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Disclaimer 

This ASEAN Green Future report was written by a group of independent experts acting in their 

personal capacities. Any views expressed in this report do not necessarily reflect the views of any 

government or organisation, agency, or programme of the United Nations. 

 

About ASEAN Green Future 

ASEAN Green Future is a multi-year regional research project that involves the UN Sustainable 

Development Solutions Network (SDSN), Climateworks Centre and nine country teams from 

leading universities and think tanks, each focussed on an ASEAN Member State (Cambodia, 

Indonesia, Lao PDR, Malaysia, Myanmar, Philippines, Singapore, Thailand and Vietnam). The 

researchers undertake quantitative and qualitative climate policy analysis and develop net zero 

pathways to inform policy recommendations and support the strategic foresight of policy makers. 

The Phase 1 country reports present priorities and actions to date, and key technology and policy 

opportunities to further advance domestic climate action. The Phase 1 regional report positions 

Southeast Asia's low carbon transition pathways within a global context using the country reports 

and other studies. This series of reports, produced through a synthesis of existing research and 

knowledge, builds the case for advancing the region’s climate agenda. Phase 2 of the ASEAN Green 

Future project employs quantitative modelling to assess decarbonisation pathways for the power 

sectors of ASEAN Member States.  
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Foreword  

The world has been experiencing extreme weather events (e.g. high heat, big floods, and powerful 

typhoons) at a greater frequency than suggested by historic data. This worrying increase in 

frequency reflects, in large part, human-induced climate change caused by the rise in the 

concentration of atmospheric CO2.  The large growth in CO2 concentration in the air from a stable 

value of 280 parts per million (ppm) in the pre-1750 era to an average 427.5 ppm in 2025, with 

heavy concentrations in May and June 2025 that exceeded 430 ppm.  

The 430 ppm level was what the Intergovernmental Panel on Climate Change (IPCC) had identified 

in 2014 to be the threshold greenhouse gas concentration for limiting global warming to 1.5°C.  

IPCC had warned that a temperature rise that exceeded 1.5°C would lower productivity in food 

production significantly, and reduce biodiversity greatly. In mid-2026, it seems that the most 

probable outcome would be a temperature rise that would exceed 2.0°C, thereby increasing the 

likelihood that the tipping points on a number of environmental fronts would be exceeded, e.g. the 

thawing of the permafrost that would release the huge amount of CO2 stored there, and the melting 

of the icesheets at the two poles could raise the sea level by 5 feet by 2300.  

The two chief causes of the large rise in CO2 concentration are the use of fossil fuel and the 

deforestation of land. The transition to net zero emissions would therefore require the 

decarbonization of engineering systems which enable the physical comfort of modern life, and the 

recarbonization of the natural systems of the Earth that enable life. 

To contribute to the analytical framework that would guide government programs and private 

investments to accomplish these two objectives, the Asia Headquarters of the UN Sustainable 

Development Solutions Network (SDSN-Asia) started in 2021 (amidst the Covid-19 crisis) two 

projects:  

• the ASEAN Green Future project to mobilize country teams to identify options in pathways 

to net zero emissions in Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, 

Singapore, Thailand and Vietnam; and  

• the Science Panel for Borneo project to mobilize scientists in Brunei, Indonesia, and 

Malaysia to identify options in the green transformation of Borneo Island that are 

economically dynamic, socially inclusive, and environmentally friendly. 

The ASEAN Green Future project is much relieved and proud to issue this progress report to support 

the ASEAN Power Grid (APG) objective that was strongly reconfirmed by the ASEAN Summit in 2025. 

The APG objective is the correct target because isolated national efforts to achieve net zero 

emissions are highly inefficient. The cost of producing green energy varies greatly across countries 

and the individual national demand for green energy does not equal the individual national 

potential in green energy production. An integrated APG to create a common market in green 

energy is the lowest-cost way to meet the demand for green energy in ASEAN. Furthermore, an 

integrated APG will also result in greater individual energy security. A cloudy day in one country 

and/or an engineering malfunction in energy generation in another country would see an import of 

green energy by both countries from the other ASEAN members. 
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This report is the first computational application of the LEAP-NEMO (Low Emissions Analysis 

Platform - Next Energy Modelling system for Optimization) framework to integrate nine national 

power sector models to analyse options for optimising green energy generation, storage and 

transmission across an ASEAN-wide setting. This integrated modelling effort—simulating ASEAN-

wide policy scenarios—was undertaken by a core team led by Professor Leong Yuen Yoong. This 

task could not have been successfully completed if not for constant active support from the 

Cambodia team led by Professor San Vibol; the Indonesia team led by Professor Alin 

Halimatussadiah; the Lao team led by Professor Phouphet Kyophilavong; the Myanmar team lead 

by Mr. Hang Za Dal, Dr. Kensuke Yamaguchi and Professor Noah Kittner; the Philippines team led 

by Professor Maria Joy Abrenica; the Singapore team led by Professor Euston Quah; and the 

Thailand team led by Professor Bundit Limmeechokchai. Equally importantly, valuable conceptual 

feedback and helpful technical guidance were given by the Stockholm Environment Institute  team 

(Dr. Charlie Heaps, Silvia Ulloa, and Jason Veysey), Climateworks Centre  (Professor John Thwaites, 

Trang Nguyen, Tim Graham, Jannata (Egi) Giwangkara, Muhammad Rizki Kresnawan, Dr. Ceren 

Ayaz Yilmaz, and Phat Pumchawsaun), RE-CONNECT (Dr. Panagiotis Fragkos, Anna Flessa, and Dr. 

Alexandros Tsimpoukis), and the ASEAN Centre for Energy (Dr. Zulfikar Yurnaidi and Muhammad 

Rizki Kresnawan). This report truly embodies the spirit of SDG 17 (global partnership), and is 

analytically much stronger because of it. 

We invite you to join us in the ASEAN Green Future project moving forward. Please do not hesitate 

to contact Professor Leong Yuen Yoong and myself (wtwoo@ucdavis.edu).  

 

 

 

Woo Wing Thye 

Vice President for Asia 

UN Sustainable Development Solutions Network  

March 2026 
 

mailto:wtwoo@ucdavis.edu
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EXECUTIVE SUMMARY 
Integrated Resilience:  

A First-of-its-Kind Transition Framework for a Decarbonised ASEAN Power Grid 

 

 

Executive Overview 

As the Association of Southeast Asian Nations (ASEAN) faces accelerating power demand and 

intensifying climate imperatives, remaining static in national energy isolation (Scenario S1) is no 

longer economically or environmentally viable. This report presents the first generation-storage-

transmission co-optimised LEAP-NEMO1  modelling assessment of the ASEAN Power Grid (APG), 

establishing a strategic blueprint to transition from fragmented bilateral trade to a deeply coupled, 

multilateral clean energy market by 2040.  

Grounded in calibrated regional data, the baseline projections for installed capacity (GW) and total 

generation (TWh) closely align with the 8th ASEAN Energy Outlook (AEO8) published by the ASEAN 

Centre for Energy. Moving beyond static modelling paradigms, this analysis introduces cross-

decadal temporal variance and fuel price trajectories through 2050, capturing the evolving 

economic pressure that volatile global fossil fuel markets exert on traditional strategies of isolated 

national sovereignty.  

Crucially, as national expansion plans and APAEC 2026–2030 priorities continue to position 

natural gas as a primary transition fuel, an unconstrained regional grid naturally defaults to gas as 

its primary flexibility mechanism. The central finding is therefore definitive: physical interconnector 

deployment alone cannot break the structural inertia of legacy thermal assets. To prevent regional 

coupling from merely re-entrenching fossil baseload, grid integration must be explicitly paired with 

robust carbon pricing or targeted fossil phase-out policies.  

To evaluate these dynamics, this study models three distinct regional development pathways 

alongside one sensitivity analysis (summarised in Table ES-1). 

Table ES-1: ASEAN Power Grid Scenario Design Architecture 

Scenario Interconnection Capacity Dispatch Logic Optimisation Goal 

S1 (Isolation) 
Isolated (no transboundary 

lines)  
National isolation National self-sufficiency 

S2 (Policy 

Baseline) 

Policy-specified   

(AIMS III baseline) 

Coordinated cross-border 

trade 
Policy-guided expansion 

S3 (Market 

Integration) 

Endogenous (fully co-

optimised) 
Frictionless regional trade 

System-wide least-cost 

optimum 

S3+ (Deep 

Decarbonisation) 

Endogenous (fully co-

optimised) 
Near zero carbon integration 

Near-zero emissions power 

benchmark 

 

 
1 Calculations are powered by the Stockholm Environment Institute (SEI) Low Emissions Analysis Platform (LEAP) integrated with the 

Next Energy Modelling system for Optimisation (NEMO), solving long-term capacity expansion and operational dispatch simultaneously 

across 2026–2050. 
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Core Working Hypotheses & Strategic Realities 

1. The Isolation Penalty vs. the Integration Dividend (Scenarios S1 versus S3): Without cross-

border co-optimisation of generation, storage and transmission, ASEAN Member States are 

forced to maintain massive redundant capacity for local self-sufficiency—leaving 102 GW 

of coal and 172 GW of natural gas operating in 2050 while discarding 27.3% of potential 

clean energy (932.8 TWh/year). The isolation penalty is not merely higher cost, but the 

systematic spillage of decarbonisation capital.  

2. Conversely, under full regional integration (S3), the efficiency dividend is extraordinary: the 

region meets demand with 966 GW of installed capacity versus 1,473 GW under isolation—

delivering 7% more usable energy (3,547 TWh versus 3,318 TWh) with nearly 35% less 

physical infrastructure (507 GW less hardware). Simultaneously, required grid storage 

capacity plummets by 65% (from 128 GW down to 45 GW), proving that cross-border 

interconnectors dramatically reduce the need for capital-intensive batteries. 

3. The Phased Co-Optimisation Pathway (Scenarios S2 & S3/S3+): Regional coordination 

slashes both capital expenditures and carbon emissions progressively. Transitioning from 

isolated national grids (S1) to immediate, policy-driven interconnectors (S2) cuts the 

regional renewable curtailment rate nearly in half (from 27.3% to 13.8%) and recovering 

439.7 TWh of clean energy annually. Advancing further from S2 to deep multilateral market 

coupling (S3/S3+) pushes curtailment rates down towards technical minimums, unlocking 

regional resource efficiency.   

4. The Infrastructure Imperative & Sovereign Realities: As subsea maritime links carry a 

significant capital premium over overland lines, model findings indicate that to build an 

economically optimal grid, regional planning bodies must focus immediate capital on 

reinforcing overland “Middle Corridors” through Thailand, Malaysia, and Cambodia, 

alongside the targeted opening of the Sabah—Philippines subsea gateway to unlock 

Borneo’s clean energy surplus. Rather than prioritising prestige long-distance subsea links, 

this phased terrestrial-first strategy breaks localised “sovereignty traps” by diversifying 

regional load profiles and anchoring transboundary grid stability. 

5. The Decarbonisation Cost Narrative & the “Valley of Vulnerability”: Achieving a near-zero 

emissions regional grid must be re-framed from a net cost burden to a long-term 

operational stabiliser. Deep decarbonisation under the S3+ pathway requires an 

aggressive structural shift firm renewables (hydro and geothermal) alongside a hydrogen-

ready thermal fleet. While this scales cumulative capital expenditure (2026-2050) to USD 

4.45 trillion for S3+ compared to USD 3.64 trillion for S3, this upfront CAPEX fundamentally 

alters grid economics—replacing volatile, recurring fossil fuel OPEX with zero-marginal-cost 

generation that insulates the regional economy from global commodity price shocks.  

 

However, as demonstrated by severe fuel price shocks and supply chain constraints in a 

companion national study on Malaysia [1], energy sovereignty during this transition is non-

linear. The state must actively navigate a “Valley of Vulnerability”—a perilous mid-transition 

phase where legacy thermal assets are retired before renewables, storage, and cross-

border corridors achieve critical mass. Managing this Valley requires proactive policy levers: 

maintaining strategic gas reserves, expanding demand-response, and deploying regional 

interconnection as vital bridge infrastructure.  

The Dual-Engine Framework: Uniting Physics & Governance 

A central insight of this work is that physical interconnection alone is not a climate strategy. While 

grid integration optimises capital and physics (𝑥 -axis), pure market integration without policy 

alignment risks simply optimising natural gas dispatch. Deep regional decarbonisation requires a 

Dual-Engine Green Market Framework along the governance (𝑦-axis): 
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• Multilateral green power trading: Dedicated regional market segments for certified clean 

electrons, offering renewable generation a clear economic premium over fossil fuels. 

• Cross-border consumption guarantees: Harmonised national renewable consumption 

quotas across ASEAN Member States, legally obligating transit corridors to carry clean 

power and forcing the market to optimise for carbon reduction rather than chasing cheap, 

fossil-backed electrons. 

Furthermore, to safeguard system stability, the APG must be nested within a Multi-Layered Defence 

Architecture: embedding rapid protection and storage at the level of physics (𝑥-axis), polycentric 

dispatch and safety-veto rules within governance ( 𝑦 -axis), and pre-engineered grid-splitting 

capabilities anchored in regional diplomacy (𝑧-axis) to prevent localised shocks from triggering 

cascading regional blackouts. 

Phased Strategic Roadmap (2026–2040) 

Recognising that immediate transition to an open multilateral market is constrained by national 

energy security concerns, the report sets out a realistic, phased execution blueprint designed to 

build institutional trust through modular pathfinders before unlocking deep market coupling: 

PHASE 1 (2026-2030): Institutional Alignment & Terrestrial Backbones 

• Reinforce land-based Middle Corridors (Lao PDR-Vietnam, Thailand-Cambodia, Thailand-

Peninsular Malaysia) 

• Conduct surveys and concession modelling for the Sabah-Philippines gateway 

• Ratify the ASEAN Submarine Power Cable Development Framework 

PHASE 2 (2031-2035): Core Corridor Deployment & Multilateral Wheeling 

• Commission the Sabah-Philippines (~7 GW) and Peninsular Malaysia-Sumatera links 

• Implement multi-party dynamic wheeling tariffs across transit hubs 

• Transition Singapore toward dynamic, multi-directional balancing 

PHASE 3 (2036-2040): Deep Market Coupling & Regional Homeostasis     

• Full structural transition to S3+ configuration; establish real-time ancillary services 

(spinning reserves, frequency response) 

• Operationalise safety-veto rules and polycentric self-healing “islanded” grids 

Structural Prerequisites for Implementation 

To operationalise this target pathway, regional stakeholders must coordinate across three core 

institutional dimensions (summarised in Table ES-2): 

Table ES-2: Key Institutional Prerequisites for Operationalising the Target APG Pathway 

Dimension Key Structural Prerequisites 

Policy & Regulatory 

Frameworks 

Adopt uniform legal protections via the ASEAN Submarine Power Cable Development 

Framework; institute a minimum binding regional grid code; enforce a regulatory safety veto 

prioritising security over short-term commercial dispatch. 

Market Rules & 

Wheeling Tariffs 

Transition from rigid take-or-pay bilateral contracts to multilateral dynamic wheeling tariffs; 

establish cross-border ancillary service markets; deploy dual-engine green market rules. 

