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Abstract: Indonesia’s final energy demand is projected to increase by 70% in the next decade, with
electricity expected to account for 32%. The increasing electricity demand poses a potential threat
to national emissions reduction targets since fossil fuels generated 86% of the electricity in 2018,
associated to 50% of the national CO2 emissions. Indonesia plans to reduce its CO2 emissions by 29%
by increasing the total electricity generated from renewables, using a set of market-based and regula-
tory policies. However, economic, social, and environmental issues may arise from the widespread
adoption of renewable energy. This study explores the economic, social, and environmental effects
of renewable energy policies in the electricity sector. Our work presents an advance over previous
studies that attempted to understand the electricity sector energy transition from a system perspective
by exploring the structural feedback between it and economic, energy, and environmental systems.
This enables the assessment of different energy policies using more macro indicators, which further
emphasize the novelty of our work. A combination of system dynamics modelling and a policy
analysis framework was applied to explore these issues. Our study proposes a dynamic hypothesis
that the price of energy increases over time, in the absence of substitution, becoming a limiting factor
in the transition to renewables in the electricity sector. The fiscal budget was found to be a bottleneck
for renewable energy adoption in the electricity sector in Indonesia. We found that a fossil fuel
depletion premium could be a potential supporting policy to enable the smooth phasing-out of fossil
fuels and support a sustainable energy transition.

Keywords: system dynamics; policy analysis framework; energy transition; depletion premium

1. Introduction

Indonesia’s final energy demand is projected to grow from 128.7 Mtoe 2020 to 219.7 Mtoe
in 2030, and around 32% of this is expected to be in the form of electricity because of
increased electrification in multiple sectors. On the other hand, Indonesia faces a surging
level of CO2 emissions, which increased from only 131.3 Mt in 1990 to 542.9 in 2018 [1],
making it the 10th highest CO2 emitter in the world [2]. Around 50% of CO2 emissions
come from the electricity sector, since around 86% of the electricity is generated from
fossil fuels [3,4]. Indonesia’s Nationally Determined Contribution (NDC) aims to reduce
greenhouse gases (GHG) by 29% unconditionally by 2030 [5]. To support the goal, the
Government ambitiously plans to increase the renewables uptake in the electricity sector
by up to 80% by 2050 [4].

However, there are barriers to adopting renewable energy in the electricity sector.
Some renewable energy sources, like hydro, solar, and wind power, require a larger land
footprint than fossil energy [6]. Moreover, although the cost of renewable energy has
been declining significantly in the last decade [7], an extensive integration of variable
renewable energy into the grid may also increase the electricity price when the system cost
is considered [8,9], which may be particularly true in case of Indonesia where the system
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cost of, for example solar PV, is more expensive than in other countries [7,10]. Phasing
out fossil fuel could also lead to economic instability, as it provides almost 18% of the
Indonesian government’s revenue through tax and non-tax revenues [11]. Researchers have
also found undesirable effects on food and water security from the use of biodiesel, which
is being planned to replace diesel to generate electricity [12,13]. Furthermore, biodiesel is
subject to supply risk since it is also used in the transportation sector, while palm oil as one
of its feedstocks is used in the residential and industrial sectors [14].

The Indonesian government is planning to employ an array of energy policies to
support the transition in the electricity sector. However, some policies show negative
impacts on the economy. For example, the application of a Feed in Tariff (FiT) could lead to
a spike in electricity price [15,16], while a carbon emission trading system (ETS) increases
fossil energy prices and the production costs of various industries, leading to a decline in
real GDP [17]. The latter example is particularly relevant to Indonesia as the country is
heavily reliant on fossil fuel.

There have been a number of previous studies which evaluated the effectiveness of
energy transition policies in the Indonesian electricity sector. For example, Hidayatno et al.
compared the effectiveness between net metering policies and net billing mechanisms in
increasing the adoption of solar rooftop photovoltaics and concluded that net metering was
more effective [18]. Another study investigated the effectiveness of an FiT in increasing
the adoption of geothermal adoption and found that this policy alone is not sufficient to
achieve the national target [19]. While insightful, we argue that these studies have not
comprehensively examined the whole energy system and policy landscape. Many of the
complications in energy policy implementation, as previously mentioned, involve linkages
and feedbacks between different systems—the economic system in particular—which
creates complexities in the energy transition. Hence, increasing the electricity sector energy
transition should be viewed from the energy system and the economic system [20]. One
study has viewed the electricity sector energy transition issue from a wider perspective [21].
Although they have considered the link with economic growth, they view the problem
predominantly from the perspective of the state-owned PT Perusahaan Listrik Negara
(Persero) (PLN), which we argue limits the discussion with regards to structural feedback
on the economic system. Furthermore, these studies used a specific model to assess each of
the different policies. While this is an excellent way to analyse a specific policy, we argue
that a generalized model would be more useful to understand the system as whole.

The objectives of this study are threefold. First, is to understand the underlying system
structure that could hold back the energy transition in the electricity sector—this includes
technological, social, economic, and policy-related factors. Secondly, the study reviews the
current policies that the Indonesian government has enacted or may enact to promote the
energy transition. Energy transition policies involve multiple variables and stakeholders,
which create a complex system with uncertainties due to nonlinear interactions [13,22].
Thus, our third objective is to explore “what would happen” and “how does it happen”
when these energy transition policies are implemented.

To accommodate this complexity, the method used to study the effects of energy
transition policies should be able to model the system’s non-linear behaviour during the
transition period and the uncertainties associated with the system. Modelling approaches
such as agent-based models, real options, game theory, system dynamics, economic mod-
elling, and scenario analysis are suitable for such kinds of problem [23]. There have been
many tools that model the energy system. However, some energy modelling tools such as
MARKAL, TIMES, or NEMS are based around an optimization approach [24,25]. On the
other hand, tools like LEAP are more explorative by accommodating scenarios. However,
LEAP does not estimate the impact of energy policies on the economy [26], something this
study wishes to address. Hence, we propose to use system dynamics to model the problem.

