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A B S T R A C T

As the global energy system pivots toward security and sustainability, the South and Southeast Asian regions 
stand at a critical juncture: balancing rapid demand growth, infrastructure needs, and global climate goals. This 
review systematically examines how energy system models have been applied across countries in the region, 
evaluating their coverage of low-carbon technologies, storage options, carbon removal, and demand-side dy
namics, while identifying key gaps between national policy commitments and the modeling literature. This study 
draws on a systematic review of 97 peer‑reviewed modeling studies published between 2000 and 2025. The 
analysis maps coverage across sectoral, temporal, spatial, and technological patterns, categorizes the primary 
modeling tools used, and evaluates how well these categorizations align with declared national energy targets. 
Key findings reveal that, so far, the models are overwhelmingly focused on the electricity sector, using solar, 
wind, hydro, and biomass, while long-duration storage and carbon removal technologies remain underrepre
sented. Demand-side flexibility, cross-border trade, socioeconomic co-benefits, and just transition metrics also 
remain underexplored. Many models stop at national scales and long-term horizons, limiting their utility for 
subnational planning and near-term policy design. While India, Indonesia, and Vietnam lead in modeling ex
ercises, countries such as Brunei, Cambodia, Myanmar, and Sri Lanka lack comparable studies. This study 
confirms that energy system modeling capacity and application in South and Southeast Asia have advanced over 
the past years, and future research should integrate demand-side solutions, advanced storage and flexibility 
options, together with negative emissions technologies, multisector coupling, regional grid interconnections, and 
socioeconomic drivers to better understand the equitable and just transition pathways.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) and the 
International Energy Agency (IEA) underscore the urgency of decar
bonizing the energy sector, particularly the power system, which is the 
single largest source (~13.8 million tonnes CO2 in 2024) of greenhouse 
gas (GHG) emissions worldwide (International Energy Agency, Elec
tricity, 2025). The Sixth Assessment Report (IPCC, Climate Change, 
2023) recommends that limiting global warming to 1.5◦C or 2◦C re
quires rapid, far-reaching changes in the energy systems. IEA’s Net Zero 
by 2050 Roadmap (IEA, 2025) stresses that achieving mid-century 
climate targets requires massive deployment of low-carbon technolo
gies, greater system flexibility, and improved planning of electricity 
systems, especially in developing regions where energy demand is 

projected to grow most rapidly in the coming decades. Energy system 
modeling is not merely a technical exercise, but a fundamental tool for 
understanding alternative futures, guiding policy, informing the need 
for redirection of investments, and charting pathways toward a sus
tainable energy future (Akpahou et al., 2024). In the context of the 
Global South, beyond their technical role, these models serve as critical 
tools for helping science-driven decisions, actions, and governance that 
determine resource allocation, investment priorities, and, ultimately, 
access to modern energy services (Handoyo, 2026). In South and 
Southeast Asia, where energy poverty, tariff affordability, and 
labor‑market transitions remain pressing concerns, modeling choices 
have direct implications for social welfare and economic equity (Nahid 
and Roy, 2025a).

Energy system models play a critical role in simulating demand 
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growth, evaluating technology options, and designing robust decar
bonization pathways (Lobo et al., 2023; Rajbhandari et al., 2024). They 
provide decision-makers with evidence-based insights into trade-offs 
between cost, emissions, and energy security, thereby enabling the 
design of policies to overcome barriers that balance economic growth 
with sustainability (Alexander et al., 2023). In recent global practice, 
these tools increasingly represent not only supply-side expansion but 
also end-use energy efficiency, demand-side management (DSM), and 
sector coupling across power, transport, industry, and buildings, as well 
as advanced storage and flexibility options—features that are only 
beginning to emerge in applications in the South and Southeast Asian 
context. While developed countries have benefitted from model-based 
policy recommendations for many decades, developing regions, partic
ularly in South and Southeast Asia, have made progress in recent years 
and thus remain underrepresented in the global modeling literature 
(Asian Development Bank, 2025a; Calcaterra et al., 2024; Reyseliani 
et al., 2024).

South and Southeast Asia together account for more than 2.62 billion 
people (World Bank Group, 2025a), representing a significant share of 
the global population and energy demand. Electricity consumption in 
these regions has grown approximately 5% per year on average since 
2000 (International Energy Agency, Southeast Asia Energy Outlook, 
2024), driven by industrial expansion, urban growth, and increasing 
access to modern energy services. At the same time, as many countries in 
the region are in the early stages of development and remain dependent 
on fossil fuels, particularly coal and natural gas, future challenges in 
meeting national climate targets and international commitments under 
the Paris Agreement warrant special attention (Nahid and Roy, 2025a; 
Reyseliani et al., 2024; Kumar et al., 2021; Nahid et al., 2024). As shown 
in Table 1, the national circumstances of South and Southeast Asian 
countries vary widely in economic development, energy access, fossil 
fuel dependence, and contributions to cumulative emissions. While 
higher-income countries such as Singapore and Brunei have achieved 
universal electricity access and robust infrastructure, others, such as 
Nepal, Cambodia, and Myanmar, continue to face challenges, including 
low per capita income, limited electrification, and heavy reliance on 
traditional energy sources (World Bank, 2025; Our World in Data, 
2025a, 2025b; Ember, 2025). Meanwhile, countries such as India, 
Indonesia, and Bangladesh remain heavily dependent on fossil fuels, 

contributing to significant GHG emissions and severe air pollution. 
These disparities underscore the need for regional yet national 
context-specific energy system modeling to design feasible low-carbon 
pathways that simultaneously address energy security, climate mitiga
tion, and socio-economic development.

Energy models help identify possibilities and plausible solutions. 
They enable governments and stakeholders to test policy interventions 
in a simulated environment before implementation in the real world 
(Hawker and Bell, 2020). They allow exploration of multiple questions, 
such as: What is the least-cost pathway to achieve universal electrifi
cation while meeting emissions targets? How much renewable capacity 
can be integrated without compromising grid stability? What are the 
economic and employment impacts of large-scale renewable energy 
sources (solar, wind, or hydro) deployment? Such evidence is vital for 
developing countries where financial resources are limited, and policy 
missteps can have far-reaching socio-economic consequences and 
adverse lock-in effects.

Literature on broader sustainability and resource governance 
(Handoyo, 2026; Saxena et al., 2025; Islam et al., 2022; Joyo et al., 
2025; Kanugrahan et al., 2022) underscores that credible energy tran
sitions in the Global South must be assessed not only by aggregate 
emissions and cost criteria but also by their implications for poverty 
reduction, employment, regional inequality, and institutional capacity. 
Despite the growing importance and efforts in the region toward global 
decarbonization, there has been no comprehensive review systemati
cally mapping and comparing fragmented individual researcher’s/in
stitution’s energy system modeling efforts across South and Southeast 
Asia. Previous studies (Rajbhandari et al., 2024; Kumar et al., 2021; 
Joyo et al., 2025; Mondal and Islam, 2012; Chowdhury et al., 2025; 
Dayana et al., 2016; Luukkanen et al., 2015; Lawrenz et al., 2018; 
Rudnick et al., 2022; Siregar, 2024; Paiboonsin et al., 2023; Sani et al., 
2021; Kanugrahan and Hakam, 2023; Mohd Idris et al., 2021; Samsudin 
et al., 2020; Ikariim et al., 2022; Shrestha and Nakarmi, 2015; Pradhan 
et al., 2018; Ur Rehman et al., 2019; Chaichaloempreecha and Lim
meechokchai, 2022; Pradhan et al., 2022; Anh et al., 2016; Schlott et al., 
2020) either focus narrowly on individual countries or address global 
trends without sufficient attention to regional specificities, such as how 
the models treat or neglect equity considerations, demand‑side options, 
and cross‑border integration. As a result, policymakers, researchers, and 

Table 1 
Comparative National Circumstances of South and Southeast Asian Countries: Economic, Energy, and Climate-Related Indicators.

Country Economic Indicators SDG 7 Indicators - Affordable and Clean Energy SDG 13 Indicator - Climate 
Action

Per capita 
GDP 
(constant 
2015 USD) (
World Bank, 
2025)

Total GDP 
(constant 2015 
billion USD) (
World Bank, 
2025)

Population 
(millions) (
World Bank 
Group, 2025b)

Per capita electricity 
generation from fossil 
fuels (% of total in 2024) 
(Ember, 2025; Our 
World in Data, 2025c)

Per capita electricity 
generation from 
renewables (% of total 
in 2024) (Our World in 
Data, 2025b, 2025c)

Access to 
electricity 
(% of population 
in 2023) (Our 
World in Data, 
2025b, 2025c)

Per capita 
GHG 
emissions 
(tonnes) (
Our World in 
Data, 2025a)

Share of 
global GHG 
emissions 
(%) (Our 
World in 
Data, 
2025a)

Bangladesh 1941 336.9 173.5 98 2 99.5 1.5 0.49
Brunei 29606 13.7 0.46 100 0 100 37.3 0.03
Cambodia 2184 38.5 17.6 59 41 95 4.8 0.15
India 2397 3477.4 1450.9 78 20 99.5 2.9 7.8
Indonesia 4368 1238.2 283.5 81 19 99.4 6.8 3.57
Laos 2724 21.1 7.7 23 77 96.5 6.9 0.1
Malaysia 11868 422.1 35.5 80 20 100 11.8 0.77
Myanmar 1158 63.1 54.5 60 40 76.8 3.8 0.38
Nepal 1180 34.9 29.6 0 100 94 2.1 0.11
Pakistan 1644 413 251.27 53 33 95.6 2.1 0.97
Philippines 3925 454.7 115.9 78 22 98 2.5 0.53
Singapore 67707 408.7 6.03 95 5 100 9.8 0.11
Sri Lanka 4186 91.7 21.9 45 55 100 1.8 0.08
Thailand 6573 471.1 71.6 85 15 100 5.8 0.77
Viet Nam 4018 405.7 100.9 56 44 99.8 5.3 1
Global 11876 96700 8142.1 59 32 91.6 6.7 100

Data source: Author’s compilation from various sources.
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development partners lack a consolidated understanding of which 
models have been applied, what sectors and technologies are covered, 
and how these tools can better support national and regional planning, 
and how model intercomparison can be beneficial.

This review addresses that gap by systematically examining 97 
studies published between 2000 and 2025, covering 15 countries (as 
mentioned in Table 1) across South and Southeast Asia. Using a PRISMA- 
based methodology (Page et al., 2021a; Moher et al., 2009), this review 
identifies the range of applied models and their sectoral, spatial, tem
poral, and technological coverage. The latter includes representations of 
storage, carbon-reduction options, and renewable or other low-carbon 
technologies to assess future energy transition pathways. The main ob
jectives of this review are threefold: 

i. To provide a comprehensive overview of the existing and ongoing 
energy system modeling efforts in South and Southeast Asia. It 
highlights country-specific developments, applications and 
methodological trends.

ii. To assess how existing models incorporate low-carbon energy 
technologies, storage solutions, and carbon reduction measures 
in transition scenarios.

iii. To highlight the limitations in current modeling practices. To 
suggest avenues for strengthening the role of modeling in poli
cymaking and energy sector planning, compatible with sustain
able development.

By combining insights across multiple countries, this study is the first 
to systematically integrate energy sector modeling evidence for South 
and Southeast Asia—an approach comparable to regional review efforts 
undertaken for China (Mischke and Karlsson, 2014), Latin America 
(Camargo-Bertel et al., 2024), Sub-Saharan Africa (Musonye et al., 
2020), Europe (Müller et al., 2018), and other developing regions 
globally (Gebremeskel et al., 2020; Urban et al., 2007; Anh et al., 2016; 
Schlott et al., 2020; Page et al., 2021a; Moher et al., 2009). It consoli
dates fragmented evidence, research and frameworks developed and 
used, thereby enhancing accessibility for policymakers and future re
searchers, and highlights underexplored areas such as cross-border 
electricity trade and socio-economic implications of energy transitions, 
which require further investigation.

2. Methodology

This review adopts the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) framework (Page et al., 2021b) to 
ensure a transparent, replicable, and rigorous process of evidence 
collection and synthesis for consolidation of fragmented evidence. The 
methodology (as presented in Fig. 1) comprises three major stages: 

identification, screening, and eligibility assessment, followed by inclu
sion of relevant records for final analysis.

2.1. Data sources and search strategy

The literature search was conducted primarily through the Scopus 
database (Scopus - Homepage, 2025), selected for its extensive indexing 
of peer-reviewed energy-system modeling studies and robust filtering 
capabilities that minimize duplication. Other databases, such as Web of 
Science, Google Scholar, IEEE Xplore, and ScienceDirect, were excluded, 
as summarized in Table 2. Their relevant energy‑modeling content is 
largely overlapping with Scopus (in the case of IEEE Xplore and Scien
ceDirect), because Google Scholar cannot be reliably filtered to 
peer‑reviewed sources, and institutional access to Web of Science was 
not there. Using multiple, largely overlapping databases would have 
introduced substantial duplication without materially expanding 
coverage or improving reproducibility. A structured Boolean query 
combining thematic and geographic keywords was applied to identify 
studies on energy system modeling in South and Southeast Asia. The 
query was executed in Scopus several times between April and 
September 2025. Always using the same Boolean string and a single 
publication‑year filter (2000–2025), with no additional subject‑area or 
source‑type restrictions. To preserve transparency and reproducibility, 
this query was applied once without subsequent iterative refinement 
and without formal snowballing or citation‑chasing procedures. Com
plementary institutional and web-based searches were used to identify 
additional country-specific modeling work. The initial search identified 
1628 records, which were screened and assessed through PRISMA stages 
(Fig. 1). After removing duplicates, reviews, and non-peer-reviewed 
items, 76 studies met the inclusion criteria and were analyzed. Fig. 2
presents the country-wise distribution of retrieved and selected studies, 
illustrating the relative research intensity across the region.

2.2. Identification and Screening

At the identification stage, bibliographic records were collected and 
duplicates removed. Publications that did not meet the format criteria 
(e.g., review papers, conference reviews, book chapters, notes, edito
rials, errata, data papers, and duplicates) were excluded. This resulted in 
1452 unique records eligible for screening. Screening was performed 
based on titles and abstracts to ensure relevance to the review scope. At 
this stage, 1359 records were excluded as irrelevant to the review aims, 
including studies that did not address energy system models, were not 
situated in the South or Southeast Asian context, or were not linked to 
low-carbon technology transitions.

Fig. 1. PRISMA Framework for Literature Identification, Screening, and Inclusion.
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2.3. Eligibility assessment

The selected 76 studies (as shown in Fig. 2) underwent full-text re
view for eligibility. The criteria for inclusion required that studies 
explicitly employ quantitative or hybrid modeling approaches (e.g., 
optimization, simulation, integrated assessment, or techno-economic 
tools) to investigate energy transitions, system planning, policy path
ways, or deployment of low-carbon technologies in the targeted coun
tries. Studies focusing exclusively on non-energy sectors, descriptive 
policy analyses without a modeling framework, or purely qualitative 

explorations were excluded from the final synthesis.

