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Abstract—Climate change impacts the power system globally. It
also creates a challenge for Indonesia’s energy transition, which
aims for net-zero emissions by 2060. Aside from decarbonization
efforts, planning for this transition adds a challenge due to the
deeply uncertain nature of climate change. This refers to a
condition where planners cannot agree on models, probabilities,
or even which variables to prioritize. That degree of climate
uncertainty has not yet been addressed in Indonesia’s current
power systems planning approach. Failure to address these
uncertainties could bring significant vulnerabilities to
Indonesia’s future power system. Furthermore, only a small
number of studies on power systems planning in Indonesia have
addressed these climate uncertainties, and even then, only in a
limited way. This paper offers a conceptual recommendation of
an adaptive planning approach as one potential method to
address these uncertainties. The approach is based on Dynamic
Adaptive Pathways Planning (DAPP), which comes from the
decision-making under deep uncertainty (DMDU) taxonomy. It
supports planners in exploring a range of possible futures,
considering policies and uncertainties, and enabling more
robust decision-making.

Keywords—climate change, power system planning, energy
transition, adaptive planning, deep uncertainty, Indonesia

1. INTRODUCTION

Indonesia has an emerging economy that is expected to
continue growing, driving energy demand and infrastructure
development in the power sector. In 2023, the fuel mix of
power generation consisted of 67% coal, 20% natural gas, and
oil [1]. The dominance of fossil fuels will continue to
contribute to carbon emissions, peaking around 2038 [2]. The
projected rise in carbon emissions over the next few years
poses a challenge to achieving the government’s Net Zero
target by 2060 [3].

To plan for decarbonization, Indonesia has recently
developed national long-term plans, named RUKN [2] and
RUPTL [4], outlining a roadmap for power infrastructure
development. Moreover, in those plans, the concept of
“supergrid” is introduced as an enabler for renewable energy
access and could be one of the cost-effective options [5].

Designing these plans involves several challenges,
particularly in accounting for climate uncertainties. Key
uncertainties, such as the variability of renewable energy
sources and the impacts of climate change, are expected to
influence power system planning and operation [6].

However, the implications of climate-related uncertainties
are not clearly explored in the mentioned plan. While the plan
optimizes a clear decarbonization goal, they do not address
how climate impacts and uncertainties might affect
Indonesia’s long-term power system development.

Furthermore, while much research discusses Indonesia’s
power system planning, only limited studies explore the
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climate uncertainties. Given these gaps, this paper introduces
the concept of adaptive planning that could address the
uncertainties. The approach is based on the Dynamic Adaptive
Pathways Planning (DAPP) approach [7], which falls under
the Decision Making under Deep Uncertainties (DMDU)
taxonomy [8]. It is well-established in the water sector
planning [9] and is an emerging approach in energy system
planning [10], [11].

This paper is structured as follows: Section II explores
climate uncertainties in the power system globally and in
Indonesia. Then, section III focuses on Indonesia’s policies
and long-term planning research. Finally, an introduction to
adaptive power system planning and an outline of its proposed
application in Indonesia are presented in Section I'V.

II. CLIMATE UNCERTAINTIES IN THE POWER SYSTEM AND
THE CONTEXT OF INDONESIA

A. Climate Change Uncertainties in the Power Systems

This subsection provides a general overview of climate
impacts on the power system and their associated
uncertainties. The uncertainties in power systems can arise
from many sources, including geopolitical, political,
technological, and social. However, the mentioned sources
could directly affect two main types: technical and economic
uncertainties [6]. Technical uncertainties involve operational
model limitations, climate-related factors, and the
intermittency of renewable energy sources. Economic
uncertainties include factors such as fluctuations in fuel prices
and financing challenges. Among these, climate uncertainty
critically influences the power system’s technical and
economic aspects in the short and long term [12].

As a major driver of uncertainty, climate change impacts
the performance of power systems [13]. Some climate impacts
stress system components by reducing their performance
without causing disconnection. For example, rising ambient
temperature will impact power system elements such as
generation, transmission, and distribution at the design and
operation stages (see Table I [14], [15], [16], [17], [18]). The
increasing temperature can cause transmission and generation
efficiency to decrease [19], [20]. It can also increase the load
demand simultaneously, thus reducing the system’s reserve,
which impairs the system’s resilience [21].