System dynamics has been used to model complex systems, including economic sys-
tems, technology diffusion, and energy systems [18,27,28]. System dynamics is also suitable
for explorative studies as it can include scenario analysis and deal with uncertainty [29].
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System dynamics is built upon the dynamic relationship of variables within the system.
Given the complexity of energy transitions, we consider that it would be beneficial to have
an in-depth elaboration on the variables involved and how their relationship affects the
transition in the electricity sector. Thus, this paper will present a dynamic conceptual model
that is aimed towards understanding the underlying structure and the behaviour of the
electricity sector energy transition in Indonesia.

The next section of this paper will present a literature review on theories, policies, and
indicators relevant to the energy transition. This policy review identifies specific policies
that Indonesia has implemented or may be considered, addressing the second objective
of this paper. Section 3 discusses the proposed method used to evaluate energy transition
policies. Section 4 shows the process of building the conceptual model, and then we discuss
the policy evaluation using the constructed model in Section 5. Finally, we conclude our
paper in Section 6 and present the implications of our study on current and future energy
transition policies.

2. Literature Review
2.1. Energy Sustainability

With the aim to shift away from fossil fuel, the Indonesian electricity sector is expected
to grow at an accelerating rate. Many have argued that this shift is in line with the aim of
achieving sustainability in the sector. However, one must remember that electricity is a
secondary energy produced from primary resources, which are mostly finite. For example,
even though solar PV generates electricity from an infinite source, the minerals that enable
the conversion are finite resources. Furthermore, the land on which the solar PV is installed
is also finite. These restrictions will be explored in detail in the next sections of this paper.
Thus, the electricity sector sustainability discussion cannot be separated from these primary
resources. In this section, we elaborate on the general concept of sustainability and how it
relates to the electricity sector.

From the perspective of ecological economics, energy is the foundation of an economic
system, which flows through resources, production processes, and goods consumed. The
by-products of economic activity are wastes and emissions that flow back into the environ-
ment [30]. The aggregate demand from multiple sectors drives the economy and becomes
the basis for producers’ production quantity, which induces a requirement for energy and
resources [27]. This cycle emphasises the importance of aggregate demand in the economy
to scale energy demand and its environmental impact.

There are two fundamentally distinct analytical approaches for estimating energy
demand. First, the bottom-up approach centres on the demand for different energy sources
based on the intensity of use and efficiency of energy-using capital used by different energy
consumers. On the other hand, the top-down approach attempts to relate macroeconomic
variables such as Gross Domestic Product (GDP), relative energy price, and income to
approximate energy demand [31]. Both approaches have advantages and disadvantages.
For example, the bottom-up approach can be used to analyse the energy supply sector’s
restructuring but cannot endogenously model the saturation level of energy-using products.
Top-down analysis can incorporate various economic scenarios but has difficulties dealing
with energy price elasticity [31,32]. Nonetheless, these two approaches synergistically
provide a better outlook on future energy demand [32,33].

The top-down approach is useful when analysing the effect of the energy price on
energy demand [31,32]. Energy price is often related to other macroeconomic price indices,
such as Consumer Price Index (CPI), to measure the real price of energy. In general, the
price elasticity of energy demand is negative, indicating that the energy demand would
decrease with an increase in real energy prices. However, with various energy sources,
a decrease in one energy source could mean an increase in the other, which shows a
substitutive relationship between energy sources. Conversely, two energy sources can also
be complementary. The cross-price elasticity would be negative in the former case while
positive in the latter [31].
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Theoretically, the price of any goods, including energy, is affected by scarcity [31]. This
scarcity is not to be confused with geological scarcity, as the price of energy is more driven
by an imbalance in supply and demand [34]. Energy supply can be increased through more
intensive exploration and extraction, thereby decreasing its reserve. In the case of a finite
resource, ongoing extraction could cause a decreased supply in the future. The notion of
sustainability aims to maintain the availability of a finite resource for future generations.
There are two concepts of sustainability. Strong sustainability requires a certain amount
of stock for subsequent generations, while weak sustainability allows for a reduced stock
of an energy source if the demand for future generations is met through substitution. In
other words, weak sustainability requires the overall per-capita energy consumption to not
decrease [31,35]. These concepts of sustainability are applicable to any sector, the electricity
sector included, as long as there is a finite resource involved.

From the weak sustainability standpoint, non-renewable energy sources could be
entirely substituted by renewable energy sources if their potential and production inputs
are sufficient for future primary energy demand [31]. However, with a growing population,
constant per-capita energy resource consumption would be difficult, if not impossible, to
achieve without technological change. Thus, rents from non-renewable energy resources
must be allocated to reproducible capitals, called the Hartwick Rule [31,36], a task for
central governments and other stakeholders in the energy transition.

2.2. Energy Transition Policy in Indonesia

The Indonesian electricity sector is based on a single-buyer model dominated by
PLN. The PLN generates most of the electricity through its subsidiary and transmits and
distributes it to consumers [37]. Independent power producers (IPP) also participate in
electricity generation, albeit with a limited share [38].

By 2021, Coal-fired power plants (CFPP) accounted for 50.4% of all installed capacity
in Indonesia. Gas-fired power plants were the second largest, with 28.9%, hydropower
8.6%, diesel 6.7%, geothermal 3.1%, biomass 2.4%, and small fractions of variable renewable
energy, such as solar and wind. Consequently, the electricity generated was also domi-
nated by coal-fired power plants with 65.6%, followed by gas-fired power plants 19.1%,
hydropower 6.8%, geothermal power plants 5.5%, and diesel power plants 2.2%. With
this mix, the electricity sector consumed more than 66 Gt of coal (46.68 Mtoe), as well
as 9.54 Mtoe gas and 2.36 Mtoe oil [39]. The government plans to shift the energy mix
to a share of at least 23% of renewable energy by 2025 and 31% by 2050 [13]. In a more
ambitious scenario, the government aims to have around 80% of electricity generated from
renewable sources by 2050. The government plans to focus on hydropower and geothermal
power plants until 2030. Afterwards, solar is projected to have the largest share among
renewables, which is expected to account for 68% of the electricity generated by 2050 [4].

The government has planned a set of energy policies aiming to increase renewable
energy use and support energy security [13]. From the perspective of the electricity sector,
these policies can be grouped into policies that affect the energy supply for electricity
generation, electricity demand, and electricity generation itself. These policies can be
further grouped into market-based and regulatory-based policies [40].

