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Lack of effective policies hinder the uptake of Utility-scale solar PV, even though
they are projected to play a pivotal role in achieving Indonesia’s 2050 net-zero
energy target. This study seeks to identify a cost-effective pathway to increase
the capacity of utility-scale solar PV in Indonesia through supportive policies
that ensure equitable cost distribution between the government and industry.
A novel Market Penetration Optimization Model is developed and applied in
simulation mode to assess existing policies, and optimization mode to determine
new policy recommendations and compare three policy induced diffusion
pathways. Results show that current price-based policies are insufficient to
stimulate growth in the solar PV market, only covering ~13% of the investment
cost required by the industry. Thus, necessitating a reactivation of Feed-in-
Tariffs. The optimal tariffs rates required range from 0.39 to 1.47 cents/kWh
for the most economic pathway during the initial 10-year post-construction
period. The Innovation Diffusion Theory-based pathway necessitates the lowest
initial investment cost while yielding the highest revenue from electricity sales,
demonstrating its superior cost-effectiveness compared to both the supply-
based and linear pathways. This study enriches the literature by exploring the
financial implications of policy induced diffusion pathways.

KEYWORDS

utility scale solar PV, Indonesia energy policy, Feed-in Tariff, innovation-diffusion theory,
market penetration optimization, clean technology uptake modeling

1 Introduction

The Paris Agreement constitutes a pressing call for countries to curtail global warming
to a maximum of 1.5°C above pre-industrial levels (UN, 2015). Indonesia, the fifth
largest contributor to cumulative CO, emissions from 1850 to 2021 (Evans, 2021),
and the worlds second-largest coal exporter (Workman, 2023), is part of this effort.
Indonesian government has established its NDC outlining a reduction target of 31.89%
by 2030 (Government of Indonesia, 2022a). The governments long-term ambition is
to achieve net-zero emissions by 2060, or ideally by 2050 for the energy sector with
international support (European Commission, 2022). This undertaking requires profound
energy decarbonization, as the sector is projected to be the country’s main source of CO,
emissions in the future (Sambodo et al., 2022). Indonesia electricity system relies on fossil
power plants, predominantly coal-fired power plants, and is yet to make much progress
with regards to liberalization, the current energy system is still heavily dependent on state
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control (Heffron et al.,, 2022). An energy-only wholesale market
for electricity does not exist. Private utility companies may enter
the industry as independent power producers (IPP) by selling
the electricity generated to the State Electricity Company (SEC),
the SEC distributes and sells the electricity to the consumers.
Historical reforms of Indonesia’s energy system to make renewables
more cost-competitive with conventional power plants have been
unsuccessful (Heffron et al., 2022). Therefore, the government is in
search of a clear policy pathway to accelerate renewables take-up.
Multiple integrated assessment modeling studies have determined
the necessary capacity required from each renewable energy source.
The studies consistently underscore solar as the primary energy
source by 2050, contributing at least ~50% with utility-scale
solar comprising no <3-quarters of it (IRENA, 2022; Paiboonsin,
2022). However, despite these encouraging forecasts, the present
deployment of utility-scale solar PV remains constrained. In
2022, utility-scale solar PV only accounted for <0.1% of the
total energy supply, with an installed capacity of just 190 MW
(MEMR, 2023), in stark contrast to the country’s abundant 3.000
GW solar potential (IRENA, 2022). Despite implementing a range
of price-based policies since 2010—including the discontinued
feed in tariff (FiT), income tax allowance, and exemptions from
various type of import taxes—the deployment rate of utility-
scale solar PV still falls behind the necessary level to constrain
temperature rise to 1.5°C (IESR, 2022). Furthermore, various
solar PV industries have expressed apprehensions about the
instability and unattractiveness of these policies (Hamdi, 2019;
Suharsono, 2020; Tenggara Strategies, 2022). Yet, there is no
systematic way to identify a cost-effective policy induced pathway
to increase the capacity of utility-scale solar PV in Indonesia
by exploiting supportive policies to achieve the 2050 net-zero
target. This requirement has not been addressed in prior scholarly
works, creating a research gap that this study endeavors to
fulfill by developing a novel market penetration optimization
model (MPOM) for Indonesia. The MPOM employs the market
penetration concept which states that effective policy support is
required to reduce cost and generate sufficient demand-pull to
further reduce cost according to the technology learning until a
technology becomes cost-effective or an ambition is attained. This
paper answers the following questions: (1) How effective are the
existing price-based policies in supporting the growth of utility-
scale solar PV in Indonesia, and to what extent do they contribute
to achieving the 2050 net-zero goal? (2) What are the implications
of three different penetration pathways (linear, supply-based, and
IDT-based) on the investment cost, government financial support,
and revenue generation in the utility-scale solar PV sector from
2022 to 20507 (3) To what degree does the current policy landscape
fall short in providing the necessary financial support from the
government to the utility-scale solar PV industry, and how does
this gap impact the country’s progress toward the 2050 net-zero
target? (4) How can the Feed-in Tariff (FiT) policy be optimized to
bridge the financial discrepancy between government and industry,
and what are the specific tariff recommendations for different
pathways and scenarios? The subsequent sections will provide
a more detailed analysis of literature gaps and contributions of
this study.
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2 Literature review