Another type of climate impact involves shocks that lead
to service disconnections. These typically result from
damaging events. Such as sea level rise, flooding, landslides,
and particularly extreme weather conditions [17], [22].

B. Climate Change Impact on Indonesia’s Power System

Particularly in Indonesia, an archipelagic country with a
unique geography, climate change is one important driver
already affecting power system planning [23]. In Indonesia,
high temperature anomalies have already been observed [24]
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TABLE L

SYSTEM ELEMENTS

TEMPERATURE AND SEA LEVEL RISE IMPACTS ON POWER

<= decrease | << = significant decrease
> = increase | >> = significant increase

Type Tech- Temperature Rise Sea Level Rise (SLR)
nology induced flooding
Gener Coal < turbine efficiency, boiler, Power failure, > demand
ation shutdown because of high for water drainage
water-cooling temp pump, and desalination
< effectiveness of plant of water
Gas < turbine efficiency, boiler, Affects coastal oil and
Turbine / shutdown because of high gas assets
Combined- water-cooling temp
Cycle < effectiveness of plant
Nuclear <efficiency Power failure
Biomass <> Biomass production:
water supply, growing
season, crop disease
Hydro change in runoff (glacier
melt, >evaporation)
Solar < efficiency,
Panel / PV panel aging
Wind Risks to Wind Turbine
Turbines structures
Trans Tower << grounding efficiency Power failure
missi
on Line overload, << capacity,
>> losses
Load Trans- overload, << capacity, Power failure
formers burnt-out, seal damage
Demand > load

and are projected to increase further [25]. These rising
temperature stresses affect power system operations by
increasing demand and reducing generation output [26].
Indonesia is vulnerable to a range of climate-related
shocks and hazards [27], [28]. Furthermore, Indonesia’s
power system has already experienced those vulnerabilities,
such as flooding, sea level rise, and landslides [26]. Sea level
rise makes coastal gas and coal power plants more vulnerable
to flooding [29]. Landslides have been reported to cause the
collapse of transmission towers in certain regions [30]. These
examples show that Indonesia’s power system is already
exposed to climate risks despite uncertainties in the hazards.
To conclude, although Indonesia has a plan to
decarbonize, the temperature and sea level rise depend on
global mitigation efforts beyond Indonesia’s control. In
addition, the extreme weather could happen at an unknown
time. These climate uncertainties pose significant risks to
long-term power system development. Therefore, it is
important to account for climate uncertainties in the plan.

III. INDONESIA’S POWER SYSTEM PLANNING IN THE FACE OF
UNCERTAINTIES

A. Limited Attention to Climate Uncertainties in Policy and
Planning Documents

In relation to power planning, Indonesia has had a main
energy policy since 2006, called the National Energy Policy
or Kebijakan Energi Nasional (KEN) [31]. In addition, Law
No. 30/2009 on Electricity mandates the development of the
General Electricity Plan (RUKN), which is issued by the
Ministry of Energy and Mineral Resources (MEMR/ESDM)
[32]. The RUKN outlines electricity capacity expansion
targets through 2060 [2]. MEMR also issued Ministerial
Regulation No. 11/2021 [33] to guide shorter-term planning.
It requires electricity business license holders, including
Indonesia’s utility PLN, to prepare a 10-year electricity supply
plan (RUPTL) [4] based on the RUKN.

RUKN was recently published in December 2024. In
addition, the ministerial regulation No. 10 /2025, published in
April 2025, explains the energy transition roadmap in the
power sector based on the RUKN [34]. The RUKN and the

roadmap highlight the planned power generation capacity and
emission targets, along with projected fuel mix composition
until 2060. The main strategies include: limiting coal-power
plant development; planning for its phase down; promoting
nuclear power plants; supporting green hydrogen and
ammonia production; and developing a supergrid.

Then, to emphasize the plan in detail, the most recent RUPTL
2025-2034 has just been published in May 2025 [4]. The
RUPTL serves as a key reference for electricity business
license holders in planning and investment. It provides a
complete list of upcoming power generation, transmission,
and distribution projects that would be a basis for
procurement. Designing these plans requires intensive
coordination, effort, and extensive simulation work.