The most common market-based policies are financial incentives or subsidies, which
artificially reduce the cost of goods. The Indonesian government has long provided large
electricity subsidies to consumers [41], a common practice in developing countries [42].
The government also provides subsidies to energy producers, which amounted to USD
644.8 million for the coal industry and USD 132.8 million for renewable energy in 2015 [43].
The subsidy reform in 2015 removed some of the artificial cost reductions of fossil fuel
generation [41]. However, pricing-based policies often pose consequences that counteract
their goal [44]. For example, a poorly designed FiT can lead to higher electricity costs
owing to overinvestment [15,16]. In some cases, other market-based policy instruments,
like carbon pricing and taxes on air pollution, only result in a shift from higher carbon
fuels to lower carbon fuels, such as a switch from coal to gas [40,45]. This phenomenon not
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only led to a less than anticipated carbon level reductions, but also imposes a considerable
cost [46]. Finally, subsidies could create economic inefficiency, deadweight loss, and
overconsumption [47].

The Indonesian government also designed a number of regulatory-based policies, such
as Domestic Market Obligations for coal [48], purchase obligations for renewable electricity
imposed on PLN, and installation obligations for solar PV in the residential sector [13].
These policies aim to increase a demand for renewable energy. However, obligatory policies
could create uncertainty in price when the price is not regulated, leading to high investment
costs, which could lead to an increased electricity cost [49]. Poor compliance with obligatory
policies hinders their implementation [50]. Other regulatory-based policy includes budget
allocation, energy price regulation, and energy intensity standardization [13]. Table 1 shows
a summary of energy policies in Indonesia relevant to the renewable energy transition in
the electricity generation sector.

Table 1. Renewable energy transition policy in the electricity generation sector [13].

Policy Group No. Policy Mechanism

Market-Based 1. Carbon Tax A tax is imposed on individuals or institutions when
purchasing or using carbon emitting energy-using products.

2. Energy Price Subsidy The government provides subsidies for energy sources for
consumers or producers.

3. Feed-In Tariff
The government mandates PLN to purchase electricity
generated from renewable sources at a set price, and
provides subsidies for this to PLN.

4. Fossil Fuel Disincentives Implement excise or other disincentives on fossil fuels for a
more favourable price comparison with renewable sources.

Regulatory Based 1. Bureaucracy/Institutional Reform

The government improves bureaucratic processes to
increase renewable energy investment attractiveness
including by easing investment procedures and reducing
the time for renewable energy auction processes.

2. Energy-Using Products
Electrification

Increases the use of electricity in energy-using products
especially for the residential and transportation sectors.

3. Construction/Installation
Obligation

Obligates institutions to construct or install a minimum
quantity of renewable energy.

4. Depletion Premium Imposes a premium on the extraction of fossil fuel to be
allocated for renewable energy.

5. Domestic Market Obligation
(DMO)

The government requires energy producers to supply a
minimum quantity of their production for the domestic
market.

6. Energy Price Regulation
The government regulates energy prices by setting a base
price, price ceilings, progressive pricing, price localization,
or other pricing schemes.

7. Fiscal Budget Re-allocation
Readjusting fiscal budgets for energy price subsidy,
renewable energy financing, energy accessibility, and
research and development.

8. Fiscal Incentives

Incentives are provided by the government to consumers,
industries, and institutions who participates in energy
transition efforts, including the construction/installation of
renewable energy or the use of energy efficient
energy-using capital stock.

9. Purchase Obligation Obligates a minimum purchase quantity of renewable
energy to institutions.

2.3. Energy Transition Assessment Criteria

We identified several studies which attempted to assess energy transition pathways.
Each of these studies used different indicators that can be broadly grouped into three
dimensions: economic, social, and environmental, in accordance with the United Nations’
Sustainable Development Goals dimensions [51].
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2.3.1. Economic Indicators

Numerous studies have established economic indicators relevant to the energy tran-
sition. The most frequently used economic indicators were GDP related, including GDP
growth, GDP loss, GDP per capita, and final energy intensity to GDP [30,52,53]. Supply
and demand indicators are also often used to assess the energy transition pathway, among
others, total primary energy supply per capita, shares of energy sources in total energy
supply, and sectoral energy demand [30,54,55]. Massive changes to the system structure
raise questions related to investments, such as costs and their returns, as well as policy
costs, mitigation costs, and abatement costs [54–57]. Other authors include fiscal indicators,
government budgets, and trade balance [30,58]. Finally, due to the unstable nature of
transition, some studies add risk indicators such as GDP volatility, investment volatility,
consumption volatility, the likelihood of crises, volatility of total debt, economic risks to
ratepayers, long-term economic viability, and energy security [52,58–60].

2.3.2. Environmental Indicators

CO2 emissions are an obvious indicator when discussing the impacts of the transi-
tion to renewable energy. However, broader impacts on the environment should also be
considered. Madlener and Stagl (2005) [58] further classified the environmental impacts
on the resources needed for energy production and the potential environmental conse-
quences of energy production, use, and conversion. Land use, water use, and resource
depletion appear in multiple studies as indicators of resources for required energy pro-
duction [30,52,61–66]. Aside from CO2 emissions, other air pollutants such as CH4, N2O,
NOx, SOx, and Particulate Matter (PM) have been mentioned in several references as
environmental consequences of energy production, use, and conversion [30,52,58,64].

2.3.3. Social Indicators

Most studies are concerned with how an energy transition would affect the labour
market, in particular, unemployment and job creation, since there will be a shift between the
fossil fuel industry and the renewable energy industry [30,52,58,67]. Other studies account
for indicators that are related to income equality, including income distribution, the Gini
coefficient, and household income disparity, as well as household income, in particular the
cost of electricity [30,58,67,68]. Some authors include public health indicators related to en-
vironmental effects, such as morbidity, human toxicity, and life expectancy at birth because
it is widely understood that certain pollutants adversely affect health [69–71]. Finally, other
authors have also considered occupational hazards related to energy transition [58,64,69].

3. Methodology

We used the policy analysis framework to develop our conceptual dynamic model [72].
The first step in this framework is problem identification, where the systems dynamics
approach [28] is employed since the energy transition is a complex issue. We modelled
the qualitative relationship between relevant variables in the system with the aid of the
Causal Loop Diagram (CLD). The causal links between variables are represented using
arrows with two polarities, “+” and “−”, which indicates a positive influence and negative
influence of one variable on the other [28]. We conducted a literature review to identify the
variables relevant to the formulated problem and the polarity between variables. Based
on the qualitative relationship between the variables, we construct a dynamic hypothesis
which is the idea of how the behaviour of the system arises based on the system structure.