Financing & 

Concession Models 

Mobilise multilateral development bank (MDB) blended finance and sovereign guarantees 

to de-risk high-CAPEX subsea corridors; adopt “symbiotic concession models” tying 

infrastructure returns to regional carbon credits and Renewable Energy Certificates (RECs). 
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Strategic and Philosophical Governance: the APG Tree of Life and 

the Da Yu Renewable Energy Tree of Life 

While policy, tariff, and financial mechanisms provide the structural prerequisites for grid 

integration, translating macro-scale modelling into physical reality requires a shared conceptual 

language and an execution philosophy grounded in systemic wisdom. To bridge technocratic 

modelling with real-world deployment, this study introduces the APG Tree of Life and the Da Yu 

Renewable Energy Tree of Life frameworks:  

• The conceptual lens (governance & systemic alignment): Functions as a holistic diagnostic 

and prescriptive model to unite transboundary stakeholders—engineers, economists, and 

policymakers—around a shared conceptual language. By mapping complex socio-technical 

dynamics onto a transparent “path of honesty,” it prevents fragmented planning and 

fosters advanced cross-border design capabilities.  

• The governing engine (execution and ecological harmony): Operationalises the macro-

philosophy of channelisation (疏導), ensuring infrastructure deployment is tailored to local 

conditions (因地制宜) and respects multi-solution complementarity (多解互補). This aligns 

grid expansion with local ecological capacities and community endowments, converting 

political trust into long-term socio-economic resilience rather than mere technocratic cost 

minimisation. 

Analytical Scope & Strategic Utility 

Rather than treating engineering, policy, and systemic philosophy as disconnected dimensions, 

this report proposes the APG Triple Gem Integration Architecture, uniting these elements into three 

distinct operational vectors. This integrated framework allows any proposed regional grid 

development plan or transboundary corridor to be evaluated not just in terms of gigawatts and 

dollars, but also in terms of its alignment with systemic resilience and regional resource 

endowments.  

The APG Triple Gem serves as a high-level strategic filter for regional decision-makers and investors. 

By establishing order-of-magnitude economic benchmarks and identifying high-leverage corridors, 

it isolates the critical policy and infrastructure priorities that warrant detailed engineering and site-

specific deployment. Ultimately, it delivers both the quantitative evidence and institutional 

architecture required to transform the ASEAN Power Grid from a patchwork of bilateral ties into a 

resilient, fully integrated, and decarbonised regional energy backbone. 

On a physical level, the ASEAN Green Future project delivers a concrete, deep decarbonisation 

pathway for the APG. On a philosophical level, it opens a deeper, more holistic framework for 

thinking about sustainability in Southeast Asia. Specifically, grid resilience is approached through 

an integrated three-dimensional matrix—balancing technical system integration ( 𝑥 -axis), 

institutional governance ( 𝑦 -axis), and systemic philosophy and wisdom ( 𝑧 -axis). While 

decarbonisation pathways will naturally adapt as model inputs and technologies evolve, it is this 

capacity to evaluate sustainability in a grounded, balanced, and systemic way—while building 

enduring regional trust—that will steer a truly wholesome cross-border path forward. 
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1. INTRODUCTION 
Southeast Asia stands as one of the world's most dynamic macroeconomic corridors, characterised 

by a rapidly expanding demographic footprint projected to reach 774.6 million people by 2050 [2]. 

This demographic dividend accelerates the region’s trajectory to become the world’s fourth-largest 

economy by 2030 [3]. However, this growth trajectory faces severe systemic disruptions from 

climate change. According to the WorldRiskIndex 2025, three ASEAN Member States (AMS)—the 

Philippines, Indonesia and Myanmar—ranked in the top ten in global disaster risk [4].  

To mitigate these climate risks and anchor long-term energy security, individual AMS have 

established mandatory renewable energy capacity targets. While nine member states have 

formalised explicit mid-century net-zero or carbon neutrality horizons, regional strategies vary 

widely based on domestic realities. The Philippines, for instance, has adopted a distinct, aggressive 

near-term approach; rather than declaring a distant net-zero year, Manila has committed under its 

Nationally Determined Contribution (NDC) to a rigorous 75% greenhouse gas emissions reduction 

and avoidance target by 2030 [5]. In stark contrast, as a Least Developed Country (LDC) and a 

Small Island Developing State (SIDS), Timor-Leste’s cumulative annual greenhouse gas emissions 

account for less than 0.003% of the global total [6]. Consequently, its climate policy intentionally 

prioritises climate risk governance, adaptation, nature-based solutions, and low-carbon 

development strategies over absolute production or emission caps [7]. Navigating the energy 

transition across ASEAN therefore requires balancing these highly diverse national mitigation 

architectures against deeply entrenched regional economic dependencies. 

While this report celebrates the historic expansion of ASEAN to eleven member states following 

the formal accession of Timor-Leste on October 26, 2025 [8], the quantitative techno-economic 

modelling presented is restricted to the ten foundational AMS. This boundary is strictly data-driven, 

reflecting the historical dataset horizons required for robust LEAP-NEMO energy security and 

optimisation modelling through 2050. Future iterations of this multi-regional framework will 

integrate Timor-Leste as its energy baseline data aligns with the standardised ASEAN Centre for 

Energy (ACE) reporting protocols. 

1.1 Development Challenges of the ASEAN Power Grid  

Cross-border electricity trade in Southeast Asia began modestly in the 1970s, driven by bilateral 

arrangements. Its growth accelerated as countries sought to tap into neighbouring energy sources 

that were both cost-efficient and complementary to their domestic resources [9]. This evolving 

technical cooperation, championed by the Heads of ASEAN Power Utilities/Authorities (HAPUA), 

gained profound political urgency during the 1997 Asian Financial Crisis [10]. Before the crisis, 

ASEAN economies largely pursued rapid, independent growth; however, the subsequent economic 

shock exposed deep vulnerabilities to external disruptions and underscored the critical need for 

regional self-reliance. Consequently, the crisis provided the strategic rationale necessary to 

transform the grid from a loose technical concept into a core pillar of the ASEAN Vision 2020 [11]. 

The crisis-induced cancellation of major independent capital projects highlighted the economic 

prudence of a shared grid, which offered reduced capital requirements through resource pooling 

and enhanced systemic reliability by allowing regional supply to mitigate localised shocks. 

Formally articulated under this crisis-driven mindset, the ASEAN Power Grid (APG) along with the 

Trans-ASEAN Gas Pipeline (TAGP) came to represent a vital mechanism to strengthen economic 

resilience by physically binding member states together. The foundational APG Memorandum of 

Understanding (MOU), signed on 23 August 2007 and effective from 19 March 2009, successfully 

guided regional infrastructure development for fifteen years. Building on this foundation, an 

Enhanced APG MOU was endorsed at the 43rd ASEAN Ministers on Energy Meeting (AMEM) in 
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Kuala Lumpur in October 2025, signalling a renewed regional commitment to advance multilateral 

power trade and deepen cross-border cooperation [12]. 

The practical operationalisation of this expanded APG framework remains a highly complex 

undertaking, requiring a multi-layered collaborative architecture across policy, regulatory, utility, 

and technical domains. The ASEAN Power Grid Consultative Committee (APGCC) has spearheaded 

this process since 2007, maintaining institutional coordination alongside key regional bodies 

including the Heads of ASEAN Power Utilities/Authorities (HAPUA) and the ASEAN Energy 

Regulators Network (AERN) [13]. 

1.1.1 The Historical Baseline of Grid Fragmentation 

Despite this multi-layered institutional architecture, the physical development of the APG has 

historically advanced through fragmented, bilateral interconnections rather than an integrated 

regional network. These bilateral frameworks still characterise the vast majority of Southeast Asia's 

cross-border power links. Today, the Greater Mekong Subregion (GMS) remains the primary focus 

of power exchange, with Lao PDR established as the largest net exporter—routing up to 78% of its 

generated hydropower and thermal coal power through 20 dedicated cross-border lines—while 

neighbouring member states maintain far fewer interconnectors [14]. Prominent beneficiaries like 

Thailand and Cambodia meet a significant portion (13% for Thailand; 26% for Cambodia) of their 

annual domestic electricity consumption through these imports [14].  

Most of these legacy cross-border transmission lines are unidirectional and structurally isolated 

from local grids. Technically, this is achieved by tying dedicated, export-exclusive power plants 

directly to high-voltage interconnectors that bypass national sub-transmission and local 

distribution networks altogether. Secured by rigid, long-term power offtake agreements, these 

assets operate as self-contained export conduits rather than flexible regional grid ties. 

Consequently, while the absolute volume of cross-border trade has grown, its systemic impact on 

enhancing grid flexibility and integrating national networks across the region remains deeply 

limited [9].  

A key structural milestone occurred in 2022 with the execution of the Lao PDR–Thailand–

Malaysia–Singapore Power Integration Project (LTMS-PIP), which successfully demonstrated the 

technical feasibility of multilateral cross-border electricity trade across four jurisdictions by 

wheeling 100 MW from Lao PDR to Singapore [15]. Building on this success, the subsequent phase 

of the project expanded the framework to 200 MW. This doubling of capacity introduced 

multidirectional power trading by injecting an additional 100 MW of supply from Malaysia alongside 

the original Lao PDR allocation [16].  

Yet, despite this operational proof-of-concept, broader intra-regional electricity trade remains 

constrained. In 2024, empirical data indicates that intra-ASEAN electricity trading accounts for just 

3.6% of regional annual demand [9]—a figure that stands in stark contrast to the 16%2  cross-

border flow benchmark observed within the European Union.  

The EU's deep market integration reflects decades of centralised institutional frameworks that 

predated the clean energy transition; variable renewables have since intensified that integration 

by necessitating shared balancing, cross-border storage assets, and coordinated ancillary services. 

Conversely, ASEAN possesses neither the historical baseline of centralised institutional integration 

nor the immediate grid-balancing pressures of high variable renewable penetration. 

The root cause of this persistent grid fragmentation lies in the historical capacity mix. As illustrated 

in Figure 1, fossil fuels continue to dominate the regional landscape, accounting for approximately 

65% of total installed capacity. Crucially, coal’s share of the capacity mix rose from 31.6% to 34.0% 

between 2018 and 2022, demonstrating that as natural gas contracted, the deficit was absorbed 

by carbon-intensive coal additions rather than rapid renewable deployment [17].  

 
2 EU electricity demand (2024): 2,724 TWh [57] 

  EU cross-border electricity flow (2024): 445 TWh [58] 
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Figure 1: ASEAN Installed Capacity by Fuel Type, 2018-2022 [17] 

Concurrently, solar and wind capacities combined linger below 10% of the regional total. While 

large-scale hydropower constitutes roughly 20% of the grid and is actively traded across borders—

most notably from Lao PDR to Thailand—hydropower functions as a highly dispatchable, 

controllable asset. Like traditional fossil fuel generation, it enables standard commodity trading 

without imposing a systemic technical imperative for integrated, real-time grid architecture.  

The grid integration agenda has historically run parallel to, but directly against, this dominant 

investment trend. As fossil dominance allowed each country to maintain independent, localised 

balancing, nation-states routinely secured domestic energy sovereignty through domestic thermal 

plants. Without technical imperatives compelling cross-border operational coordination, national 

autonomy persisted naturally because the underlying physics of fossil-heavy power systems did 

not yet necessitate regional grid integration.  

1.1.2 The Dynamic Tension of Sovereign Interdependence 

This historical reliance on localised balancing is increasingly challenged by modern geopolitical 

and economic drivers. Recent global volatility has acutely exposed the structural fragility of flow-

based security, which is characterised by a continuous, path-dependent reliance on imported fossil 

fuels. This vulnerability has naturally intensified interest in stock-based sovereignty, achieved 

through domestically owned and harvested renewable assets. Yet, an isolated domestic paradigm 

presents severe technical limitations; without regional grid integration, variable renewables cannot 

scale efficiently. The resulting paradox is stark: market volatility pushes nation-states toward clean 

energy and self-sufficiency, but only cross-border interdependence can render variable renewables 

systemically viable. 

Moving into the present horizon, this vision has gained two powerful, modern catalysts: accelerated 

national net-zero targets and an unprecedented surge in demand for 24/7 green power from 

energy-intensive sectors, most notably hyper-scale data centres. Across Southeast Asia's ~290 

existing data centres, upcoming capacity is set to expand by nearly four times [18]. While Singapore 

historically dominated with over 780 MW of operational capacity, growth is now overwhelmingly 

shifting to emerging markets—with Malaysia, Thailand, Indonesia, and the Philippines accounting 

for over 85% of planned additions. Spearheaded by Malaysia’s ~4.8 GW pipeline, this massive 

hyperscale expansion demands continuous, gigawatt-scale clean baseload. This ambitious clean 

energy quest, however, directly collides with entrenched policy realities.  

1.1.3 The Dynamic Tension of Gas in Regional Interconnection Planning 

Many national expansion plans continue to position natural gas as a pivotal transition fuel for 

power generation well into 2050 [19]. Indeed, gas infrastructure remains a significant strategic 

focus area within the ASEAN Plan of Action for Energy Cooperation (APAEC) 2026–2030, 

specifically under the Oil & Gas Connectivity, Security, and Sustainability (OGCSS) programme [20].  
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This reliance highlights the central operational tension between regional climate commitments and 

localised energy planning. Without explicit policy interventions—such as carbon pricing, emissions 

benchmarks, or strict thermal phase-outs—a unified, co-optimised regional market will naturally 

default to natural gas as its primary flexibility mechanism. Consequently, evaluating how cross-

border interconnectors interact with legacy gas infrastructure is essential to ensuring regional 

market coupling accelerates decarbonisation rather than merely re-entrenching thermal baseload 

assets. 

1.1.4 Bridging Empirical Mechanics & Transboundary Governance 

Resolving the friction between national sovereignty and regional resource optimisation requires a 

dual-engine approach that bridges empirical engineering mechanics with transboundary 

governance. To ground this analysis in technical reality, this study deploys the Stockholm 

Environment Institute (SEI) LEAP-NEMO co-optimisation engine, which solves capacity expansion 

and operational dispatch simultaneously across multi-decadal horizons. 

However, empirical optimisation alone cannot overcome political inertia; ultimate success hinges 

on the institutional transparency, collective trust, and inner capacities of the actors guiding the 

transition. To conceptualise this governance architecture, an interdisciplinary structural model is 

articulated through the ASEAN Power Grid Tree of Life, illustrated in Figure 2 [21]. 

 

Figure 2: The ASEAN Power Grid Tree of Life [21] 

Conceptually built upon institutional transparency, collective trust, and regional driving forces, this 

qualitative framework draws its philosophical grounding from the principles of systemic balance 

(yin-yang), operating alongside the quantitative rigour of the LEAP-NEMO engine to align political 

governance with empirical engineering dynamics. Structurally, the model organises ten 

interconnected nodes across three columns: a central axis focussed on governance integrity and 

trust, flanked by operational structures and regional growth drivers [21]. By coupling LEAP-NEMO’s 

hard engineering dynamics with the Tree of Life's institutional, market, and operational 

mechanisms, this integrated framework provides a deployable governance model as shifting 

national fuel mixes create the operational pressures that render regional integration a technical 

and economic necessity.  
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1.2 The Turning Tide: Integrated Grid Responses 

This fragmented landscape is increasingly shifting as governments recognise that effective 

multilateral integration depends on robust national backbones designed to interface with the 

broader regional market. 