2.4. Additional sources and final inclusion

To address country-level and model-specific data gaps, a few addi
tional documents were identified through targeted searches of online 
sources and institutional repositories (e.g., ADB, IEA, World Bank, 
NDCs, UNFCCC National Communications, and national energy minis
tries). This process yielded an additional 21 items, comprising peer‑re
viewed articles not captured by the Scopus query and a small number of 
official scenario or data reports (e.g., national RE targets, cross‑border 
trade statistics, resource assessments). These institutional reports were 
used only to complement contextual information and fill data gaps; they 
were not treated as additional modeling studies in the core quantitative 
synthesis, which remains restricted to peer‑reviewed applications. 
These were screened for methodological comparability before integra
tion. In total, 97 studies met the eligibility criteria and were included in 
the final review.

2.5. Data extraction and synthesis

For each study, bibliographic details, geographical scope, modeling 
framework, sectoral coverage, temporal horizon, and representation of 
low-carbon technologies were systematically extracted. The review 
emphasized model typologies (e.g., bottom-up optimization, simulation, 
hybrid approaches), sectoral linkages (electricity, transport, residential, 
industry, etc.), and the integration of enabling technologies (storage, 
carbon-reduction options, renewables). Country-level distributions of 
modeling applications were also mapped to highlight regional differ
ences in methodological preferences and technological priorities.

The synthesis process combined quantitative mapping (e.g., number 
of model applications per country, sector, or technology) with qualita
tive assessment (e.g., identifying research gaps, methodological 
strengths, and limitations). This dual approach (Camargo-Bertel et al., 
2024; Musonye et al., 2020; Gebremeskel et al., 2020) allowed for a 
comprehensive evaluation of how modeling tools have been employed 
to inform energy transitions across diverse national contexts in South 
and Southeast Asia.

3. Country-specific applications and trends in modeling 
frameworks in South and Southeast Asia

Across the reviewed literature, a set of modeling frameworks 
emerges as the primary analytical tools for assessing energy transitions 
in South and Southeast Asia. Nine core models are identified whose 
openness, extensibility, and established regional applications make 
them particularly influential for energy planning and policy. These 

Table 2 
Search Framework and Eligibility Criteria Applied.

Category Description

Search scope Peer-reviewed studies applying energy system modeling in 
South and Southeast Asian countries, with emphasis on 
sectoral, temporal, and technological coverage.

Primary database Scopus, selected for its comprehensive indexing of energy and 
systems modeling literature across journals, books, and 
conference proceedings, and for advanced filtering and 
deduplication features ensuring reproducibility.

Excluded databases 
(with rationale)

Web of Science – excluded owing to institutional access 
constraints. Google Scholar – excluded due to substantial 
duplication of Scopus records and inclusion of non-peer- 
reviewed sources (theses, reports, gray literature). IEEE 
Xplore and ScienceDirect – excluded because their relevant 
content is largely indexed in Scopus, and using multiple 
overlapping databases would add redundancy without 
significantly increasing coverage; this may omit some 
non‑indexed, which is acknowledged as a limitation

Boolean query 
(Scopus search 
string)

TITLE-ABS-KEY(("energy system" OR "energy tool" OR 
"energy model" OR "power system" OR "electricity system") 
AND ("model*" OR "optim*" OR "simulat*") AND ("global" OR 
"national" OR "regional") AND ("Bangladesh" OR "Brunei" OR 
"Cambodia" OR "India" OR "Indonesia" OR "Lao PDR" OR 
"Laos" OR "Laos People’s Democratic Republic" OR "Malaysia" 
OR "Myanmar" OR "Nepal" OR "Pakistan" OR "Philippines" OR 
"Singapore" OR "Sri Lanka" OR "Thailand" OR "Vietnam")) 
Note: The wildcard symbol * was applied to truncate 
keywords and retrieve all relevant variants derived from the 
same root term. A prior scoping review informed the selection 
of keywords for representative studies.

Search fields Scopus Title–Abstract–Keyword search; non-Scopus online 
sources checked for complementary literature (policy reports, 
datasets, institutional publications).

Language coverage English
Publication types 

included
Peer-reviewed journal articles and conference papers; non- 
peer-reviewed materials (reports, editorials, theses) excluded 
from final synthesis.

Search period Conducted between April 2025 and September 2025, 
following PRISMA guidelines for systematic reviews.

Publication time 
span

Studies published from January 2000 to October 2025, 
encompassing 25 years of energy modeling research.

Fig. 2. Comparative Distribution of Retrieved and Selected Studies by Country across South and Southeast Asia.
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frameworks span optimization and simulation paradigms, operate at 
subnational to global scales, and can represent multi-sector linkages and 
low-carbon technology options. Several of them (e.g., TIMES, LEAP, 
AIM, PyPSA) also offer rich functionality for end-use demand repre
sentation, demand-side shift and management, and cross-sector 
coupling, although such features are only partially utilized in the 
regional studies reviewed (Nahid and Roy, 2025a; Rehman et al., 2019; 
Pradhan et al., 2019; Teola et al., 2023; Barua et al., 2024). Concrete 
applications illustrating this partial use include LEAP studies for Nepal 
and Sri Lanka that model biogas and electric cooking transitions at the 
household level, PyPSA‑BD for Bangladesh that endogenizes 
demand‑side efficiency and hourly demand‑response options, and 
LEAP‑NEMO applications for Cambodia, Laos, Myanmar, and Thailand 
that couple demand‑side efficiency with high‑renewables power mixes 
(Tables S1, S6, S7, S14).

Energy system models used in the region can broadly be categorized 
into optimization-based (e.g., OSeMOSYS, TIMES, MARKAL, MESSA
GEix, IDEEA, PyPSA) and simulation-based (e.g., LEAP, EnergyPLAN, 
AIM) frameworks. Among these models, IDEEA stands out as the only 
framework purpose-built for the Indian national context (IDEEA Model – 
SusPoT – Center for Sustainability, 2025; Lugovoy et al., 2021). By 
contrast, PyPSA was originally developed for European power system 
applications, but its open-source, modular architecture has enabled 
extensive country-level customization across the globe, with notable 
regional adaptations including PyPSA-BD for Bangladesh (Nahid et al., 
2024; Nahid and Roy, 2025b)and PyPSA-TH for Thailand (Nahid and 
Roy, 2025a). Similarly, most other frameworks in this category — 
OSeMOSYS, TIMES, MARKAL, MESSAGEix, and LEAP — were 
conceived as generic, globally applicable tools and have subsequently 
been parameterized and localized for South and Southeast Asian con
texts by regional research teams. Optimization models identify least-cost 
or policy-consistent pathways, whereas simulation frameworks evaluate 
the dynamic interactions among technologies, sectors, and emissions 
over time. Both types have been employed to address regional planning 
questions, though with differing levels of data intensity and cross-sector 
integration. Table 3 summarizes their key features for comparison, while 

the subsections below outline each model’s objectives and 
country-specific applications.

Beyond these nine adopted frameworks, several other tools have also 
been applied in specific national or sectoral contexts. These include LUT- 

Table 3 
Core energy system models identified in South and Southeast Asia and their key characteristics.

Model Developer Free/Paid Software/Language Sector 
Coupling

Optimization Method Geographical 
Coverage

OSeMOSYS IAEA, UNIDO, KTH, Stanford, UCL, 
UCT, PSI, SEI, North Carolina State 
University

Free Programming language 
– GNU MathProg

Yes Linear, Mixed-Integer 
Linear Programming

Regional, Multi- 
Regional, National, 
Global

LEAP Stockholm Environment Institute 
(SEI), USA

Free (LMICs, small 
island states, 
students)

Software tool (Delphi) Yes Linear and Mixed-Integer 
Linear Programming

Regional, Multi- 
Regional, National, 
Global

EnergyPLAN Aalborg University, Denmark Free Software tool (Delphi 
Pascal)

Yes Simulation; external GA 
tool (EPLANopt)

Regional, Multi- 
Regional, National, 
Global

TIMES IEA-ETSAP Paid GAMS Yes Mixed-Integer Linear 
Programming

Regional, Multi- 
Regional, National, 
Global

AIM NIES and Kyoto University Free Software tool Yes No optimization 
(forecast)

Regional, Multi- 
Regional, National, 
Global

PyPSA Karlsruhe Institute of Technology; 
Technical University of Berlin

Free Python Yes Linear, Quadratic, Mixed- 
Integer Linear

Regional, Multi- 
Regional, National, 
Global

MESSAGEix IIASA Free Software tool; GAMS 
backend

Yes Linear Programming Regional, Multi- 
Regional, National, 
Global

MARKAL Brookhaven National Laboratory, USA Paid Software tool; GAMS 
backend

Yes Linear Programming Regional, Multi- 
Regional, National, 
Global

IDEEA Environmental Defense Fund; GCP- 
Jadavpur University, IISC Bangalore

Free R and Python Yes Linear Programming Regional, National, 
subnational (India)

UCT-University of Cape Town, PSL-Paris Sciences et Lettres University, NIES-National Institute for Environmental Studies
Source: Author’s compilation

Table 4 
Renewable Energy Resource Potential in South and Southeast Asian Countries 
(Solar Irradiance, Wind Speed, and Ocean Energy).

Country Solar GHI 
(kWh/m2/day)

Mean Wind 
Speed* (m/s)

Ocean (Wave/Tide)

Bangladesh 4.33–4.95 4.99 Tidal Barrage ~ 600 MW 
Tidal Current - 470 MW

India 3.77–5.64 6.27 Tidal ~12.45 GW 
Wave ~41.3 GW

Thailand 4.34–5.28 5.67 Tidal ~0.001 ktoe 
Wave ~0.5 ktoe

Singapore 4.38–4.63 4.25 Practical potential ~ 
300–600 GWh/year (Tidal)

Indonesia 3.45–5.74 4.61 ~1.2 GW (Wave), ~4.8 GW 
(Tidal)

Vietnam 3.16–5.52 6.8 Tidal ~1753 GWh/year 
Wave ~40–411 kW/m (wave 
energy flux, offshore)

Laos 3.68–5.14 6.45 -
Malaysia 4.05–5.2 3.84 8604 GWh/year
Cambodia 4.27–5.45 5.35 -
Philippines 3.67–5.46 7.1 Practical potential ~ 

50–60 GW (Tidal)
Brunei 4.27–5.21 3.59 -
Myanmar 3.17–5.23 5.35 Wave ~11.5–23 GW
Nepal 3.3–5.73 7.6 -
Sri Lanka 4.43–5.64 7.27 Tidal ~ 52513 GW 

Wave ~2.5–16 kW/m
Pakistan 3.62–6.22 7.81 Tidal ~1100 MW
* Mean Wind Speed at height of 100 m for the top 10% of windiest regions of each 

country
​

Data sources: Authors' compilation from Refs (Global Solar Atlas, 2025; Global 
Wind Atlas, 2025; Quirapas et al., 2015; Nayanaranga et al., 2023; Niazi and 
Amjad, 2022; C. Indian Institute of Technology, 2014; Ahmad and Hasan, 2021)
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EST, GENeSYS-MOD, TIAM–UCL, PowerGen-ABM, ABM, Be-Where, and 
GTAP-E, which support electricity market simulation, long-term sce
nario analysis, and integrated resource assessment. The complete list of 
these additional models, together with detailed information on their 
spatial scale (national/subnational), sectoral coverage, temporal hori
zon (short‑, medium‑, and long‑term), storage and carbon‑reduction 
options, low‑carbon technologies, cross‑border trade assumptions, and 
demand‑side measures, is provided in Supplementary Tables S1–S15.

3.1. Open-source energy modeling system (OSeMOSYS)

Introduced in 2008 through collaboration among the IAEA (Inter
national Atomic Energy Agency), UNIDO (United Nations Industrial 
Development Organization), KTH (Kungliga Tekniska högskolan), 
Stanford, UCL (University College London), and others, OSeMOSYS is an 
open-source linear, deterministic optimization framework for long-run 
integrated assessment and energy planning at regional, national, and 
global scales. Its comparatively modest learning curve and lack of 
licensing costs make it well-suited to data- and capacity-constrained 
contexts (Introduction to OSeMOSYS — OSeMOSYS 0.0.1 documenta
tion, 2025). Although primarily applied to power-sector capacity 
expansion in South and Southeast Asia, the framework is in principle 
capable of representing multiple sectors and demand-side efficiency 
options through its technology and demand modules.

In South Asia, it has been used for modeling least-cost electricity 
systems for Bangladesh (Olsson and Gardumi, 2021) and 
renewable-based transition pathways at the local level in India (Lobo 
et al., 2023; Heredia-Fonseca et al., 2024). In Southeast Asia, applica
tions include diversification beyond hydropower in Laos and the 
assessment of the impact of decarbonization measures on Laos’ climate, 
land, water, and energy systems (Smith et al., 2025; Wong, 2022). In the 
Philippines, OSeMOSYS has been used to assess emerging technology 
options and to develop comparative, optimized, and cost-effective 
technology pathways for the Philippines and Vietnam (Alexander 
et al., 2023; Cappiello et al., 2024a; Dixon et al., 2023). The MoManI 
(Model Management Infrastructure) interface has supported Indonesian 
studies on CO₂ abatement and the energy-carbon-economy nexus 
(Sarjiya et al., 2023), local- and national-level renewable energy target 
pathways (Paiboonsin et al., 2023; Sarjiya et al., 2020), and just energy 
transition pathways (Hersaputri et al., 2024a). A country-specific 
variant, Lao-PSM (Laotian Power Sector Model, has explored deploy
ment of clean energy technologies, energy security, and electricity im
ports for Laos under the constraint of no new coal investments 
(Phommachanh et al., 2025).

3.2. Long-range energy alternatives planning system (LEAP)

Developed in 1980 in the United States and maintained by the 
Stockholm Environment Institute (SEI), LEAP is an integrated, scenario- 
based tool for energy policy analysis and climate assessment. It repre
sents energy demand and supply over medium- to long-term horizons 
and quantifies local air pollutants, short-lived climate pollutants, and 
GHGs; free licenses are available for many LMIC (Low- and Middle- 
Income Countries) institutions (Introduction to LEAP, 2025). LEAP’s 
end-use accounting structure allows detailed representation of 
demand-side fuel switching (e.g., electrification of cooking and trans
port), yet most regional applications continue to focus on aggregate 
power-sector planning rather than exploiting its full demand-side 
capabilities.

Regional applications include demand and capacity expansion tra
jectories for the Bangladesh power sector (Samsudin et al., 2020; Habib 
and Chungpaibulpatana, 2014; Khaled et al., 2023; Mondal et al., 2010), 
analysis of decarbonization trade-offs with demand-side management 
for Nepal, Vietnam, and India (Rudnick et al., 2022; Shrestha and 
Nakarmi, 2015; Anh et al., 2016), emission-reduction potential for India 
and Singapore (Kumar and Madlener, 2016; Sheng, 2020), and net-zero 

implications under alternative technology mixes for Pakistan, Thailand, 
Malaysia, and the Philippines (Teola et al., 2023; Shahid et al., 2019; 
Diewvilai and Audomvongseree, 2022; Farouk et al., 2025). Regional 
extensions include LEAP-NEMO (Next Energy Modeling system for 
Optimization) applied for optimizing a fully renewable energy mix, 
including storage for Malaysia, balancing hydro power, non-hydro re
newables, and storage for a fully renewable energy mix for the countries 
of Cambodia, Laos, and Myanmar, and exploring underutilized tech
nology options to reach net-zero for Thailand (Fernandez et al., 2025; 
Handayani et al., 2023; Lorm and Limmeechokchai, 2024; Woo et al., 
2024). The LEAP/LINDA (Long-range Integrated Development Analysis) 
models were used to simulate future energy demand and emissions, 
accounting for socio-economic and technological shifts in the energy 
systems of Cambodia and Laos (Luukkanen et al., 2015).