We proceeded with our method by investigating the indicators relevant to the identi-
fied problem. Indicator investigation is an essential step in the policy analysis framework,
as it will eventually be the basis for discussing the outcomes of different policies. To enrich
our analysis, we also incorporate a stakeholder analysis to help understand each of the
stakeholder’s positions and interests in the problem [73]. We explored how they would
react to or influence policies which ultimately affect the outcome of the system.
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Both system dynamics and the policy analysis framework acknowledge that there are
exogenous factors to the system that could affect the system’s behaviour [28,72]. Hence, as
a final step, we developed a system diagram that connects the preceding steps with these
external factors to the problem, representing uncertainties.

4. Result
4.1. Qualitative Model Development

The proposed qualitative model is broken into four sub-models. The first part presents
the dynamics in the power plant investment which is generalised into the selection be-
tween non-renewable and renewable energy power plants and how it relates to the energy
transition in general. We then continue our conceptualisation of the dynamics of energy
substitution between fossil fuels and renewable energy. This is then linked to the environ-
mental carrying capacity which serves as a limitation to both energy sources. Afterwards we
present how the previous sub-models connect to the economy. The developed sub-model
represents a generic model for all energy sources; thus, it is possible that a characteristic of
one energy source is not present in the other sources.

4.1.1. Investments in Power Plants: Selection of Two Alternatives

Figure 1 shows the investment dynamics of two power plant technologies: fossil-based
power plants or RE-based power plants. The total electricity demand from the residential,
industrial, transportation, and commercial sectors can be served by electricity generated
from non-renewable electricity (NRES-E) or renewable energy electricity (RES-E). The
installed capacity and capacity factor of the respective technology are considered in this
model instead, as they are the decision variables for the electricity generated. When the
capacity factor is constant and the total capacity is insufficient, an additional capacity
is required. Investment assessment for the additional capacity uses projected cash flow,
profitability, and other investment risks to determine the investment execution, which may
or may not fulfil the desired additional capacity for that technology (B1 and B2 loops).
The realised additional capacity from either technology would add to the total installed
capacity, ultimately fulfilling the total electricity demand (B3 and B4 loops). The current
installed capacity is subject to decommissioning (B5 and B6 loops), which would create its
own trigger to add capacity from either technology.
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The decision to build either a non-renewable or renewable power plant would depend
on the relative value of the respective technology. One of the factors influencing the
relative value is the projected investment profitability of a power plant which is affected
by the energy price used for that power plant [74]. Investment risks are also added to
the technology’s overall value, including environmental, social, and political risks [75]. A
comparison of the relative value of one technology would induce shifting or persistent
behaviour (R1 loop). If, for example, when there is a need for added total capacity and
NRES-E is perceived to be more valuable after considering profitability and risks, then
all additional capacity would be provided by NRES-E. On the other hand, investment
for RES-E would be preferred when it is perceived to be the better alternative. Thus, the
tendency to use one technology can persist if its relative value is consistently more than the
other. However, a shit could occur when there is a change in their relative value.

According to the developed conceptual model, the decision to build a particular power
plant is heavily dependent on factors outside the power plant boundaries. It involves
relative energy prices and environmental, social, and political risks, forming a bigger
picture of the energy transition. The following section elaborates on the general dynamics
of the energy transition.

4.1.2. Fossil Fuel and Renewable Energy Substitution Dynamics

Renewable energy can be seen as a substitute for non-renewable energy, which is
especially true in the context of achieving net-zero emissions. Hence, the demand for one
energy would also be affected by its relative value over the other. To understand energy
demand dynamics, we use the supply-demand perspective and adopt the idea of scarcity
as the driver of commodity prices.

As a commodity, the scarcity of energy inventory drives energy prices. When there is a
negative imbalance between supply and demand, energy prices would increase, signalling
energy suppliers to provide more energy either from domestic production or imports,
shown as B7 loop in Figure 2. The price increase would also drive consumers to consume
less energy, governed by their demand elasticity to price (B8 loop). As with the supply and
demand system archetypes, the interaction between these two balancing loops generates
a seesaw behaviour of the system that tries to stabilise energy prices [28,76]. As demand
is met with sufficient supply, energy prices would remain stable, thus encouraging more
demand and creating a consumption-driven supply (R2 loop). This condition remains
true as long as supply can be maintained. Short-run price changes would be the basis of
the expected price in the future; hence, a rise in energy price makes investing in reserve
exploration and extraction economically attractive [31]. However, increased extraction
would eventually deplete reserves and limit the supply of energy which could lead to an
increased price (R3 loop).

A reinforcing loop connecting both groups of energies is developed by differentiating
the supply and demand dynamics of non-renewable and renewable energy (R6 loop). This
reinforcing loop shows that there will be a period of price increase or decrease for both
non-renewable and renewable energies, subject to the price of the other alternative. The
interaction between supply and demand dynamics in non-renewable energy is also present
in renewable energy, which is represented as B9 and B10 loops in Figure 1. Similarly, R4
loop shows the consumption-driven supply of renewable energy. Renewable energy is also
subject to resource limitations (R5 loop), as briefly mentioned in the introduction.

From a substitution perspective, energy with a more sustainable supply will have a
more stable price which would add to its relative value over the other. The supply of both
energies is, however, are limited to resource constraints which will be explained next.

4.1.3. Environment Carrying Capacity

Figure 3 shows the dynamics of resource constraints, or carrying capacity, to energy
supply. Some energy sources use a common resource, of which land and water are the pri-
mary examples [12]. Land is a finite resource where there is competition for its use, resulting
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in a potential shortage of land for a particular purpose, including energy production [77].
Similarly, water is used to grow crops for biofuels, running turbines in hydropower plants,
and coal mining processes. Thus, land and water shortages threaten the energy supply,
but on the other hand, energy supply contributes to resource shortages. Moreover, the fact
that land and water are used by other sectors, such as agriculture, residential, and industry,
adds complexity to the problem.
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As the demand for a particular resource increases with the increase of energy demand,
so will the amount of resource required to be withdrawn and supplied (R7 loop). Also, in
the case of renewable resources, there can be a return flow as an inflow for the resource
storage alongside the natural inflows (R8 loop). However, the amount of withdrawable and
suppliable resources is limited by its storage (B5 loop) and supply (B12 loop). Furthermore,
the suppliable resource must then be allocated to other users across sectors, as pointed out
before. These limitations affect the resource that can be used and, in turn, the resource’s
actual yield ratio for energy supply, which is linked to the yield ratio in Figure 1 (B13 loop).
For example, if biofuel crops do not receive enough water, the actual crop yield would not be
sufficient to fulfil the actual demand for biofuel production [78]. Different energies would
require different amounts of common resources. With limited environmental capacity,
energy supply can be compromised, leading to an increase in energy prices.