Indonesia aims to achieve net-zero emissions in the energy
sector by 2050, with international coalition support of Just
Energy Transition Partnership (European Commission, 2022).
The partnership’s official roadmap is yet to be published, but
several sources have released their own projections detailing the
energy mix required to achieve the overall net-zero 2050 target.
IRENA (2022) have developed alternative roadmaps with three
scenarios emphasizing renewable energy where it accounts for 85,
90, and 100% of the energy mix. Paiboonsin (2022) conducted
a similar roadmap with a focus on cost minimization. Although
their approach differed, all the scenarios (as presented in Figure 1)
consistently indicate that solar energy will be the primary energy
source in 2050, contributing at least ~50% of the total energy
with no <% share stemming from utility-scale installations. This
pivotal role of solar in meeting Indonesia’s future energy demand
is mainly attributed to the country’s equatorial positioning with a
consistent irradiation of 4.8-5.1 kWh/m? per day, making solar
energy’s potential the highest when compared to other energy
sources (EKONID, 2022).

To achieve these targets, IRENA (2022) underscores the need
for an investment ranging from $405,000 to $434,000 million
for solar PV alone, whereas Paiboonsin (2022) calculated a total
cost estimate of $6,200,000 million for the whole energy system
decarbonisation. Nevertheless, both studies lack a comprehensive
blueprint detailing how the investment and total mitigation costs
can be fairly distributed between government and industry through
effective policy support. The allocation of governmental support
becomes critical, as it must avoid excessive budgeting while also
preventing underfunding, which could discourage the emerging
solar PV industry. Moreover, neither study determines cost-
effective solar PV diffusion up to 2050, nor do they determine
the impact of existing policies on demand creation. Thus, there
exists a necessity to assess and design cost-effective policy support
that attains equilibrium between governmental and industrial costs
through an optimisation approach, an aspect that will be integrated
into the modeling framework of this research. Market-based policy
recalibrates the price signals of energy to stimulate and generate
markets that did not previously exist (Bergek and Berggren, 2014;
Anbumozhi et al, 2015). Two types of market-based policy are
the price-based policy (e.g., taxes, subsidies, FiTs, and allowances)
and the quantity-based policy (e.g., tradable permits and emission
trading schemes). This study will focus primarily on the price-
based policies due to their direct influence on costs and can thus
be adjusted on the modeling system.

The implementation of supporting policies for utility-scale
solar PV first commenced in 2010, using exemptions on various
import taxes such as import-income tax, import duty, and VAT
on solar power plant construction materials (Ministry of Finance,
2010). As depicted in Figure 2, these policy interventions had a
subtle impact on increasing installed capacity up to 2013 until the
FiT was introduced. The FiT provided stable electricity pricing
for the solar PV industry, resulting in a sudden surge in capacity.
However, the FiT was cut after 1 year (Hamdi, 2019). In 2015,
income tax allowance was instituted, offering a certain amount of
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deduction based on one company’s investment to reduce income
tax that needs to be paid (Government of Indonesia, 2015).
This led to a modest capacity rise, which was further amplified
by the well-priced new FiT scheme in 2016. Nonetheless, in
2017, the FiT was benchmarked against the price of conventional
electricity. This compelled solar to compete with relatively cheap
coal energy (Hamdi, 2019), resulting in a substantial decline in solar
installed capacity in the following year. Another existing policy
was tax holiday which is excluded in this study due to the policy’s
challenging requirement for a minimum initial investment, resulted

Frontiers in Sustainable Energy Policy

in a low rate of applicants and beneficiaries (Halimatussadiah
et al, 2023). The enforcement of the FiT was discontinued and
replaced by ceiling tariffs in 2022. This implies that the price of
electricity purchased by Indonesia’s national utility company, PLN,
from solar PV developers is determined only through negotiations
with the ceiling tariffs as the upper price limits (Government
of Indonesia, 2022b). Consequently, the current’s policy scheme
in Indonesia for utility-scale solar PV now only relies on tax
exemptions/allowances, while the direct incentives like the FiT
are absent.
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A distinct lack of research is apparent when it comes
to investigating the long-term influence of market/price-
based policies aligned with the 2050 agenda incorporating
optimisation to account for trade-offs. Despite the parity
between the utility-scale solar PV and coal in Indonesia, current
deployment is still lagging with a notably limited installed
capacity of 190 MW (MEMR, 2023). This current capacity
of the “IRENA 1.5°C—RE85”
target. Leapfrogging the country’s solar energy system would

translates to a mere 0.03%

require intensive financial investment and robust governmental
policy support. Finding a way to cost-effectively finance this
transition becomes critical, especially in an emerging country
like Indonesia, since the government still needs to allocate the
financial resources to other priorities such as public services,
social protection, health, and education (Ministry of Finance,
2018).
While
for Indonesia, it is recognized that the current transition
pathways/milestones derived from prevalent integrated assessment