This structural evolution is exemplified by grid development in Northern Laos. Facing a historically 

fragmented power supply, the Lao government commissioned China Southern Power Grid (CSG) in 

2009 to construct a unified 115kV backbone transmission network. Commissioned in 2015, this 

infrastructure fundamentally integrated the northern provinces with the Chinese grid, enhancing 

local reliability and establishing the energy foundation necessary for sustained economic growth. 

Building on this operational success, the 2020 formation of Électricité du Laos Transmission 

Company Limited (EDL-T)—a joint venture with CSG—formalised this long-term framework. EDL-T 

manages a significant portion of the national grid with a dual mandate to maximise export capacity 

while maintaining domestic grid stability. This institutional configuration directly addresses 

structural fragmentation by linking the domestic system with international markets, thereby 

balancing national energy security with export optimisation. [22] 

1.2.1 Archipelagic and Maritime Grid Advancements 

Parallel grid responses are rapidly emerging across ASEAN’s archipelagic and maritime territories, 

shifting the momentum of the APG beyond its historical focus in the land-linked Greater Mekong 

Subregion (GMS). 

In the archipelagic south, grid integration is materialising through localised bilateral 

interconnections, particularly on the island of Borneo. Driven by the Brunei Darussalam-Indonesia-

Malaysia-Philippines Power Integration Project (BIMP-PIP) framework launch in 2023 [23], 

transmission utilities are actively upgrading border grids [24]. A key operational anchor is the 

existing Sarawak-West Kalimantan 230 MW interconnection, which has proven the stability of 

cross-border flows. The success has catalysed ongoing feasibility studies and grid reinforcements 

for new bilateral links, notably the Sarawak-Sabah and Sabah-North Kalimantan interconnections. 

These modular, localised grid expansions are systematically transforming Borneo into a major sub-

regional power hub, preparing the archipelagic grids for eventual full integration into the wider APG.  

Concurrently, maritime ASEAN is witnessing unprecedented subsea grid planning driven by the 

Vietnam-Malaysia-Singapore (VMS) Joint Development Agreement [25]. Aimed at exporting 

offshore wind power from Vietnam to Singapore, this initiative has forced a major shift in how 

coastal grids respond to transboundary trade. To accommodate this high-capacity, long-distance 

transmission, utilities are designing advanced high-voltage direct current (HVDC) subsea cables 

routed through the South China Sea, paired with onshore landing infrastructure in Peninsular 

Malaysia and Singapore [26]. By transitioning from traditional land-based alternating current (AC) 

links to advanced maritime HVDC corridors, these developments demonstrate how both 

archipelagic and peninsular grids are evolving technically to support a highly integrated, multi-

market regional energy system. 

1.3 Structure of the AGF-APG Modelling Report 

This AGF Phase 2.3 report builds directly upon the project’s country-based power sector models by 

evaluating the optimal mix of renewables, storage and interconnectors for Southeast Asia through 

a singular, integrated regional model. The subsequent chapters are organised as follows: 

Chapter 2: Literature Review outlines the prevailing research gaps in contemporary APG modelling 

literature. 

Chapter 3: Research Methodology and Design details the technical specifications of the AGF-APG 

model, defining its key structural components: the modelling software platform (LEAP and NEMO), 

the objective function, temporal resolutions, planning horizon, and primary data sources. This 
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chapter also establishes the core scenario-specific input assumptions, including the socio-

economic outlook of the ASEAN Member States (GDP, population dynamics, and structural 

economic shifts), renewable energy source (RES) potentials, and projected global and domestic 

fuel prices. 

Chapter 4: Scenario Design and Integration Framework presents three distinct pathways and one 

sensitivity analysis representing a spectrum of regional cooperation, ranging from independent 

national planning to full technical integration, to benchmark the systemic impact of regional 

collaboration on ASEAN's energy transition: 

• S1: Individual National Decarbonisation (energy sovereignty baseline) exposes the system 

costs and curtailment risks of pursuing climate targets in geographical isolation. This 

scenario assumes zero cross-border optimisation of generation, storage or transmission 

assets. 

• S2: Moderate Regional Interconnection (policy-aligned) models a coordinated regional 

approach based on current policy ambition where the ten AMS remain distinct entities. 

Interconnectors expansions are constrained by official regional masterplans (AIMS III [27]) 

and existing bilateral agreements, executing least-cost optimisation across eighteen 

priority projects (totalling 33 GW by 2040) and key strategic corridors (e.g., Singapore—

Cambodia, Singapore—Vietnam, and Kalimantan—Sulawesi/Papua) 

• S3: Full Regional Cooperation (technical least-cost) treats the ten AMS as a single, unified 

entity with unconstrained resource sharing and uniform wholesale electricity pricing. By 

removing political boundaries and capacity caps to allow endogenous transmission 

expansion, this scenario eliminates institutional friction to identify high-value grid corridors 

and establish the theoretical minimum system cost benchmark. 

• S3+: Full Decarbonisation (fossil fuel phase-out) executes a rigorous sensitivity analysis 

building on the S3 framework by imposing a strict zero-carbon constraint on the regional 

generation mix, mandating complete retirement of existing fossil fuel assets by 2050, and 

banning new coal or natural gas additions. 

Chapter 5: Results and Analysis presents the quantitative outputs of the study, detailing the 

optimal, time-dependent decarbonisation pathways for ASEAN. Specifically, it identifies the 

required capacity additions for generation, storage, and interconnectors alongside a cost-

optimised fossil fuel phase-out schedule. 

Chapter 6: Strategic Recommendations and Prescriptive Architecture translates the empirical 

mathematical outputs of the model into an actionable, transboundary framework designed to 

operationalise the integrated grid vision. This chapter introduces the “APG Triple Gem”—a systemic, 

three-dimensional governance architecture that harmonises regional progress across three critical 

axes: the vertical 𝑧 − axis of philosophy and relationship-based wisdom (the Da Yu Renewable 

Energy Tree of Life), the longitudinal 𝑦 −axis of institutional governance and polycentric policy rules 

(the APG Tree of Life), and the lateral 𝑥 −axis of quantitative techno-economic optimisation and 

systemic energy modelling (the AGF-APG Model). 

By mapping the model’s physical and economic requirements—including expanded cross-border 

land corridors and transboundary green fuel procurement—onto this multi-axial framework, 

Chapter 6 provides policymakers and institutional stakeholders with a comprehensive blueprint to 

transition the ASEAN Power Grid from a fragmented landscape of national sovereignty risks into a 

unified, resilient, and collaborative regional asset. 
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2. LITERATURE 

REVIEW 
The macro-energy system modelling landscape for the ASEAN Power Grid (APG) is anchored by 

institutional benchmarks and independent techno-economic assessments. Structurally, the ASEAN 

Interconnection Masterplan Study (AIMS) III (2020, updated in 2022) [28] and the ASEAN Power 

Grid Interconnections Project Profiles [27] outline the physical transmission infrastructure required 

for grid modernisation and high renewable energy integration, projecting a capital build cost of USD 

250 billion. Building upon this baseline, two landmark studies published in 2024—ASEAN 

Interconnector Study by DNV [29] and From Vision to Voltage: Open Access Modelling of the ASEAN 

Power Grid with TZ-APG by TransitionZero [9]—attempted to quantify the macroeconomic benefits 

of cross-border power pools.  

Table 1 provides a multi-dimensional comparative taxonomy of their methodologies, techno-

economic boundaries, and optimisation frameworks. 

Table 1: Comparative Overview of the DNV and Transition Zero Studies 

Aspects DNV (2024) TransitionZero (2024) 

Study 

Objectives 

i. Quantify the benefits of a regional power 

sector decarbonisation approach, primarily 

by demonstrating the reduced requirement 

for renewable energy and storage through 

effective resource sharing, leading to cost 

and resource efficiencies. 

ii. Analyse and address the major technical, 

economic, and policy challenges inherent in 

a large-scale power sector transition, such 

as integrating high volumes of renewables, 

attracting investment, and harmonising 

regional markets and regulation. 

Model was developed to address emerging 

questions such as: 

• Country-level impact of different grid 

expansion pathways 

• Role of a regional grid in fostering 

renewable energy and curbing fossil fuels 

• Identification of “green” transmission 

corridors 

• Newly proposed bilateral interconnectors 

and their potential effect on broader 

regional connectivity 

Modelling 

Software 

Not explicitly mentioned in publicly available 

information 
Python Power System Analysis (PyPSA) 

Open Access No Yes 

Modelling 

Timeframe 

20xx – 2050 (the start year is not explicitly 

mentioned in publicly available information) 
2023-2035 

Number of 

Nodes 

Not explicitly specified in publicly available 

information 
24 

Cost 

Assumptions 

 

CAPEX and OPEX: CAPEX and OPEX of 

renewables, electrolysers, and storage 

technologies are kept the same across the 

whole of Southeast Asia. 

 

Fuel price: Did not mention fossil fuel (coal, gas, 

oil) prices because these fuel options are 

excluded in the model. 

 

 

CAPEX and OPEX: The model uses a uniform 

technology cost approach for CAPEX and 

operations and maintenance (O&M) cost for 

power and storage technologies (like solar, 

wind, and batteries) across all ASEAN Member 

States. 
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Aspects DNV (2024) TransitionZero (2024) 

 

Transmission: For each interconnector, a 

transmission cost per unit of energy (kWh) was 

calculated to determine the cost of 

transporting electricity between two countries. 

This cost takes into account the type of cable 

(overhead lines or subsea, or a combination of 

both) and the cable length required. 

 

 

 

Fuel price: The model uses a simplified, static 

approach for fossil fuel prices across all ASEAN 

Member States, treating them as a single, 

uniform input for each energy carrier (coal, gas, 

oil). The prices reflect a weighted average 

marginal cost of production across ASEAN, not 

fluctuating market prices. 

 

Transmission: This study incorporates two 

distinct transmission technologies: High-Voltage 

Alternating Current (HVAC) for shorter, primarily 

land-based lines, and High-Voltage Direct 

Current (HVDC) for longer distances, including 

subsea cables. 

 

The costs and losses for both technologies are 

differentiated by distance and technology type, 

adjusted to USD2020 values. 

 

A cost-efficiency threshold of 374 km was 

established for land-based lines. In the model, 

any straight-line distance exceeding this 

threshold is assumed to use the more cost-

efficient HVDC, while shorter distances use 

HVAC. HVDC subsea cables are noted to have a 

higher cost per unit distance overall. 

 

Technologies 

Generation: solar, wind, hydro, geothermal; no 

biomass, natural gas, or coal as fuel 

 

Storage: BESS (hours to a day), pumped hydro 

storage (days to weeks), hydrogen (months to 

seasons) 

Generation: coal, gas, oil, renewable energy 

(solar, wind, hydro, geothermal, bioenergy) 

 

Storage: lithium-ion battery 

Scenarios 

i. Individual Approach – Each country pursues 

decarbonisation individually without 

considering regional interconnection. 

ii. Moderate Interconnection – Cross-border 

power trade using interconnectors is 

established via the development of APG 

based on the recent AIMS III. 

iii. Regional Cooperation – Full regional 

decarbonisation takes place with 

unconstrained sharing of resources via 

power interconnectors and hydrogen 

pipelines. 

i. Existing transmission at current capacity 

ii. Existing transmission at enhanced 

capacity 

iii. Existing transmission plus all remaining 

AIMS III 18 interconnectors, alongside 

direct Singapore links to Cambodia and 

Vietnam 

iv. Scenario (iii) plus additional internal four 

inter-island Indonesian links. 

 

Optimisation 

Setup 

The model determines the location and type of 

renewable generation across the region on a 

least-cost basis, based on localised production 

costs and on the available energy transport 

routes and transport costs between nodes. 

Optimisation of capacity expansion and 

operation of power plants, storage, and 

transmission to meet electricity demands and 

national policy targets at least cost. 

End State Fully decarbonised power sector in 2050 
Modelled results are presented for 2035. The 

study does not have a target end state. 
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2.1 Research Gaps: Exposing the Methodological Blind Spots 

A rigorous review of the optimisation setups in DNV (2024) [29] and TransitionZero (2024) [9] 

reveals three critical theoretical and operational research gaps that undermine their utility for long-

term sovereign policy planning. 

2.1.1 The Prescriptive Decarbonisation Fallacy (the DNV Blind Spot) 

The DNV framework achieves a zero-emission 2050 end-state by pre-deterministically excluding 

all fossil-fuel technologies—coal, oil, and natural gas—from its asset architecture. Academically, 

this pre-determines the solution rather than allowing the model’s objective function to locate the 

true least-cost transition pathway, creating an analytical blind spot regarding the operational role 

of transitional thermal generation. By masking the true capacity-investment stack and the steep 

structural trade-offs required to survive extended low-renewable periods (dunkelflaute—prolonged 

dark, windless spells), such prescriptive frameworks obscure the real-world economic friction of 

the transition.  

To address this structural limitation, this study establishes a comparative architecture contrasting 

Full Regional Cooperation (S3) against the Full Decarbonisation pathway (S3+). This design is 

mathematically structured to let the model’s objective function endogenously locate the true 

regional reliance on transitional gas before a hard carbon ban is enforced, thereby explicitly 

quantifying the “green premium” that rigid, prescriptive models conceal. 

2.1.2 Input Parameter Inertia and Horizon Constraints (the TransitionZero Blind Spot) 

The TransitionZero framework limits its macro-energy system modelling to a near-term horizon 

ending in 2035 and relies on a simplified, uniform approach to fossil fuel pricing across ASEAN 

nodes. By treating commodity inputs as a single, static weighted average for each energy carrier, 

its optimisation ignores the structural shifts that occur in fuel markets over time. This lack of 

temporal variance introduces severe policy inertia; it fails to capture how escalating long-term 

commodity trends alter the economic tipping points between fossil-fuel retention and capital-

intensive renewable infrastructure over a multi-decadal timeline. 

This study addresses this gap by utilising an extended modelling horizon through 2050 integrated 

with discretised, decadal time-series price trajectories spanning 2018 to 2050 for global and 

domestic fuel inputs. By allowing fuel prices to adapt cross-decadally alongside regional demand 

projections, the AGF-APG integrated model moves beyond near-term static cost-minimisation. This 

approach enables the isolation of the exact multi-decadal inflection points where changing fossil 

costs break national sovereignty trends, establishing an economically rigorous mechanism that 

quantifies the long-term fiscal prudence of regional grid integration. 