4.1.4. Macroeconomic Loop

Numerous studies have found a relationship between the economy and energy con-
sumption. A set of studies support the hypothesis of unidirectional causality from economic
growth to energy consumption [79–81]; this is particularly true for the consumption of
renewable energy [82,83]. Conversely, some studies found that the causality is the other
way around: energy consumption drives the economy [84–86]. Yet further studies suggest
that the causality is bidirectional, involving feedback from energy consumption to the
economy [87–89]. The causality between the economy and energy also depends on the
length of observation. Most studies agree that there is a long-term causality between the
economy and energy consumption, but some have dismissed the relationship between
them in the short term [87,90]. However, a study among OECD countries found that there
is a threshold in which GDP per capita would have a short- and long-term effect on energy
consumption [91]. In addition, it has also been suggested that the causality between the
two variables may be in a different direction between countries or even absent [81,92,93].
Since this study observes the dynamics of energy transition in the long term, we adopt the
bidirectional causal relationship between energy consumption and economic growth.

Figure 4 shows the macroeconomic sub-model used in this study, adapted from Ya-
maguchi’s work, which models the macroeconomy in a closed-economy setting [27]. The
model consists of two parts: the short-run effect and the long-run effect of aggregate de-
mand. In the short run, aggregate demand from consumption and government expenditure
creates a reinforcing loop for GDP (R9 and R10 loops). Short-run aggregate demand drives
the expectation of long-run aggregate demand, leading to an increased capital formation
(R12 loop) and, with increased capital, so will the economic output (R13 loop). Aggregate
demand would also affect the labour market through the desired output needed to fulfil
that demand. The labour market then affects household income and, later, aggregate
demand (B16). This sub-model also includes a fiscal budget essential for incentivizing the
use of renewable energy in the economy, including for electricity generation.

The dynamics of supply and demand for goods in the macro economy are shown as
the B14 and B15 loops, illustrating that production balances gaps in inventory and demands
are fulfilled with sufficient inventory. The link between the economy and energy is the price
of goods. When energy prices increase, the price of goods increase, decreasing aggregate
demand, which leads to lower production and then GDP, creating a spiralling decline
based on the reinforcing loops. The effect will be multiplied if the energy is produced
from common resources for other goods, such as biofuels, which can create a spillover to
food prices [94]. Conversely, an increase in aggregate demand drives energy consumption,
creating fluctuations in energy prices governed by the dynamics shown in Figure 2 and
affecting the power plant dynamics shown in Figure 1.
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4.2. Selection of Relevant Indicators

From the power plant investment dynamics, we present environmental, social, and
political risks as factors in the relative value of a power plant technology, aside from the
economic risks represented by the energy price. We show that energy price is related to
environmental capacity and stress the importance of energy within the whole economy,
connecting to the labour market and fiscal budget. Hence, renewable energy adoption
for electricity generation needs to be evaluated from a broader perspective, involving
economic, environmental, and social dimensions.

In this section, we discuss which indicators would fit each of the dimensions. This
research proposed the use of outcome-based indicators in line with the policy analysis
framework method described in earlier sections.

4.2.1. Economic Dimension Indicators

As pointed out in the literature review, the Indonesian economy is dependent on
fossil fuels. For example, in 2010, 83% of the energy supply in the transportation sector
came from fossil fuels. In the last decade, this share shrank to 56%, owing to a gradual
substitution of biofuel from Crude Palm Oil (CPO) [14]. However, this substitution affects
supply and demand in the agriculture sector, leading to cooking oil price hikes, causing
3% food inflation and burdening the government budget with 250 million USD spent on
subsidies [95,96]. This phenomenon shows the cross-sectoral impact of the energy transition
on the economy. Thus, structural changes in the national energy supply and demand would
influence the economy. This research proposes to use GDP growth as the overall economic
indicator and the state of the government budget to capture the burden of energy policy on
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the government. The macroeconomic sub-model in Figure 4 includes both indicators as
part of its dynamics.

Considering the challenge of fossil fuel phase-out while the Indonesian economy
is dependent on it, this study proposes to include economic volatility as an indicator
to evaluate the energy transition pathway. Economic volatility is often measured as a
standard deviation of an economic variable from its reference value [97]. Different economic
variables have been used in various studies, such as GDP growth [52,98], GDP per capita
growth [99–101], export revenues [100], terms of trade [61], and price of primary goods or
inflation [99]. We propose to use the latter as another economic indicator as it can directly
capture the effect of energy price on aggregate demand, as shown in Figure 4.

4.2.2. Environment Dimension Indicators

Considering Indonesia will likely continue to use coal in its energy mix in the long
term [13], other greenhouse gases (GHG) CH4 and N2O are relevant together with CO2.
Coal has the highest emissions factor of CH4 and N2O among fossil fuels; burning 1 ton of
coal emits 156 to 276 g of CH4 and 23 to 40 g of N2O [62]. On the other hand, energy storage
becomes a necessity with the integration of VRE into the grid. One of the increasingly
common and convenient forms of energy storage is in batteries; however, the production
of battery materials poses a negative climate impact with more than 10 kg CO2eq per
kWh battery capacity [102], and other risks around material supplies and non-climate
environmental impacts are also possible concerns [103].

This study also considers land use to evaluate the energy transition pathway for
electricity generation. Some of Indonesia’s most prominent renewable resources, such
as solar power, hydropower, and bioenergy which, respective to their required land area
per megawatt output, are typically among the more land intensive. One study showed
that solar power requires 17.6 ha of land for electricity production, transmission, and
waste disposal per megawatt capacity, while large hydropower requires much more, with
127.6 ha per megawatt. These land requirements far surpass the land requirements of fossil
fuel-based power generation such as coal which only requires 4.93 ha per megawatt [6].
When the latest capacity factor is considered, solar power would require 0.012 ha and
hydropower requires 0.024 ha of land to produce 1 MWh of electricity, but coal power
would only need less than 0.001 ha of land [7].