In the face of the optimization process, both documents
assume that scenario conditions remain constant throughout
the entire planning horizon. This is reflected in the use of a
simplified single or two optimized scenarios that exist in the
plan. It could be said that the plans consider basic scenarios in
a static manner. In reality, structural midway shifts can emerge
midway, demanding greater flexibility.

However, facing the uncertainties of long-term planning,
an effective plan should consider uncertainties [23]. The
RUKN and RUPTL have addressed demand uncertainty by
addressing several demand projections based on different
economic growth assumptions. The RUPTL optimization
considers two scenarios: Renewable Energy (RE) base and
Accelerated Renewable Energy Development (ARED)
scenarios, making a difference in the composition of
renewables targeted. That shows both documents suggest a
basic recognition of uncertainty. However, again, climate-
based uncertainties have not been explicitly addressed to
support this long-term energy transition plan.

In relation to climate change and its related uncertainties,
existing policy the planning documents in Indonesia only have
limited incorporation. The KEN outlines principles of energy
management and a general policy toward renewable energy
development. However, it does not address climate
uncertainties explicitly. Meanwhile, both the RUKN and
RUPTL clearly aim for the 2060 net-zero-emissions target,
which is a good start in acknowledging climate change. Yet,
the documents show limited consideration of the climate
uncertainties in the planning process.

The mentioned documents have not yet integrated climate-
related operational uncertainties, such as extreme
temperatures or weather disruptions, into their modeling
frameworks. These factors can significantly influence system
performance and affect core indicators like reserve margin, a
key constraint in supply optimization.

In conclusion, the current planning documents open space
for research into more adaptive, flexible, and robust planning
methods to better handle uncertainty and support long-term
decision-making in the power system.

B. Limited Research on Climate Uncertainty

Several published studies have analyzed Indonesia’s
power system planning using modeling approaches to
examine long-term developments. We searched for these
studies on Scopus with the query: ( TITLE-ABS-KEY (
indonesia ) AND TITLE-ABS-KEY ( "power sector”" OR
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TABLE IIL RECENT LONG-TERM PLANNING STUDIES FOR INDONESIA
References Scope Objective
Handavani 2015- Analyze the technological learning of
2019 {3 6]’ 2050 @5/ | renewable energy’s effect on total cost in
Java-Bali five scenarios using LEAP.
2020- Analyze three scenarios to decarbonize
Handayani, 2050/ Southeast Asia countries in terms of
2022 [37] Indonesia, emissions and costs. LEAP used to
ASEAN highlight renewables and energy storage.
- 2020- Analyze Indonesia’s system cost and
Reyseliani, A o, .
2022 [38] 2050 @5 / emissions in energy tran.smon. strategies to
Indonesia 2050 with three scenarios using TIMES.
Yudiartono 2025, .Evvaluatve optimal energy mix and
2023 [39] 2050/ emissions in two scenarios: Business as
i Indonesia | Usual, and Energy Transition using LEAP.
. . 2030- Analyze the usage of 100% renewables
Silalahi, . .
2023 [40] 2060 @10 and system cost of inter-island
/Indonesia transmission in Indonesia using FIRM.
Rahmanta, 2023- Analyze the opportunities of nuclear
2023 [41] 2060 power plants to support net-zero and the
/Indonesia | effect on emissions and costs using LEAP.
Analyze and compare costs, power
. . 2030- . . AN
Paiboonsin, 2070 @20 generation, capacity, and emissions in six
2024 [42] /ndonesia scenarios with different energy—fossil fuel
composition using OSeMOSYS.
Analyze Indonesia's 100% renewable
. . 2030- . . .
Amiruddin, energy in three scenarios, focusing on
2045 :
2024 [43] /indonesia energy storage system configurations
affecting cost using PLEXOS.
Hersaputri 2015- Analyze seven decarbonization scenarios,
202 4?2 4]’ 2050 including Coal Phase Out, Carbon Tax,
/Indonesia JETP and NDC using OSeMOSYS.
Analyze the impact of inter-island
2030- . . o
Langer, 2050 @10 interconnection on costs and emissions to
2024 [45] ndonesia support 100% renewables, using seven
scenarios, using CALLIOPE.
- 2030- Compare the costs of three scenarios
Reyseliani, .
2024 [46] 2060 @10 | based on the Coal Power Plant phasing out
/Indonesia strategies using TIMES.