2.1.3 The Co-Optimisation Deficit: Transmission-Storage Substitution Mechanics 

While both DNV and TransitionZero recognise that cross-border interconnectors reduce regional 

capacity requirements, neither study mathematically isolates the precise, time-series substitution 

elasticity between transboundary transmission infrastructure and capital-intensive, localised 

stationary storage arrays. TransitionZero limits its storage architecture to lithium-ion batteries up 

to 2035, while DNV prescriptively deploys hydrogen pipelines across a borderless 2050 map. As 

existing literature fails to establish this empirical baseline over a multi-decadal horizon, this study 

addresses the deficit by utilising the Individual National Decarbonisation (S1) scenario as a 

structurally isolated baseline. Comparing the capacity expansions of S1 against the unconstrained 

regional optimisation of S3 makes it possible to mathematically isolate the “isolation penalty”—

quantified through systemic capacity inflation and clean energy curtailment—thereby establishing 

an explicit benchmark to measure the efficiency dividend unlocked by regional integration.   
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3. RESEARCH 

METHODOLOGY: 

THE AGF-APG 

MODEL 
This study leverages two advanced computational tools developed by the Stockholm Environment 

Institute (SEI) to construct a comprehensive power sector architecture: the Low Emission Analysis 

Platform3  (LEAP), widely adopted for energy policy and climate mitigation assessment, and the 

high-performance, open-source Next Energy Modelling System for Optimisation4 (NEMO). 

The power of co-optimisation 

The multi-region AGF-APG model, built on the LEAP-NEMO platform, executes co-optimisation – a 

critical capability wherein the system solves capacity expansion and operational dispatch 

simultaneously. Traditional energy planning methodologies often solve these two vectors 

sequentially (first optimisation of capacity additions, followed by operational dispatch simulation), 

which frequently yields sub-optimal or economically inefficient solutions. The LEAP-NEMO 

framework avoids this structural limitation by solving both domains concurrently across the entire 

multi-decadal planning period through 2050. 

Defining simultaneous decisions 

The model co-optimises the entire supply side of the regional energy system through two integrated 

decision pathways: 

• Capacity expansion (investment decision): NEMO’s optimisation engine determines the 

least-cost mix of new asset investments required annually. This includes capacity for power 

generation, stationary storage arrays (e.g., battery energy storage systems [BESS]), and 

transboundary transmission interconnectors. 

• Operational dispatch (operational decision): Simultaneously, NEMO optimises the hourly 

dispatch profiles of every existing and newly deployed power plant, storage asset, and 

interconnector within the regional topology. This ensures that the lowest-cost asset 

configuration is continuously operated against a highly resolved, time series energy 

demand curve. 

Model scope and analytical outputs 

By integrating investment and operational variables, LEAP-NEMO derives a final, least-cost solution 

that minimises the net present value of the entire regional system. The resulting AGF-APG model 

delivers a comprehensive macro-energy assessment of the transition pathways for ten ASEAN 

Member States, encompassing both the supply side (electricity generation, storage deployment, 

 
3 Stockholm Environment Institute. Low Emissions Analysis Platform. Available at: https://leap.sei.org/ 

4 Stockholm Environment Institute. Next Energy Modelling System for Optimization. Available at: github.com/sei-international/ 

NemoMod.jl  

https://leap.sei.org/
https://github.com/sei-international/NemoMod.jl
https://github.com/sei-international/NemoMod.jl
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and cross-border transmission infrastructure) and the demand side across key end-use sectors, 

including industry, transportation, residential, and commercial domains. 

3.1 Strategic Modelling Rationale 

This macro-level, long-term planning approach is deliberately selected over a high-fidelity power 

flow network model because the primary objective is to define policy pathways and evaluate least-

cost capacity expansion trajectories across the entire ASEAN footprint, rather than to simulate 

localised, node-level physical grid telemetry. 

While this systemic scope intentionally abstracts localised internal grid upgrades, this quantitative 

optimisation serves as a rigorous strategic tool for high-level APG planning. Its core value lies in its 

capacity to evaluate multi-decadal scenarios, enabling institutional stakeholders to quantify the 

relative economic and physical impacts of diverse policy frameworks, technology mixes, and cross-

border regulatory agreements. Through this exploratory mechanism, the model identifies critical 

operational drivers, isolates structural sensitivities, and provides order-of-magnitude capital 

estimates for foundational transmission assets. Ultimately, this framework establishes the 

empirical baseline and data-driven foundation required to justify a phased approach to regional 

integration, providing a necessary screening filter to guide subsequent, high-fidelity engineering 

and localised dispatch studies. 

Furthermore, this macro-zonal framework intentionally excludes localised land-acquisition and 

right-of-way (ROW) costs from the transmission capital expenditure matrices. As ROW expenses 

are highly sensitive to hyper-local municipal zoning, land-tenure complexities, and sub-national 

legal frameworks, they cannot be reliably generalised across multi-country corridors. Institutional 

stakeholders should therefore interpret the model’s capital projections as baseline overnight 

engineering and construction costs. The omission of ROW dynamics suggests that the absolute 

capital requirements presented represent a conservative floor, underscoring the necessity of 

localised spatial planning and land-governance alignment in subsequent implementation phases 

3.2 Spatial and Nodal Resolution 

To evaluate the expansive ASEAN Power Grid footprint, the AGF-APG framework employs an 

aggregated zonal modelling approach with a hierarchical spatial resolution. While a single-node 

representation is utilised for geographically compact member states, the model deliberately 

subdivides structurally complex archipelagic and multi-regional countries to capture critical 

internal network constraints and cross-border interface points. Specifically, Malaysia is segmented 

into 3 distinct nodes (Peninsular Malaysia, Sabah, and Sarawak), while Indonesia is partitioned 

into 4 nodes corresponding to its major isolated island grids, as illustrated in Figure 3 (see 

Appendix 1 for full nodal disaggregation parameters).  

The national demand loads for these subdivided AMS are disaggregated and apportioned to their 

respective nodes based on historical local generation shares, remaining constant through the 

2050 planning horizon. While applying a uniform, percentage-based distribution introduces a 

degree of spatial stylisation, this multi-nodal topology is essential for capturing regional grid 

dynamics.   

By mapping the regional power system onto this multi-nodal framework, the LEAP-NEMO engine 

simulates the spatial and temporal variability of renewable resources across distinct climatic zones. 

Rather than evaluating national grids in isolation, this spatial resolution allows the objective 

function to endogenously determine how transboundary transmission capacity can be optimally 

deployed to balance high penetrations of variable renewable energy (VRE) and satisfy localised 

demand across the ASEAN footprint.  
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Figure 3: Spatial Network Topology of the AGF-APG Model 

Note: Nodes (orange dots) denote stylised load and generation centres, interconnected by cross-border and 

internal transmission pathways (purple lines). The model groups the regional architecture into three key sub-

regional grid frameworks highlighted by color-coded boundary ellipses: the LTMS-PIP zone spanning 

mainland Southeast Asia and Peninsular Malaysia (orange ellipse), the maritime BIMP-PIP corridor linking 

Borneo and adjacent islands (yellow ellipse), and the emerging components of the Indonesia Super Grid 

(green ellipse) capturing major domestic inter-island links. 

3.3 Resource Potential Boundaries and Technical Caps 

While capacity expansion results are aggregated at the regional level for macro-analysis, the 

underlying optimisation framework strictly respects localised geographic and resource boundaries. 

The maximum technical renewable energy potential—encompassing solar, wind, biomass, and 

hydro resources—for each individual ASEAN Member State is explicitly mapped and enforced as a 

hard upper bound within the model. Consequently, the regional capacity allocations do not 

represent abstract clusters; rather, they are the mathematical optimisation of physically verified, 

country-specific resource potentials, ensuring that no national capacity assignment exceeds its 

real-world sovereign limit. 

3.4 Temporal Resolution and Clustering 

To maintain computational efficiency over a long-term planning horizon, the AGF-APG framework 

employs a structured temporal clustering methodology: 

• Temporal scaling: The model distils the full annual profile (8,760 hours) into a statistically 

representative 96-hour baseline week. This profile is constructure across two distinct 
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seasons (dry versus wet) and a dual weekly split (weekday versus weekend), with each 

block containing a 24-hour representative period. These periods are strategically sampled 

to capture the complete spectrum of seasonal, weather-driven supply variations and 

demand dynamics, including peak wind availability, low solar irradiance, and maximum 

system loads.  

• Intra-day resolution: Within these representative periods, the model operates at a 1-hour 

temporal resolution. This fine hourly resolution is essential for capturing critical intra-day 

operational dynamics, such as steep ramping requirements associated with variable 

renewable energy (VRE) fluctuations and the management of evening peak demand. 

• Multi-decadal optimisation: The optimisation outputs from this 96-hour temporal sample 

are scaled to represent each milestone planning year. This approach enables the perfect-

foresight framework to optimise the entire multi-decadal pathway concurrently from 2019 

through 2050 while avoiding excessive computational overhead. 

3.5 Cost Assumptions and Economic Differentiation 

The least-cost capacity expansion and operational dispatch optimisation executed by the AGF-APG 

framework are structurally dependent highly resolved economic inputs. To maintain analytical 

clarity without sacrificing geographical precision, the methodology differentiates between costs 

that are harmonised regionally and those that require localised differentiation.  

Differentiated capital constraints  

To accurately simulate the economic dynamics of transboundary power flows, transmission 

infrastructure costs are differentiated by country and by specific route: 

• Transmission capital cost tiers: Transmission expenditure parameters account for the 

substantial variances in capital requirements associated with diverse geographic terrains 

and marine boundaries. Costs are classified into three distinct pricing tiers—Tier  

(baseline), Tier  (standard), and Tier  (premium)—parameterised in accordance with the 

7th ASEAN Energy Outlook (AEO7) to reflect route distance, and land-based versus subsea 

deployment environments, as detailed in Appendix 2.  

• Technical boundary scoping: While the core optimisation engine abstracts the localised 

engineering distinctions between High-Voltage Alternating Current (HVAC) and High-Voltage 

Direct Current (HVDC) configurations to focus on macro-level economic dispatch rather 

than detailed network physics, the overall cost optimization remains highly sensitive to 

these pricing inputs. The empirical validation and sensitivity testing for these parameters 

are detailed in Appendix 3. 

Harmonised costing parameters 

Generic technology cost vectors—including fuel commodities, asset capital expenditure (CAPEX), 

and fixed and variable operations and maintenance (O&M) costs—are selectively harmonised 

across the region when localised price variations are marginal or statistically inconsequential to 

the macro-level outcomes. This methodological choice ensures computational tractability and 

isolates the core policy question. By balancing the systemic precision required to quantify the 

macro-benefits of regional transmission networks, the framework isolates large-scale structural 

trends while preserving high-impact, micro-level cost variances unique to specific member states. 

Comprehensive data repositories regarding generation technology parameters and fuel costs 

matrices are compiled in Appendix 4. 

Isolating geographic and resource advantages 

By utilising uniform capital costs for generation technologies, the model’s objective function shifts 

its focus entirely to evaluating genuine, location-specific production cost advantages driven by raw 

resource quality. 
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While the standardised capital cost of a renewable energy technology (such as a wind turbine or 

solar photovoltaic array) remains uniform across nodes, its true economic value is inherently 

location-specific because its capacity factor varies by geography. Zones with superior localised 

resources (e.g., higher wind velocity or optimal solar irradiance) generate significantly higher 

energy yields over a multi-decadal timeline, effectively lowering the levelised cost per megawatt-

hour (MWh). The AGF-APG model captures this physical reality by integrating localised resource 

availability curves (hourly capacity factor time series) unique to each ASEAN Member State. These 

time-series inputs simulate the expected operational profile of a generation asset over a full year, 

enabling the model to endogenously isolate the competitive physical advantages of geography 

across the regional footprint. 

3.6 Managing Temporal Diversity and Multi-Zonal 

Synchronisation 

To accurately simulate instantaneous transboundary electricity flow and cross-border trade 

dynamics, the AGF-APG framework explicitly accounts for regional time zone differentials. The ten 

ASEAN Member States span three primary time zones, resulting in a maximum temporal variance 

of 2.5 hours between Myanmar (UTC+06:30) and Eastern Indonesia (UTC+09:00). 

As the optimisation engine solves all jurisdictions synchronously, a custom MATLAB script was 

developed to systematically align all hourly time-series inputs. Specifically, the national system 

demand profiles and localised variable renewable energy (VRE) availability curves (solar and wind) 

are shifted to uniform reference datum: the ASEAN Common Time (ACT), which corresponds to 

UTC+8:00. This multi-zonal synchronisation ensures that simulated regional demand spikes and 

VRE generation peaks are aligned by actual concurrent clock time. Consequently, the model 

eliminates artificial temporal mismatches, enabling a realistic representation of the regional 

supply-demand balance and the optimisation of transboundary transmission and storage assets. 

3.7 Modelling Horizon and Scenario Framework 

The optimisation framework spans a multi-decadal timeline from 2001 to 2050. The historical 

baseline period (2001–2018) is utilised for data input empirical configuration and initial model 

validation. The year 2019 serves as the official base year and launch point for the forward-looking 

scenarios, from which all multi-decadal capacity expansion and operational dispatch projections 

are computed through the final milestone year of 2050.  

3.8 Discount Rate Formulation 

To maintain consistency with standard international energy finance practices and macroeconomic 

modelling conventions, this analysis employs a 7% real discount rate. This parameter aligns with 

the Levelised Cost of Energy (LCOE) calculation methodologies and baseline assumptions 

published by the International Renewable Energy Agency (IRENA) [30]. 

3.9 Inflation Rate Projections 

Determining the long-term regional inflation rate required a comparative evaluation of 

macroeconomic forecasts published by the International Monetary Fund (IMF) and the Asian 

Development Bank (ADB). While the ADB projects an aggregate ASEAN inflation rate of 

approximately 3.0%–3.2% for the near-term 2024-2025 horizon, the IMF provides a structurally 

relevant long-term average projection of 2.7% spanning the 2025-2029 period (Table 2). Given the 

model’s multi-decade optimisation horizon, the framework adopts this 2.7% inflation rate to reflect 

a stable, long-term regional trajectory.  
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Table 2: Comparative Macroeconomic Inflation Rate Forecasts for the ASEAN Region 

Source Forecast Period ASEAN Average Individual Jurisdictional Range 

IMF 2025–2029 2.70% 1.0% (Brunei) to 7.8% (Myanmar) by 2028 [31] 

ADB 2024–2025 3.0%–3.2% Aligns with broader trajectories for Developing Asia [32] 

3.10 Demand Profiles Projections and Econometric Modelling 

The annual electricity demand for each jurisdiction5 serves as a fundamental binding constraint 

for the optimisation framework across the evaluated scenarios. The total aggregated annual 

electricity demand across the modelled ASEAN Member States is projected to reach 3,271 TWh by 

2050, representing approximately a 2.4-fold increase over the baseline electricity demand for the 

year 2026. To ensure granular and realistic system projections, the long-term electricity demand 

for each member state was estimated using a two-stage econometric and temporal downscaling 

approach:  

• Macroeconomic trajectories: Future Gross Domestic Product (GDP) growth trajectories 

were established for each individual country. These profiles utilise purchasing power parity 

(PPP) metrics adjusted to constant 2007 values to isolate real economic growth from 

inflationary distortion. The complete macroeconomic GDP profiles for the regional footprint 

are compiled in Appendix 5. 