achieving a cost-effective transition is critical

models are predominantly based only on the supply potential of
clean energy resources, which disregards alternative pathways
that could yield a more cost-effective transition (IRENA, 2022;
Paiboonsin, 2022). To address this gap, this research compares it to
new pathways focusing on the how to grow the market for utility
scale solar PV. One new pathway is based on innovation-diffusion
theory (IDT) initially formulated by E.M. Rogers in 1962 which
takes into account distinct consumer groups characterized by
their adoption speed: the early adopters and innovators who
swiftly embrace new technologies with minimal persuasion, the
majority who adopt them over a middle period, and the laggards
who are more hesitant and tend to adopt the latest, often under
external pressures (LaMorte, 2022). Several innovations like
steel, steamships, electric power, road, central heating, shipping
port infrastructure, telegraphs, railways, canals have been shown
to penetrate the market with a gradual non-linear process in a
characteristic logistic (S-shaped) curve based on the IDT (Griibler,
1996; Meldrum et al., 2023), yet this has still not been integrated
into policy formulation. A policy-induced IDT based pathway
may be a more cost-effective way to achieve the required take-up
of utility scale solar PV, again this has still not been studied.
Besides the supply-based and the IDT-based, a linear pathway-
which assumes that the utility scale solar PV industry has the
capability to grow at a constant rate every year—is also included
in this study. These three pathways (supply-based, IDT-based,
and linear) will have different implications on mitigation cost,
technology cost reduction based on experiential learning [where
the investment cost is projected to decrease as demand increases
due to improved production skills (Grafstrom and Poudineh,
2021)]. In that way, this study will compare and determine the
most cost-effective pathway for both government and industry to
accelerate the uptake of utility scale solar PV. This approach of
benefitting from technology cost reduction due to the increased
demand have not yet explored before within the context of
solar PV in Indonesia. Even though the learning curve logic can
provide a quantitative framework to predict how policy induced
demand pull can drive down costs, it is yet to be applied to
market-based policy design and assessment for utility scale solar
PV uptake.
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Preceding literature reviews highlight three main gaps. Firstly,
prevailing integrated assessment models fail to incorporate
strategies for equitable financing that cater to both governmental
and industrial entities. Secondly, although research has evaluated
the impact of policy measures on the economic viability of solar
PV projects, there remains a dearth of studies that model the long-
term implications of these policies in supporting the 2050 net-zero
agenda. Thirdly, current studies have not yet explored possible
pathway choices to cost-effectively grow the market, benefiting
from technology cost reduction due to the increased demand,
to bridge the discrepancy of utility-scale solar PV capacity in
Indonesia. In response to these identified gaps, this study presents
a contribution by developing a novel MPOM. The model is applied
to compare the three diffusion pathways, and operates in two
modes: simulation, to evaluate existing policies, and optimisation,
to determine additional policy tariffs that are gap fillers to achieve
a win-win between government and industry. The model can
be applied to any country. The primary question driving this
study is: “How to cost-effectively grow the installed capacity of
utility-scale solar PV in Indonesia through supportive policies
that result in equitable mitigation costs for both the government
and industry, to ultimately attain net-zero target by 2050?” The
optimisation model is considered important for policy design
due to three key advantages: automated policy decisions within
a realistic government budget, elimination of trial-and-error, and
easy adjustment of different comparable scenarios (Riguzzi et al.,
2012). The MPOM framework established in this research adopts
the theory of Market Potential Assessment (MPA), which was
originally introduced by Oluleye et al. (2021). Essentially, the MPA
evaluates a technology’s market share/uptake across diverse policy
scenarios and determines the rate of policy implementation needed
to attain a required cost reduction or other specific target. It has
been applied to nascent, costly technologies and aimed primarily to
minimize the total mitigation cost.

3 Methodology

A critical contribution is the development of multi-period non-
linear market penetration optimisation model for utility-scale solar
PV sector in Indonesia in the period 2022 to 2050. The model’s
degree of freedom is the policy tariff offering and yearly incremental
capacities following different diffusion pathways. The model is
utilized in two main ways: firstly, to evaluate the existing policy
in Indonesia in simulation mode; and secondly, to identify new
policy’s tariff to fill the gap for a win-win between government and
industry using the optimisation mode. In both modes, technology
cost reduction due to learning factors are considered, encompassing
less optimistic, moderate, and optimistic scenarios to handle
uncertainties. The total investment cost necessary to grow utility-
scale solar PV capacity to reach 2050 net-zero target is apportioned
between the government and industry (Equation 1). The annual
cost to the government in year (i) refers to enactment expenses of
supportive policies encompassing income tax allowances, import-
income tax exemption, VAT exemption, import duty exemption,
and FiT as a new recommended policy (Equation 2). Consequently,
the remaining cost expected to be covered by the industry is
assumed to be equal to the total investment cost minus the cost
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TABLE 1 Learning rates of utility-scale solar PV.2

Low LR Medium LR High LR

scenario scenario scenario
2021-2030 7.1% 16.3% 33.4%
2031-2040 4.0% 9.1% 18.7%
2040-2050 1.6% 3.7% 7.7%

2LRs are based on estimates in Handayani et al. (2019).