3.3. EnergyPLAN

Developed at Aalborg University, EnergyPLAN is an open-access 
simulation tool for evaluating national and regional strategies with 
hourly resolution across multiple sectors (About EnergyPLAN - Ener
gyPLAN, 2025). It facilitates analyses of smart grids, CHP, efficiency, 
and sector coupling (power-to-heat, hydrogen, e-fuels) (Lund et al., 
2017, 2021).

In the south and southeast Asian region, it has been applied to assess 
the sector coupling of electricity, transport, and cooling with a high 
share of renewable energy for a region in Indonesia (Siregar, 2024), as 
well as national-level net-zero pathways in Pakistan’s power sector, to 
explore long-term energy planning scenarios to address the issue of 
fossil-fuel import dependency, resulting in exposure to oil price vola
tility, escalating energy prices, and power shortages (Joyo et al., 2025).

3.4. The integrated MARKAL–EFOM system (TIMES)

TIMES, developed within IEA-ETSAP (International Energy Agency- 
Energy Technology Systems Analysis Program), combines engineering 
detail with economic representation to generate least-cost energy sys
tems via linear programming over medium- to long-term horizons 
(IEA-ETSAP and Times, 2025; Loulou et al., 2004, 2005).

Regional studies include power-supply scenarios for Bangladesh, 
focusing on power imports and high renewables integration (Das et al., 
2018), local-level intra-regional long-term renewable resource viability 
for India (Das et al., 2022), optimization of net-zero Indian power sys
tems including storage, renewables, nuclear, and green H2 
(Bhattacharya et al., 2024; Reyseliani et al., 2022), and low-carbon 
development strategies such as carbon taxes, subsidized renewables, 
target-based renewable generation, and coal-share constraints for the 
Philippine power sector (Mondal et al., 2018). VEDA (Versatile Data 
Analyst)-TIMES studies examine the impact of decarbonization in the 
Indonesian power sector on upstream power and fossil sectors 
(Reyseliani et al., 2024) and the role of natural gas in net-zero trajec
tories for Indonesia (Herawati, 2025). Country-specific variants address 
pollution impacts as well as its energy–environment–economy linkages 
for Pakistan (Ur Rehman et al., 2019), the impact of solar and electric 
mobility integration on the Singaporean power sector (Wagner et al., 
2012), and long-term economy-wide national outlooks for Vietnam 
(EREA, 2018). In principle, TIMES can capture detailed cross-sector 
interactions (industry processes, transport fuels, buildings), but most 
studies in the South and Southeast Asian context still employ it mainly 
for electricity-system or energy-supply planning, with only limited 
explicit modeling of demand-side measures.

3.5. Asia-Pacific integrated model (AIM)

AIM is a suite of simulation models designed to assess policy options 
for GHG mitigation and climate impacts in the Asia-Pacific (Asia-Pacific 
Integrated Model, 2025; About AIM, 2025). It integrates emissions, 
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climate, and impact modules, offers Geographic Information System 
(GIS)-based impact representation, and has informed numerous inter
national assessment processes (About AIM, 2025). Its modular structure 
also supports multi-sector integration (energy, land-use, and macro
economic feedback), which a few South Asian studies have begun to 
explore but which remains underutilized in most national applications.

Applications in South Asia include the assessment of residential 
clean-cooking transitions on energy use and emissions in Nepal 
(Pradhan et al., 2019), near-complete energy-sector decarbonization 
through the introduction of varying levels of carbon taxes and 
employment of various technology options in Sri Lanka (Fernando et al., 
2023). In Southeast Asia, AIM has been applied further to assess Thai
land’s net-zero and 1.5 ◦C-consistent strategies, which include carbon 
taxes, renewable energy integration, carbon-reduction technologies, and 
hydrogen prospects (Chaichaloempreecha and Limmeechokchai, 2022; 
Pradhan et al., 2024).

3.6. Python for Power System Analysis (PyPSA)

PyPSA is an open-access, extensible, open-source framework for 
high-resolution power-system analysis and least-cost investment opti
mization, including AC/DC grids, storage, sector coupling, and 
advanced assets (Introduction — PyPSA: Python for Power System 
Analysis, 2025; Brown et al., 2018).

Regional implementations include 100% clean power sector transi
tion analyses with integrated demand-side measures (end-use energy 
efficiency and demand-side flexibility) and supply-side capacity 
expansion for Bangladesh and Thailand to 2050 (World Bank Group, 
2025a; International Energy Agency, Southeast Asia Energy Outlook, 
2024; EREA, 2018), and an assessment of Vietnam’s power sector to 
2030 using meteorological datasets and official plans and targets as 
assumptions (Schlott et al., 2020). These examples illustrate the po
tential of high-resolution power-system models to co-optimize network 
reinforcement, advanced storage, and demand response, although such 
integrated applications are still limited in the region.

3.7. Model for energy supply strategy alternatives and their general 
environmental impact (MESSAGEix)

MESSAGEix is an open-source platform for medium- and long-term 
energy and climate policy analysis developed by IIASA (International 
Institute for Applied Systems Analysis), widely used in international 
scenario assessments (MESSAGEix model and framework — MESSA
GEix, 2025). It produces scenario outputs on resources, technology 
choices, emissions, and investment, and can be soft-linked to MACRO 
(MAchine-learning Crop meta-models for climate adaptation), GLO
BIOM (Global Biosphere Management Model), GAINS (Greenhouse Gas 
and Air Pollution Interactions and Synergies), and MAGICC (Model for 
the Assessment of Greenhouse Gas Induced Climate Change) for econ
omy-, land-, air-quality-, and climate-system interactions (Calibrate and 
tune MESSAGE-MACRO, 2025; Global Biosphere Management Model 
(GLOBIOM) | IIASA and IIASA, 2025; MAGICC: A reduced complexity 
Earth system model and IIASA, 2025).

Regional applications include low-carbon pathways for Bangladesh, 
which cover economy-wide effects and have been applied at both the 
national scale and in a subnational case study of Dhaka city (Asian 
Development Bank, 2025b) and a medium-term assessment of the 
low-emission energy sector for Pakistan, covering both the demand and 
the supply side (Abrar and Farzaneh, 2021).

3.8. MARKet allocation (MARKAL)

MARKAL, developed at Brookhaven National Laboratory in the late 
1970s, is a dynamic, least-cost energy systems model used over multi- 
decadal horizons and adopted by IEA-ETSAP (Loulou et al., 2004; 
IEA-ETSAP and Markal, 2025; Shay et al., 2006). Though superseded in 

ETSAP by TIMES, MARKAL remains in use for planning and policy 
analysis.

In South Asia, it has supported the assessment of medium-term 
supply strategies by incorporating accelerated renewable integration 
and CO2 emission targets for Bangladesh (Mondal and Islam, 2012), 
exploration of sectoral full-decarbonization opportunities and chal
lenges for a net-zero emission Indian energy system (Vats and Mathur, 
2022), and Nepal’s low-carbon development pathways when paired 
with the MAED (Model for Analysis of Energy Demand) (Nakarmi et al., 
2016; Rajbhandari and Nakarmi, 2014; Shrestha and Shakya, 2012). In 
Southeast Asia, it has been used to analyze the effects of hydropower 
development and cross-border electricity trade between Laos and 
Thailand on the economy-wide energy resource mix, power generation 
capacity mix, energy system costs, the environment, and energy security 
(Watcharejyothin and Shrestha, 2009a).

3.9. Indian zero carbon energy pathways (IDEEA)

Developed for India in 2021 by the Indian Institute of Science (IISc), 
the Environmental Defense Fund, and Global Change Program - Jadav
pur University (GCP-JU), IDEEA is an open-source, multi-language 
platform that can generate energy system models for planning and ca
pacity optimization, with options such as EnergyRT and Switch; it in
cludes storage, transmission, and demand-side flexibility and can be 
expanded across sectors (IDEEA Model – SusPoT – Center for Sustain
ability, 2025).

The application of IDEEA in India demonstrates the technical feasi
bility and long-term reliability of a predominantly solar- and wind-based 
Indian power system with storage and demand-side flexibility (Lugovoy 
et al., 2021).

4. Results and discussions

4.1. Trends in energy system modeling across South and Southeast Asia

The reviewed literature reveals important insights into how energy 
system models are being applied in South and Southeast Asia. This 
section synthesizes evidence on four key dimensions of modeling prac
tice: sectoral coverage, temporal and spatial horizons, representation of 
low-carbon technologies, and integration of storage and carbon reduc
tion options. Together, these dimensions highlight the progress made in 
advancing modeling research capabilities in the region to inform long- 
term power sector decarbonization strategies. By analyzing these pat
terns, we identify where modeling efforts align with national priorities 
such as power sector decarbonization and where the underrepresenta
tion of critical sectors, technologies, and system interactions may limit 
the policy relevance of existing studies.

4.1.1. Sectoral coverage
Recent global discussions on energy transitions emphasize the need 

for multi-sector integration to achieve deep decarbonization and sus
tainable growth. As illustrated in Fig. 3, the reviewed studies across 
South and Southeast Asia reveal a clear emphasis on the electricity 
sector, which remains the backbone of energy system modeling efforts in 
almost every country. This strong focus reflects electricity’s central role 
in driving decarbonization, but it also highlights an imbalance: many 
equally energy- and carbon-intensive sectors receive limited attention in 
national and regional analyses.

In India, for example, most modeling exercises center on the power 
system, with comparatively fewer studies addressing transport or in
dustry, despite their rapidly rising energy demand (Lobo et al., 2023; 
Rudnick et al., 2022; Lugovoy et al., 2021; Heredia-Fonseca et al., 2024; 
Kumar and Madlener, 2016; Das et al., 2022; Bhattacharya et al., 2024; 
Vats and Mathur, 2022; Anandarajah and Gambhir, 2014; Gambhir 
et al., 2014). A similar pattern is visible in Pakistan and Bangladesh, 
where electricity dominates the modeling landscape, even though 
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sectors such as residential and agriculture consume significant shares of 
energy (Joyo et al., 2025; Mondal and Islam, 2012; Nahid and Roy, 
2025b; Olsson and Gardumi, 2021; Das et al., 2018; Mondal et al., 2014; 
Sadiqa et al., 2021)—Bangladesh’s electricity use is ~56% in residential 
and ~27% in industry (Chowdhury et al., 2025). Neglecting these sec
tors risks underestimating the role of demand-side interventions in 
shaping future energy transitions. It also means that opportunities for 
end-use efficiency improvements, fuel switching, and decarbonized 
electrification, for example, in buildings and urban transport, are only 
partially reflected in current scenarios.

By contrast, Thailand and Malaysia have somewhat broader 
coverage, as studies in these countries more frequently employ multiple 
tools such as AIM/Enduse, EnergyPLAN, and LEAP-NEMO that are 
structurally designed to represent end-use sectors and sector coupling, 
rather than relying solely on power-sector optimization frameworks, 
with studies explicitly including transport, industry, and residential uses 
(Rajbhandari et al., 2024; Mohd Idris et al., 2021; Samsudin et al., 2020; 
Chaichaloempreecha and Limmeechokchai, 2022; Pradhan et al., 2022; 
Farouk et al., 2025; Fernandez et al., 2025; Lorm and Limmeechokchai, 
2024; Woo et al., 2024; Pradhan et al., 2024; Chunark and Limmee
chokchai, 2018). Such breadth is critical in contexts where transport 
already represents a large share of final energy demand. Similarly, 
Vietnam shows notable inclusion of agricultural and service sectors in 
addition to electricity, reflecting the importance of rural energy use and 
commercial growth in shaping future energy transitions (Intelligent 
Energy Systems, 2023a; Nguyen and Ko, 2025).

In Nepal and Sri Lanka, the service sector is not included (Shrestha 
and Nakarmi, 2015; Pradhan et al., 2019; Fernando et al., 2023; 
Nakarmi et al., 2016; Rajbhandari and Nakarmi, 2014; Shrestha and 
Shakya, 2012). Indonesia, the region’s largest coal consumer and one of 

its largest overall energy users, also exhibits a narrow modeling focus 
(Kanugrahan et al., 2022; Paiboonsin et al., 2023; Sani et al., 2021; 
Kanugrahan and Hakam, 2023; Sarjiya et al., 2023, 2020; Reyseliani 
et al., 2022; Handayani et al., 2017; Hersaputri et al., 2024b; Indra Al 
Irsyad et al., 2020; Yudiartono et al., 2023), with the electricity supply 
side options receiving disproportionate attention compared to transport 
(~37% of final energy use) and industry (~46% of final energy use) 
(Ministry of Energy and Mineral Resources, 2023).

Notably absent in most countries are the construction and mining 
sectors, even though these sectors are globally recognized for their 
carbon intensity, contributing up to 25% of fossil-based emissions in 
construction (Kane et al., 2025) and ~10% of energy-related emissions 
from mining (Azadi et al., 2020). The construction sector is diverse in 
terms of types of construction sector and also ownership wise starting 
from private, to public or public-private partnership, small to very large. 
There is a lack of comprehensive data repository for this sector. More
over, some of the construction phase emissions are considered in 
Buildings sector. For mining it is again characterized by similar 
wide-ranging diversity and data gaps on technological advancement for 
energy savings and alternative solutions. In IPCC reports also industry 
sector starts from manufacturing stage excluding extractive industries. 
These do highlight where various knowledge gaps still exist. In the 
mining context social justice issues are discussed more in literature as 
they are largely in Global South (Oskarsson et al., 2025; Yanuardi et al., 
2022).

4.1.2. Temporal and spatial coverage
The temporal and spatial horizons of modeling studies in South and 

Southeast Asia reflect both national priorities and research capacity. As 
shown in Fig. 4, most countries place a strong emphasis on long-term 

Fig. 3. Sectoral coverage of energy system models across South and Southeast Asia.

F.A. Nahid et al.                                                                                                                                                                                                                                Energy Reports 15 (2026) 109377 

8 



scenarios extending beyond 2045, consistent with mid-century decar
bonization targets. For example, India, Indonesia, Vietnam, Malaysia, 
and Thailand have a substantial number of long-term studies, many of 
which are anchored in net-zero pathways for 2050 and beyond (Lobo 
et al., 2023; Rajbhandari et al., 2024; Kanugrahan et al., 2022; Lawrenz 
et al., 2018; Siregar, 2024; Sani et al., 2021; Kanugrahan and Hakam, 
2023; Samsudin et al., 2020; Chaichaloempreecha and Limmeechok
chai, 2022; Pradhan et al., 2022; Lugovoy et al., 2021; Heredia-Fonseca 
et al., 2024; Cappiello et al., 2024a; Diewvilai and Audomvongseree, 
2022; Fernandez et al., 2025; Lorm and Limmeechokchai, 2024; Bhat
tacharya et al., 2024; Reyseliani et al., 2022; Herawati, 2025; Vats and 
Mathur, 2022; Anandarajah and Gambhir, 2014; Gambhir et al., 2014; 
Intelligent Energy Systems, 2023a; Hersaputri et al., 2024b; Yudiartono 
et al., 2023; Babatunde et al., 2023; International Energy Agency, 2024). 
These exercises are typically conducted at the national level, providing 
strategic guidance for economy-wide energy transitions and power 
sector reforms.