• Hourly profile synthesis: The resulting annualised demand growth factors derived from the 

econometric projections are applied multiplicatively to the historical hourly load profiles of 

each respective country. This synthesis generates the highly resolved, time-synchronised 

hourly demand curves required by the optimisation engine to balance instantaneous 

system load. The comprehensive hourly demand datasets are detailed in Appendix 6. 

3.11 Methodological Disclosure: Software-Induced Optimisation 

Constraints 

During systematic sensitivity testing across all four modelled pathways (S1 through S3+)6 , a 

structural limitation emerged within the software integration layer coupling LEAP (v2026.6.0.5) 

and NEMO (v2.2.0). The optimisation solver exhibited a rigid capacity-mix and operational dispatch 

response to variations in fuel cost parameter, resulting in zero architectural elasticity, even when 

input fuel prices were altered across multiple orders of magnitude.  

As this programmatic behaviour remains uniform across all four core scenarios—regardless of 

whether a pathway prioritises localised sovereignty (S1) or full regional decarbonisation (S3+)—the 

comparative validity between the simulated expansion pathways remains structurally intact. The 

entire multi-decadal framework is optimised under an identical algorithmic baseline across all runs.  

To maintain analytical transparency, the operational cost dynamics presented in this study must 

be interpreted within the context of this fixed software boundary. Crucially, the model’s capacity 

expansion pathways, grid scaling decisions, and long-term efficiency dividends remain robustly 

driven by, and anchored in, the detailed capital expenditure (CAPEX) profiles, localised resource 

potentials, and transboundary transmission parameters validated in the preceding sections and 

appendices. Consequently, while absolute operational cost variances can be refined in future 

software-level algorithmic updates, the structural and infrastructural comparisons between 

scenarios remain fundamentally sound.  

 
5 Comprehensive assumptions regarding demand projections and national generation expansion policies for individual ASEAN Member 

States are detailed in the respective AGF country reports (see Table 29 for full citations). 

6 S1 is informed by LEAP model “AGF_APG_1.leap” while the other scenarios are inferred by “AGF_APG_2.leap”.   
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4. SCENARIO DESIGN 

AND INTEGRATION 

FRAMEWORK 
The scenario design is structured to quantify the systemic benefits of enhanced regional 

cooperation across the power sectors of the ASEAN Member States. This framework defines a 

broad spectrum of integration, ranging from fragmented national efforts to a fully unified, multi-

zonal regional optimisation paradigm. 

4.1 Rationale and Central Hypothesis 

The core hypothesis driving these scenarios is that the financial and environmental costs of 

achieving net-zero targets in Southeast Asia decrease significantly as cross-border power sharing 

evolves from independent, isolated national planning toward a fully coordinated regional power 

market. This structural division allows for a robust assessment of the monetary, capacity, and 

environmental trade-offs associated with varying degrees of international grid cooperation. 

4.2 Defined Scenarios and Optimisation Levers 

To quantify the economic and technical impacts of enhanced regional connectivity, the framework 

evaluates three distinct core scenarios and one sensitivity analysis (Table 3). The structural 

progression follows a clear analytical arc from geographical isolation (S1) to a policy-aligned 

trajectory (S2), culminating in a theoretical technical optimum (S3).  

• Scenario 2 (S2) anchors the research in institutional reality by utilising the capacity targets 

and topology outlined in the ASEAN Interconnection Masterplan Study (AIMS III).  

• Scenario 3 (S3) serves as an essential analytical benchmark by removing capacity caps to 

demonstrate the optimal generation, storage and transmission mix required within a 

frictionless, single-price regional grid. The economic delta between S2 and S3 effectively 

isolates and quantifies the “cost of sovereignty”—the systemic financial premium paid for 

maintaining national policy friction over regional technical optimisation. 

• Scenario S3+ acts as a rigorous near-zero emissions power sector benchmark. By 

prohibiting new coal- or gas-fired capacity additions and enforcing the total retirement of 

existing fossil assets by 2050, this sensitivity run serves as a stress test for regional 

resilience in a near zero-carbon paradigm. 

The multi-dimensional optimisation levers and specific technical parameter configurations for each 

pathway are summarised in Table 4. 
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Table 3: Qualitative Framework and Narrative Rationale for ASEAN Power Grid Scenarios 

Scenario Title Narrative Description Primary Operational Assumption 

S1: Individual National 

Decarbonisation 

Serves as the energy sovereignty baseline, exposing 

the system costs and curtailment risks of pursuing 

climate targets in complete geographical isolation. 

Fixed Infrastructure: Zero cross-

border optimisation of generation, 

storage or transmission assets. 

S2: Moderate Regional 

Interconnection 

Models a coordinated regional approach based on 

current institutional ambition. The ten ASEAN 

Member States remain distinct entities. Least-cost 

optimisation is restricted to the eighteen priority 

cross-border links (33 GW by 2040) identified in the 

AIMS III [27], alongside strategic interconnectors 

(Singapore—Cambodia, Singapore—Vietnam, and 

Kalimantan— Sulawesi/Papua). 

Policy-Aligned: Interconnectors 

expansions are explicitly bound by 

official masterplans and bilateral 

agreements. 

S3: Full Regional 

Cooperation  

Eliminates government capacity targets on 

generation, storage and transmission assets. Treats 

the region as a single, unified market with 

unconstrained resource sharing and uniform 

pricing 7 , effectively eliminating bidding zone 

congestion bottlenecks.  

Technical Least-Cost: Endogenous 

unconstrained capacity expansion 

of interconnectors without political 

or cross-border capacity caps. 

S3+: Full 

Decarbonisation 

A high-intensity sensitivity analysis building on S3 by 

imposing a strict zero-carbon constraint on the 

generation mix. 

Fossil Fuel Phase-out: A binding ban 

on new coal and gas assets, paired 

with mandatory retirement of all 

existing fossil infrastructure by 

2050. 

 

Table 4: Technical Parameter Matrix and Multi-Dimensional Optimisation Levers 

Scenario Interconnection Capacity Dispatch Logic Optimisation Goal 

S1 Isolated (no transboundary lines)  National isolation National self-sufficiency 

S2 Policy specified (AIMS III baseline) Coordinated cross-border trade Policy-guided expansion 

S3 Endogenous (fully optimised) Frictionless regional integration System-wide technical optimum 

S3+ Endogenous (optimised) Near zero carbon integration 
Near-zero emissions power 

sector benchmark 

  

 
7 In the European market, there is congestion at many borders between “bidding zones”, which often, but not always, align with national 

borders, due to insufficient transmission capacity. This congestion forces prices to be different across bidding zones and prevents 

cheaper power from reaching consumers in bottlenecked areas. S3 assumes these bottlenecks are eliminated, allowing for a single 

price across the entire ASEAN region. 
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5. RESULTS AND 

ANALYSIS 
This chapter presents a comprehensive evaluation of the modelling outcomes across the three 

core scenarios and one sensitivity analysis. The analysis is structured around five primary thematic 

dimensions: 

• Evolution of the regional generation mix: Tracking the structural shifts in capacity additions 

and technology deployment across the multi-decadal planning horizon. 

• The ASEAN Power Grid backbone: Quantifying and comparing the policy-specified 

(exogenous) and model-optimised (endogenous) expansion of cross-border transmission 

corridors, alongside the dynamic temporal patterns of transboundary energy flows. 

• Decarbonisation trajectories: Mapping carbon emission reduction pathways and 

evaluating the grid’s transition toward near-zero emissions. 

• Macroeconomic fundamentals: Analysing total system costs, unit production rates, and the 

capital investment requirements necessary to scale regional infrastructure. 

• System stability and flexibility: Assessing variable renewable energy curtailment rates and 

overall security of supply. 

5.1 Evolution of the Generation Landscape 

The multi-decadal structural shifts in the regional power mix across the three core scenarios and 

one sensitivity analysis—ranging from national isolation (S1) to full regional decarbonisation 

(S3+)—are detailed quantitatively in Table 6 and Table 7. To comprehensively evaluate these 

structural transformations, the analysis follows a systematic macro-to-micro progression: 

examining total system capacity savings, identifying dominant technology deployments, tracking 

the retirement of legacy fossil assets, and evaluating the firm capacity anchors and flexible 

balancing mechanisms required to stabilise the grid. Table 5 summarises the entire 4-part 

narrative arc, mapping the analytical phases to their core technical discoveries and policy 

takeaways. 

Table 5: Section 5.1 Structural Architecture—The Macro-to-Micro Optimisation Arc 

Analytical Phase Section Core Technical Discovery Policy Takeaway 

1. The Macro 

Structural 

Baseline 

5.1.1 

Unconstrained regional optimisation (𝑆3 ) 

delivers more energy while slashing total 

required capacity by 34% compared to 

isolation (𝑆1). 

Regional grid integration acts as a 

massive infrastructural multiplier. 

2. The 

Displacement 

of Legacy 

Assets 

5.1.2 

Partial interconnectors (𝑆2 ) displace 83% 

of gas generation through clean imports, 

but national policies force the grid to retain 

gas capacity for reserve margins. 

Market forces endogenously 

eliminate coal, but a total fossil 

phase-out requires a targeted ban 

(𝑆3 +). 

3. Firm Anchors 

& Alternative 

Archetypes 

5.1.3 

Biomass capacity factors surge from 10% 

to 25%, acting as a vital mid-merit 

stabiliser that outcompetes endogenous 

nuclear deployments. 

Localised bioenergy clusters shield 

the regional grid from external 

hydrogen fuel market volatility. 

4. Dynamic 

Flexibility and 

System 

Balancing 

5.1.4 

Transboundary transmission lines 

endogenously substitute for 83 GW of 

localised stationary battery storage. 

Interconnectors perfectly smooth out 

spatial resource variations, but a 

massive zero-carbon firming fleet 

remains vital to handle temporal 

imbalances. 
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5.1.1 The Macro Structural Baseline 

The Efficiency Dividend of Regional Integration (S1 vs. S3) 

The S1 pathway starkly illustrates the systemic penalty of geographical isolation (see Table 6 and 

Table 7 on next two pages for complete details of all scenarios). Without cross-border optimisation 

of generation, storage and interconnection, individual jurisdictions are forced to maintain extensive 

coal (102 GW) and natural gas (172 GW) fleets through 2050 to guarantee national self-sufficiency. 

Without the balancing mechanism of a regional safety net, Member States must construct 

duplicative firm capacity and localised reserve margins to meet domestic peak loads, a structural 

inefficiency that inherently drives up renewable curtailment risks. 

Conversely, by treating the ASEAN footprint as a unified bidding zone with unconstrained resource 

sharing, S3 unlocks a massive efficiency dividend. The fully integrated S3 architecture successfully 

delivers 3,547 TWh of total system generation utilising a streamlined 966 GW of capacity. In 

contrast, the fragmented S1 pathway requires a massive 1,473 GW installed capacity to produce 

a structurally lower total generation volume (3318 TWh) in 2050. This divergence quantitatively 

demonstrates that regional integration acts as a powerful infrastructural multiplier, slashing the 

total physical capacity required to power the region by over 34% while simultaneously increasing 

total generation output. 

Solar PV and Wind Dominance 

Despite the drastic reduction in total system capacity achieved through regional optimisation, solar 

photovoltaic (PV) technology emerges as the dominant vector for capacity expansion across all 

evaluated pathways. Under the isolated S1 baseline, standalone solar PV scales aggressively from 

57 GW to 385 GW as individual countries attempt to meet local demand targets. Under the highly 

optimised and decarbonised S3+ scenario, standalone solar PV reaches 329 GW by 2050, 

strategically supplemented by an additional 29 GW of dedicated solar-BESS hybrids, reflecting an 

efficient, regionally balanced deployment footprint.   

The trajectory for wind generation, however, presents a distinct contrast. While both onshore and 

offshore wind play highly prominent roles in the geographically constrained S1 and S2 pathways, 

their total deployment diminishes significantly in the fully integrated S3 and S3+ pathways. By 

2050, the S3+ pathway phases out new onshore wind entirely (0 GW) and reduces offshore wind 

capacity to 51 GW—a sharp decline from the 134 GW required under S1. This dynamic reveals a 

critical systemic preference: when geopolitical and transboundary constraints are removed, the 

optimisation engine prioritises transmitting firm and dispatchable assets (such as hydropower, 

geothermal, and hydrogen) to ensure grid stability, functionally outcompeting the localised volatility 

of large-scale wind deployments. 

5.1.2 The Displacement of Legacy Assets 

Natural Gas and Coal: The Limits of Market Optimisation 

Natural gas undergoes a significant structural transformation across the evaluated pathways. In 

the isolated S1 baseline and the policy-restricted S2 pathway, gas capacity maintains a substantial 

baseline presence at 172 GW and 126 GW respectively by 2050. However, their operational 

dispatch profiles diverge sharply: while S1 generation scales to 757 TWh to satisfy uncoordinated 

domestic demand, S2 generation collapses by 83% down to just 58 TWh.  