Resource depletion is another crucial factor to be considered. Lithium is among the
most used materials for battery energy storage. A study on battery materials supply risk
puts lithium as the one with the highest rank considering the future technology demand
and a variety of factors that could influence supply security [65]. Another study on lithium
availability for the transportation sector shows that, even when recycling is considered,
there will not be enough lithium to supply even this one sector on a global scale [104].
Another reason to account for resource depletion is the premium depletion policy of fossil
fuels that will be enforced by the government, in which fractions are to be allocated to the
renewable energy development budget [13].

4.2.3. Social Dimension Indicators

One of the famous arguments for the transition towards renewable energy is the
creation of green jobs. Multiple studies have supported the finding that the total jobs created
by the energy transition can offset the jobs lost in the fossil fuel industry [17,105–107].
However, it is likely that those who lose their jobs will not be the ones who get the newly
created green jobs. For example, a closed coal mining location might not be suitable as a
renewable energy site, thus leading to unemployment in that area. The transitioning process
needs to be considered, including retraining and relocation [17,108–110]. Hence, aside from
the number of jobs created, this study also proposes to observe the unemployment rate
over time. The match between job supply and demand during the transition period can be
captured using both indicators.
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Regarding the higher electricity cost from renewables, this study proposes to use
household electricity burden as one of the social indicators, measured as the ratio of elec-
tricity expenditure to total household expenditure. This indicator is crucial for households
in rural areas since almost 13% of their expenditure is on electricity which is equal to
expenditure on staple food [111,112].

4.3. Stakeholders Identification

There are multiple stakeholders involved in the adoption of renewable energy for
electricity generation. We group the stakeholders into four groups: energy users, energy
producers, operators, and legislators [73]. The identified stakeholders are presented in
Figure 5.
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First are the energy users. Energy demand is commonly grouped into four sectors:
residential, transportation, industrial, and commercial. The transportation and industrial
sectors make up two of the largest energy consumers. Although both sectors currently
consume fossil fuels, in the coming decade electricity consumption is expected to dominate.
In the transportation sector, if all road transport was electrified by 2050, the sector has been
estimated to require 107.25 MTOE of energy or equivalent to 1247.3 TWh of electricity [4,14].
The use of electricity in the Industrial sector has also been growing substantially, by 61% in
the last decade, compared to coal which declined 22% owing to the rapid growth of the
food and beverage industry, chemical industry, and electronics industry which primarily
consume electricity for their production [14,113]. Similarly, electricity demands from the
residential sector, electricity’s largest consumer, is expected to grow further with plans to
replace gas cookers with electric cookers [4].

The state-owned electricity company, Perusahaan Listrik Negara (PLN), holds a unique
role since it is both a power producer and an electricity distributor. Thus, it has dual
objectives and interests in this problem. Since 2002, the electricity market has become
open to Independent Power Producers (IPPs). However, their participation has been low
because the market is only quasi-competitive and political constraints cause IPPs to be less
competitive [37,114]. Both state-owned power producers and IPPs can purchase fuel from
state-owned or private energy companies to run their power generation. These energy
companies hold an important role in power generation, as is evident from recent domestic
coal supply shortages that led to blackouts in Indonesia [115].

Policies developed by legislators are affecting and affected by other stakeholders. The
central government of Indonesia, through its ministries, has different roles in supporting
the renewable energy goal, as stated in the National Energy Masterplan [13]. However, in
fulfilling their roles, some programs clash, or at least depend on other ministerial programs.
For example, carbon emissions from the biomass CFPP co-firing policy are not accounted
for as emissions from power generation but are allocated to the forestry sector instead [116].
There is also a dependency between actors when incentivising renewable energy projects
such as FiT. The Ministry of Finance would need to carefully reallocate fiscal budgets to
avoid other economic problems [13]. These short examples show that the adoption of
renewable energy is not limited to just one actor in the system. The central government
needs to involve local governments, particularly for policies involving local interventions,
such as aligning land use for energy with the Regional Spatial Plan [13].

4.4. System Boundary

The system boundary for the modelling exercise identifies the scope of the problem that
is being discussed, which variables are endogenous, exogenous, or completely excluded.
This is necessary because different contexts may lead to different perceptions of the problem.
As previously mentioned, this study aimed to capture the qualitative phenomenon of the
renewable energy adoption dynamics for electricity generation in Indonesia. We observe
this problem from the perspective of the Government of Indonesia, whose goal is to
reduce GHG emissions by increasing renewable energy use for electricity generation while
maintaining socioeconomic stability and environmental protection.

In modelling the economy, we do not consider the role of banks and central banks,
as initially designed by Yamaguchi [27]. However, we consider the actions taken by
both actors, such as setting interest rates, exchange rates, and other monetary policies, as
exogenous factors to the system. Labour and capital elasticities to GDP are also considered
to be exogenous, as they are essential to the economic output, but modelling them as
endogenous does not directly relate to the energy transition. Population dynamics as the
primary driver of aggregate demand is also modelled as endogenous in that we do not
consider the effect of the energy transition on the population but simply as a driving factor.
Other behavioural factors affecting aggregate demand, such as the propensity to consume,
are also considered to be exogenous. Finally, although the macroeconomic sub-model
includes capital investments, we did not consider their effect on the technology innovation
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rate. We acknowledge its importance in energy transition as it may lead to a reduced
renewable energy investment cost. However, as it involves multiple factors outside the
discussed problem, we include the learning rate effect on technology cost as an exogenous
factor, as suggested by Nykvist and Nillson [117].

We did not consider the effects of pollution and waste on public health and the
economy, as suggested by Shmelev [30]. We argue that impacts on health can indirectly
be gauged from the level of emissions that cause adverse health effects, such as SOx, NOx,
and PM2.5. Furthermore, to comprehensively discuss the impacts of public health, the
public health provision should be considered in itself—something out of context when
discussing energy transition. This study also does not consider the dynamics of income
inequality, including multiple social factors outside the system boundary set in this study.
Furthermore, the wage rate, one of the factors of income inequality, can be captured from
employment based on the macroeconomic sub-model.

