD 0.49 per household per month) and do not want their bills to rise. So, they try to get their 
systems up and running with whatever means they have, which decreases the capacity of the system. Even 
when local communities complain, they are often not taken seriously. [5],[8] 
 
Because of insufficient transparency, Indonesians as a whole are often unaware that many projects 
implemented and funded by the government have not had their intended impact and that many 
infrastructural projects experience implementation problems. Therefore, there is no public pressure for 
change. [3],[14],[15],(56) NGOs that evaluate microgrid projects or programmes are often not allowed to 
publish their findings online; they can only share their reports with the responsible ministries. [14],[15] During 
the political campaign season, the focus is on the high number of microgrids constructed and system 
performance is disregarded. [14],[15],(56) 
 
Furthermore, local communities are reluctant to spend community money on maintenance and repair. Every 
village gets a village fund and most hamlets are also encouraged to set up a fund to repair their microgrids. 
However, most villagers do not feel they own the systems and are responsible for them.  [5],[9],[12],[14],[15] 
Indonesians view electricity supply as a right, perhaps because of their long, historically-rooted client-patron 
relationship with the state. (57) 
 
One could now ask the question: ‘Who is, or should be, responsible for the operation of the microgrid, and 
how is this enforced?’ To answer this question, we need to dive deeper into the intergovernmental system. 
 

Responsibilities of Local and Central Governments 
The central government pays construction costs through DAK. Local governments receive funding for 70% of 
their annual budget from the DAU (general purpose grant) and DAK (special purpose grant). The rest comes 
from taxes and other own revenue generation. (55) DAK can be used for, among other things, microgrid 
construction, but maintenance and repairs costs have to be paid by the local government. (14-16) 
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Various parties are involved in each microgrid project. The provincial government submits a proposal to the 
central government Ministry of Finance, which funds the construction. The regency or district government is 
in charge of land acquisition. The provincial government oversees the feasibility study, tender process and 
construction. The contractor trains the local operators. However, there is no clear post-installation 
responsibility allocation. No arrangements are made on who will carry out which task and which parties will 
share the financial responsibility.  
 
Most local governments feel they do not have the financial resources for maintenance and repair and that 
since the central government financed the construction, it is ultimately responsible for all project costs and by 
implication, for the sustained functioning of the systems. [5],[9],[12],[14],[15],[20] A provincial civil servant in 
charge of carrying out microgrid projects sums up this perspective well: ‘If we don’t receive the money from 
the central government, then what can we do to improve the performance?’ [10] 
The central government, on its part, assumes that since it has paid for construction, financial responsibility for 
maintenance and repairs should lie elsewhere. Either the villagers should pay those costs through the village 
fund they receive every year, and through a monthly tariff, or the local government should pay the costs 
through its own revenues and taxes. The regulations specify that those costs are the responsibility of the local 
government that initiated the project. [14] However, since these regulations are not enforced through reward 
or punishment and do not specify quality and frequency of maintenance, most local governments do not 
comply with this task. [2],[4],[7],[8],[9],[12] 
 
Another reason for local government reluctance to spend money on maintenance and repairs is that central 
government policies regarding microgrids, rural electrification and renewable energy change every year. 
These changes aim to simplify procedures, but they frequently create confusion as to what the exact 
regulations are, what is allowed and what is not. [1],[7] Local government civil servants are afraid of making 
mistakes that could be perceived as corruption. This fear creates an incentive to select the tendering 
contractor offering the cheapest price, which could affect quality. Many civil servants do not know the exact 
bureaucratic procedures necessary to justify their spending and are therefore hesitant to spend more money 
on better components or on maintenance and repairs. Moreover, maintenance and repairs can be quite 
expensive in remote locations because of transport costs and the small size of the microgrid system makes 
economies of scale impossible. [1],[3],[9],[11],[14],[15] 
 
It is clear that various microgrid project policies do not stimulate a focus on quality and that there seems to 
be no clear pressure from overseeing governmental levels to change this. This raises yet another important 
question: ‘Why does the provincial or central government not step in to change this system that clearly 
hinders success of microgrid systems?’ 
 