to the government. The cost associated with existing policies are
calculated using Equations (3-6). The income tax allowance is
applied to the yearly increase of the investment costs, based on
the premise that it is exclusively given to industry developing new
projects. The income tax allowance given in year (i) is determined
by adding up the annual allowances from the preceding 6 years,
following the payment period specified by the Government of
Indonesia (2015) as shown in Equation (3). The VAT exemption,
import-income tax exemption, and import duty exemption are
calculated using Equations (4-6) (Lathifa, 2022; Maulida, 2023;
Online Pajak [Online Tax], 2023). The exemptions are applied to
50% of the equipment cost, based on the assumption that industry
must import ~% of the equipment due to the efficiency and
economic limitations of domestic solar panels (Umah, 2021). The
equipment cost alone constitutes 53% of the CAPEX, according to
a study conducted by IESR (2019). All the CAPEX is multiplied to
the yearly increase of the capacity, as these exemptions are also
assumed to only be given to new utility-scale solar PV projects.
Investment cost is obtained through the multiplication of the
CAPEX by the annual increase of installed capacity, as indicated
by Equation (7).

2050 2050
CINV = Y CG+ Y CI (1)
2022 2022
CG; = FIT; + ; ITA; + IITE; + VATE; + IDE; (2)
i—5
ITA; = Z(ITAW,ﬁ x ACINV) (3)
i
VATE; = VATEqg X 50% x 53% x CAPEX; x AICAP
(4)
IDE; = IDEgyg x 50% x 53% x CAPEX; x AICAP (5)
IITE; = HTEyyg x 50% x 53% x CAPEX;
AICAP X (1 + IDE;aig) (6)
CINV; = CAPEX; x AICAP )

The CAPEX alone is projected to decrease annually as the
installed capacity increase, driven by advancements in technology
learning and experience (Wiesenthal et al., 2012). This study uses
distinct learning rates for every decade spanning from 2021 to
2050 in low, medium, and high scenarios listed in Table 1 leading
to less optimistic, moderate, and optimistic modeling scenarios
respectively for each diffusion pathway. The meaning of all symbols
is provided in the nomenclature.

Equations (8, 9) incorporates the learning rate into the CAPEX.
The unsubsidised initial CAPEX in 2022 value is set at 1,119
USD/kW (IEA, 2020). The utilization of single cost value may
oversimplify the cost differences across various regions. Because
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TABLE 2 Parameters used for annuity factor calculation.

Economics data Value

Lifetime (n years) 20 (Silalahi and Gunawan, 2022)

Discount rate (DR) 5% (Arifin et al., 2021b)

OPEX rate (OR) 0.8% (Arifin et al., 2021a)

no public data on regional cost variations was accessible during
the research, this study depends on the recent average of CAPEX
available for utility-scale solar PV projects in Indonesia. The
minimum revenue accrued to the utility operator from installing
utility scale solar PV can be estimated using the LCOE. The LCOE
is the price to achieve a breakeven point, hence using it gives
an indication of the minimum revenue to offset the investment
in the technology. This revenue could depend on the diffusion
pathway, hence justifying considering several diffusion pathways.
This revenue from electricity sales accrued by the utility operator
is obtained by multiplying the LCOE with energy produced per
year, calculated using Equations (10-12) according to methods
previously done by Kadang and Windarta (2021) and Oluleye et al.
(2021). LCOE is defined as the price electricity should be sold
to achieve a breakeven point lifespan (Tezer et al, 2017). The
parameters considered in the annuity factor calculation are shown
in Table 2.

(CAPEXzozz x ( ICIg?z};izz )_ﬁ)

CAPEX; = o ®)
—log(1 — LR)
= T logz 9
P log2 )
REV; = EP; x LCOE; (10)
LcoE, — (CAPEX; x ICAP: x AF) + (CAPEX; x OR)
EP;
(11)
DR x (1+ DR)"
Ap = DR A +DR7 12)

(1+DR)" - 1)

The actual energy produced per year is calculated based on
installed capacity data using Equation 13. Capacity factor of 16%
is used, following the implementation by Veldhuis and Reinders
(2013).

EP; = ICAP; x CF x 8760 (13)

By 2022, the installed cumulative capacity of utility-scale solar
PV in Indonesia stands at 190.06 MW (MEMR, 2023), denoted
as ICyz2. This study particularly adopts the “IRENA 1.5°C—
RE85” target, which predicts an installed capacity of around 600
GW by 2050 (IRENA, 2022) denoted as ICypso. The selection
of the “TRENA 1.5°C—RE85” target is based on the scenario’s
high viability compared to other options, as it presents the lowest
total renewable energy required to achieve net-zero by 2050.
The model determines the annual installed cumulative capacity
(IC023 to ICy049) according to different diffusion pathways. Three
diffusion pathways (linear, supply-based, and IDT-based) are
explored in this paper (Figure3). It is essential to note that
these pathways are not intended to predict the future, but
rather serve as potential strategies to grow the market. The
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subsequent financial implications regarding the allocation of costs
between the government and the industry under each pathway will
be determined.