4.5. System Diagram

We proposed a system diagram that summarises the dynamics within and between
the sub-models, indicators used, involved stakeholders, and policies supporting renewable
energy adoption for electricity generation in Indonesia. Figure 6 depicts the system diagram
of this study.

Energies 2023, 16, x FOR PEER REVIEW 16 of 23 
 

 

investments in new power plants. Once there is a demand for more capacity, power pro-

ducers have the option to either invest in non-renewable energy or renewable energy. 

Power producers will invest in the technology which provides them with a higher value 

subject to economic, environmental, social, and political constraints. Next, the economic 

constraints and the environmental constraints are represented by the energy substitution 

dynamics and environmental capacity limitations in Figures 2 and 3, respectively. Based 

on the dynamics between the two models, it is understood that energy prices could con-

tinue to increase due to resource depletion and increased demand. When the relative 

value of one energy is less than its substitute, we will see a shift towards the substitute, 

which will continue to be the better alternative if the situation persists. 

In the meantime, the price of energy affects the price of electricity which is inversely 

related to electricity demand. This relationship was confirmed when the subsidy reforms 

in 2015 led to higher electricity prices, which consequently reduced electricity consump-

tion by around 7% [41]. The effect of an increase in the electricity price creates a chaining 

effect on the economy, as described in the macroeconomic sub-model in Figure 4. Without 

changes in household income, an increase in the price of electricity could lead to a de-

creased aggregate demand in the economy and, in turn, electricity demand, narrowing 

the opportunity for renewable energy power plants to gain investment. This effect could 

be further exacerbated by an increase in the primary energy price. Thus, our dynamic 

hypothesis is as follows: the price of energy could increase over time in the absence of 

substitution, due to constraints on resource availability and environment carrying capac-

ity, becoming a limiting factor to the renewable energy transition in the electricity sector, 

both directly affecting electricity prices and indirectly affecting aggregate demand in the 

economy. The dynamic hypothesis can be assessed using a system dynamics simulation 

model. 

 

Figure 6. System Diagram of Energy Transition for Electricity Generation in Indonesia. 

5. Discussion 

The Indonesian Government has designed several policies to increase renewable en-

ergy adoption in electricity generation. This study discusses the economic, social, and en-

vironmental effects of market-based and regulatory-based policy examples using the de-

veloped conceptual model. Two policies are taken as initial examples: the market-based 

policy to be discussed is FiT, whereas the discussed regulatory policy is RPO. The FiT is 

one of the most common renewable energy policies implemented in developed countries 

such as  Germany, Japan, and Denmark [118,119], as well as in developing countries such 

as China, India, and Thailand [50,120,121]. Indonesia has been implementing a FiT since 

2011. Initially targeting geothermal power plant adoption, the FiT policy has now ex-

panded to other renewables [18,19]. While the FiT policy aims to increase the renewable 

Figure 6. System Diagram of Energy Transition for Electricity Generation in Indonesia.

We construct a dynamic hypothesis from the relationship between sub-models which
formulates the underlying structural limitations to the electricity sector energy transition.
First, from Figure 1, we observe that the demand for additional capacity, either from an
increase in electricity demand or a decrease in supply due to decommissioning, triggers
investments in new power plants. Once there is a demand for more capacity, power
producers have the option to either invest in non-renewable energy or renewable energy.
Power producers will invest in the technology which provides them with a higher value
subject to economic, environmental, social, and political constraints. Next, the economic
constraints and the environmental constraints are represented by the energy substitution
dynamics and environmental capacity limitations in Figures 2 and 3, respectively. Based on
the dynamics between the two models, it is understood that energy prices could continue
to increase due to resource depletion and increased demand. When the relative value of
one energy is less than its substitute, we will see a shift towards the substitute, which will
continue to be the better alternative if the situation persists.

In the meantime, the price of energy affects the price of electricity which is inversely
related to electricity demand. This relationship was confirmed when the subsidy reforms in
2015 led to higher electricity prices, which consequently reduced electricity consumption by
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around 7% [41]. The effect of an increase in the electricity price creates a chaining effect on
the economy, as described in the macroeconomic sub-model in Figure 4. Without changes in
household income, an increase in the price of electricity could lead to a decreased aggregate
demand in the economy and, in turn, electricity demand, narrowing the opportunity for
renewable energy power plants to gain investment. This effect could be further exacerbated
by an increase in the primary energy price. Thus, our dynamic hypothesis is as follows: the
price of energy could increase over time in the absence of substitution, due to constraints
on resource availability and environment carrying capacity, becoming a limiting factor to
the renewable energy transition in the electricity sector, both directly affecting electricity
prices and indirectly affecting aggregate demand in the economy. The dynamic hypothesis
can be assessed using a system dynamics simulation model.

5. Discussion

The Indonesian Government has designed several policies to increase renewable
energy adoption in electricity generation. This study discusses the economic, social, and
environmental effects of market-based and regulatory-based policy examples using the
developed conceptual model. Two policies are taken as initial examples: the market-based
policy to be discussed is FiT, whereas the discussed regulatory policy is RPO. The FiT is
one of the most common renewable energy policies implemented in developed countries
such as Germany, Japan, and Denmark [118,119], as well as in developing countries such as
China, India, and Thailand [50,120,121]. Indonesia has been implementing a FiT since 2011.
Initially targeting geothermal power plant adoption, the FiT policy has now expanded
to other renewables [18,19]. While the FiT policy aims to increase the renewable energy
supply, an RPO obligates institutions to purchase electricity from renewable sources [13,50].
Hence, these two policies represent the supply side and demand side of renewable energy.
The two policies have a more direct government intervention on renewable energy supply
and demand as opposed to other policies presented in Table 1, and they are, therefore,
selected for further discussion in this study.