Indonesia receives development support from various donor organizations, which creates pressure to achieve 
results in terms of quantity. This, together with political campaign strategies (voters, too, reward achievement 
in terms of quantity) have led to setting of ambitious targets for the percentage of renewable energy in the 
electricity mix, and for rural electrification. [1],[8] The national average electricity access is now 
approximately 90% of the population; however, regions such as Nusa Tengarra and Papua have less than 70% 
electricity access. Since there are no rules on, or monitoring of, the quantity and quality of electricity 
provision, the percentage of people living without access to modern energy services might be considerably 
higher than 10%. According to the EIA, 27% of the population did not have access to modern energy services 
in 2011. (48) The government has adopted the ambitious target of nearly 100% electrification by 2020. 
However, energy access is viewed in binary terms — villages have or have not received electricity access — 
and no rules have been issued regarding reliability or quantity of the energy provision. There is insufficient 
monitoring to check if villages continue to have electricity after installation and no administrative procedure 
to change their access status if their systems become inoperative. [14],[23] This results in limited or no budget 
for maintenance and repair and prioritization of quantity over quality. [9],[10],[11],[14],[15] To quote a 
provincial civil servant in charge of carrying out microgrid programmes, ‘It is more important to focus first on 
the quantity because the quantity is not enough. After sufficient quantity is reached and is more balanced, we 
can focus on the quality.’[9] This shows that it is a conscious decision to prioritize quantity over quality and 
not only the result of having limited resources available. Furthermore, electrification through off-grid systems 
is viewed by the government as a temporary solution until the PLN extends the national grid to the area. This 
creates a disincentive to focus on long-term project sustainability. [2],[7],[9],(43) 
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Although the department of New and Renewable Energy, within the EBTKE2 ESDM3, is aware of these 
problems, change is difficult. Since several central government ministries are involved in rural electrification, 
each with its own vision and goal, horizontal communication between different line ministries is extremely 
challenging. [8],[14],[15] New policy reforms for better project implementation from the EBTKE need to be 
approved by other line ministries, which have different interests. The resulting negotiation process takes 
much time and limits the efficiency of the EBTKE. [14] (43) Within provincial, regency and district 
governments, political campaign strategies also lead to a focus on quantity rather than quality of projects. 
Since voters tend to favour candidates that are decisive and get things done, local governors care more about 
numbers than the actual performance of systems. [1],[8],[9],[10],[11],[12],[14],[15] 
 
Within local governments, the governor can appoint the department heads (which is not the case in the 
central government). This means that the head of the energy department could change after every election, 
which makes it difficult to make long-term plans and have a clear unified vision on rural electrification and 
renewable energy. It also means that department heads are often appointed because of their connections 
rather than their skills and competences. [9],[10],[14],[15] This contributes further to the already existing 
knowledge gap on renewable energy technologies within local governments.[4],[7],[9],[14],[15] 
 
All this leads to premature deterioration of microgrid projects. To summarize this complex situation, we drew 
up a flow chart giving an overview of how all the different factors that we have pinpointed eventually lead to 
deterioration of microgrids (see Figure 2). The colours in the chart correspond to those in the pyramid in 
Figure 1. Orange represents the observed causes in the literature, which we argue are mere symptoms of 
deeper causes. The grey colour corresponds to policies, procedures and incentives that lead to poor design 
and operation, and absence of pressure from the local community to get their systems fixed. The yellow 
colour corresponds to the deeper underlying causes in the intergovernmental system that have led to a focus 
on quantity rather than quality and to insufficient responsibility allocation among stakeholders. 
 
 
 
 

                                                           
2 Energi Baru Terbarukan dan Konservasi Energi (Department of Renewable Energy and Energy Conservation)  
3 Kementerian Energi dan Sumber Daya Mineral Republik (Ministry of Energy and Mineral Resources) 

93



 
Figure 2: All the factors that lead to premature deterioration of the microgrid. 
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5. Evaluation of Incentives and Motives According to Framework 
This section discusses and analyses the policies, incentives and motives embedded in the intergovernmental 
system, as presented in Section 4, on the basis of the analytical framework presented in Section 2. 
 