At the same time, several medium-term studies (2036–2045) remain 
prominent in countries such as Pakistan, Bangladesh, and Brunei, where 
modeling efforts are often aligned with interim policy frameworks such 
as Nationally Determined Contributions (NDCs) and sector-specific 
development plans (Mondal and Islam, 2012; Dayana et al., 2016; 
Rehman et al., 2019; Khaled et al., 2023; Abrar and Farzaneh, 2021). A 
smaller number of short-term planning studies (up to ~2035) focus on 
near-term capacity additions, reliability, and access targets, often 
reflecting regulatory or investment planning cycles. This reflects im
mediate policy concerns around capacity expansion, access to elec
tricity, and system reliability, rather than long-term decarbonization 
goals.

A second dimension of coverage relates to spatial resolution. While 

most countries, such as Pakistan, Bangladesh, Sri Lanka, Cambodia, 
Laos, and Brunei, have primarily relied on national-scale models, sub
national studies are gaining ground in countries with diverse geogra
phies and complex energy demand patterns. Indonesia features several 
provincial and island-level models (e.g., Java-Bali, Sumatra), often 
examining renewable integration (Siregar and Möller, 2023). Similarly, 
the Philippines has applied local-level models to capture the distinct 
characteristics of its island grids (Luzon, Visayas, Mindanao) (Teola 
et al., 2023). In India, subnational analyses at the state level complement 
national scenarios, providing more granular insights into land avail
ability, resource endowments, and grid constraints (Heredia-Fonseca 
et al., 2024; Das et al., 2022).

The regional evidence suggests a dual trend: while long-term na
tional-level modeling provides strategic direction, local-level and short‑ 
and medium-term studies remain essential for addressing operational 
challenges, infrastructure bottlenecks, and near-term trade-offs. 
Bridging these two scales, linking short- and medium-term system 
planning with long-term decarbonization goals and targets, will be 
critical for credible policy design in South and Southeast Asia.

4.1.3. Low-carbon technology choices in modeling studies
The reviewed studies across South and Southeast Asia reveal a 

diverse but uneven representation of low-carbon technologies. As shown 
in Fig. 5, most models prioritize mature renewable options, particularly 
solar PV, onshore wind, hydropower, and biomass/biofuel technologies, 
which collectively form the backbone of decarbonization pathways in 
the region. However, a wider set of low‑carbon options is available 
(Fig. 5, Tables S1-S15), including geothermal, nuclear, and marine 
(wave/tidal) energy, yet these remain sparse in current modeling 
practice.

Fig. 4. Temporal horizon (short ≤2035; medium 2036–2045; long >2045) and spatial resolution (national vs. local) of reviewed energy system models across South 
and Southeast Asia.
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In India, models consistently integrate solar and wind as central 
pillars of transition pathways, reflecting the country’s large-scale 
deployment plans and supportive policy frameworks (Lobo et al., 
2023; Breyer et al., 2016). Hydropower and biomass are also featured, 
but geothermal and marine resources remain largely absent despite 
significant theoretical potential (41 GW of wave potential). Similarly, 
Pakistan emphasizes solar and wind in its modeling frameworks, 
consistent with its high solar irradiance (up to 6.22 kWh/m²/day) and 
strong wind corridors (mean speed 7.81 m/s) (Rehman et al., 2019; 
Abrar and Farzaneh, 2021; Sadiqa et al., 2021). Bangladesh focuses on 
solar, biomass, wind, and hydro, despite having modest wind resources 
(4.99 m/s) and limited tidal potential (Olsson and Gardumi, 2021; 
Mondal et al., 2010). In Nepal, hydropower is widely included in 
modeling exercises, consistent with its resource abundance (Nakarmi 
et al., 2016; Shrestha and Shakya, 2012; Gyanwali et al., 2020). How
ever, Sri Lanka’s extraordinary theoretical tidal potential (>52,000 GW) 
is absent in its modeling literature, revealing a significant gap in 
exploratory assessments (Fernando et al., 2023).

In Southeast Asia, Vietnam and Indonesia stand out for their broad 
coverage, with solar, wind, biomass, hydro, and even nuclear appearing 
across models (Reyseliani et al., 2024; Cappiello et al., 2024a; Reyseliani 
et al., 2022; International Energy Agency, 2024). This breadth reflects 
both their diverse resource base and national policy commitments to 
diversify into low-carbon energy sources. Indonesia and the Philippines, 
both archipelagic nations, emphasize solar, wind, hydro, and biomass in 
their models (Kanugrahan and Hakam, 2023; Dixon et al., 2023; Mondal 
et al., 2018; Hersaputri et al., 2024b). However, their vast ocean energy 
potential, such as ~1.2 GW for Indonesia and ~50–60 GW for the 
Philippines remains unutilized in scenarios. Malaysia and Thailand also 
show strong reliance on biomass and hydro, with Malaysia additionally 
modeling geothermal, despite its limited potential (Babatunde et al., 

2023). Nuclear power is explicitly represented in several scenarios for 
Vietnam and Indonesia and, to a more limited extent, in Bangladesh and 
India, but remains absent in most of the other national-scale applications 
in the region (Cappiello et al., 2024a; Reyseliani et al., 2022; Yudiartono 
et al., 2023; International Energy Agency, 2024).

The modeling literature thus reveals a pattern of solar- and hydro- 
dominated transitions, supplemented by wind and biomass where 
resource availability permits, while geothermal, nuclear, and marine 
renewables, though technically viable in several countries, are only 
sporadically considered. This indicates that long-term diversification 
strategies and the full spectrum of low-carbon resources remain under
explored in regional energy system models.

4.1.4. Renewable resource potential and gaps in modeling
The inclusion of low-carbon technologies in models can be further 

validated against the resource potential of the region. For solar, coun
tries like India, Pakistan, and Bangladesh exhibit high Global Horizontal 
Irradiance (4–6 kWh/m²/day), which explains their heavy reliance on 
PV in modeling exercises (Lawrenz et al., 2018; Nahid and Roy, 2025b; 
Abrar and Farzaneh, 2021; Sadiqa et al., 2021; Breyer et al., 2016; 
Gulagi et al., 2020). Similarly, Vietnam, Thailand, and Indonesia also 
show strong solar resource bases, justifying their frequent inclusion. 
However, Nepal, despite moderate solar potential (3.3–5.7 
kWh/m²/day), often features solar in models more prominently than 
wind, even though its average wind speed (7.6 m/s) ranks among the 
highest in the region (Shrestha and Nakarmi, 2015).

Hydropower dominates in Nepal, Sri Lanka, and Laos, where natural 
endowment makes it the most logical renewable base (Fernando et al., 
2023; Gyanwali et al., 2020; Kyophilavong et al., 2023). Biomass is 
widely represented in Thailand, Malaysia, and Indonesia, aligning with 
agricultural residues and forestry potential in these economies 

Fig. 5. Representation of Low-Carbon Technologies in Energy System Models across South and Southeast Asia.
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(Rajbhandari et al., 2024; Mohd Idris et al., 2021; Indra Al Irsyad et al., 
2020).

Ocean resources remain the most underrepresented in the modeling 
exercises. For instance, Sri Lanka’s ~52,000 GW tidal potential, the 
Philippine’s ~50–60 GW tidal range, and Indonesia’s ~6 GW tidal/ 
wave resources are absent in scenarios. This omission suggests a con
servative bias in regional modeling frameworks, where emerging or less 
commercially mature technologies are often excluded despite significant 
theoretical and practical potential.

.

4.1.5. Storage technologies and carbon reduction options
Energy system models across South and Southeast Asia reveal a 

varied but still limited representation of storage technologies and carbon 
reduction measures. Fig. 6 illustrates that while batteries and pumped 
hydro energy storage (PHES) are most included in modeling frame
works, a broader suite of emerging options, including hydrogen storage, 
compressed air energy storage (CAES), thermal energy storage (TES), 
and power-to-gas (PtG), appear only occasionally despite their growing 
international deployment. This is notable given that globally, advanced 
technologies are already operational at scale. For instance, hydrogen 
production through electrolysis is commercially operating in India and 
Indonesia (International Energy Agency, 2025a), while flow battery 
projects have been deployed in critical infrastructure in China and 
Japan, with further projects planned in the USA and Australia (Carroll, 
2023; Colthrope and News, 2022; Phiddian, 2022; Sumitomo Electric, 
2022). Sodium-sulfur (NaS) batteries, which have over 20 years of 
deployment experience, now provide nearly 5 GWh across more than 
250 projects worldwide (GmbH BASF Stationary Energy Storage, 2023). 

Similarly, Finland has recently commissioned the world’s first 
commercial-scale sand battery with 1 MW of thermal power and 100 
MWh of storage, highlighting both the technical feasibility and material 
circularity (Polar Night Energy, 2025). Despite such operational pre
cedents and proven reliability, South and Southeast Asian models 
continue to rely almost exclusively on Li-ion batteries and PHES, thereby 
underrepresenting viable long-duration flexibility solutions. While 
Li-ion and PHES dominate, a few exploratory scenarios in India and 
Bangladesh have begun to test the resilience of the grid using advanced 
storage options. The LUT-EST framework applied to both nations 
(Tables S1, S4) includes Flow batteries and A-CAES to assess seasonal 
balancing and firm-capacity provision, suggesting that these technolo
gies may become vital for land-constrained areas where PHES potential 
is limited. Data scarcity is a pervasive cross‑cutting constraint in the 
reviewed regional context: detailed, country‑specific information on 
performance parameters, siting constraints, and resource availability for 
long‑duration storage options is often limited or not publicly available, 
which restricts the range of storage technologies that can be credibly 
represented.

India exhibits the widest range of storage technologies, including 
batteries, PHES, hydrogen, NaS, flow batteries, A-CAES, TES, and PtG 
(Bhattacharya et al., 2024; Gulagi et al., 2018). This breadth reflects 
India’s large-scale expansion of renewable energy and its increasing 
emphasis on flexibility to balance variable solar and wind. Bangladesh 
and Vietnam also show some diversity, with studies including batteries, 
hydrogen, and PHES, as well as more advanced options such as flow 
batteries in Bangladesh and NaS in Vietnam (International Energy 
Agency, 2024; Gulagi et al., 2020). Thailand’s modeling likewise ex
tends to hydrogen alongside batteries and PHES, consistent with its 

Fig. 6. Storage technologies and carbon reduction options represented in energy system models across South and Southeast Asia.
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net-zero planning horizon (Pradhan et al., 2022, 2024). By contrast, 
Pakistan, Nepal, Laos, and the Philippines remain confined to batteries 
and PHES, despite renewable potentials that would benefit from more 
flexible, long-duration options (Abrar and Farzaneh, 2021; Gyanwali 
et al., 2020; Gonocruz et al., 2024). Indonesia, one of the region’s largest 
energy consumers, shows limited diversification beyond batteries and 
PHES, with hydrogen storage appearing only sporadically (Reyseliani 
et al., 2024, 2022). Malaysia and Sri Lanka similarly emphasize batteries 
and PHES while omitting other promising technologies (Fernandez 
et al., 2025; Woo et al., 2024; Fernando et al., 2023). Collectively, these 
trends highlight that near-term storage solutions are well captured in 
models, but long-duration and advanced storage remain largely absent 
from regional scenario design. A few exploratory studies, such as 
LUT‑EST applications for India and Bangladesh and LEAP‑NEMO ana
lyses for Malaysia and the Mekong region (Tables S1, S4, S7), explicitly 
compare portfolios of batteries, PHES, hydrogen, A‑CAES, and TES 
under high‑renewable conditions, illustrating what more comprehen
sive flexibility assessments could look like, especially in land‑con
strained systems where PHES potential is limited. However, such 
examples remain an exception. In many other cases—particularly in 
Nepal and Laos—widely used tools such as OSeMOSYS and LEAP are 
implemented in simplified forms that include only a small set of storage 
technologies, reflecting both data limitations and the need to keep 
model formulations tractable. As a result, many models are better suited 
to assessing capacity expansion than to exploring high‑renewables sys
tem operation with diverse flexibility resources.

Carbon reduction measures are even less represented across the 
reviewed studies compared to storage. Globally, full-chain operational 
CCS capacity (capture, transport, and storage) has reached ~50 MtCO₂/ 
year, with further large-scale projects announced in North America, 
Europe, and the Middle East (International Energy Agency, 2025b). In 
South and Southeast Asia, no full-scale facilities are yet operational, 
though combined announcements in India, Indonesia, Malaysia, 
Thailand, and Singapore could add ~20 MtCO₂/year in the near future. 
Studies have identified geological storage potential across India, 
Pakistan, Sri Lanka, Bangladesh, Indonesia, Thailand, and Malaysia 
(Asian Development Bank, 2013; Pranto et al., 2025; Rashid et al., 2024; 
Zhang and Lau, 2022). However, model representation remains sparse. 
India demonstrates the broadest integration, with CCS, CCUS, BECCS, 
and ammonia included in several scenarios (Anandarajah and Gambhir, 
2014; Gambhir et al., 2014; Laha and Chakraborty, 2021). Vietnam, Sri 
Lanka, Thailand, and Malaysia include CCS and CCUS in selected 
studies, while BECCS appears mainly in Thailand and Indonesia 
(Reyseliani et al., 2024; Chaichaloempreecha and Limmeechokchai, 
2022; Reyseliani et al., 2022; Herawati, 2025). In contrast, Nepal, Laos, 
Cambodia, Brunei, and the Philippines almost entirely omit carbon 
reduction measures, reflecting both technical uncertainties and the 
absence of proven domestic storage capacity. The viability of CCS for 
smaller economies remains questionable, as shown by Nepal’s limited 
industrial base and concerns over the cost-effectiveness of deployment 
(Pradhan et al., 2018).

Beyond technical uncertainty and the current absence of full‑scale 
facilities, several additional factors help to explain the sparse repre
sentation of CCS, CCUS, BECCS, and advanced storage options in 
regional models. First, detailed datasets on CO₂ storage reservoirs, 
capture and transport costs, and site‑specific constraints are often un
available, confidential, or highly uncertain, which complicates param
eterization in bottom‑up frameworks. Second, researcher capacity and 
computational resources remain limited in much of South and Southeast 
Asia: incorporating CCS chains or complex portfolios of long‑duration 
storage typically requires more advanced model formulations, addi
tional scenario dimensions, and higher computational effort, so many 
research teams prioritize simpler technology sets aligned with imme
diate policy debates (e.g., solar, wind, PHES) rather than exhaustively 
testing fewer familiar options. It is worth noting, however, that research 
capacity in the region has been meaningfully promoted through rigorous 

training programs organized by model developers and owning in
stitutions, which have led to a growing body of applied analysis. In 
particular, training on open-access models has widened participation, 
generated enthusiasm for customization, and progressively lowered 
barriers to more sophisticated applications. Third, model‑version con
straints also play a role. Several region‑specific open‑source frameworks 
that are now being developed to better capture advanced flexibility and 
carbon‑reduction options—such as IDEEA (Lugovoy et al., 2021) and 
EnergyRT/Switch (Chatterjee et al., 2026) modules in India (GitHub - 
GitHub - Indian Zero Carbon Energy Pathways Optimization Model, 
2023), PyPSA‑BD in Bangladesh, and PyPSA‑TH in Thailand—were in 
earlier stages of development during much of the 2000–2025 review 
period. Earlier versions used in the published literature did not yet 
incorporate the full range of hydrogen, long‑duration storage, or CCS 
technologies that these tools are now capable of representing (Index - 
PyPSA-Earth Documentation, 2026). The emergence and continued 
refinement of such open‑source models are therefore important for 
building regional modeling capacity and lowering entry barriers to more 
detailed representations of advanced storage and carbon‑removal 
options.