This dramatic drop in S2 generation highlights the immediate impact of partial regional grid 

integration. By establishing the 33 GW of priority cross-border transmission corridors specified in 

AIMS III, individual jurisdictions can import surplus, low-cost renewable energy from neighbouring 

markets during localised peak demand periods. Consequently, while the optimisation engine 

maintains a significant gas capacity fleet in S2 to satisfy strict national capacity adequacy and 

reserve margin constraints, it drastically reduces the actual running hours of these assets, 

substituting expensive fuel combustion with transboundary clean energy imports. 
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Table 6: ASEAN Exogenous Power Mix Comparison (2026–2050): Existing Policies Pathway without (S1) 

and with (S2) APG transmission 

Scenarios Generations 

2026 2035 2050 

Capacity 

(GW) 

Generation 

(TWh) 

Capacity 

(GW) 

Generation 

(TWh) 

Capacity 

(GW) 

Generation 

(TWh) 

S1 

Coal 113.68 541.43 115.70 476.59 102.57 326.48 

Natural Gas† 130.02 443.08 153.05 568.81 172.65 757.05 

Natural Gas with CCUS - - 0.52 - 2.08 1.01 

Natural Gas + H2 - - 5.54 - 22.16 10.75 

Diesel & Oil Products 20.26 11.92 18.31 13.03 15.03 18.83 

Hydropower 69.20 254.39 97.40 362.73 137.52 632.82 

Small Hydro 2.93 9.24 5.18 15.95 11.44 31.69 

Mini Hydro 0.04 0.17 0.06 0.33 0.11 0.62 

Solar PV 57.98 81.95 188.87 230.63 385.43 401.22 

Concentrated Solar 9.56 5.86 94.53 57.57 234.74 208.33 

Solar and BESS 0.02 0.15 0.16 1.40 0.56 4.91 

Onshore Wind 7.07 12.84 23.78 46.95 144.05 439.34 

Offshore Wind 25.35 19.74 62.61 48.49 134.08 138.84 

Biomass 7.16 12.04 21.04 20.14 58.78 53.16 

Biogas 1.42 10.41 2.02 14.52 2.90 21.31 

Waste-to-Energy 2.35 7.51 3.64 10.20 4.66 17.43 

Geothermal 5.93 36.34 9.54 54.11 10.07 55.63 

Nuclear 0.80 2.47 8.80 42.50 17.05 110.95 

Hydrogen 0.60 3.68 4.85 16.71 17.58 88.40 

Total Domestic Generation 454.36 1,453.20 815.59 1,980.66 1,473.45 3,318.77 

Imported Electricity  13.96 41.23 25.28 87.36 28.45 98.93 

BESS * 4.03 

 

37.93 

 

105.22 

 PHS * 1.61 9.68 23.36 

Total Storage * 5.64 47.61 128.58 

S2 

Coal 114.71 42.93 116.73 50.31 103.21 9.82 

Natural Gas† 123.12 337.19 135.40 127.53 126.43 58.30 

Natural Gas with CCUS - - 0.52 - 2.08 - 

Natural Gas + H2 25.71 202.08 55.85 362.64 87.31 355.04 

Diesel & Oil Products 19.96 - 17.31 - 11.63 - 

Hydropower 68.02 449.79 93.27 551.38 123.78 675.56 

Small Hydro 2.30 12.42 2.86 14.02 2.86 14.02 

Mini Hydro 0.03 0.30 0.03 0.30 0.03 0.30 

Solar PV 55.10 91.98 177.01 237.20 358.93 438.75 

Concentrated Solar 9.56 13.76 94.53 136.03 234.74 337.78 

Solar and BESS 0.02 0.18 0.16 1.40 0.56 4.91 

Onshore Wind 4.07 15.25 17.28 68.13 126.55 498.86 

Offshore Wind 24.16 29.88 58.62 65.41 120.38 128.06 

Biomass 9.19 38.59 24.73 49.14 64.11 148.41 

Biogas 1.40 10.84 1.88 8.37 2.54 6.57 

Waste-to-Energy 2.32 11.51 3.37 12.32 3.93 14.80 

Geothermal 5.63 34.51 8.89 51.07 8.32 47.11 

Nuclear 0.80 2.93 8.80 18.92 17.05 33.12 

Hydrogen 28.07 172.13 53.83 325.62 130.94 794.34 

Total Domestic Generation 494.18 1,466.27 871.08 2,079.77 1,525.38 3,565.76 

BESS * 4.42 

 

38.60 

 

108.03 

 PHS * 1.61 9.68 23.36 

Total Storage * 6.04 48.28 131.39 

† Both open cycle and close cycle gas turbine are included  

* Storage technologies generate no electricity of and on their own, hence omitted from reporting 
  Electricity imported as simulation from neighbouring countries according to individual national power  

   development policies without transmission optimisation 

Note on model validation: By 2050, total installed capacity (including storage and imports) for S1 (1,630.48 GW) and S2 

(1,656.63 GW) marginally exceeds the upper bound of the 8th ASEAN Energy Outlook (AEO8) range (817–1,586 GW) by 

2.8% and 4.5%, respectively. Meanwhile, total generation for S1 (3,417.7 TWh) and S2 (3,565.76 TWh) aligns closely 

within the AEO8 projected range of 2,768.9–3,528.1 TWh. Consequently, the model's baseline trajectories are robustly 

validated within a ±𝟓% margin against AEO8 benchmarks. 
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Table 7: ASEAN Endogenous Power Mix Comparison (2026–2050): Optimised generation without (S3) and 

with (S3+) fossil fuels ban under optimised APG transmission 

Scenarios Generations 

2026 2035 2050 

Capacity 

(GW) 

Generation 

(TWh) 

Capacity 

(GW) 

Generation 

(TWh) 

Capacity 

(GW) 

Generation 

(TWh) 

S3 

Coal 26.28 9.54 - - - - 

Natural Gas† 177.36 1,102.35 228.75 1,121.05 250.81 679.20 

Natural Gas with CCUS 2.66 18.73 5.12 39.06 7.02 32.92 

Natural Gas + H2 3.74 27.10 7.63 56.93 12.26 71.48 

Diesel & Oil Products 14.52 - 7.28 - 6.94 - 

Hydropower 24.15 182.65 - - - - 

Small Hydro 0.56 2.68 - - - - 

Mini Hydro 0.02 0.16 - - - - 

Solar PV 20.08 63.35 119.63 404.17 379.12 876.29 

Concentrated Solar - - 1.04 1.73 2.00 2.95 

Solar and BESS 0.55 4.81 3.25 28.47 18.80 138.70 

Onshore Wind 0.13 0.51 - - - - 

Offshore Wind 1.36 2.48 1.56 5.14 1.20 4.46 

Biomass 2.60 15.01 1.04 7.32 18.75 145.84 

Biogas 0.10 0.81 0.73 5.90 12.18 93.72 

Waste-to-Energy 0.45 2.73 0.67 4.09 2.85 17.49 

Geothermal 2.74 16.79 0.40 2.45 0.40 2.45 

Nuclear - - - - - - 

Hydrogen 2.27 15.16 64.18 393.60 253.82 1,481.89 

Total Domestic Generation 279.55 1,464.86 441.29 2,069.91 966.16 3,547.42 

BESS * 0.22 
 

 

27.36 
 

 

31.27 
 

 
PHS * 4.90 10.18 14.69 

Total Storage * 5.12 37.54 45.96 

S3+ 

Coal 26.28 57.39 - - - - 

Natural Gas† 93.26 539.21 64.88 204.53 - - 

Natural Gas with CCUS 0.76 5.37 0.76 3.82 - - 

Natural Gas + H2 0.98 6.75 0.98 5.45 - - 

Diesel & Oil Products 16.40 - 10.59 - - - 

Hydropower 62.25 510.38 52.04 446.77 52.04 446.77 

Small Hydro 5.82 48.04 12.28 105.85 12.28 105.85 

Mini Hydro 1.31 11.44 2.74 23.91 2.74 23.91 

Solar PV 28.73 78.66 127.60 409.02 329.02 683.34 

Concentrated Solar - - 2.60 4.32 5.00 8.29 

Solar and BESS 1.25 10.94 6.94 60.83 29.87 223.30 

Onshore Wind 0.13 0.51 - - - - 

Offshore Wind 7.55 14.23 24.12 47.99 51.02 99.09 

Biomass 11.31 70.98 34.28 182.44 67.87 300.12 

Biogas 0.10 0.81 5.56 44.89 12.31 81.65 

Waste-to-Energy 1.61 9.88 3.57 21.90 7.25 25.76 

Geothermal 10.01 61.40 22.32 136.84 53.73 329.12 

Nuclear - - - - - - 

Hydrogen 6.92 43.63 61.95 373.34 218.07 1,288.30 

Total Domestic Generation 274.67 1,469.62 433.22 2,071.91 841.19 3,615.51 

BESS * 12.50 

 

38.68 

 

108.97 

 PHS * 9.34 27.91 36.50 

Total Storage * 21.84 66.60 145.47 

† Both open cycle and close cycle gas turbine are included  

* Storage technologies generate no electricity of and on their own, hence omitted from reporting 

Note on scenario alignment (S3 and S3+): Although AEO8 does not model full generation-storage-transmission co-

optimisation or deep decarbonisation, the 2050 installed capacities for S3 (1,012.12 GW) and S3+ (986.66 GW) fall well  

within the AEO8 projected range of 817–1,586 GW. With active co-optimisation, S3 generation (3,547.42 TWh) aligns 

closely with official regional forecasts. Under S3+, total generation (3,615.51 TWh) marginally exceeds the AEO8 upper 

bound by 2.4%. This minor variance is driven by the physical energy conversion losses inherent in a zero-fossil grid—

specifically storage round-trip efficiency losses, long-distance transmission wheeling, and reserve headroom required to 

balance variable renewable energy.  
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Conversely, under the frictionless technical optimum of S3, the operational role of natural gas 

shifts from a localised backup to a regional anchor, expanding to 250 GW of capacity and 679 TWh 

of generation by 2050. This yields a regional capacity factor of approximately 31%, proving that 

when transboundary transmission corridors are endogenously optimised, natural gas transitions 

from a blunt, localised baseload fuel into the region’s primary flexibility mechanism. This finding 

indicates that in a unified market lacking an explicit carbon penalty, natural gas remains the most 

economically attractive tool for cross-border grid balancing. Moving the region entirely away from 

gas requires aggressive, targeted policy interventions—such as the absolute fossil-fuel ban 

modelled in S3+—or a robust regional carbon pricing architecture. 

Regarding coal infrastructure, the S1 pathway keeps capacity relatively stable, shifting marginally 

from 113 GW in 2026 to 102 GW in 2050. However, higher renewable penetration by 2050 forces 

a 40% drop in coal generation as these units are displaced in the daily dispatch order. Crucially, 

the S3 pathway demonstrates that pure market-driven least-cost optimisation can endogenously 

achieve a complete phase-out for coal capacity by 2050, as legacy coal becomes fundamentally 

uncompetitive against the optimised regional renewable and natural gas mix. 

The “Baseload Shift” Under Deep Decarbonisation (S3+) 

The S3+ data confirms that an entirely fossil-free ASEAN grid requires a fundamental structural 

shift, relying on three distinct, high-capacity technological pillars to replace retired coal and natural 

gas infrastructure.  

• Pillar 1—The clean dispatchable backbone (hydrogen-ready thermal): Operating as the 

single largest generation component in the 2050 decarbonised grid, hydrogen-fired units 

provide 1,288 TWh, or approximately 35% of total regional generation. As the framework 

treats hydrogen as an externally procured fuel commodity rather than an endogenous 

power-to-gas storage cycle, this massive footprint functions as an open-loop balancing 

mechanism. By substituting traditional fossil fuels with hydrogen at the plant gate, the 

system establishes a highly flexible, zero-emissions alternative to conventional gas-fired 

balancing during extended low-renewable periods. 

• Crucially, this open-loop assumption introduces a significant economic blind spot regarding 

systemic infrastructure costs. While the model accounts for the commodity price of 

hydrogen at the generator gate, it does not internalise the immense capital expenditure 

required for regional hydrogen production, bulk storage, and transport infrastructure. 

International benchmarks—such as the UK’s extensive assessments on retrofitting national 

gas networks for hydrogen transmission [33, 34]—demonstrate that while blending or 

retrofitting existing pipelines is more cost-effective than building entirely new networks, it 

requires substantial capital. For ASEAN, deploying a 253 GW hydrogen stack would 

demand unprecedented capital investments in transboundary pipelines, port terminals, 

and localised storage facilities. Consequently, the stated economic costs of the S3+ 

pathway must be interpreted as a conservative baseline that severely understates the true, 

total system cost of a total fossil ban. 

• Pillar 2—The “natural firm” base (hydropower & geothermal): To anchor grid frequency and 

handle baseline demand, the system maximises available non-weather-dependent 

renewables. Together, hydropower and geothermal deliver a combined 775 TWh of 

constant, non-intermittent baseload supply across the regional footprint. 

• Pillar 3—The integrated solar core (dispatchable storage and variable layers): The final pillar 

restructures solar energy into a dual-layered resource. The first layer consists of 

dispatchable solar storage suite—comprising concentrated solar power (CSP) and solar-

BESS hybrids—which functions as a highly reliable clean baseload. As these technologies 

feature integral energy storage, they decouple generation from instantaneous solar 

irradiance, providing steady, controllable power injection and essential grid ancillary 

services long after sunset. 
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The second layer consists of raw, weather-dependent utility-scale solar PV. As this specific layer is 

highly variable and subject to sharp daylight peaks, its successful integration and systemic viability 

remain entirely contingent on the concurrent expansion of the high-capacity APG transmission 

corridors to smooth out spatial imbalances across borders. 

5.1.3 Firm Anchors and Alternative Archetypes 

Biomass as Clean Grid Anchor: Displacing External Fuel Dependencies 

Biomass maintains a substantial and expanding role across all evaluated pathways, with capacity 

scaling from 58 GW under the isolated S1 baseline to 67 GW within the near-zero carbon S3+ 

configuration by 2050. Notably, while total regional capacity increases by a modest 15%, actual 

generation expands by 173%, rising from 53 TWh under S1 to 145TWh under S3+. This utilisation 

surge delivers a critical systemic insight: in a system entirely devoid of fossil fuels, bioenergy 

transitions from a low-utility reserve margin resource in S1 (operating at a ~10% capacity factor) 

into a vital mid-merit stabiliser in S3+ (operating at ~25% capacity factor) to guarantee grid 

reliability during prolonged low-renewable (dunkelflaute) periods.  

Driven by cost-minimisation, the optimisation engine dispatches biomass to its technical limits as 

a direct, lower-cost alternative to expensive hydrogen fuel imports. This mathematical allocation 

highlights a profound policy reality: maximising regional bioenergy naturally shields the grid from 

the severe economic vulnerabilities inherent to an unconstrained dependency on external 

hydrogen markets. 

Crucially, as solid biomass can be refined into highly tradable commodities—such as densified 

wood pellets or processed agricultural residues—this fuel does not have to be generated and 

consumed strictly in geographic isolation. Instead, the model’s clustering of biomass infrastructure 

near massive agricultural waste streams in Indonesia, Vietnam, and Malaysia (  

Table 8) reflects an optimised spatial compromise. The architecture balances the economics of 

transboundary physical fuel logistics (such as maritime shipping of wood pellets) against the 

economics of transboundary transmission lines (exporting firmed bio-electrons directly to high-

demand urban load centres).  

Table 8: Top 3 National Biomass Capacities (GW) Across the Planning Horizon under the S3+ Pathway 

Rank 2026 2035 2050 

1 Vietnam 5.5 GW Vietnam 17.7 GW Indonesia 31.1 GW 

2 Philippines 2.7 GW Indonesia 8.8 GW Vietnam 17.7 GW 

3 Myanmar 1.2 GW Philippines 4.3 GW Malaysia 8.1 GW 

 
While this macro-scale optimisation underscores bioenergy's grid-balancing benefits, real-world 

execution faces strict ecological limits. Although explicit land-use change and biodiversity impacts 

fall outside this model's scope, scaling biomass via dedicated energy crops risks severe land 

competition and habitat loss. To capture these grid benefits sustainably, regional policy should 

prioritise forestry and agricultural residues—utilising a bio-refinery approach—backed by 

harmonised sustainability certifications. 

Firm Renewables and the Nuclear Alternative 

Under the absolute fossil-fuel phase-out modelled in S3+, the system relies heavily on the natural 

firm baseload of hydropower (446 TWh) and geothermal (329 TWh) in 2050, supplemented by 

hydrogen-fired generation. Notably, while the isolated S1 baseline forces the construction of 17 

GW of nuclear capacity to guarantee national energy security, the optimised S3 and S3+ pathways 

omit nuclear power entirely. This outcome indicates that with deep regional cooperation, extensive 

cross-border transmission corridors, and access to an external hydrogen fuel market are 

established concurrently, nuclear power ceases to be an absolute prerequisite for achieving 

ASEAN's deep decarbonisation targets. 
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5.1.4 Dynamic Flexibility and System Balancing 

The Competition between Storage and Interconnection 

The modelling data reveals a stark inverse relationship between transboundary interconnection 

capacity and localised energy storage requirements. Under the geographically isolated S1 baseline, 

the framework is forced to deploy a substantial128 GW of stationary storage capacity—comprising 

utility-scale battery energy storage systems (BESS) and pumped hydro storage (PHS)—to manage 

high localised resource variability. In sharp contrast, the unconstrainted transmission architecture 

of the S3 pathway reduces this localised storage requirement to just 45 GW. This divergence 

empirically confirms that transboundary transmission infrastructure functions a highly effective 

substitute for capital-intensive storage assets; optimising power flows across international borders 

is structurally more cost-effective than storing electrons in localised battery arrays. 