Renewable-energy-driven microgrid projects have been implemented in Indonesia for almost three decades. 
(80) They began with pilot projects to prove that the systems were viable. [14] The projects were then 
replicated throughout the country to electrify remote rural areas while increasing the share of renewables in 
the energy mix. At provincial and central levels, these projects are no longer perceived as new innovations; 
they are just replications of a known concept. However, every time a new microgrid is constructed, it is 
experienced by the local community as a new innovation.  
 
One would expect that, as is widely stated in the replication and upscaling literature, with the projects having 
reached the replication phase, the core processes for design and implementation of microgrids would by now 
be embedded in policy and procedures, with just some local tweaking necessary for application in new 
locations. In Indonesia, we do see that there are standardized procedures for proposal submission, budgeting, 
feasibility studies, design processes, tendering, local content and implementation of the project. These can be 
seen as ‘core processes’ for successful replication. New feasibility studies are conducted and a new design is 
made for every new project, which suggests that the government realises that local tweaking is necessary for 
full adaptation of the technology. An important aspect of properly using replication/upscaling to implement 
microgrid projects is a well-functioning feedback mechanism for checking whether the technology is 
performing well, whether the core processes and procedures are working as planned, and whether local level 
tweaking is achieving the intended results. The analysis of this feedback on the effectiveness of the core 
processes and local adaptation should be communicated to the central government, which can then use it to 
improve policies and procedures. Lessons should be learned at all geographical levels of local government on 
how well the local level tweaking worked. Such a feedback mechanism is a crucial aspect that is almost 
completely missing in the Indonesian microgrid projects. 
 
This absence of a proper feedback mechanism is due to goal displacement, which breaks the loop between 
failure after implementation of a system and the reaction from the local to the central government on the 
reasons that caused this failure. Political campaign strategies, international pressures and the consequent rise 
in targets for the percentage renewable energy in the electricity mix as well as for electrification of villages 
leads to pressure at all levels of government to increase the number of microgrids installed. No other 
performance indicators (such as capacity, reliability and quality of the electricity provision) are set by 
provincial and central governments. Electrification is seen as binary without rules on capacity, reliability and 
quality of the electricity provision. Since most local governments do not have the capacity and resources in 
terms of funding and knowledge to implement microgrid projects properly, they feel that there is no other 
choice than to cut corners and focus on project numbers rather than outcomes. This results in an aim to try to 
maximize on the performance indicators, which in this case are the number of installed systems. Even though 
there are no specified repercussions for not achieving targets, local governments fear unwanted attention 
from their superiors. Lack of transparency regarding the effectiveness and results of government programmes 
also enables goal displacement to occur, since the general public at the national level, which might otherwise 
punish politicians for failures, remain unaware of the problems. 
 
Thus, there is no upward accountability to make the government focus on quality, neither from the general 
public nor from villagers (who do not have the means to make their voices heard when microgrid systems 
break down).  There is also no downward accountability wherein higher government levels pressure lower 
government levels to focus on the performance of microgrids. No policies clearly lay down procedures and 
responsibilities during the operational phase, so it is unclear who can be held responsible for the maintenance 
and repair of microgrid systems. (As stated earlier, the regulations do make the project-initiating local 
government responsible for maintenance, but with five levels of local government — provincial, regency, 
district, village, hamlet — all being involved in writing the proposal, which level is responsible?) Since policies 
change frequently and both horizontal and vertical communication between different line ministries at 
various government levels remains challenging, allocation of responsibility for maintenance and repairs 
becomes even more difficult.  
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The contractor only has a short guarantee period and cannot be held responsible for breakdowns after that. 
The overseeing consultant is supposed to prevent design and construction errors, which limits the 
responsibility of the contractor and initial consultant even further. In addition, because the local government 
often functions as the overseeing consultant without having the capacity to do that properly, errors in design 
and construction often go unnoticed until it is too late.  
 