Renewable energy investment is perceived as risky due to its higher cost [40]. The FiT
policy aims to reduce this risk by eliminating the gap between the actual generation cost
and the electricity market price [16]. In our conceptual model, this policy would increase
the projected annual cash flow, which pushes the probability of investing in RES-E when
there is a demand for additional installed capacity. The RES-E investment will balance
out the demand, rendering additional NRES-E capacity unnecessary. However, like other
incentives, FiT requires a substantial amount of the government’s fiscal budget. When the
budget deficit increases, the government can take on new debts, which in turn increases
the budget deficit and creates a reinforcing loop shown as R11 Figure 4. Governments use
the ratio of debt to GDP, as opposed to its amount, to gauge whether it is acceptable or not.
To reduce the debt ratio, the government can increase the tax rate or reduce its spending.
Alesina et al. found that increasing the tax rate was more harmful to economic growth than
cutting expenditures [122]. If the government chooses to cut spending, this could limit the
amount of FiT that can be deployed. On the other hand, the increasing tax could lead to a
slowing economic activity [123], which would lead to reduced electricity demand, reducing
the prospects of adding new RES-E capacity, as shown as B4 in Figure 1. In either case, the
FiT would be limited to the government’s fiscal budget; hence it should be paired with
other policies that could alleviate the fiscal budget deficit. The problem with the FiT policy
and the fiscal budget was hinted by Setiawan et al. who noted that despite the push for
renewable energy, the Indonesian government still promotes the use of coal [19] which is a
vital commodity for the nation’s economy.

The RPO obligates institutions to purchase a minimum amount of their electricity from
renewable energy sources. In Indonesia, this policy is imposed on the PLN as the national
electricity distributor, government institutions, and even some residential consumers [13].
As more renewable energy penetrates on-grid electricity through purchases by the PLN,
electricity prices would increase [9,10]. This would directly lead to an increased burden
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on households and industries. Furthermore, if industries cannot mitigate or absorb the
increase, they would pass this through to the price of goods, which becomes an addi-
tional burden on households. Consumers could then (potentially) reduce their electricity
consumption, creating balancing loops B3 and B4, as shown in Figure 1. Consumers can
also find substitutes for electricity, as explained by the energy substitution dynamics in
Figure 2, which makes electrification policies such as shifting to electric cookers or EV
adoption ineffective. The regulatory-based policy would function as a new constraint
to affected stakeholders, which would lead them to re-optimise their activities. How-
ever, as Scheinkman stated, optimising agents in a dynamic system can create chaotic
behaviour [124]. Moreover, RPO also requires incentives to be enforced which, based on
the issue found in the FiT policy, would be limited to the fiscal budget.

The fiscal budget limitation from both policies would be expected to lead to a slow
renewable adoption and hinder the government’s efforts to reduce GHG emissions. In line
with this, the government has planned to develop an Energy Security Fund to support
renewable energy policies sourced from, among others, the depletion premium and con-
sumption of fossil fuels [13]. The use of a fossil fuel depletion premium, which follows the
Hartwick Rule for weak sustainability [31,36], could be helpful for enhancing the outcomes
of the system because its value would increase over time based on R3 in Figure 2. However,
imposing premiums on fuel consumption would increase consumer costs, which could
reduce the aggregate demand and slow down the economy based on R14 in Figure 4. Based
on the energy substitution dynamics in Figure 2, fuel consumption premiums can be safely
enforced when there is a substitution whose relative value is close to fuel is available and
accessible. More importantly, the funds must be allocated correctly to the right policies. As
previously mentioned, a poorly designed policy could lead to counterproductive economic,
social, and even environmental effects.

6. Conclusions

We present this work as an explorative study to understand the economic, social,
and environmental effects of renewable energy policies on electricity generation. We
did not use the common energy modelling tools to investigate this issue. We argue that
MARKAL, TIMES, or NEMS tools are more appropriate answer “what should happen”
questions. While LEAP addresses “what would happen”, it cannot help to answer the
impact of energy transition policies on the economy. Thus, we used a combination of the
system dynamics approach and policy analysis framework. We also note the urgency of
integrating the bottom-up and top-down approaches that the model accommodates. Our
work enhances previous studies that attempted to understand the electricity sector’s energy
transition from a system perspective by exploring the structural feedback between it and
the economic, energy, and environmental systems. Our expansive view enables a more
unified approach in assessing different energy policies using more macro indicators which
further emphasises the novelty of our work.

Using the conceptual model, this study qualitatively assessed the effects of renewable
energy policies. We evaluated both market-based and regulatory-based policies, repre-
sented by FiT and RPO. FiT is a commonly used policy globally to increase the supply
of renewable energy, due to its simplicity [125]. On the other hand, the RPO obligates
institutions to purchase a certain amount of renewable electricity. Based on our exploration,
we found that both policies are limited by the government’s fiscal budget. This limitation
could be passed on to the state-owned PLN that is required to increase RES-E supply
or other state-owned institutions and government entities obligated to purchase RES-E.
Our finding is in line with that of [38], who found the PLN resistant to increasing their
renewable energy uptake due to economic constraints as well as the ineffectiveness of
RPO. The government must find more financing sources to fund the transition towards
renewable energy sustainably. We also note the prospects of using fossil fuel depletion
premiums to create fiscal space for renewable energy. This instrument could support a
smooth energy transition for fossil fuel-dependent countries because it allows them to
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continue the extraction of fossil fuels while steadily financing renewable energy [126].
However, it should be noted that this fund must be carefully managed and coordinated.

Externally, the Indonesian government can obtain funds from bilateral or multilateral
entities such as the Energy Transition Mechanism (ETM) of the Asian Development Bank
(ADB). ETM specifically aims for an early replacement of CFPP with renewable energy
in three different funding models: CFPP asset transfer, debt, and equity [127]. With the
cash received from the CFPP acquisition, asset owners are expected to invest in renewables
which is in line with the Hartwick Rule [31,127]. Alternatively, the government can pursue
green financing through loans and bonds [128,129]. Funding through debt should be treated
with caution, especially in developing countries, as it could lead to increased taxation and,
in turn, reduce consumption and investment [130].

This research is a precursor to a complete system dynamics study. A quantitative
expansion of the presented conceptual model could provide a better understanding of
the problem discussed. We were able to assess two policies qualitatively. In future work,
these two policies could be quantitatively assessed, together with the remaining policies
mentioned in Table 1. The qualitative model can also be further expanded by making
net exports endogenous, which could be relevant for energy-importing countries. For
simplicity, we only consider the substitution between non-renewable and renewable energy.
In practice, substitution also happens within the respective energy type; for example, the
substitution from coal to gas. This model can be further enriched by adding these dynamics.
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