"electricity sector” OR electri* ) AND TITLE-ABS-KEY (
planning OR policy OR roadmap OR pathway* OR scenario*
) AND TITLE-ABS-KEY ( climate OR "energy transition"
OR decarbonization ) ). From that initial selection, we limit
the scope to studies from 2019 until 2024, to studies with the
subject area of “Energy,” and only include articles and
journals. Then we screened the abstracts to include only those
that did optimization modeling for Indonesia on the long-term
national scale planning, and we did a snowball search.

Table II presents 11 studies from the prior article search
strategy. The articles explore long-term planning for
decarbonization, focusing on pathways to net-zero emissions.
They align with the Paris Agreement’s goal by supporting
climate change mitigation through emissions reductions and a
transition to renewable energy [35].

In relation to climate, most studies focus on long-term
plans, reflecting earlier national targets for achieving Net Zero
emissions to address climate change. Furthermore, most of the
studies seek to determine the relationship between emissions,
abatement costs, and total costs with different renewable
energy sources using energy system modeling. However,
among the resulting articles, the explanation of climate
uncertainties has not been rigorously discussed.

To conclude, currently, either policy planning documents
or academic research in Indonesia has limited exploration of
climate uncertaintiecs. However, given the wide range of
uncertainties Indonesia faces, there is a clear need for more

uncertainty-aware approaches to power system planning and
studies. It will be the focus of the next section.

IV. PROPOSAL FOR AN ADAPTIVE PLANNING APPROACH

Following the previous review, this section proposes a
planning approach to address climate uncertainty in the power
system. It begins by understanding deep uncertainty, outlining
key methodology, and then details the proposed approach.

A. Introduction of Deep Uncertainty

Climate-related uncertainties fall under what is known as
deep uncertainty. Deep uncertainty arises when the
stakeholders of the problem not only cannot agree on the
probabilities used, but also when they cannot agree on an
appropriate course of action [47]. That often happens because
the problem itself is highly wicked in nature [48].
Uncertainties in public policy can be categorized into different
levels [49]. The most certain level is level 1, “clear certainty,”
while the opposite is level 5, “total unknown”. Between those
two, there are three recognized levels of uncertainty. Level 2
includes defined alternatives with probabilities, level 3
features ranked scenarios without precise probabilities, and
level 4 involves numerous plausible futures.

Deep uncertainties correspond particularly to level 4 and
level 5 uncertainties. Those are situations where multiple
plausible futures exist without an evident ability to assign
probabilities [49]. Since climate change and mitigation
actions manifest over long-term horizons with many
uncertain assumptions and conditions, these uncertainties
heavily influence future conditions for power systems. As a
result, the impacts of climate change on power systems are
also subject to deep uncertainty.

B. Shifting the Planning Paradigm: Core Requirements and
Overview of Adaptive Planning

Planning the future power system in the context of deep-
uncertain climate change is difficult. Due to the level of
uncertainty, the climate, such as temperature and sea level,
may significantly deviate from historical patterns. To address
this, the usage of future climate models provides many
scenarios that will complicate the plan. With the deep
uncertainty of the climate, a basic plan will break down. This
could happen because too many uncertainties lead to too many
futures and conditions. The basic plan that never explores
those probabilities will not be able to know the risk behind
every decision. Given those challenges, it is required that the
planning approach account for climate and be robust to remain
effective under a range of conditions [50].

Importantly, the resulting plan should leave room for
flexibility and include options to respond to different possible
futures. This is especially important globally and particularly
relevant in countries like Indonesia, where the climate is
deeply uncertain, and policy objectives evolve over time.
These conditions highlight the limitations of current planning
approaches that rely on static assumptions or a fixed pathway,
which may fail to anticipate the uncertain climate and policy
shifts. It shows a need for planning approaches that are not
only robust but also capable of adapting to the goals.

One approach to answer that need is the proposal of the
usage of decision-making under deep uncertainty (DMDU)
[8]. DMDU, with the use of Robust Decision Making (RDM)
[47] addresses situations where future conditions cannot be
described using reliable probabilities. Rather than relying on
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fixed assumptions and probabilities, RDM uses quantitative
stress tests to explore a wider range of plausible futures and
prepares for different developments [47].