Ammonia has also emerged as a potential decarbonization vector, 
with feasibility studies in Thailand and broader Southeast Asia pointing 
to its role in fuel substitution and export markets (DNV Energy Systems, 
2024; Joseph Sekhar et al., 2024; Kobayashi, 2023). However, despite 
available modeling capabilities, no reviewed study explicitly integrates 
ammonia into regional scenarios. Overall, the evidence suggests that 
while batteries and PHES dominate storage representation and CCS is 
the most widely considered carbon reduction pathway, regional models 
still underutilize the broader portfolio of proven and emerging tech
nologies such as hydrogen-based storage, CAES/A-CAES, TES, PtG, 
advanced batteries (NaS, flow, sand), BECCS, and ammonia. More sys
tematic incorporation of these options—supported by improved data 
availability, enhanced modeler capacity, and continued development of 
region‑specific open‑source tools—would better reflect global techno
logical progress and provide policymakers with more credible and 
resilient pathways for deep decarbonization under uncertainty.

4.2. National policy and decarbonization pledges

Across South and Southeast Asia, governments have announced 
ambitious pledges through National Communications (NC), NDCs, and 
sectoral plans that directly shape modeling priorities. NDCs and related 
pledges, while informed by science, also reflect the political standing of 
the countries in global climate negotiation and governance architecture. 
Therefore, NDC documents tend to be conservative or incremental in 
nature. By contrast, many modeling studies deliberately explore more 
ambitious decarbonization pathways than those currently included in 
the NDCs, in order to test the technical, economic and national contexts 
under which deeper mitigation could be achieved and to inform possible 
ranges of upward revisions of national targets over time. In South Asia, 
Pakistan, according to the NC3, targets 20% renewable capacity by 2025 
and 30% by 2030, alongside 30% EV sales and 6 GW of solar additions 
(Ministry of Climate Change and Environmental Coordination and 
Government of Pakistan, 2025). India (according to press release by 
Ministry of Science and Technology, and NC3) has pledged 500 GW of 
non-fossil capacity by 2050, complemented by a 45% reduction in 
emissions intensity by 2030, expansion of green hydrogen (5 MMTPA), 
and storage obligations for utilities (Ministry of Environment Forest and 
Climate Change, 2023; Ministry of Science and Technology, 2023a). Sri 
Lanka (according to ADB’s report on the Sri Lanka Energy Sector 
Assessment, Strategy, and Road Map, and the NC3) aims to achieve 
carbon neutrality by 2050, cutting fossil fuels to below 50% of supply 
and reducing end-use energy by 20% by 2030 (Asian Development Bank, 
2019a; S.L. Ministry of Environment, 2022a). Nepal (according to the 
NDC3) plans 14 GW of renewable capacity by 2030 and 28.5 GW by 
2035, coupled with ambitious EV penetration (90–95% of private and 
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public vehicles by 2035) and biogas expansion (M. of F. and Environ
ment, G. of Nepal, 2021). Bangladesh (according to NC3, and Renewable 
Energy Policy) sets more modest targets of 20% energy efficiency by 
2030 compared to the 2013 level, 20% renewable energy in the gener
ation mix by 2030, and 30% renewable energy by 2040 (F. and C.C. 
Ministry of Environment, G. of the P.R. of Bangladesh, 2018).

In Southeast Asia, Myanmar plans (according to NDC,2021) 53.5% 
renewables and major coal reduction by 2030, along with 20% effi
ciency improvements (Ministry of Natural Resources and Environment 
Conservation, 2021a). Thailand (according to Power Development Plan, 
2015 and NC4, 2022) targets carbon neutrality by 2050 and net-zero by 
2065, with ~20 GW of renewables by 2036 (E.P. and P. Office, M. of 
Energy, 2015; M. of N.R. and Environment, K. of Thailand, 2022). 
Cambodia (according to NC3, 2022) seeks 25% renewables (2.5 GW 
solar, 80 MW wind, hydro, biomass) and substantial building-sector 
savings by 2030 (T.M. of Environment, T.K. of Cambodia, 2022). Laos 
(according to NC3, 2024) aims for net-zero by 2050, including 13 GW 
hydro, 1 GW other renewables, and 30% EV penetration by 2030 
(Ministry of Natural Resources and Environment, 2024a). Vietnam 
(according to the Amendment to the National Electricity Development 
Planning for the 2021–2030 period and the vision to 2050, 2025) en
visions net-zero by 2050, with renewables supplying 28–36% of gen
eration by 2030 and up to 75% by 2050, alongside electricity exports of 
up to 10 GW (Socialist Republic of Vietnam, 2025). Malaysia (according 
to NC4, 2024) targets 31% renewables by 2025, biodiesel blending 
mandates, and net-zero by 2050 (Ministry of Natural Resources and 
Environmental Sustainability, 2024a). Singapore (according to NC5, 
2022) aims to install 2 GWp of solar, 200 MW of storage, 4 GW of energy 
imports by 2035, and to achieve net-zero by 2050, supported by pro
gressive carbon taxes (Republic of Singapore, National Environmental 
Agency, 2022). Indonesia (according to Enhanced NDC, 2022) mandates 
a 23% share of renewables in its 2025 mix, scaling to 31% by 2050, 
alongside steady reductions in oil and coal dependence (Minister of 
Environment and Forestry, 2017a). The Philippines (according to 
Renewable Energy Roadmap 2017–2040, 2017) has set a target of 
20 GW of renewable capacity by 2040 (Republic of the Philippines, 
2014a; Department of Energy, Republic of the Philippines, 2018a). 
Brunei Darussalam (according to Energy White Paper, 2014, and NC2, 
2017) aims for 10% renewable power by 2035, 45% intensity reduction 
from 2005, and strong employment commitments (Energy Department, 
Prime Minister’s Office Brunei Darussalam, 2014; Energy and Industry 
Department, The Prime Minister’s Office, 2017).

The alignment between national targets, modelled time horizons, 
and technology portfolios across reviewed studies is summarized in 
Table 5. Together, these commitments underscore the heterogeneity of 
ambition and policy design across the region. These also explain 
modeling emphases on solar, wind, hydro, and biomass, while revealing 
misalignments where national pledges, such as marine energy in Sri 
Lanka or CCS in Indonesia, remain absent from scenario frameworks.

However, the reviewed models do not test the feasibility of these 
pledges in a robust way. The qualitative alignment ratings in Table 5
therefore distinguish between timeline alignment and technology rep
resentation alignment: the former assesses whether model horizons fully 
cover, or assume ambitious horizons, the years specified in national 
commitments, and the latter assesses whether the main technologies and 
measures highlighted in policy documents such as efficiency improve
ments, electrification, storage, CCS, and cross border trade are explicitly 
captured in scenario design. For example, Bangladesh “High/Ambi
tious” ratings for timeline alignment and “High” ratings for technology 
representation because multiple long-term studies explicitly test a broad 
set of technologies such as solar, wind, nuclear, different storage types, 
hydrogen, and explore alternative decarbonization pathways out to mid- 
century following the global ambition. Even in these cases, however, 
socio economic impacts (e.g., labor market shifts, distributional effects 
of tariffs, and equity concerns) are only partially captured, so the 
pathways may still overlook important just transition risks.

Taken together, reviewed studies suggest that existing models can 
provide valuable first order insights into technology mixes and emis
sions trajectories and can help identify the conditions under which more 
ambitious decarbonization pathways might be feasible, thereby 
informing future revisions of policies, instruments of implementation, 
NDCs and sectoral plans. At the same time, in settings where demand- 
side flexibility, advanced storage, grid constraints, cross border inte
gration, or socio-economic costs are weakly represented. Some studies 
already show that optimum pathway that integrate both supply side and 
demand-side solutions provide more socially feasible pathways. 
Strengthening alignment therefore requires not only extending model 
horizons, but also enriching representations of flexibility options, 
distributional impacts, and regional interconnections so that NDCs and 
long-term strategies can be evaluated and adjusted over time against a 
more complete set of technical and social constraints, to the benefit of 
both researchers and policymakers.

4.3. Cross-border electricity interconnections and regional trade in South 
and Southeast Asia

In Southeast Asia, cross-border electricity trade has expanded 
steadily, supported by regional cooperation frameworks such as the 
ASEAN Power Grid (APG) and the Greater Mekong Subregion (GMS) 
initiatives (ASEAN Centre for Energy, 2024). The most extensive bilat
eral exchange occurs between Laos and Thailand, with a cumulative 
transfer capacity exceeding ~9700 MW and transmission distances 
totaling roughly 2400 km (ASEAN Centre for Energy, 2024). Laos is 
already linked to multiple neighbors through at least 18 AC inter
connectors (to Thailand, Viet Nam, Cambodia, Myanmar, and China), 
while pilot “wheeling” arrangements now allow Lao hydropower to be 
transmitted via Thailand and Malaysia to Singapore. Laos’ growing role 
as a regional “battery” reflects its vast hydropower export capacity to 
Thailand, Vietnam, and Cambodia. Other operational linkages include 
Thailand–Malaysia (380 MW, 145 km) and Vietnam–Cambodia 
(845 MW, 245 km), with emerging connections such as Malaysia
–Indonesia (230 MW, 127 km) (ASEAN Centre for Energy, 2024). 
Cambodia is strengthening 500 kV links with both Laos and Thailand, 
and several APG core corridors (e.g., Laos–Viet Nam and Thai
land–Cambodia–Viet Nam) are at various stages of planning and rein
forcement. Together, these networks enable enhanced energy security, 
greater utilization of renewable energy, and power market integration 
across the region could in the long run evolve from today’s bilateral or 
trilateral agreements into a more fully-fledged regional power pool.

In South Asia, grid interconnections linking Nepal–India and 
India–Bangladesh facilitate hydropower exports, fossil-based trans
mission, and peak-load balancing, with Bhutan–Bangladesh exchanges 
via India expected to commence soon (United Nations Economic and 
Social Commission for Asia and the Pacific, 2018). As of 2023, Nepal 
exports up to 632 MW of hydropower to India through both 
medium-term contracts and real-time trading markets. A landmark 
five-year deal signed in 2023 allows an additional 200 MW of seasonal 
export capacity, while a long-term bilateral agreement targets 10, 
000 MW of cross-border trade within the next decade (Adhikari, 2024). 
Moreover, Bangladesh’s decision in December 2023 to import 40 MW 
from Nepal via Indian transmission lines marks the first trilateral power 
trade in the region, a significant milestone for South Asian energy 
integration. Existing and proposed corridors—including India– 
Bangladesh 400 kV links, multiple 400 kV India–Nepal corridors, 
India–Bhutan hydropower export lines, and feasibility studies for an 
India–Sri Lanka HVDC cable—indicate that a dense web of bilateral and 
trilateral connections already exists or is under active development, 
with clear potential to be consolidated into a South Asian regional power 
market over time. These developments underscore the region’s potential 
to evolve into a clean power hub, with estimated economic benefits from 
grid integration surpassing interconnection costs (United Nations Eco
nomic and Social Commission for Asia and the Pacific, 2018). Beyond 

F.A. Nahid et al.                                                                                                                                                                                                                                Energy Reports 15 (2026) 109377 

13 



Table 5 
Reflection in modeling research of selected national pledges and targets.

Country Key National Targets and Commitments Dominant 
Modeling 
Horizon

Technologies Most Frequently Modelled Level of alignment of model 
features with national pledges

Timneline1 Technology 
Representation2

Bangladesh RE targeted to 20% of national power demand by 2030 
and 30% by 2040; energy efficiency programs and 
demand-side measures (lighting, appliances, solar 
panels, etc.); emphasis on increasing cross-border power 
trade in the region (E. and M.R. Ministry of Power, 2025; 
F. and C.C. Ministry of Environment, 2018)

Short and 
Medium-term

Hydro, solar, wind, biomass; limited storage 
except Battery and PHES

High/ 
Ambitious

High

India 500 GW non-fossils by 2050; 45% carbon-intensity cut 
by 2030; 5 MMTPA of green hydrogen by 2030; 
Renewable Purchase Obligation (43.33%) and Energy 
Storage Obligation (4%) on DISCOMS by 2030 (F. and C. 
C. Ministry of Environment, 2023; Ministry of Science 
and Technology, 2023b)

Short and 
Medium-term

Hydro, solar, wind, biomass, biofuel/biogas, 
nuclear; multiple storage types (Li-ion, PHES, 
hydrogen); Limited Geothermal, CCS/CCUS in 
select models

High Medium

Nepal RE generation capacity expansion to 14031 MW by 2030 
and 28500 MW by 2035; T&D losses decrease to 11.5% 
by 2030 and 10.5% by 2035; EV share in new vehicle 
sales to be 90% by 2030 and 95% by 2035; expansion 
and promotion of energy efficiency, biogas, and 
bioenergy (Ministry of Forests and Environment, 2021)

Short and 
Medium-term

Hydro, solar, biomass, biofuel/biogas; Limited 
wind; Battery and PHES in a few studies

High High

Pakistan 20% on grid RE capacity by 2025 and 30% by 2030; EV 
share in new vehicle sales to be 30% by 2030; promotion 
of energy efficiency (lighting, appliances, smart grid 
systems, technologies, etc.) (Ministry of Climate Change 
and Environmental Coordination, 2025)

Short, Medium 
and Long-term

Hydro, solar, wind, nuclear, PHES, and 
biomass in a few studies

High High

Sri Lanka Fossil fuels below 50% of primary energy supply (2015 
level) by 2030; Reduction of 20% (2015 level) in specific 
energy use across sectors by 2030; Energy self- 
sufficiency by 2030; Carbon neutrality by 2050; 
Introduction of demand-side measures and energy 
efficiency (S.L. Ministry of Environment, 2022b; Asian 
Development Bank, 2019b)

Short, Medium 
and Long-term

Hydro, solar, wind, biomass, nuclear; Storage 
technologies (battery, hydrogen, PHES); CCS

High High

Myanmar Increased share of Solar and Wind to 53.5% (3070 MW) 
by 2030; Share of coal to decrease by 73.5% (2120 MW) 
by 2030; Off grid RE generation capacity to be 88.82 MW 
by 2030; Cumulative 20% (2012 level) improvement in 
energy efficiency (Ministry of Natural Resources and 
Environment Conservation, 2021b)

Short, Medium 
and Long-term

Hydro, solar, wind, geothermal High High

Thailand Carbon neutrality by 2050; RE capacity to be 20% of 
total in 2036; Energy intensity reduction by 30% (2010 
level) by 2036 through energy efficiency in lighting, 
building codes, etc (Ministry of Natural Resources and 
Environment, 2022; Energy Policy and Planning Office, 
Ministry of Energy, 2015).