The linear pathway operates on an assumption that all the
utility scale solar PV industry can grow at a constant rate (21.42
GW) toward net-zero target, without any delays or accelerations.
The supply-based pathway is derived through the amalgamation of
outcomes from prior supply-based modeling scenarios, specifically
from IRENA (2022) labeled as “IRENA 1.5°C—RES85” and another
scenario from Paiboonsin (2022) labeled as “NZ50.” The “IRENA
1.5°C—RES85” scenario is regarded as the most pragmatic option
among other choices due to its minimal renewable energy target,
and it has been corroborated by both government and renewable
technology developers’ interviews. However, the dataset lacks
information on annual capacity growth. On the other hand, the
“NZ50” scenario incorporates yearly capacity growth for utility-
scale solar PV but exhibits greater ambition in terms of the
overall capacity volume. The supply-based pathway combines
the approaches of both methodologies, integrating the growth of
“NZ50” into the final target of “IRENA 1.5°C—RES85.” The IDT-
based pathway applies the principles of innovation-diffusion theory
to delineate the yearly installed capacity, resulting in the overall
shape of an S-curve (LaMorte, 2022). The S-curve is developed by
using normal distribution function in Microsoft Excel with 3.958
standard deviation. The IDT growth accommodates consumer
types with different uptake capability: early adopters and innovators
who can promptly take-up the technology, the mainstream
majority, and the laggards who exhibit reluctance toward new
technologies. As a result, the pathway initially demonstrates a slow
rise, followed by significant acceleration during the middle phase,
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TABLE 3 Tariffs of existing price-based policies.

\[e) Type Tariff

1 ITA arif 1.25% (Government of Indonesia, 2015)
2 HTE qif ¢ 2.5% (Online Pajak [Online Tax], 2023)
3 IDEqarif ¢ 7.5% (Lathifa, 2022)

4 VATE arif ¢ 11% (Maulida, 2023)

and eventually tapering off toward the end. The research scope is
limited to the price-based policy support for utility-scale solar PV in
Indonesia, covering the period from 2022 to 2050. It examines the
market of utility-scale solar PV with different sizes, technologies,
and project locations as a unified entity. This study targets utility-
scale solar PV which are connected to the grid and presumes
no battery needed. Thus, battery costs are not included in the
capital expenditure calculations. Table 3 shows the tariffs of existing
price-based policies in Indonesia.

The Feed in Tariff is constrained to not exceed the ceiling
prices (Table 4) set by the Government of Indonesia (2022b),
distinguished between the first 10 years and after 10 years after a
project is developed (Equations 14-16).

FiTie(2022 t0 2031y = Flyari1 ¥ EP; (14)
i-10
FiTys = () AEP X Flyig)
i
+ (AEPy32-2031 X Fligrign) — (15)
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TABLE 4 Ceiling prices of utility-scale solar PV (Government of Indonesia,
2022b).

Ceiling price Ceiling price
formula? (S/kWh)
($/kWh)
First 10 years (Fliarir 1) 0.0826 x F° 0.10325
After 10 years (Fliaris f2) 0.0496 0.0496

Ceiling prices assumed for the majority of 5 MW power plants.
Region factor F of 1.25 is used as the averaged maximum and minimum value.

i~10
FiTie(2033 t0 2050) = (Z AEP X Fliapigry )

i
i—11

+ (D AEP X Flugs)
2022

(16)

4 Main findings

This section describes the results and findings from applying
the MPO model (Equations 1-16) to compare the linear, supply-
based, and IDT-based penetration pathways for Indonesia’s utility-
scale solar PV from 2022 to 2050, while accounting for the
less optimistic, moderate, and optimistic learning factors. Where
pertinent, the outcomes of this study will contextualize a broader
landscape of renewable technology trends in Indonesia by drawing
comparisons with relevant but more extensive bodies of literature.

4.1 Today's price-based policy support is
insufficient for Indonesia’s utility-scale
solar PV industry to achieve the 2050 goal

To Initially, the model is executed in simulation mode to
evaluate how much of the existing price-based policy support
from the government offsets the investment costs required by
industry to establish utility-scale solar PV capacity for reaching
Indonesia’s net-zero target of 600 GW by 2050. Figure 4 shows
the spread of both the policy support and investment costs. In
the linear penetration pathway (Figure 4A), the total investment
cost from $129,779 to $456,761 million, with a moderate value of
$285,317 million. The financial contribution from governmental
price-based policies ranges from $15,238 to $56,170 million, with
a moderate value of $34,509 million. The average extent of
government support toward the investment cost encompassing
all three learning factor scenarios amounts to a mere 12.04%. In
the context of the supply-based pathway (Figure 4B), the total
investment cost spans from $202,828 to $515,769 million, with a
moderate value of $369,931 million. Government support through
price-based policies is observed to range from $24,617 to $63,495
million, and a moderate value of $45,281 million. The average
coverage of government support toward the investment cost across
all three learning factor scenarios remains relatively low at 12.23%.
Considering the IDT-based penetration pathway (Figure 4C), the
total investment cost varies from $107,199 to $456,255 million,
with a moderate value of $276,384 million. The financial support
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attributed to governmental price-based policies spans from $13,978
to $59,667 million, yielding a moderate value of $36,115 million.
This results in an average coverage of government support toward
the investment cost to be 13.06%.