In addition to RDM, which mainly explores and stress-
tests plausible futures, another DMDU approach called
adaptive planning can add more benefit. It offers a structured
approach to developing flexible strategies over time through
sequences of actions that can adapt to changing conditions.
The approach is named the Dynamic Adaptive Pathways
Planning (DAPP) [7]. DAPP is a decision analysis framework
that systematically approaches adaptive pathway planning [9].
DAPP has been widely applied and studied, particularly in the
water and industrial sectors [9], and how the Netherlands
manages its climate adaptation plan for the water sector [7].

The DAPP approach offers two kinds of features: plan
creation and operationalization of the plan. The pathways plan
creation offers a systematic framework from the beginning of
problem analysis, identification of actions, development of
pathways, and identification of transfer points. DAPP
approach could also identify tipping points, which are critical
moments when the existing policy becomes ineffective. The
approach could prevent the decision makers from taking a
policy that leads to lock-ins before the final goal is achieved
[7]. The pathways will be simulated to measure the outcome.

One of the pathway plan visualizations is a metro map in
Fig. 1, which explains that several actions can be planned in
multiple pathways [9]. The x-axis explains the conditions that
will be monitored. The y-axis explains the policies that could
be taken. Timely policy shifts can be designed to transition
among policies. The score in the box shows is one
representation of the simulation results of each path.

The second feature of DAPP is the operationalization of
the plan. Besides the plan creation itself, this feature enables
the stakeholders to monitor key situations with some
indicators and prepare to take specific actions when certain
conditions are met. This consists of an implementation
framework, monitoring, and evaluation. This allows the
assessment of the plan’s effectiveness and the adjustment of
the plan if needed.

C. Proposed Approach and Study Plan in Indonesia’s
Power System

This section introduces and proposes the DAPP’s potential
application in Indonesia’s power system planning. Given that
the DAPP approach enables better handling of uncertainties—
an aspect not thoroughly addressed in Indonesia’s existing
planning documents—it could offer a valuable alternative for
improving the country’s power system planning. Unlike
current planning, which relies on fixed pathways and a limited
number of scenarios, DAPP encourages flexible strategies that
can change over time depending on how future conditions
unfold. This makes it useful in dealing with the wide range of
climate-related uncertainties and risks Indonesia faces.

Pathways Example
Example Scoring
Policy |

B

Path [Cost
(A, Vv
B (111, V-VI)|_++
v+

Policy It

%

To illustrate the usage of DAPP in power system planning,
we refer to Indonesia’s official power plan as a basis for
discussion. Specifically, for example, one interesting case to
be discussed is the recent RUKN that introduces the supergrid
as part of Indonesia’s energy transition stages [2]. In other
countries, vastly interconnected grids have shown clear
benefits of renewable energy accessibility and building a
strong grid. In this context, it is valuable to consider how the
super grid plan might perform under various climate-related
uncertainties and how different interconnection policy options
could influence power system resilience.

The structuring tool named XLRM framework is used to
do the DMDU approach [47], [49]. XLRM helps to frame the
situations and also helps for modeling purposes later on.
XLRM stands for X: eXogenous uncertainties, about what
cannot be controlled, L: policy Levers, about what can be
controlled. R: system Relation and Resources, about what
system could relate the X and L. Finally, M: performance
Metrics indicate what the goal entails.

One example of structuring XLRM in the case of
Indonesia is presented here in Fig. 2. While this provides a
conceptual example as a starting point, a more rigorous or
participatory approach could be employed to refine and
validate each component in practice. The first step involves
identifying X, which in this case is defined by assessing the
climate uncertainty and vulnerability of Indonesia’s power
system to climate impacts. For L, Indonesia’s proposed super
grid can be used as a base plan, and other policies can be
registered as other levers. R in this framework is defined by
the geographical scope and model used to represent
Indonesia’s national power system infrastructure. Meanwhile,
M represents the performance objectives of the adaptive
pathways, such as cost, emission, and system resiliency.