Hydrogen Capacity as a Proxy for Long-Duration Flexibility 

A pivotal paradigm shift occurs in the optimised pathways as hydrogen-ready thermal generation 

transitions from a marginal capacity reserve in S1 (17 GW) to a dominant operational footprint 

under S3 (253 GW). In the absolute absence of legacy fossil fuels (S3+), these assets inject 1,288 

TWh of bulk energy into the grid. 

While Section 5.1.2 detailed the supply-side role of this hydrogen fleet, its structural behaviour 

reveals a deeper systemic reality: under strict zero-fossil constraints, the regional grid 

endogenously demands a massive volume of clean, non-intermittent firming capacity to bridge the 

deep temporal gaps left by variable solar cascades during evening peaks and extended weather-

induced low-generation periods. As the current modelling iteration treats hydrogen as an externally 

purchased fuel commodity rather than an endogenous, closed-loop power-to-gas storage cycle, this 

massive footprint operates as an open-loop balancing mechanism. 

Allowing the model unconstrained access to a theoretical external fuel market is a deliberate 

methodological choice rather than an oversight. By doing so, the framework exposes the true, 

unvarnished scale of the region’s latent flexibility deficit—undiluted by artificial technology caps. 

The 253 GW hydrogen stack functions as a mathematical proxy for ASEAN’s acute deficit in long-

duration, multi-day energy storage. This underscores a critical policy takeaway: while transmission 

interconnectors are highly efficient at smoothing out spatial variations in renewable generation 

across borders, the ASEAN Power Grid still fundamentally requires a massive, zero-carbon firming 

architecture to maintain systemic homeostasis over extended temporal imbalances. 

5.2 The ASEAN Backbone: Expansion of Transmission Corridors 

and Cross-Border Energy Flows 

Tables 10 through 13 provide a systematic quantitative evaluation of how the transboundary 

architecture of the ASEAN Power Grid (APG) evolves when transitioned from a policy-constrained 

roadmap (S2) to a technically optimised, fully integrated regional network (S3 and S3+). The key 

operational insights centre on a fundamental evolutionary shift: moving away from historical, rigid 

bilateral hub-and-spoke trading arrangements towards a highly dynamic, multi-directional regional 

power pool. 

To comprehensively unpack these complex spatial and financial dynamics, the analysis follows a 

strict three-part progression. Table 9 summarises this entire narrative arc, mapping the upcoming 

analytical phases directly to their core technical discoveries and strategic policy takeaways.  
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Table 9: Section 5.2 Structural Architecture—the Spatial and Capital Optimisation Arc 

Analytical Phase 
Sub-Section 

Focus 
Core Technical Discovery Strategic Policy Takeaway 

1. The Macro 

Transboundary 

Scale 

5.2.1 

Unconstrained market optimisation (𝑆3) 

moves half the cumulative energy of the 

policy roadmap ( 𝑆2 ) while supporting 

the same regional load, minimising 

“miles travelled” for electrons. 

Rigid bilateral "take-or-pay" 

mandates force severe operational 

grid inefficiencies and sub-optimal 

power routing. 

2. Spatial 

Topology & 

Regional 

Corridors 

5.2.2 

The grid pivot transforms Lao PDR into 

a multi-directional regional stabiliser, 

establishes Thailand and Cambodia as 

primary central clearinghouses, and 

activates a 7.1 GW Sabah–Philippines 

maritime gateway. 

Regional planning must shift away 

from capital-intensive, prestigious 

subsea lines in favour of high-

capacity terrestrial arteries. 

3. Infrastructural 

Capital & 

Investment 

Profiles 

5.2.3 

Fragmented, reactive planning forces a 

massive 15,512 MW construction 

bottleneck in the year 2040 ( 𝑆2 ), 

whereas unconstrained optimisation 

(𝑆3 ) organically smooths capital step-

ups over decades. 

Delaying grid integration creates 

acute capital shocks and supply 

chain bottlenecks; deep 

decarbonisation ( 𝑆3 + ) requires 

massive, early structural spillways to 

handle renewable daylight 

cascades. 
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Table 10: Comparison of capacities of APG transmission lines (2026-2050) across different scenarios (Unit: MW) 

Transmission Line 
S2 S3 S3+ 

2026 2035 2050 2026 2035 2050 2026 2035 2050 

Laos — Myanmar 30 130 630 2,222 2,222 706 1,764 1,764 - 

Laos — Cambodia 300 300 325 - - - - - - 

Laos — Thailand 955 955 - 826 826 1,047 1,718 1,718 1,202 

Thailand — Myanmar - 365 1,262 546 3,334 3,171 549 2,258 2,002 

Thailand — Cambodia 250 250 1,065 342 476 1,370 630 2,882 6,606 

Laos — Vietnam - - 619 493 2,131 2,131 2,543 3,685 3,685 

Vietnam — Cambodia 200 200 1,153 108 1,093 1,093 629 4,289 4,289 

Peninsula Malaysia — Sarawak † - - 1,584 - - - - - - 

Thailand — Peninsula Malaysia 380 380 663 957 3,002 2,750 2,114 4,238 7,501 

Sabah — Philippines - - 194 1,051 1,051 7 7,109 7,109 4,696 

Sarawak — Sabah 50 50 175 - - - - - - 

Peninsula Malaysia — Singapore 520 520 520 136 136 45 1,757 1,757 1,942 

Peninsula Malaysia — Batam/Sumatera - 600 2,130 849 2,040 2,021 2,363 3,943 5,386 

Batam/Sumatera — Jawa/Bali - 2,574 9,900 - - - - - - 

Jawa/Bali — Kalimantan † - - 431 - - - - - - 

Kalimantan — Sulawesi/Papua - - 495 - - - - - - 

Sarawak — Kalimantan 228 228 594 - - - - - - 

Cambodia — Singapore - 990 990 - - - - - - 

Vietnam — Singapore - 1,188 1,188 - - - - - - 

Sarawak — Brunei - 30 100 38 38 23 293 293 38 

Sabah — Kalimantan - 174 174 - - - - - - 

Batam/Sumatera — Singapore - 4,950 4,950 248 559 680 1,239 1,239 1,239 

Total Capacity 2,912 13,883 29,141 7,816 16,908 15,043 22,707 35,173 38,585 

* Empty spaces indicate candidate lines are not built up till that year or retired 
†  Transmission direction is relaxed from AIMS III plan and set to flow bidirectionally 
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Table 11: Comparison of transmission of electricity of APG transmission lines (2026-2050) across different scenarios (Unit: TWh) 

Transmission Line 
S2 S3 S3+ 

2026 2035 2050 2026 2035 2050 2026 2035 2050 

Laos — Myanmar 0.26 1.14 5.52 16.22 2.91 0.14 11.47 1.03 - 

Laos — Cambodia 8.76E-6 2.63 2.85 - - - - - - 

Laos — Thailand 8.37 5.93 - 0.37 8.76E-6 8.76E-6 6.90 -3.3E-4 0.15 

Thailand — Myanmar - 3.09 10.72 0.96 20.29 16.08 -0.04 12.26 3.48 

Thailand — Cambodia 7.91E-6 1.86 7.53 -0.27 0.90 -0.73 -0.80 -1.11 -5.96 

Laos — Vietnam - - 8.49E-6 0.05 -0.25 -0.07 0.70 -0.01 -0.23 

Vietnam — Cambodia 8.14E-6 1.75 9.95 0.05 0.74 -0.44 -0.14 -0.53 -2.08 

Peninsula Malaysia — Sarawak † - - 8.76E-6 - - - - - - 

Thailand — Peninsula Malaysia 0.47 2.91 5.61 0.06 1.43 -0.10 -0.85 2.19 5.13 

Sabah — Philippines - - -1.12 -0.03 7.15E-4 3.11E-4 27.44 0.56 0.72 

Sarawak — Sabah 8.66E-6 8.65E-6 8.76E-6 - - - - - - 

Peninsula Malaysia — Singapore 8.54E-6 0.27 0.36 -0.03 -0.02 0.03 -3.58 0.01 2.65 

Peninsula Malaysia — Batam/Sumatera - -2.26 -11.71 -0.06 -0.03 -0.14 -0.63 3.02 3.45 

Batam/Sumatera — Jawa/Bali - 8.15E-6 8.76E-6 - - - - - - 

Jawa/Bali — Kalimantan † - - 8.76E-6 - - - - - - 

Kalimantan — Sulawesi/Papua - - 8.76E-6 - - - - - - 

Sarawak — Kalimantan 0.06 0.07 8.76E-6 - - - - - - 

Cambodia — Singapore - 8.03E-6 1.76 - - - - - - 

Vietnam — Singapore - 2.33 3.91 - - - - - - 

Sarawak — Brunei - -0.22 -0.88 -0.02 -0.03 3.87E-3 -0.84 -0.06 0.01 

Sabah — Kalimantan - -1.14 -1.30 - - - - - - 

Batam/Sumatera — Singapore - 5.44 17.84 0.02 -0.39 0.40 -0.65 -0.45 0.47 

Total Electricity Transmitted 9.16 31.04 81.05 18.12 26.99 18.12 54.03 21.23 24.32 

* Empty spaces (dashed) indicate candidate lines are not built up till that year or retired 
†  Transmission direction is relaxed from AIMS III plan and set to flow bidirectionally  
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Table 12: Comparison of cumulative transmission of electricity of APG transmission lines (2026-2050) across different scenarios (Unit: TWh) 

Transmission Line 
S2 S3 S3+ 

2026 2035 2050 2026 2035 2050 2026 2035 2050 

Laos — Myanmar 1.31 11.56 76.83 110.84 218.16 236.38 85.94 148.60 150.18 

Laos — Cambodia 1.39 17.29 72.06 - - - - - - 

Laos — Thailand 63.64 123.52 191.28 5.16 7.61 7.22 11.89 19.60 21.88 

Thailand — Myanmar - 17.08 138.46 2.37 75.43 361.80 2.00 48.80 142.31 

Thailand — Cambodia 5.53E-5 5.67 46.38 -1.35 -1.65 -8.68 -1.26 1.96 -53.18 

Laos — Vietnam - - 9.35E-5 0.25 2.81 -5.70 10.89 42.25 41.41 

Vietnam — Cambodia 6.10E-5 5.35 69.37 0.21 -0.29 -0.80 -1.25 -28.78 -53.97 

Peninsula Malaysia — Sarawak † - - 9.64E-5 - - - - - - 

Thailand — Peninsula Malaysia 0.19 19.26 119.56 0.80 4.52 14.20 3.77 8.92 37.97 

Sabah — Philippines - - -9.02 1.22 1.67 2.73 144.28 186.77 199.03 

Sarawak — Sabah 1.69E-5 9.41E-5 2.25E-4 - - - - - - 

Peninsula Malaysia — Singapore 6.83E-5 0.46 9.02 -1.10 -1.24 -1.09 -18.64 -27.50 -22.23 

Peninsula Malaysia — Batam/Sumatera - -12.83 -146.06 -1.87 -3.39 -7.88 -4.06 4.45 59.93 

Batam/Sumatera — Jawa/Bali - 4.20E-5 1.73E-4 - - - - - - 

Jawa/Bali — Kalimantan † - - 9.64E-5 - - - - - - 

Kalimantan — Sulawesi/Papua - - 9.56E-5 - - - - - - 

Sarawak — Kalimantan 2.63 3.09 4.09 - - - - - - 

Cambodia — Singapore - 8.03E-6 29.69 - - - - - - 

Vietnam — Singapore - 2.33 73.36 - - - - - - 

Sarawak — Brunei - -1.76 -12.27 -0.34 -0.58 -0.73 -5.47 -7.20 -7.22 

Sabah — Kalimantan - -3.84 -23.68 - - - - - - 

Batam/Sumatera — Singapore - 57.41 255.89 0.12 -0.69 2.27 -0.65 -7.64 -0.39 

Total Electricity Transmitted 69.17 281.45 1,277.02 125.61 318.04 649.49 290.11 532.47 789.71 

* Empty spaces (dashed) indicate candidate lines are not built up till that year or retired 
†  Transmission direction is relaxed from AIMS III plan and set to flow bidirectionally
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Table 13: Transmission direction in AIMS III plan vs transmission direction implemented in model  

Transmission Line AIMS III Transmission Direction Implemented Direction 

Laos — Myanmar Forward 

Laos — Cambodia Forward 

Laos — Thailand Bidirectional 

Thailand — Myanmar Bidirectional 

Thailand — Cambodia Forward 

Laos — Vietnam Forward 

Vietnam — Cambodia Forward 

Peninsula Malaysia — Sarawak Backward Bidirectional 

Thailand — Peninsula Malaysia Bidirectional 

Sabah — Philippines Bidirectional 

Sarawak — Sabah Forward 

Peninsula Malaysia — Singapore Forward 

Peninsula Malaysia — Batam/Sumatera Bidirectional 

Batam/Sumatera — Jawa/Bali Forward 

Jawa/Bali — Kalimantan Backward Bidirectional 

Kalimantan — Sulawesi/Papua Forward 

Sarawak — Kalimantan Forward 

Cambodia — Singapore Forward 

Vietnam — Singapore Forward 

Sarawak — Brunei Bidirectional 

Sabah — Kalimantan Bidirectional 

Batam/Sumatera — Singapore Forward 

 

5.2.1 The Macro Transboundary Scale 

Massive Expansion of Interconnection Capacity 

The infrastructure expansion required under a regional optimisation paradigm is highly significant 

(Table 11). The total cross-border APG capacity endogenously selected by the model within the S3+ 

pathway reaches 38.5 GW in 2050, representing a dramatic 13-fold increase over the S2 baseline 

of 2.9 GW in 2026. Crucially, the full decarbonisation (S3+) pathway demands the highest total 

capacity across all modelled multi-decadal planning periods. This aggressive deployment timeline 

indicates that massive, high-capacity regional grid interconnection is a technical prerequisite for a 

near zero emissions power sector across the ASEAN footprint. 

Grid Infrastructure Efficiency: Transmitting More with Less (S2 vs. S3) 

A counterintuitive structural dynamic emerges when comparing the long-term operational 

performance of the S2 and S3 pathways (Table 12). Under the policy guided S2 framework, the 

grid transmits a cumulative total of 1,277 TWh across borders by 2050. In stark contrast, the 

endogenously optimised S3 architecture transmits only 649 TWh cumulatively over the same multi-

decadal horizon.  