The examination of all three distinct diffusion pathways unveils
a persistent trend: the governments financial support coverage
consistently falls far short. This implies that, under the existing
policy framework, the Indonesian government does not allocate
sufficient funds to grow the market of utility-scale solar PV to
achieve its 2050 net zero goal. These findings resonate with a
previous study done by Suharsono et al. (2022) that recorded
incentives given by the government to different type of energy
sources in Indonesia from 2016 to 2020. The previous investigation
underscored that the renewable sectors in Indonesia received
<1% of the total government energy support, with the majority
directed toward geothermal and undermining the high potential
of solar PV. In stark contrast, the fossil-based sector secured a
staggering 94% of the total government support. Similarly, another
study (ADB, 2020) emphasized the inadequacy of current tax
incentives for renewables to stimulate the necessary investments.
This insight overall highlights the Indonesian government’s lack
of prioritization in supporting renewable sectors, particularly
utility-scale solar PV, to competently rival fossil-based industry,
thereby presenting one explanation for the delayed advancement
of solar PV in the country. The contrast between the level of
financial support provided by the government and the significant
investment required emphasizes the need to include another
policy recommendation funneling supplementary incentives. FiT
is the policy that is recommended to be reactivated, based on its
significant historical influence on the utility-scale solar PV installed
capacity as demonstrated in Figure 2. The forthcoming subsection
will delve into the optimization results of the FiT.

4.2 The IDT-based pathway is the most
cost-effective to grow utility scale solar PV
in Indonesia

Figures 5A, B shows the outcome of the designed FiT for
two periods in accordance with the regulations stipulated by the
Government of Indonesia (2022b). The box plots feature an upper
boundary denoting the less optimistic scenario, a lower boundary
denoting the optimistic scenario, and the result from moderate
scenario in-between. For the first 10 years, the tariffs ranged from
0.24 to 1.59 cents/kWh for linear, 1.07 to 2.57 cents/kWh for
supply-based, and 0.39 to 1.47 cents/kWh for IDT-based pathway.
After 10 years, the tariffs ranged from 0.63 to 1.16 cents/kWh
for linear, 0.39 to 1.35 cents/kWh for supply-based, and 0.19
to 1.20 cents/kWh for IDT-based pathway. Within the initial
decade, the supply-based penetration pathway requires higher
tariffs compared to the others, while the tariffs for IDT-based and
linear penetration pathways exhibit minimal difference. After this
period, the moderate tariffs for IDT-based are notably 51 and 70%
lower than supply-based and linear pathways, respectively. Despite
the FiT being 3% higher than linear in the less optimistic scenario,
the tariff for IDT-based in optimistic scenario differs significantly
from the linear and supply-based pathways, with a disparity of
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33 and 31%. Hence, the preference leans toward the IDT-based
penetration pathway due to its generally lower tariffs, particularly
after the next 10 years.

Figures 6A-C show the increased support from government
due to the optimal FiT policy in Figure 5, here the government’s
financial commitment to support the growth of utility scale solar
PV is 50% of the investment cost. These results underscore the
IDT-based pathway’s comparative advantage in terms of investment
cost, exhibiting reductions of 0.1, 3.1, and 17.4% in relation to
the less optimistic, moderate, and optimistic scenarios of the
linear pathway, and 11.5, 25.3, and 47.1% for the less optimistic,
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moderate, and optimistic scenarios of the supply-based pathway,
respectively. As a result, the IDT pathway emerges with the lowest
overall total cost required from government to align with industry
expenses. Notably, the IDT pathway necessitates a total FiT range
from $39,621 million (optimistic scenario) to $168,460 million
(less optimistic scenario), with a moderate value of $102,077
million. This phenomenon can be elucidated by considering the
dynamics of cost-reduction technologies. As shown in Table I,
this study acknowledges different learning rates on every decade,
referring to data from previous analysis done by Handayani et al.
(2019). The data shows the most notable reduction manifest
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Optimal FiT recommendation (A) FiT before 10 years of projects completion, (B) FiT after 10 years of projects completion.
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during the initial year of technology adoption and progressively
tapering off until 2050. The IDT-based pathway benefit industry
the most from expediting power plants capacity installations in
2032 and 2041 when there is still substantial technology cost
reduction effect (Figure 7), driven by the engagement of the early
and late majority groups of adopters. In contrast, the supply-
based pathway exhibits delayed capacity growth, with acceleration
predominantly occurring after 2041 when the learning rate effect
is minimal, leading to a comparatively diminished cost reduction
effect (Figure 7). In the linear pathway, however, the reduction rate
remains consistent across all years (Figure 7).

This study also evaluates the revenue generated from electricity
sales as another consideration in selecting the most cost-
effective penetration pathway. Figures 8-10 reveal that, the linear
pathway cumulative revenue ranges from $212,432 to $580,348
million, with a moderate value of $402,641 million. The supply-
based pathway cumulative revenue ranges from $183,300 to
$436,789 million, with a moderate value of $322,134 million.
Conversely, the IDT-based pathway’s cumulative revenue spans
from $235,302 to $600,615 million, with a moderate value of
$431,007 million.