Short, Medium 
and Long-term

Hydro, solar, wind, biomass; Biofuel/biogas in 
a few studies; Battery and PHES, CCS

High High

Laos 1 GW of RE (Solar and Wind), 13 GW Hydro 300 MW 
Biomass by 2030; 30% RE share in energy consumption 
by 2030; Biofuel to replace 10% fuel use in transport 
sector by 2025; 10% energy savings (Compared to BAU) 
by 2030; introduction of energy efficiency through cook 
stoves, energy savings and conservation (Ministry of 
Natural Resources and Environment, 2024b)

Long-term Hydro, solar, wind, biomass; Biofuel/biogas in 
a few studies

Ambitious High

Cambodia 25% RE in energy mix by 2030; Reduction of 1.2 TWh 
(29.7%) of electricity use in 2030 through improvements 
in lighting, cooling, and equipment; Reduction of 2% 
energy consumption in 2030 through public awareness; 
Implementation of demand-side measures in buildings, 
building codes, passive cooling, and retrofits (The 
Ministry of Environment, 2022)

Short, Medium 
and Long-term

Hydro, solar, wind, biomass, biofuel/biogas, 
geothermal, nuclear

High/ 
Ambitious

High

Vietnam RE generation share of 28–36% by 2030 and up to 75% 
by 2050; Electricity exports of up to 10 GW by 2035; 
Peak capacity up to 99.934 GW by 2030 and 228.57 GW 
by 2050; 50% of residential and office buildings use solar 
power for self-production and self-use by 2035 (
SOCIALIST REPUBLIC OF VIETNAM, 2025)

Short and 
Medium-term

Hydro, solar, wind, biomass, biofuel/biogas; 
Nuclear in a few studies; Hydrogen and PHES 
in a few studies

High High

Malaysia 31% of RE installed capacity by 2025; Electricity 
demand growth reduction of 8% from 2016 to 2025 
through demand-side measures, cogeneration, energy 
efficiency, building codes; Peninsular Malaysia’s share in 
generation capacity reduced to 29% by 2030; 10% 
Biodiesel blending in transport and 7% in industry; 
Increase in Biogas capture (Ministry of Natural 
Resources and Environmental Sustainability, 2024b)

Short and 
Medium-term

Hydro, solar, wind, biomass, biofuel/biogas, 
Battery in a few studies, CCS in a few studies

High High

(continued on next page)
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technical efficiency, regional integration represents a transformative 
opportunity for broader social welfare, such as lower electricity costs 
and improved energy security for marginalized communities. Yet, as the 
country‑wise details in Tables S1–S15 show, only a small subset of 
models, for example, MARKAL for Laos-Thailand, TIMES for Viet Nam, 
and selected OSeMOSYS applications for Laos and Viet Nam, endogenise 
cross‑border exchanges. Despite growing emphasis on national-scale 
decarbonization pathways, regional power integration remains an 
underexplored yet vital component of energy system modeling in South 
and Southeast Asia. Cross-border electricity trade directly influences 
long-term energy security, economic efficiency, and emission trajec
tories, yet it is underrepresented in existing models. Expanding such 
modeling efforts is essential, as real-world evidence demonstrates that 
interconnected grids can significantly reduce collective generation costs, 
enhance system reliability, and mitigate environmental impacts 
(International Energy Agency, 2019). For low‑income countries in the 
region, enhanced regional trade can reduce wholesale generation costs, 
diversify supply away from volatile fossil imports, and improve reli
ability in peripheral or rural grids, thereby contributing to lower 
end‑user tariffs and improved access for marginalized communities. 
Moreover, international experience shows that the annual benefits of 
cross-border grid connectivity can far exceed the costs of constructing 
and operating interconnection infrastructure (Singh et al., 2016). The 
near‑absence of detailed cross‑border representations in current models 
therefore limits the ability of policymakers to assess how integration 
might advance energy‑access targets and distributional welfare, 
particularly for landlocked or hydropower‑rich economies such as Laos 
and Nepal.

Within the reviewed literature (Supplementary Tables S1–S15), 
however, cross-border trade remains one of the least modelled compo
nents of regional energy systems. Only a handful of studies explicitly 
incorporate cross-border dynamics, mainly involving Vietnam, Laos, 
Myanmar, Cambodia, and Thailand. For instance, studies employing 
TIMES, OSeMOSYS, and EPM frameworks simulate least-cost trade 
scenarios for Vietnam (Cappiello et al., 2024b; Ngoc et al., 2018; 
Intelligent Energy Systems, 2023b). Handayani et al. (Handayani et al., 
2022) utilize the LEAP-NEMO framework to assess renewable integra
tion and power trade among Laos, Cambodia, and Myanmar, though 

their scope remains constrained to existing trade capacities. Similarly, 
MARKAL-based analyses for Laos and Thailand (Watcharejyothin and 
Shrestha, 2009b) explore the environmental and security implications of 
trade, while cost-minimization models for Myanmar–Thailand in
terconnections assess energy-mix preferences under alternative 
carbon-pricing assumptions (Ikari et al., 2022). Most other studies retain 
a strictly national focus, often because the underlying models were 
originally configured for single-country applications, lack multi‑zone or 
multi‑jurisdiction capabilities, or were implemented by research teams 
whose mandates and data access were limited to domestic systems.

Although cross-border electricity trade presents clear economic and 
environmental co-benefits, its analytical representation in regional en
ergy system models remains narrow in scope and geography. Expanding 
modeling frameworks to incorporate dynamic, multi-country trade 
scenarios, transmission constraints, and policy coordination mecha
nisms is crucial to advancing resilient, integrated, and low-carbon 
regional power systems. The scarcity of such multi‑country models re
flects not only technical complexity but also political‑economy consid
erations. In South Asia, long‑standing geopolitical tensions and 
unresolved water‑sharing disputes can make it difficult to obtain 
consistent data on cross‑border flows, planned interconnections, or 
hydropower development, while in the Mekong region hydropower 
expansion is closely linked to sensitive transboundary river governance. 
These political sensitivities often translate into limited transparency 
over long-term interconnection plans and reluctance to publish detailed 
operational data, which in turn discourages modelers from constructing 
explicitly regional scenarios. These factors, together with limited insti
tutional mechanisms for data sharing and model co‑development across 
utilities and regulators, constrain the construction of harmonized 
regional datasets that are a prerequisite for robust cross‑border 
modeling. As a result, the current literature provides only a partial basis 
for assessing whether initiatives such as the ASEAN Power Grid or 
prospective South Asian power pools can deliver the promised gains in 
cost reduction, reliability, and equitable access, or what governance and 
investment conditions would be needed to move from today’s patch
work of bilateral lines to a more fully integrated regional system.

Globally, inter- and intra-regional electricity trade is already an 
established mechanism for improving resource efficiency and balancing 

Table 5 (continued )

Country Key National Targets and Commitments Dominant 
Modeling 
Horizon 

Technologies Most Frequently Modelled Level of alignment of model 
features with national pledges

Timneline1 Technology 
Representation2

Singapore Solar to reach 1 GWp by 2025 and 2 GWp by 2030; At 
least 200 MW of storage beyond 2025; Potential import 
up to 30% of national energy supply (4 GW) by 2035; 
Phase out of all ICE vehicles by 2040; Carbon tax 
gradually increased up to 59 USD per tCO2 by 2030 (
National Environment Agency, 2022)

Short, Medium 
and Long-term

Hydro, solar, wind, biomass, biofuel/biogas, 
geothermal, nuclear

High Medium

Indonesia By 2050, new renewable energy increases to 31%, oil 
decreases to less than 20%, coal decreases to a minimum 
of 25%, gas decreases to a minimum of 24%, of the 
primary energy supply mix; 1% reduction in energy 
intensity per year (Minister of Environment and Forestry, 
2017b)

Short, Medium 
and Long-term

Battery, PHES, hydro, solar, wind, biomass, 
geothermal, nuclear; Biofuel/biogas and 
BECCS in a few studies

High High

Philippines RE capacity increased to at least 20 GW by 2040 (
Republic of the Philippines, 2014b; Department of 
Energy, Republic of the Philippines, 2018b)

Short, Medium 
and Long-term

Battery, hydro, solar, wind, biomass, 
geothermal; Biofuel/biogas in a few studies

High High

Brunei RE share in total generation mix increased to 10% by 
2035; 45% reduction in energy intensity (2005 level) by 
2035 through energy efficiency and conservation; Total 
energy consumption reduction of 63% (compared to 
BAU) by 2035; Increased local employment in the energy 
sector by 2035

Short, Medium 
and Long-term

Hydro, solar, wind, biofuel/biogas, 
geothermal, nuclear

High High

1 “High” indicates that the time horizons used in the reviewed modeling studies fully cover the timelines specified in national policy documents. “Ambitious” indicates 
that the modeling exercises raise ambitions beyond the pledged timelines.
2 “High” indicates that the main technologies and measures highlighted in national policy documents are explicitly represented in the reviewed models. “Medium” 
indicates that only a small subset of these technologies is missing or represented in a simplified manner in the modeling studies.
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variable renewable energy (International Energy Agency, 2019; United 
Nations Economic and Social Commission for Asia and the Pacific 
UNESCAP, 2025). For instance, European countries traded approxi
mately 1794 TWh of electricity in 2022 (MCSC, 2024), Southern African 
countries exchanged around 1500 GWh in 2020/21 (South African 
Power Pool, 2021), while the United States traded 7.5 TWh with Mexico 
(U.S. U.S. Energy Information Administration, 2024) and 45 TWh with 
Canada in 2023–24 (U.S. U.S. Energy Information Administration (EIA), 
2025).

4.4. Insights into knowledge gaps and the scope of future research

The evidence synthesized across Figs. 3–6 and the country-specific 
analyses highlight recurring themes in how energy system models 
conceptualize decarbonization in South and Southeast Asia. These in
sights reflect both the strengths of existing modeling approaches and the 
blind spots that may limit their policy relevance: 

• Capacity expansion is consistently anchored in solar, wind, hydro
power, and biomass/biofuel–biogas, which collectively form the 
backbone of modeled low-carbon energy systems. This reflects both 
their strong domestic potential and established cost trajectories. 
Other supply-side low‑carbon options—such as geothermal, nuclear 
power, and marine (wave and tidal) energy—are incorporated only 
selectively, despite documented resource potential in several coun
tries. Nuclear is considered more selectively, typically in larger sys
tems such as India and occasionally Vietnam and Bangladesh, where 
it is positioned as a firm, low-carbon option to complement variable 
renewables.

• Most models prioritize lithium-ion batteries and pumped-hydro en
ergy storage (PHES) as the principal flexibility options. While these 
technologies are commercially proven and already deployed in 
several countries, the near absence of hydrogen, thermal energy 
storage (TES), gas storage, advanced compressed air (A-CAES), or 
power-to-gas (PtG) options indicates that long-duration flexibility 
and curtailment mitigation remain underexplored in regional 
modeling. This leaves open questions about system resilience under 
high-renewable penetration scenarios.

• CCS/CCUS, and bioenergy with CCS (BECCS), are infrequently rep
resented, and when included, are rarely tested at meaningful scales 
that correspond to national or regional emissions reduction trajec
tories. Given that several countries (e.g., India, Indonesia, Malaysia) 
have identified CCS as part of their long-term strategies, the 
modeling gap limits the capacity of existing models to evaluate 
realistic decarbonization pathways.

• Despite vast wave and tidal resources in India, Sri Lanka, 
Bangladesh, Indonesia, and the Philippines, ocean energy technolo
gies remain largely absent from scenario design. This exclusion re
flects a conservative bias towards commercially mature 
technologies, but it also risks underestimating the full renewable 
potential of coastal and island systems, where ocean resources could 
provide system stability and diversification.

• Energy efficiency, demand-side management (DSM), electrification 
of end-use sectors, and flexible load-shifting strategies appear in only 
a small subset of studies. However, these measures are essential for 
reducing peak demand, lowering system costs, and aligning with 
broader socio-economic transitions. Their omission underrepresents 
the potential for demand-side flexibility to complement supply-side 
expansion.

• Cross-border electricity trade and grid integration, including the 
proposed South Asian interconnections and the ASEAN Power Grid, 
are seldom incorporated in modeling frameworks. Given the clear 
potential of these mechanisms to reduce system costs, improve en
ergy security, and share emissions reduction responsibilities, their 
absence is a critical limitation in current scenario planning.

• Socio-environmental co-benefits such as health gains from improved 
air quality, as well as land, water, and mineral footprints, are rarely 
quantified within model outputs. Similarly, labor-market impacts 
and equity considerations associated with just-transition consider
ations are minimally integrated and addressed only in a few studies 
from Bangladesh, Thailand, and India. This limits the usefulness of 
modeling results for informing holistic sustainable-development 
policies.

The identified gaps in CCS, advanced storage, and demand-side 
flexibility are not only methodological; they have direct consequences 
for how long-term policy options, fossil fuel phase out are evaluated. 
Failing to represent these technologies may hinder the adoption of cir
cular economy principles and may lead to biased resource allocation 
that favors centralized supply-side expansion over decentralized, 
community-centered solutions. Models that omit demand‑side flexi
bility, labor‑market impacts, or affordability constraints may system
atically understate the risks of stranded assets, tariff shocks, and unequal 
burden‑sharing during the transition, especially for low‑income 
households and workers in fossil‑fuel‑dependent sectors. Conversely, 
more comprehensive representations of demand‑side measures, regional 
trade, and co‑benefits can reveal transition pathways that are both 
lower‑cost and more compatible with national development strategies. 
Taken together, the evidence suggests that these gaps arise from a 
combination of factors. (i) Model‑related limitations, where widely used 
tools are implemented in simplified forms that neglect cross‑sector 
linkages, flexibility options, or socio‑economic indicators. (ii) Data and 
capacity constraints, including scarce information on CCS, advanced 
storage, or detailed demand‑side behavior. (iii) Policy prioritization, 
many studies focusing on short‑term adequacy, tariffs, or NDC compli
ance rather than long‑term diversification and just‑transition issues. 
Recognizing and acknowledging the enabling role of this mix of tech
nological, institutional, and economic drivers is important for deciding 
whether to prioritize improved data, more sophisticated tools, or 
stronger policy architecture for integrated modeling. These methodo
logical gaps also carry clear policy risks. Pathways that ignore 
demand‑side flexibility, storage constraints, or socio‑economic costs can 
overestimate the ease of achieving stated NDCs and net‑zero targets or 
propose technology mixes that are technically fragile or socially 
contentious. For instance, transition plans based solely on low‑cost re
newables without explicit representation of grid stability, tariff impacts, 
or labour‑market effects may look attractive on paper, but face imple
mentation barriers and public resistance once rolled out. Strengthening 
model coverage along the dimensions identified above is therefore 
critical not only for analytical completeness, but also for avoiding mis
aligned or non‑credible policy signals. To better align modeling practice 
with the region’s decarbonization needs, future studies should broaden 
technology coverage, deepen system integration, and strengthen policy 
relevance. The priorities below translate the detected gaps into action
able modeling directions. 