The XLRM framework will then be quantitatively
operationalized using computational tools to do RDM’s stress
testing. One tool is the Exploratory Modeling and Analysis
Workbench (EMA-WB) [51]. EMA-WB enables exploring a
wide range of scenario space combinations across XLRM
through large-scale simulations. It also supports integrating
multiple models [52], allowing for the simulation and
evaluation of pathway performance across a diverse set of
plausible future scenarios. Moreover, it enables the systematic
exploration of multiple plausible futures and policy robustness
[53].

This XLRM-based EMA-WB tool can be integrated with
any Python-based model, such as energy system models,
power flow simulations, and other relevant models that align
with the framework, such as a climate model to map the
impact on the power system spatially. Through this setup,
deep uncertainties can be systematically explored by running
a large ensemble of scenarios across different combinations of
policy levers and exogenous uncertainties. The result of the

Policy Levers
what can be controlled?
Example:

Pathway A: base scenario
Pathway B: delayed interconnection
Pathway C: more delayed interconnection
Pathway D: another timely interconnection

P etc.
Policy Il O O bL.)
curent ey 1y z O o] ion to new action
m— = — ~ l Tipping point eXogenous Relation and Resources Performance Metrics
olicy @4 2 %4 Uncertainties Scope, system, model measure the objective
Policy VI — PYEfEfﬂ‘;lE l-;al“' . What cannot be controlled? Example:
== Notprelerable pad e . scope: Indonesia’s main islands —LEXSZ‘SJS:
xample:
How 20z w31 2035 2040 s Rising temperature e e Tow w1 Emission
Heatwave gees:rve;
. : : Floods verioa
Fig. 1. DAPP’s metro map illustration.
Fig. 2. XLRM framework explanation and example.
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run is some futures that can be categorized as successful or
unsuccessful scenarios. The result is a structured
representation of plausible future pathways under varying
climate conditions. The simulation output, evaluated against
predefined performance metrics, provides a clear picture of
which pathways remain robust across many futures.

In summary, from this DAPP approach, Indonesia can take
a more flexible approach to power system planning. Instead of
sticking to fixed plans, decision-makers can explore different
options as new conditions emerge. This makes it easier to
prepare for changes without locking into decisions too early.

V. CONCLUSIONS AND FUTURE WORK

A. Conclusions

Climate change introduces significant uncertainties that
challenge the effectiveness of power system planning in
Indonesia. Rising temperatures and sea level rise have already
begun to affect the performance and resilience of power
generation, transmission, and demand. These impacts are
subject to deep uncertainties, where the probability, timing,
and magnitude of future change cannot be reliably predicted.
Such conditions limit the usefulness of current planning
approaches. While difficult to predict, these deeply uncertain
climate-related stresses and shocks are critical factors that
must be addressed in long-term planning.

To address these deep uncertainties, the paper proposes the
use of Dynamic Adaptive Pathways Planning (DAPP) as an
alternative planning approach. Rather than aiming to maintain
a fixed path, DAPP supports the planning of many future
strategies that can respond to changing conditions and
evolving conditions and objectives over time in a flexible
manner. This approach allows planners to explore multiple
goals and pathways from the initial conditions and adjust the
course of action as circumstances change. In doing so, it could
provide a more responsive and robust foundation for power
system planning in Indonesia. That is why addressing such
climate-related uncertainties within long-term planning is
essential to ensure the resilience and reliability of future power
systems.

B. Future Work

Future work related to this paper will begin with a climate
vulnerability assessment of Indonesia’s power system to
identify how climate-related stressors and shocks may affect
generation, transmission, and demand. This assessment will
help define key climate uncertainties (X) and some part of the
relation (R) of the deep uncertainty work. The findings will
guide the development of an adaptive planning approach that
considers these uncertainties and prepares input for a model.

The model to demonstrate DAPP is proposed to be built
using the Exploratory Modeling and Analysis Workbench
(EMA-WB) alongside a production optimization and power
flow model. The model setup will be structured with the
XLRM framework to explore a range of scenarios using
possible multi-model [52] setups of the models. A
demonstration of the DAPP approach will follow, using a case
study based on Indonesia’s plan. It intends to demonstrate how
DAPP can explore many plausible futures for climate-resilient
planning in Indonesia’s power system.
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