From these results, the IDT pathway outperforms the linear and
supply-based alternatives in terms of revenue generation. These
findings emphasize the superior revenue-generating potential of
the IDT-based pathway in electricity sales, with respective increases
of 3.5, 7, and 10.8% in relation to the less optimistic, moderate, and
optimistic scenarios of the linear pathway, and increases of 37.5,
33.8, and 28.4% for the less optimistic, moderate, and optimistic
scenarios of the supply-based pathway. A marked surge in revenue
from the IDT-based pathway becomes evident after 2035 where the
other pathways are being surpassed (Figure 10). This phenomenon
is attributed to the rapid expansion of installed capacity in the
middle of the period (Figure 7). To illustrate, by 2040, the IDT
pathway’s annual capacity will exceed 500 GW, indicating that for
the next decade, it garners payments for over 500 GW of capacity
annually from the public, while the other two pathways still account
for half that amount. This trend emphasizes the favorable revenue
prospects associated with the IDT pathway’s capacity growth and
timely adoption.
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4.3 Limitations of this work

Due to the lack of available data detailing the cost differentials
during the research period, this study relies on the most recently
available average CAPEX for utility-scale solar PV projects within
Indonesia. The utilization of single CAPEX figure, however,
weakens the study’s capacity to account for cost variations
across distinct Indonesian regions. Hence several scenarios are
introduced. To address this limitation, future researchers could
collect empirical data from operational utility-scale solar PV
installations in different regions in Indonesia, thereby enhancing
the wvalidity of the results. The cost utilized in this study
exclusively encompasses the investment expenditure for the initial
development of utility-scale solar PV. Costs associated with
maintenance, operation, and other expenses aimed at mitigating
potential effects resulting from solar plant construction, i.e., urban
heat, are outside the scope of this study. Another limitation
inherent in this study pertains to the gradually decreasing
learning rate used across different decades according to data
from Handayani et al. (2019), resulting in spikes in the cost
reduction trajectory from 2022 to 2050. While these spikes might
reflect several technological and design advancements (Abernathy
and Wayne, 1974), opportunities exist for future researchers to
complement the secondary data with direct interviews involving
utility-scale solar PV developers in Indonesia. This approach would
allow for a verification of the actual impact of learning factors on
the utility-scale solar PV cost reduction. It is crucial to highlight
that the model created in this research does not provide an exact
forecast of future scenarios, rather it provides a new approach to
envision financial implications from the selection of policies and
diffusion pathways. The model’s adjustable nature in the policy
offerings and diffusion pathways accommodates future applications
on different technologies, timeframes, and capacity targets.

4.4 Recommendations

Existing price-based policies in Indonesia are insufficient
to support de-risking investment in utility scale solar PV to
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Optimisation results: (A) linear pathway, (B) supply-based pathway, and (C) IDT-based diffusion pathway.
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achieve 2050 targets (as shown in Figure 1). The reinstatement
of the Feed-in Tariff (FiT) policy is strongly recommended,
given its historical success in driving solar PV capacity growth.
The optimization results propose FiT tariffs ranging from 0.24
to 1.59 cents $/kWh for the linear pathway, 1.07 to 2.57
cents $/kWh for the supply-based pathway, and 0.39 to 1.47
cents $/kWh for the IDT-based pathway in the initial decade,
demonstrating contextually optimized incentives. The FiT is
not the only policy support for utility scale solar PV in
Indonesia; hence the FiT is not the same as the LCOE. Indonesia
currently has other policies as shown in Table 3. Hence, the
model determines what the minimum value of the FiT needs
to be to offset investment in utility scale solar PV by 50%
(whilst simultaneously including existing policies and bounded
by the government ceiling prices). Offsetting investment by
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50% is determined for a win-win between government and
industry. This enables the exploration of different diffusion
pathways from the same basis. In addition, the Indonesian
government is pushing for a collaboration with industry to grow
the utility scale solar PV market where government market-
based policies contribute at most 50%. The Innovation Diffusion
Theory (IDT)-based pathway emerges as the most cost-effective
strategy, offering reductions of 0.1-17.4% compared to linear
and 11.5-47.1% compared to supply-based pathways. These
results present a robust case for embracing IDT principles
in policy design, accounting for diverse consumer adoption
rates. The phased FiT implementation, scaling up solar PV
deployment gradually between 2022 and 2050, aligns with
consumer behavior patterns, ensuring optimal market penetration
and cost-effectiveness.
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5 Conclusions

To achieve net zero in Indonesias energy sector by 2050, a
massive deployment of utility-scale solar PV is required, however
the current installment of utility-scale solar PV remains very
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low. Leapfrogging to achieve the 2050 target requires financially
intensive supporting policies from the government. Nonetheless,
the existing policies have been perceived to be unstable and
unattractive by the solar PV industry. Given this context, there is
a need to find a cost-effective way to grow the installed capacity of
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utility-scale solar PV in Indonesia, through supportive policies that
result in fair cost distribution between government and industry, to
ultimately attain the net-zero target by 2050. This study introduces
a novel multiperiod non-linear Market Penetration Optimization
Model (MPOM) applied to compare three different policy induced
penetration pathways-linear, supply-based, and IDT-based-while
accounting for the technology cost reduction due to learning
effects. Subsequently, the model is deployed in two modes: first,
a simulation mode that assesses existing policies, and second, an
optimization that determines tariffs of an additional policy, the FiT.