• Systematically test hydrogen, TES, gas storage, A-CAES, and PtG 
alongside batteries/PHES to assess curtailment reduction, seasonal 
balancing, and firm-capacity provision.

• Develop scenarios for CCS, CCUS, and BECCS aligned with 
announced pilots and geological potential to evaluate costs, infra
structure needs, and potential technology lock-in risks.

• Endogenize ocean energy (wave/tidal) and ammonia (as a co-firing 
or fuel option) in models for countries with documented resource 
potential, allowing long‑term diversification strategies and their 
system‑wide implications to be assessed on a comparable basis with 
other low‑carbon technologies.

• More consistently incorporate geothermal and nuclear power in 
countries where resource assessments or policy documents already 
identify these options as part of prospective low‑carbon portfolios, so 
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that their system-wide implications can be evaluated on a compa
rable basis with solar, wind, hydropower, and biomass.

• Represent demand-side solutions more comprehensively in modeling 
exercises, drawing on recent examples such as Nahid & Roy (Nahid 
and Roy, 2025a), which demonstrates how end‑use energy efficiency 
and demand-side shift can deliver substantial near‑term emission 
reductions along with higher socio-economic benefits. Rather than 
modeling isolated DSM measures, future studies should combine 
multiple demand‑side options such as efficiency improvements, 
DSM/load shifting, and end‑use electrification within a single 
framework, with explicit cost and constraint parameters. Such 
demand‑side simulations should then be linked to power‑system 
planning so that reduced and reshaped demand, together with de
mand response, can be co‑optimized with advanced storage and 
network investments, revealing lower supply‑side decarbonization 
needs than in supply‑only scenarios (Intelligent Energy Systems, 
2023b).

• Embed cross-border electricity trade and interconnection (within 
South Asia and between South Asia and ASEAN) in scenario design, 
so that models can quantify their contributions to system balancing, 
resource adequacy, cost-sharing, and regional resilience under 
high‑renewable penetration, while explicitly accounting for 
data‑sharing constraints, transmission bottlenecks, and politi
cal‑economy conditions that may limit the realization of initiatives 
such as the ASEAN Power Grid or emerging South Asian power pools.

• Develop integrated multi-sector (power-transport-industry-build
ings) models and adopt multi-scale designs (national and subna
tional) to align near-term operations with long-term targets, 
capturing how end-use electrification, fuel switching, and industrial 
process changes shape power-system demand and flexibility 
requirements.

• Incorporate health impacts, land and water use, mineral supply risks, 
employment effects, and distributional equity indicators as explicit 
outputs of energy‑system models (Gilson Dranka et al., 2022; Bento 
et al., 2024; Sugiyama et al., 2024; Han et al., 2024), so that sce
narios can be evaluated (such as using AIM/Enduse applications in 
Sri Lanka and Nepal and PyPSA-BD application in Bangladesh) not 
only on techno-economic cost competitiveness considerations and 
emissions but also on wider social cost considerations by including 
their implications for public health, resource sustainability, liveli
hoods, and multi- dimensional fairness issues, thereby providing a 
stronger evidence base for just and durable transition policies with 
wider public acceptance.

This review does not attempt to cover the full range of sustainable 
development dimensions; instead, it focuses on low‑carbon transitions 
as a key aspect of sustainability. Future work should extend the analysis 
by examining how additional sustainability objectives are incorporated 
into energy‑system models and by developing modeling approaches that 
more explicitly align with the broader sustainable development agenda. 
These insights collectively underscore that while energy system 
modeling in South and Southeast Asia has advanced considerably, 
bridging the identified gaps through more comprehensive, multi-sector, 
and regionally interconnected modeling frameworks (as shown in Fig. 7) 
will be critical for generating evidence that supports equitable and 
resilient energy transitions. In this sense, the review positions low‑car
bon transitions as one key pillar of sustainability, while recognizing that 
future modeling efforts should progressively integrate additional social 
and environmental dimensions of sustainable development.

5. Limitations of the study

While this study fully acknowledges the need for stronger contextual 
framing, methodological depth, and deeper policy-alignment analysis in 
future work, there are several specific limitations that should be 
considered when interpreting its findings: 

▪ The evidence base draws primarily from the Scopus database, 
supplemented by a limited number of institutional and web- 
based sources. Relevant modeling studies published in non- 
indexed journals, local-language outlets, or grey literature 
have been excluded; thus, the apparent scarcity of studies in 
certain contexts reflects the indexed, peer-reviewed corpus 
rather than the full extent of ongoing modeling activity.

▪ The database search employed a predefined Boolean query 
combining generic energy-system modeling terms with country 
names, without iterative refinement, snowballing, or citation 
chasing. While this approach enhances transparency and 
reproducibility, it may have overlooked studies using non- 
standard terminology or addressing narrower subsectors that 
are nonetheless relevant to energy-system transitions.

▪ Data extraction focused on model typologies, sectoral and 
technological coverage, temporal and spatial horizons, and 
representation of storage and carbon-reduction options. Other 
potentially important dimensions such as treatment of uncer
tainty, sensitivity analysis, endogenous learning, or behavioral 
assumptions were not systematically compared across studies.

Fig. 7. Bridging Policy Targets and Modeling Coverage: Identified Gaps and Research Needs in South and Southeast Asia.
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▪ Although socio-economic and governance aspects such as eq
uity, employment, health co-benefits, and just-transition met
rics are identified and discussed, their depth is constrained by 
their treatment in the underlying studies. This review does not 
develop new indicators or frameworks for these issues, and 
their coverage remains limited relative to technological and 
cost-oriented dimensions.

▪ The regional scope is confined to 15 South and Southeast Asian 
countries, and the publication period is restricted to 
2000–2025. Earlier modeling efforts and relevant experiences 
from other developing regions are referenced only selectively, 
which may limit the generalizability of certain observations 
beyond this temporal and geographic frame.

▪ The review focuses predominantly on the climate-mitigation 
dimension of sustainability namely low-carbon technologies, 
emissions trajectories, and decarbonization pathways. Other 
Sustainable Development Goals, including poverty reduction, 
education, institutional quality, and broader social inclusion, 
are acknowledged but not systematically analyzed, thereby 
narrowing the sustainability lens applied to the literature.

6. Conclusion

South and Southeast Asia stand at the center of global decarbon
ization efforts, with rising energy demand, heavy reliance on fossil fuels, 
and national pledges with growing vulnerability to climate change for 
shaping their transition pathways. This review has systematically 
examined 97 peer-reviewed studies published between 2000 and 2025 
across 15 countries, consolidating fragmented evidence on how energy 
system models are being deployed to guide low-carbon transitions. 
Three guiding objectives framed the analysis: to map the diversity of 
modeling frameworks applied across the region, to assess their treat
ment of technologies and sectors, and to highlight methodological and 
policy gaps that constrain their usefulness. In doing so, the review 
addressed fundamental questions of sectoral, temporal, and spatial 
coverage, technological representation, and alignment with national 
commitments.

The results reveal a modeling landscape anchored predominantly in 
the electricity sector, reflecting its central role in regional decarbon
ization but risking overshadowing other energy- and carbon-intensive 
sectors such as transport, industry, and buildings. National-scale 
models dominate, with fewer subnational applications despite clear 
benefits of localized analysis in countries with diverse geographies and a 
growing need to incorporate regional context. Temporal coverage is 
skewed toward long-term horizons beyond 2045, especially in India, 
Vietnam, Malaysia, Bangladesh, and Thailand, where mid-century net- 
zero targets are shaping modeling exercises. Short- to medium-term 
scenarios remain more common in countries like Laos, Brunei, and 
Pakistan, reflecting immediate priorities around access and system 
reliability.

In terms of technology representation, solar, wind, hydro, and 
biomass dominate scenarios across nearly all countries, a choice 
consistent with their resource endowments, while other low‑carbon 
options such as geothermal, nuclear power, and marine (wave and tidal) 
energy are incorporated only selectively, despite notable potential in 
countries including Indonesia, Malaysia, Vietnam, Sri Lanka, and the 
Philippines. Storage options are mostly restricted to lithium-ion batte
ries and pumped hydro, while advanced technologies such as hydrogen, 
thermal storage, compressed air, and power-to-gas remain underex
plored, constraining understanding of system flexibility under high- 
renewables conditions. Similarly, carbon reduction options such as 
CCS, CCUS, BECCS, and ammonia are rarely modeled at meaningful 
scales, partly reflecting limited policy commitment and investment 
across the region. Socio-economic dimensions, including employment, 
health, land and water use, and just transition impacts, are also mini
mally represented, appearing only in a handful of national-level studies. 

Demand-side solutions and explicit multi-sector linkages, although 
technically available in many of the modeling frameworks, are likewise 
only partially exploited, limiting insights into the full range of flexibility 
and mitigation options available to the region.

Systematic mapping offers a comprehensive regional synthesis of 
peer-reviewed contributions and their methodological trends. Taken 
together, the findings point to clear priorities for future research: 
expanding technology representation beyond conventional renewables 
to include geothermal, nuclear, marine energy, and a wider set of 
advanced storage and carbon-reduction options (hydrogen-based stor
age, TES, A-CAES, PtG, CCS/CCUS, and BECCS), while more consistently 
embedding socio-economic co-benefits into scenario design. Cross- 
border power trade, already underway through initiatives such as the 
ASEAN Power Grid and South Asian interconnections, should be inte
grated into regional models to capture opportunities for shared costs, 
enhanced resilience, and collective decarbonization. Addressing these 
gaps is essential not only as technical research interest but also for 
strengthening the governance functions: informing fair resource allo
cation, anticipating distributional impacts, and supporting policies that 
simultaneously advance climate mitigation, energy access, and inclusive 
economic development. Ultimately, the way forward lies in strength
ening the diversity, granularity, and policy relevance of energy system 
modeling so that it evolves from a primarily technical tool into a 
regional strategic decision-support framework capable of guiding sus
tainable, resilient, and equitable energy transitions for one of the most 
dynamic and developing regions in the world. This transition through 
research capacity building and expansion in the region is vital for situ
ating regional-context-specific energy planning within established aca
demic and policy conversations in the pursuit of equitable sustainable 
development.

List of Abbreviations

Abbreviation Full form

A-CAES Adiabatic Compressed Air Energy Storage
ADB Asian Development Bank
AIM Asia-Pacific Integrated Model
AIM/Enduse End-use module of the Asia-Pacific Integrated Model
APG ASEAN Power Grid
ASEAN Association of Southeast Asian Nations
BAU Business As Usual
BECCS Bioenergy with Carbon Capture and Storage
CAES Compressed Air Energy Storage
CCS Carbon Capture and Storage
CCUS Carbon Capture, Utilization and Storage
CHP Combined Heat and Power
CO₂ Carbon Dioxide
DSM Demand-Side Management
EE Energy Efficiency
EPM Energy Policy Model (Vietnam Power Sector Model – IEA EPM)
GA Genetic Algorithm
GAMS General Algebraic Modeling System
GDP Gross Domestic Product
GENeSYS-MOD Global Energy System Model
GHG Greenhouse Gas
GHI Global Horizontal Irradiance
GIS Geographic Information System
GMS Greater Mekong Subregion
GW Gigawatt
GWh Gigawatt-hour
IEA International Energy Agency
IEA-ETSAP International Energy Agency – Energy Technology Systems 

Analysis Program
IPCC Intergovernmental Panel on Climate Change
ktoe Kilotonne of Oil Equivalent
kWh Kilowatt-hour
LEAP Long-range Energy Alternatives Planning System
LEAP-NEMO LEAP Next Energy Modeling tool (co-optimisation extension)
LMIC Low- and Middle-Income Countries
LP Linear Programming

(continued on next page)
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Abbreviation Full form

LUT-EST Lappeenranta-Lahti University of Technology – Energy System 
Transition model

MAED Model for Analysis of Energy Demand
MARKAL MARKet Allocation model
MESSAGEix Model for Energy Supply Strategy Alternatives and their 

General Environmental Impact (ix framework)
MoMANI- 

OSeMOSYS
Model Management Infrastructure interface for OSeMOSYS

MtCO₂ Million tonnes of CO₂
MW Megawatt
MWh Megawatt-hour
NDC Nationally Determined Contribution
NEMO Next Energy Modeling tool
OSeMOSYS Open-Source Energy Modeling System
PHES Pumped Hydro Energy Storage
PRISMA Preferred Reporting Items for Systematic Reviews and Meta- 

Analyses
PtG Power-to-Gas
PV Photovoltaic
PyPSA Python for Power System Analysis
RE Renewable Energy
SDG Sustainable Development Goal
TES Thermal Energy Storage
T&D Transmission and Distribution
TIAM-UCL TIMES Integrated Assessment Model – University College 

London
TIMES The Integrated MARKAL-EFOM System
UNFCCC United Nations Framework Convention on Climate Change
USA United States of America
VSM-IEA Vietnam Power Sector Model – International Energy Agency
WoS Web of Science
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Oei, P.Y., Von Hirschhausen, C., 2018. Exploring Energy Pathways for the Low- 
Carbon Transformation in India-A Model-Based Analysis. Page 3001 11 Energies 
2018 11, 3001. https://doi.org/10.3390/EN11113001.

Lobo, F., Hannah, R., Yeganyan, C., Canonne, N., Tan, M., Jansen, M., Howells, S., 2023. 
Patterson. Model. Clean. Energy Transit. Pathw. India’S. Power Sect. Using 
OSeMOSYS (Open-Source Energy Model. Syst. https://doi.org/10.21203/RS.3.RS- 
2753628/V1.

Lorm, R., Limmeechokchai, B., 2024. Thailand Net Zero Emissions 2050: Analyses of 
Decarbonized Energy System Beyond the NDC. Int. Energy J. 24. 〈http://www.reric 
journal.ait.ac.th/index.php/reric/article/view/3029〉.

Loulou, R., Goldstein, G., Noble, K., 2004. Energy Technol. Syst. Anal. Program. Doc. 
MARKAL Fam. Models. 〈http://www.etsap.org/tools.htm〉.

Loulou, R., Remne, U., Kanudia, A., Lehtila, A., Goldstein, G., 2005. Energy Technol. 
Syst. Anal. Program. 〈http://www.etsap.org/tools.htm〉.

Lugovoy, O., Jyothiprakash, V., Chatterjee, S., Sharma, S., Mukherjee, A., Das, A., 
Thakur, B., Some, S., Dinesha, D.L., Das, N., Bosu, P., Padhi, L., Roy, B., 
Debsarkar, A., Patil, B., Dasgupta, S., Roy, J., 2021. Towards a Zero-Carbon 
Electricity System for India in 2050: IDEEA Model-Based Scenarios Integrating Wind 
and Solar Complementarity and Geospatial Endowments. Page 7063 14 Energies 
2021 14, 7063. https://doi.org/10.3390/EN14217063.

Lund, H., Arler, F., Østergaard, P.A., Hvelplund, F., Connolly, D., Mathiesen, B.V., 
Karnøe, P., 2017. Simulation versus Optimisation: Theoretical Positions in Energy 
System Modeling. Page 840 10 Energies 2017 10, 840. https://doi.org/10.3390/ 
EN10070840.