Local governments are also reluctant to take responsibility because they fear that an inadvertent mistake in 
applying regulations might be perceived as corruption by the local police, the district attorney or the anti-
corruption agency. In general, the lack of policy and procedures on responsibility allocation during the 
operational phase makes it impossible to hold any party accountable for early failures in microgrids. 
 
Lack of responsibility and accountability allocation is also a result of goal displacement. Since the goal is to 
realise high numbers of installations rather than sustainable project implementation, there is no forward 
planning by the different government agencies to anticipate undesirable outcomes (early failures) and decide 
how to deal with them. Thus, policies and procedures that spell out who will be responsible for which task 
during the operational phase and how a party can be held accountable if it does not carry out its task are not 
considered a priority. 
 
Embedding microgrids across the country through replication is not seen as an iterative process of learning 
from feedback in order to improve the innovation. Due to goal displacement, there are no proper feedback 
mechanisms and responsibility mechanisms in place. None of the stakeholders show interest in making sure 
the innovation has the desired effect. Lack of feedback on the effectiveness of policies and procedures leaves 
the central government incognizant of how effective these are in practice, and the lack of responsibility 
allocation makes it difficult to apply consequences for insufficient quality in a project. All the policies seem to 
be frozen in an incomplete, inconsistent and inefficient system which serves the goal of quick replication of 
microgrids. 
 

6. Conclusion and Recommendations 
The aim of this paper was to pinpoint the incentives and policies within the intergovernmental structure that 
affect microgrid projects in Indonesia and how these incentives and policies have contributed to a lack of 
focus on project sustainability and durability. This was done by reviewing the relevant literature and 
conducting interviews. Replication innovation and goal displacement theories were used to analyse the 
empirical data. The most important observed causes of microgrid failure identified in the literature are lack of 
responsibility allocation and lack of technical and organisational capability among local governments (at 
provincial, regency and district levels) to implement electrification programmes effectively. These were 
already highlighted as common problems in public service delivery. (89-91) However, we found that goal 
displacement seems to be the root cause of these problems. Because of the perceived necessity to focus on 
quantity rather than quality, both the central and the provincial governments have no incentive to improve 
local capabilities and to change policy in a way that will improve the quality of microgrid projects. The focus 
on numbers prevents reflection among all involved stakeholders and hinders the setting up of effective 
feedback mechanisms. 
 
It is difficult to prevent goal displacement. Adding more rules to prevent organizational cheating would most 
likely only result in more efforts to circumvent the additional rules, which would create a vicious cycle. A 
better way to deal with the problem would be by first understanding the full set of goals an agency is striving 
to achieve, and how incentive & policy structures and performance indicators lead to goal displacement. 
Causal links between proposed solutions and the problem should be investigated. Rewards and penalties 
should be based on more than just short-term performance criteria. Furthermore, debate should be 
stimulated between involved stakeholders in order to understand all aspects of the problem and to foster the 
drawing up of common goals, big-picture thinking and a long-term focus. The governments at all levels need 
to emphasize anticipation of what sort of problems might arise in the future and setting up of procedures for 
responding to those problems. The procedures should specify which parties are responsible for specific tasks 
during the operational phase and in case of system breakdowns. All government levels should reflect on 
policies and procedures affecting energy infrastructure in order to learn from past projects and optimize 
sustainability of the replication through proper feedback mechanisms. 
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Since most government levels clearly have incentives to focus on quantity rather than quality, it might not be 
realistic to expect immediate change. There are ministries within the government, such as the EBTKE and 
ESDM, which are trying to bring about change, but this is a slow process and needs time. It is important to 
raise awareness among the general public so that they can pressure the government during elections to focus 
on project sustainability. The academic world can also contribute to transparency and awareness by doing 
more research into how policies influence energy infrastructure projects. Donors and NGOs, too, can pressure 
government agencies to focus on sustainability and durability of projects rather than quantity. The flowchart 
in Figure 2 can help donors and NGOs to identify the policies and procedures that are the root cause of 
microgrid failure and those that are mere effects; it can also help them to understand that focussing on one 
aspect without considering the whole system will not result in significant change.  
 