The simulation outcomes indicate that within the current
policy landscape, the government’s financial support across
all diffusion pathways covers a maximum of ~13% of the
investment cost required by the industry to achieve the targeted
installed capacity in 2050. This highlights the inadequacy of the
government’s existing price-based incentives. The reactivation of
the FiT policy is recommended, given its historically proven
influence on the growth of utility-scale solar PV capacity
in Indonesia. To achieve win-win between industry and the
government, optimization results reveal that required FiT span
from 0.24 to 1.59 cents/kWh for the linear pathway, 1.07 to
2.57 cents/kWh for the supply-based pathway, and 0.39 to 1.47
cents/kWh for the IDT-based pathway during the first 10 years
period after projects were constructed. In the subsequent period,
FiT range from 0.63 to 1.16 cents/kWh for the linear pathway,
0.39 to 1.35 cents/kWh for the supply-based pathway, and 0.19
to 1.20 cents/kWh for the IDT-based pathway. Considering the
total investment cost required from 2022 to 2050, the IDT-based
pathway exhibits a comparative advantage. It shows decreases of
0.1, 3.1, and 17.4% concerning the less optimistic, moderate, and
optimistic scenarios of the linear pathway, and decreases of 11.5,
25.3, and 47.1% for the less optimistic, moderate, and optimistic
scenarios of the supply-based pathway. This leads to a lower total
FiT budget for the IDT pathway, ranging from $39,621 million
(optimistic scenario) to $168,460 million (less optimistic scenario),
with a moderate value of $102.077 million. Regarding revenue
generated from electricity sales, the IDT-based pathway also stands
out, demonstrating increases of 3.5, 7, and 10.8% compared to
the less optimistic, moderate, and optimistic scenarios of the
linear pathway, and increases of 37.5, 33.8, and 28.4% for the less
optimistic, moderate, and optimistic scenarios of the supply-based
pathway. Overall, these trends underscore the cost-effectiveness
superiority of the IDT-based pathway compared to the linear and
supply-based. Considering the substantial historical influence of
Feed-in Tariffs (FiT) on the expansion of utility-scale solar PV
capacity in Indonesia, it is advisable to re-implement the FiT.
Unlike the existing policies, which solely provide tax payment
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Nomenclature
TABLE A1
CINV Total investment cost from 2022 to 2050 B Parameter transformation of learning rate
(MS$)
CG; Cost to the government in year i (M$) ICAP Yearly increase of installed capacity (GW)
CI; Cost to industry in year i (M$) ICAP; Installed capacity in year i (GW/year)
FIT; Budget for feed-in-tariff in year i (M$/year) DR Discount rate (%)
ITA; Budget for income tax allowance in year i n Project lifetime
(M$/year)
IITE; Budget for import-income tax exemption in EP; Energy produced in year i (GWh/year)
year i (M$/year)
VATE; Budget for value added tax exemption in year | CF Capacity factor (%)
i (M$/year)
IDE; Budget for import duty exemption in year i AEP Yearly increase of energy produced (GWh)
(M$/year)
ITA rifp Income tax allowance tariff (%) Fliarif f1 Feed-in-tariff in the first 10 upon projects
completion (cents/kWh)
CINV Yearly increase of investment cost (M$) Fliarif 2 Feed-in-tariff after 10 years upon projects
completion (cents/kWh)
VATE tarigy Value added tax exemption tariff (%) FiTie2022 10 2031 Budget for feed-in-tariff in year included in
the range of 2022-2023
IDE qrifr Import duty exemption tariff (%) FiTic(2033 1o 2050 Budget for feed-in-tariff in year included in
the range of 2033-2050
HTE iy Import-income tax exemption tariff (%) DR Discount rate (%)
CINV; Investment cost in year i (M$/year) n Project lifetime
CAPEX; Capital cost in year i (M$/GW year) EP; Energy produced in year i (GWh/year)
LR Learning rate (%) CF Capacity factor (%)
LCOE; Levelized cost of electricity in year i OR Operational cost rate of the capital cost (%)
(M$/GWh year)
AF Annuity factor (%) REV; Revenue from electricity sales in year i
(M$/year)
2050 2050
> CG Cost to the government from 2022 to 2050 > Cost to the industry from 2022 to 2050 (M$)
2022 (M) 2022

Symbols, acronyms, and abbreviations

ADB, Asian Development Bank; CAPEX, Capital Expenditure;
EKONID, Perkumpulan Ekonomi Indonesia Jerman (German
Indonesian Economic Association); FiT, Feed-in-Tariff; GW,
Gigawatt; IDT, Innovation-Diffusion Theory; IEA, International
Energy Agency; IESR, Institute for Essential Services Reform;

Frontiers in Sustainable Energy Policy

IRENA, International Renewable Energy Agency; kWh, Kilowatt
hour; LCOE, Levelized Cost of Electricity; M, Million; MEMR,
Ministry of Energy and Mineral Resources; MPOM, Market
Penetration Optimization Model; MW, Megawatt; NDC,
Nationally Determined Contribution; PLN, Perusahaan Listrik
Negara (State Electricity Company); PV, Photovoltaic; RE,
Renewable Energy; UN, United Nations; VAT, Value Added Tax.
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