Lund, H., Thellufsen, J.Z., Østergaard, P.A., Sorknæs, P., Skov, I.R., Mathiesen, B.V., 
2021. EnergyPLAN – Advanced analysis of smart energy systems. Smart Energy 1, 
100007. https://doi.org/10.1016/J.SEGY.2021.100007.

Luukkanen, J., Akgün, O., Kaivo-oja, J., Korkeakoski, M., Pasanen, T., Panula-Ontto, J., 
Vehmas, J., 2015. Long-run energy scenarios for Cambodia and Laos: Building an 
integrated techno-economic and environmental modeling framework for scenario 
analyses. Energy 91, 866–881. https://doi.org/10.1016/J.ENERGY.2015.08.091.

M. of F. and Environment, G. of Nepal, Nepal’s Third National Communication to the 
United Nations Framework Convention on Climate Change, 2021. 〈https://unfccc.int 
/sites/default/files/resource/TNC%20Nepal_Final_v2.pdf〉.

M. of N.R. and Environment, K. of Thailand, Thailand’s Fourth National Communication 
to the United Nations Framework Convention on Climate Change, 2022. 〈https://un 
fccc.int/sites/default/files/resource/Thailand%20NC4_22122022.pdf〉.

MAGICC: A reduced complexity Earth system model | IIASA, (2025). 〈https://iiasa.ac. 
at/models-tools-data/magicc-reduced-complexity-earth-system-model〉.

MCSC, 10 Years of integrated spot markets in Europe - A Success Story of Cross-Border 
Cooperation in the Internal Electricity Market, (2024). https://eepublicdownloads. 
blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes 
%20documents/NC%20CACM/SDAC%202024/SIDC___SDAC_Anniversary_Press_ 
Release.pdf (accessed October 9, 2025).

MESSAGEix model & framework — MESSAGEix 3.11.1 documentation, (2025). 〈http 
s://docs.messageix.org/en/stable/framework.html〉.

Minister of Environment and Forestry, Republic of Indonesia, Third National 
Communication Under the United Nations Framework Convention on Climate 
Change, 2017a. 〈https://unfccc.int/sites/default/files/resource/8360571_Indones 
ia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20edito 
rial%20refinement%2013022018.pdf〉.

Minister of Environment and Forestry, Republic of Indonesia, Third National 
Communication Under the United Nations Framework Convention on Climate 
Change, 2017b. 〈https://unfccc.int/sites/default/files/resource/8360571_Indones 
ia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20edito 
rial%20refinement%2013022018.pdf〉 (accessed September 26, 2025).

Ministry of Climate Change and Environmental Coordination, Government of Pakistan, 
Pakistan’s Third National Communication on Climate Change To the United Nations 
Framework Convention on Climate Change To the United Nations Framework 
Convention on Climate Change, 2025. 〈https://unfccc.int/sites/default/files/resour 
ce/TNC%20Report%2027-6-25.pdf〉 (accessed September 26, 2025).

Ministry of Climate Change and Environmental Coordination & Government of Pakistan, 
Pakistan’s Third National Communication on Climate Change To the United Nations 
Framework Convention on Climate Change To the United Nations Framework 
Convention on Climate Change, 2025. 〈https://unfccc.int/sites/default/files/resour 
ce/TNC%20Report%2027-6-25.pdf〉.

Ministry of Energy and Mineral Resources, Handbook Of Energy And Economic Statistics 
Of Indonesia, 2023.

Ministry of Environment Forest and Climate Change, Government of India, Third 
National Communication and Initial Adaptation Communication to the United 
Nations Framework Convention on Climate Change, 2023. 〈https://unfccc.int/sites/ 
default/files/resource/India-TNC-IAC.pdf〉.

Ministry of Forests and Environment, Government of Nepal, Nepal’s Third National 
Communication to the United Nations Framework Convention on Climate Change, 
2021. 〈https://unfccc.int/sites/default/files/resource/TNC%20Nepal_Final_v2.pdf〉
(accessed September 26, 2025).

F.A. Nahid et al.                                                                                                                                                                                                                                Energy Reports 15 (2026) 109377 

21 

https://doi.org/10.3390/CLI12030037
https://doi.org/10.3390/CLI12030037
https://suspot.org/ideea-model/
https://suspot.org/ideea-model/
https://www.iea.org/reports/net-zero-by-2050
https://iea-etsap.org/index.php/etsap-tools/model-generators/markal
https://iea-etsap.org/index.php/etsap-tools/model-generators/markal
https://iea-etsap.org/index.php/etsap-tools/model-generators/times
https://iea-etsap.org/index.php/etsap-tools/model-generators/times
http://refhub.elsevier.com/S2352-4847(26)00346-X/sbref49
http://refhub.elsevier.com/S2352-4847(26)00346-X/sbref49
https://pypsa-earth.readthedocs.io/en/latest/
https://pypsa-earth.readthedocs.io/en/latest/
https://doi.org/10.1016/J.JENVMAN.2019.109669
https://100re-map.net/wp-content/uploads/2020/10/100REMAP_Scenario-Report_VN_full.pdf
https://100re-map.net/wp-content/uploads/2020/10/100REMAP_Scenario-Report_VN_full.pdf
https://iea.blob.core.windows.net/assets/d9381c64-bbe8-4855-812c-e5e3d3f50dbf/Integrating_Power_Systems_across_Borders.pdf
https://iea.blob.core.windows.net/assets/d9381c64-bbe8-4855-812c-e5e3d3f50dbf/Integrating_Power_Systems_across_Borders.pdf
https://iea.blob.core.windows.net/assets/d9381c64-bbe8-4855-812c-e5e3d3f50dbf/Integrating_Power_Systems_across_Borders.pdf
https://www.iea.org/data-and-statistics/data-tools/hydrogen-production-projects-interactive-map
https://www.iea.org/data-and-statistics/data-tools/hydrogen-production-projects-interactive-map
https://www.iea.org/data-and-statistics/data-product/ccus-projects-database
https://iea.blob.core.windows.net/assets/7c671ef6-2947-4e87-beea-af0e1288e1d7/Electricity2025.pdf
https://iea.blob.core.windows.net/assets/7c671ef6-2947-4e87-beea-af0e1288e1d7/Electricity2025.pdf
https://iea.blob.core.windows.net/assets/7c671ef6-2947-4e87-beea-af0e1288e1d7/Electricity2025.pdf
http://www.iea.org
https://pypsa.readthedocs.io/en/stable/getting-started/introduction.html
https://pypsa.readthedocs.io/en/stable/getting-started/introduction.html
https://leap.sei.org/default.asp?action=introduction
https://osemosys.readthedocs.io/en/latest/manual/Introduction.html
https://osemosys.readthedocs.io/en/latest/manual/Introduction.html
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/J.ESR.2022.100803
https://doi.org/10.1016/J.FUEL.2023.130626
https://doi.org/10.1016/J.ENERGY.2025.136549
https://doi.org/10.1088/2634-4505/ADBD6E
https://doi.org/10.1088/2634-4505/ADBD6E
https://doi.org/10.3390/en16124719
https://doi.org/10.3390/en16124719
https://doi.org/10.3390/SU14159038
https://doi.org/10.3390/SU14159038
https://doi.org/10.1109/ICPS60393.2023.10428784
https://www.eria.org/research/potential-utilisation-of-fuel-ammonia-in-asean-countries
https://www.eria.org/research/potential-utilisation-of-fuel-ammonia-in-asean-countries
https://doi.org/10.1088/2634-4505/AC048E
https://doi.org/10.1016/J.ENERGY.2015.12.131
https://doi.org/10.1016/J.ENERGY.2015.12.131
http://refhub.elsevier.com/S2352-4847(26)00346-X/sbref60
http://refhub.elsevier.com/S2352-4847(26)00346-X/sbref60
https://doi.org/10.1016/J.RENENE.2021.07.027
https://doi.org/10.1016/J.RENENE.2021.07.027
https://doi.org/10.3390/EN11113001
https://doi.org/10.21203/RS.3.RS-2753628/V1
https://doi.org/10.21203/RS.3.RS-2753628/V1
http://www.rericjournal.ait.ac.th/index.php/reric/article/view/3029
http://www.rericjournal.ait.ac.th/index.php/reric/article/view/3029
http://www.etsap.org/tools.htm
http://www.etsap.org/tools.htm
https://doi.org/10.3390/EN14217063
https://doi.org/10.3390/EN10070840
https://doi.org/10.3390/EN10070840
https://doi.org/10.1016/J.SEGY.2021.100007
https://doi.org/10.1016/J.ENERGY.2015.08.091
https://unfccc.int/sites/default/files/resource/TNC%20Nepal_Final_v2.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Nepal_Final_v2.pdf
https://unfccc.int/sites/default/files/resource/Thailand%20NC4_22122022.pdf
https://unfccc.int/sites/default/files/resource/Thailand%20NC4_22122022.pdf
https://iiasa.ac.at/models-tools-data/magicc-reduced-complexity-earth-system-model
https://iiasa.ac.at/models-tools-data/magicc-reduced-complexity-earth-system-model
https://docs.messageix.org/en/stable/framework.html
https://docs.messageix.org/en/stable/framework.html
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/8360571_Indonesia-NC3-2-Third%20National%20Communication%20-%20Indonesia%20-%20editorial%20refinement%2013022018.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Report%2027-6-25.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Report%2027-6-25.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Report%2027-6-25.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Report%2027-6-25.pdf
https://unfccc.int/sites/default/files/resource/India-TNC-IAC.pdf
https://unfccc.int/sites/default/files/resource/India-TNC-IAC.pdf
https://unfccc.int/sites/default/files/resource/TNC%20Nepal_Final_v2.pdf


Ministry of Natural Resources and Environment, Kingdom of Thailand, Thailand’s Fourth 
National Communication to the United Nations Framework Convention on Climate 
Change, 2022. 〈https://unfccc.int/sites/default/files/resource/Thailand%20NC4_22 
122022.pdf〉 (accessed September 26, 2025).

Ministry of Natural Resources and Environment, Lao People’s Democratic Republic, 
Third National Communication on Climate Change to United Nation’s Framework 
Convention on Climate Change, 2024a. 〈https://unfccc.int/sites/default/files/re 
source/Laos%20NC3_%20EngV.pdf〉.

Ministry of Natural Resources and Environment, Lao People’s Democratic Republic, 
Third National Communication on Climate Change to United Nation’s Framework 
Convention on Climate Change, 2024b. 〈https://unfccc.int/sites/default/files/re 
source/Laos%20NC3_%20EngV.pdf〉 (accessed September 26, 2025).

Ministry of Natural Resources and Environment Conservation, The Republic of the Union 
of Myanmar, Nationally Determined Contributions, 2021a. 〈https://www.ecd.gov. 
mm/?p=2287&fbclid=IwAR1SE22K08U0Ii6-I_aY86gasg-jJgYIOqJGv98Tlkk 
-DD5jKHj_UC4qht8〉.

Ministry of Natural Resources and Environment Conservation, The Republic of the Union 
of Myanmar, Nationally Determined Contributions, 2021b. 〈https://www.ecd.gov. 
mm/?p=2287&fbclid=IwAR1SE22K08U0Ii6-I_aY86gasg-jJgYIOqJGv98Tlkk 
-DD5jKHj_UC4qht8〉 (accessed September 26, 2025).

Ministry of Natural Resources and Environmental Sustainability, Government of 
Malaysia, Fourth National Communication Report Under the United Nation’s 
Framework Convention on Climate Change, 2024a. 〈https://unfccc.int/sites/defaul 
t/files/resource/NRES_NC4_To%20UNFCCC_2024%20v1.0.pdf〉.

Ministry of Natural Resources and Environmental Sustainability, Government of 
Malaysia, Fourth National Communication Report Under the United Nation’s 
Framework Convention on Climate Change, 2024b. 〈https://unfccc.int/sites/defaul 
t/files/resource/NRES_NC4_To%20UNFCCC_2024%20v1.0.pdf〉 (accessed 
September 26, 2025).

Ministry of Science & Technology, Government of India, Press Release, (2023a). 〈https:// 
www.pib.gov.in/PressReleaseIframePage.aspx?PRID=1961797〉.

Ministry of Science & Technology, Government of India, Press Release: Press Information 
Bureau, (2023b). 〈https://www.pib.gov.in/PressReleaseIframePage.aspx?PR 
ID=1961797〉 (accessed September 26, 2025).

Mischke, P., Karlsson, K.B., 2014. Modeling tools to evaluate China’s future energy 
system – A review of the Chinese perspective. Energy 69, 132–143. https://doi.org/ 
10.1016/J.ENERGY.2014.03.019.

Mohd Idris, M.N., Hashim, H., Leduc, S., Yowargana, P., Kraxner, F., Woon, K.S., 2021. 
Deploying bioenergy for decarbonizing Malaysian energy sectors and alleviating 
renewable energy poverty. Energy 232, 120967. https://doi.org/10.1016/J. 
ENERGY.2021.120967.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Antes, G., Atkins, D., Barbour, V., 
Barrowman, N., Berlin, J.A., Clark, J., Clarke, M., Cook, D., D’Amico, R., Deeks, J.J., 
Devereaux, P.J., Dickersin, K., Egger, M., Ernst, E., Gøtzsche, P.C., Grimshaw, J., 
Guyatt, G., Higgins, J., Ioannidis, J.P.A., Kleijnen, J., Lang, T., Magrini, N., 
McNamee, D., Moja, L., Mulrow, C., Napoli, M., Oxman, A., Pham, B., Rennie, D., 
Sampson, M., Schulz, K.F., Shekelle, P.G., Tovey, D., 2009. P. Tugwell, Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. 
PLoS Med 6, e1000097. https://doi.org/10.1371/JOURNAL.PMED.1000097.

Mondal, M.A.H., Boie, W., Denich, M., 2010. Future demand scenarios of Bangladesh 
power sector. Energy Policy 38, 7416–7426. https://doi.org/10.1016/J. 
ENPOL.2010.08.017.

Mondal, M.A.H., Denich, M., Mezher, T., 2014. Deployment of renewable energy 
technologies in Bangladesh: Long-term policy implications in power sector. Energy 
Strategy Rev. 2, 307–312. https://doi.org/10.1016/J.ESR.2012.11.006.

Mondal, M.A.H., Rosegrant, M., Ringler, C., Pradesha, A., Valmonte-Santos, R., 2018. 
The Philippines energy future and low-carbon development strategies. Energy 147, 
142–154. https://doi.org/10.1016/J.ENERGY.2018.01.039.

Mondal, Md.A.H., Islam, A.K.M.S., 2012. Modeling the future of Bangladesh’s power 
sector focusing renewable energy technologies. in: 2nd International Conference on 
the Developments in Renewable Energy Technology (ICDRET 2012). IEEE, pp. 1–4.

Müller, B., Gardumi, F., Hülk, L., 2018. Comprehensive representation of models for 
energy system analyses: Insights from the Energy Modeling Platform for Europe 
(EMP-E) 2017. Energy Strategy Rev. 21, 82–87. https://doi.org/10.1016/J. 
ESR.2018.03.006.
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