This focus on quantity rather than quality is not unique to Indonesia. Even though microgrids are often seen 
as the perfect way to electrify rural areas, sustainable implementation can be challenging. There are several 
general lessons that can be derived from this study that are applicable to other countries in the Global South. 
Policy makers and programme implementers should be aware of the possibility of goal displacement and 
should allocate responsibilities clearly among all involved stakeholders. It is important to ensure that agencies 
that implement a programme have the right technical and organizational capabilities as well as power to carry 
out the project properly. Rural electrification through microgrids is quite complex and requires an appropriate 
governance system. We recommend that governments do a thorough analysis of which policies would affect 
microgrid projects negatively and make the necessary changes before proceeding. 
 
Some of the problems we discovered were already highlighted by Wild et al. (89) and Pritchett and Woolcock 
(92) as common problems in public service delivery. However, we have argued that these issues are in fact 
not real causes of persistent microgrid performance failure, but rather consequences arising from an ulterior 
problem called goal displacement. 
Another unresolved issue in this governance literature relates to the high degree of generalization in the 
approaches which transcends countries and sectors. This does not always lead to a sufficiently accurate policy 
analysis, since country- and sector-specific context is extremely important when pinpointing the 
constellations of proximate and underlying driving factors that could cause microgrid failures. Therefore, 
policymakers need to be careful about generalizations. 
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Appendix B.: Algorithms

B.1. Value Iteration

Algorithm 12 Value Iteration Algorithm

Inputs:
S is the set of all states
A is the set of all actions
P is the transition matrix specifying Pa(s, s

′)
R is the reward function specifying Ra(s, s

′)
θ is a threshold with θ > 0
Outputs:
the approximately optimal policy π(S)
the value function V (S)
Algorithm: k← 0;
while |Vk(S)− Vk−1(S)| ≥ θ do

k ← k + 1
for s ∈ S do

Vk(S) = maxa
∑

s′ Pa(s, s
′) · (Ra(s, s′) + γVk−1(s

′))
end

end
for s ∈ S do

π(S) = argmaxa
∑

s′ Pa(s, s
′) · (Ra(s, s′) + γVk−1(s

′))
end
return π, Vk

B.2. Auto.Arima Function

The auto.arima function of R Studio uses a variation of the Hyndmann and Khandakar
algorithm and combines unit root tests, minimization of the AICc and MLE (Maximum
Likelihood Estimation) to obtain the best fit for the ARIMA model. The following steps are
done by the algorithm:

1. First the number of differences d that should be taken is determined by using repeated
KPSS tests (Kwiatkowski-Phillips-Schmidt-Shin tests). This is a test to test the null hy-
pothesis that the observable time series is stationary against the alternative hypothesis
that it is not. The data should be stationary, i.e., the properties of the time series do not
depend on the time at which it is observed, differencing can help to make non-stationary
data stationary.

2. Minimization of AICc values is done to find appropriate values of p and q. The algorithm
does not consider every combination of p and q but uses a stepwise search.
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• The model with the smallest AICc is chosen from:
ARIMA(2,d,2)
ARIMA(0,d,0)
ARIMA(1,d,0)
ARIMA(0,2,1)

• p and/or q are varied from the current model by + or - 1. The best model so far
is set to the current model.

• This is repeated until there is no lower AICc value found.

To verify if the ARIMA model received from this algorithm behaves correctly the ACF plot
was analyzed, which is a bar chart of the coefficients of correlation between a time series
and its lags. Furthermore, Ljung-Box and Box-Pierce tests were conducted, which tests the
null hypothesis that all correlations are zero against the alternative hypothesis that there are
non-zero correlations. This to verify that the residuals look like white noise and that there is
no pattern that the model failed to capture.
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