Remarkably, the S3 pathway transmits roughly half the cumulative cross-border energy of S2, yet 

supports nearly identical total regional power generation volumes (3547 TWh in S3 versus 3565 

TWh in S2). This divergence empirically proves that rigid, policy-driven mandates—such as locked-

in, long-term bilaterial “take-or-pay” cross-border hydropower contracts—frequently force sub-

optimal power flows, systemic transmission losses, and artificial grid wheeling charges. Conversely, 
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pure market-driven optimisation (S3) minimises the “miles travelled” for electrons by strategically 

locating new generation assets closer to high-density load centre and engaging transboundary 

transmission corridors only when technically essential for balancing instantaneous resource 

availability.  

5.2.2 Spatial Topology and Regional Corridors 

Lao PDR: From “Battery of ASEAN” to “Regional Synchroniser” 

The spatial data reveals a reallocation of regional renewable resources when moving away from 

rigid bilaterial arrangements (Table 12). Under the S2 policy roadmap, Lao PDR operates strictly 

as a massive, net exporter to Thailand, sending a cumulative 191 TWh across the border by 2050. 

However, within the optimised S3+ pathway, this specific flow collapses to just 21 TWh.  

This dramatic shift demonstrates that in a fully unified market, Laotian hydropower is no longer 

dumped sub-optimally into Thai gird; instead, it is redistributed more surgically toward the high-

demand markets of Vietnam and Myanmar. Backed by an endogenous, six-fold capacity expansion 

of the Lao PDR—Vietnam interconnection line to 3.6 GW in S3+ (Table 10), Lao PDR evolves from 

a largely dedicated single-buyer power plant for Thailand into a diversified regional supplier and 

stabiliser.  

The Rise of the “Middle Corridors” and the “Strategic Sleeper” 

The optimised pathways identify specific transboundary corridors that serve as the structural 

backbone of regional stability, revealing a critical divergence between current policy ambitions and 

technical efficiency. While the policy-led S2 scenario prioritises high-prestige, long-distance 

undersea cables designed to serve high value load centres like Singapore, the S3 and S3+ models 

identify these capital-intensive maritime projects as economically sub-optimal.  

Instead, the most cost-effective path to a near-zero emissions grid relies on reinforcing land-based 

“Middle Corridors” through Thailand, Malaysia, and Cambodia, alongside the targeted opening of 

the Sabah—Philippines renewable gateway. By bypassing expensive maritime lines in favour of 

these high-capacity terrestrial corridors, ASEAN can achieve deeper integration at a far lower 

capital expenditure. This implies that current policy-driven undersea projects carry an acute 

infrastructure stranding risk if they fail to align with the technical realities of a highly bi-directional 

regional market. 

Consequently, the most significant shift under regional optimisation is the emergence of Thailand 

and Cambodia as the central clearinghouses for ASEAN power. The Thailand—Peninsula Malaysia 

link becomes a primary artery in S3+, scaling to 7.5 GW by 2050 and solidifying its status as the 

most critical land-based connection in the region. Similarly, Thailand’s interconnections with 

Myanmar and Cambodia expand to 3.1GW and 6.6 GW in S3 and S3+ respectively. Through these 

high-capacity links, Thailand effectively becomes the “Grand Central Station” of the APG, 

facilitating massive bulk power transfers across the mainland Southeast Asia. 

While the policy-led S2 scenario treats Cambodia as a simple power importer, the S3+ pathway 

reveals its structural pivot into a high-capacity transit hub and renewable energy exporter. The 

substantial negative flow toward Thailand (-53.18 TWh) in Table 12 indicates a long-term structural 

reversal: Cambodia becomes a significant exporter to Thailand in a decarbonised world, utilising 

its extensive domestic hydro and solar resources. This structural shift in regional energy dynamics 

is supported by the 2026 deployment of massive new infrastructure, including the commencement 

of a USD 1 billion hydropower station in Cambodia designed to bolster domestic renewable 

capacity as the geopolitical constraints restrict access to traditional fuels [35]. This expanded 

regional role is further reinforced by the Thailand—Cambodia and Vietnam—Cambodia lines, which 

grow to over 6 GW and 4 GW respectively by 2050, positioning Cambodia as a critical nexus for 

mainland energy flows. 

Additionally, the Sabah—Philippines link emerges as a critical “strategic sleeper” line. Minimally 

represented in S2, this corridor is endogenously projected to reach 7.1 GW by 2035 in the S3+ 
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pathway. This corridor proves essential for unlocking Borneo’s latent renewable potential, 

facilitating the transmission of surplus hydropower and solar derived energy directly to northern 

Philippine load centres, with cumulative transfers reaching 200 TWh by 2050. Ultimately, the data 

indicates that if ASEAN intends to construct an economically optimal grid, regional planning bodies 

must shift focus away from prestigious undersea lines and aggressively invest in reinforcing these 

land-based arteries and targeted maritime gateways. 

The Southern Anchor and Singapore’s Diversification 

While the model bypasses several undersea candidates, it aggressively doubles down on the 

Peninsula Malaysia—Batam/Sumatera link, expanding it to over 5.3 GW under the S3+ pathway 

(Table 11). Instead of Sumatera operating merely to feed Singapore, it becomes fully integrated 

with Peninsula Malaysia. This configuration allows the extensive geothermal and solar resources 

of the Indonesian archipelago to stabilise and anchor the entire southern grid footprint. 

This deep integration directly enhances Singapore’s energy security through structural 

diversification. In S2, Singapore relies heavily on rigid, direct connection to Batam/Sumatera for 

255 TWh of cumulative imports by 2050. Within the S3+ pathway, this lopsided dependency 

vanishes (shifting to a negligible -0.39 TWh net flow) as Singapore integrates more deeply with the 

broader Peninsular Malaysia line (-22.23 TWh). By prioritising high-capacity land-based links via 

Malaysia over the expensive undersea cables from Cambodia and Vietnam favoured in the S2 

policy plan, Singapore transitions into a highly dynamic, high-frequency balancing hub. This allows 

it to import or export stored energy via localised BESS or hydrogen during regional outages, 

securing a structural “geopolitical shield” through multi-directional grid integration.  

Table 14 synthesises the fundamental shift in strategic logic as the region transitions from a policy-

constrained roadmap to a technically optimised regional power pool.  

Table 14: Comparison of Strategic Transmission Logic Between the S2 and S3+ Pathways 

Operational Feature S2: Policy-Driven Roadmap 
S3+: Optimised Integration  

(Near Zero Emissions) 

Primary Grid Hub Lao PDR (exporter-centric) Thailand (network-centric clearinghouse) 

Transmission Strategy 
Long-distance, single-buyer undersea 

cables 
High-capacity, land-based corridors 

Cross-Border Flow Pattern 
Unidirectional  

(producer Ąconsumer) 

Highly bidirectional  

(dynamic grid balancing) 

Key “New” Corridors 
Vietnam-Singapore 

Cambodia-Singapore 

Sabah-Philippines 

Batam/Sumatera-Peninsula Malaysia 

Core Optimisation Goal 
Fulfilling historical bilateral trade 

agreements 

Minimising long term, system-wide 

capital costs 

 

5.2.3 Infrastructural Capital and Investment Profiles 

The Paradox of S2: The 2040 Capital Shock 

An analysis of the transmission expansion trajectories under the policy-bound S2 pathway (Figure 

4) exposes a highly suboptimal capital investment timeline. While the S2 architecture eventually 

constructs a cumulative total of 31,906 MW of transboundary capacity by 2050, the pathway 

suffers from immense temporal stagnation, followed by a massive capital shock in 2040. During 

the initial stagnation window (2020–2029), Member States remain constrained by fragmented, 

legacy bilateral policy mechanisms; consequently, the S2 configuration yields virtually zero 

meaningful cross-border grid expansion for a decade. 

Critically, in the year 2040 alone, the S2 framework forces a highly concentrated, pan-regional 

capacity deployment of 15,512 MW—accounting for nearly 50% of the scenario’s entire multi-

decadal grid additions. This sudden surge across 15 distinct transboundary links simultaneously, 

headlined by the Batam/Sumatera—Jawa/Bali link (6,421 MW) and the Peninsula Malaysia—
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Sarawak maritime link (1,584 MW). This counterintuitive dynamic reveals that under an 

uncoordinated, reactive policy framework, the region delays critical capital deployment until 

individual national grids hit a hard structural breaking point, endogenously precipitating severe 

supply chain bottlenecks, labour constraints, and acute financial stress. 

S3: Efficient Optimisation and Capital Smoothing  

In stark contrast, the regional technical optimum of the S3 pathway demonstrates the true 

economic value of a top-level, unconstrained design. The spatial optimisation engine (Figure 5) 

restricts the total transmission footprint to the lowest volume of all evaluated configurations—

totalling just 19,021 MW by mid-century. This highly streamlined asset deployment yields two 

distinct structural dividends: 

• The technical efficiency dividend: By mathematically neutralising sovereign border 

constraints, the capacity expansion model leverages regional resource complementarity to 

smooth out coincident peak demands. The regional architecture avoids the systemic 

requirement to overbuild physical infrastructure because the existing capacity is utilised 

optimally across diverse time zones and meteorological conditions. 

• The capital smoothing dividend: Instead of imposing a single, high-risk construction 

bottleneck, the S3 pathway distributes transmission capacity additions iteratively and 

organically over the multi-decadal horizon, capturing targeted capacity step-ups in 2019, 

2025, 2030, and 2050. By evaluating the entire regional footprint as an interconnected 

entity from day one, the model minimises physical over-investment while maximising 

energy transport efficiency. 

S3+: Exploding Wires to Tame the Zero-Fossil “Flood” 

When the framework transitions to the zero-fossil S3+ pathway, the cross-border infrastructure 

requirement undergoes a massive structural expansion, scaling aggressively to a total of 44,273 

MW—nearly 2.3 times the total capacity required under S3. To maintain grid stability without a 

fossil-fuel baseload anchor, individual national systems can no longer rely on localised reserves. 

Instead, the grid must rapidly construct transboundary conduits to smooth out and transmit highly 

variable solar and wind cascades across vast geographic distances.  

As illustrated in Figure 6, this technical necessity forces substantial early capacity deployment in 

the 2019–2025 window, a major 7,087 MW synchronisation surge in 2030 (perfectly mirroring 

international commitments to triple renewable capacities), and a final mid-century balancing push 

of 6,912 MW in 2050. This late-stage expansion is centred tightly around major arterial nodes: 

• Thailand—Peninsula Malaysia: adding 3,634 MW in 2050 to reach a total corridor capacity 

of 7,872 MW 

• Thailand—Cambodia: adding 2,729 MW in 2050 to reach a total corridor capacity of 6,719 

MW 

Under the deep decarbonisation parameters of S3+, physical cross-border zoning becomes the 

ultimate lifeline for grid homeostasis. The massive transmission capacities added to the Thailand—

Peninsula Malaysia and Thailand—Cambodia corridors serve as heavy-duty transboundary 

structural spillways. These high-capacity conduits are essential to channel the massive cascades 

of excess continental renewable generation down to high-demand maritime hubs during daylight 

surges, structurally taming the volatile renewable flood.
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Figure 4: Transmission Line Buildout and Operational Profile under S2 (2019–2050). 

Each continuous horizontal line traces the operational lifetime of a specific grid link from its initial commissioning through the end of the planning horizon. The 

continuation of a line denotes active grid maintenance and asset operation. Bubble markers indicate the exact years of capacity expansion, where the bubble area 

scales proportionally with the incremental installed capacity (MW). Consequently, the visible capacity size increases quadratically relative to the bubble radius. 
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Figure 5: S3 Transmission Line Buildout and Operational Profile Under S3 (2019–2050). 

To facilitate direct cross-scenario comparisons, labels for all potential grid links are retained in this view, including those that receive no capacity allocations under 

the S3 optimization parameters. 
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Figure 6: Transmission Line Buildout and Operational Profile (2019–2050)  

Under S3+. While some lines are not built under S3+, we continue to retain its label here for easier comparison against other figures. 
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5.3 Decarbonisation Trajectories: Mapping the Path to Near-Zero 

Emissions 

Figure 7 illustrates the stark long-term divergences in regional greenhouse gas (GHG) emissions 

pathways when moving from fragmented national isolation to deeply integrated regional energy 

architectures.   

 

Figure 7: Greenhouse Gas Emissions Trajectories for All Scenarios (2000 – 2050) (Unit: TgCO2e) 

Methodological note on trajectory divergence (2018–2020): The sharp emission drop observed 

immediately following the 2018 baseline calibration reflects the capacity expansion model’s unconstrained 

overnight optimisation behaviour when transitioning from historical data constraints to optimised strict 

policy parameters (S2, S3, S3+). Rather than representing a literal historical timeline, this sudden 

inflection point illustrates the immediate mathematical clearing of operational inefficiencies and sub-

optimal dispatch metrics once regional optimisation parameters are fully activated. 

The Carbon Penalty of National Sovereignty (S1) 

The isolated S1 pathway represents the baseline trajectory of uncoordinated national 

decarbonisation without expanded transboundary interconnection. Under this configuration, 

emissions peak around the 2025–2030 window and subsequently plateau at approximately 700 

TgCO2e through 2050. This trend empirically reinforces earlier operational observations: without 

the balancing mechanisms of the APG, individual countries are forced to maintain significant coal 

and gas capacities to guarantee domestic reliability, locking the region into a carbon-intensive 

“sovereignty trap.” 

The Efficiency of Moderate Interconnection (S2) 

The policy-bound S2 pathway reflects the structural integration limits of the current AIMS III policy 

roadmap. Following its departure from historical data benchmarks during the initial optimisation 

window, the S2 emission trajectory maintains a steady multi-decadal decline, contracting 

approximately 140 TgCO2e by 2050. This long-term contraction confirms that even a moderate 

degree of regional cooperation, as outlined in existing institutional masterplans, significantly 

outperforms national isolation in reducing the regional carbon footprint. 
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The Paradox of S3: Technical vs. Environmental Optimum 

The unconstrained S3 pathway represents a fully integrated regional market devoid of explicit fossil 

fuel bans or carbon pricing mechanisms. Counterintuitively, the S3 architecture yields higher 

absolute emissions than the policy-constrained S2 pathway the majority of the planning horizon, 

finishing at roughly 330 TgCO2e in 2050. This divergence validates a critical market dynamic: left 

to pure economic optimisation, the model prioritises least-cost generation. As natural gas remains 

highly competitive in a unified market lacking external penalties, the engine endogenously expands 

gas capacity and dispatches it far more aggressively than under the rigid parameters of S2. This 

finding proves that cross-border market integration alone is not an implicit decarbonisation 

strategy; it requires a parallel policy lever—such as a robust carbon price or an absolute fossil 

phase-out—to force emissions down to zero. 

S3+: The Full Decarbonisation “Stress Test” 

The S3+ pathway models a mandatory regional fossil fuel phase-out by mid-century. It represents 

the only analysed trajectory that successfully achieves reaches near-zero emissions (~5 TgCO2e) 

by 2050. The pathway displays a sharp structural divergence from the S3 baseline around 2023, 

plummeting toward 100 TgCO2e by 2030 as legacy fossil assets are rapidly retired. This 

precipitous drop (Figure 7) provides the environmental justification for the massive hydrogen, 

geothermal and terrestrial transmission infrastructure investments required under the S3+ 

pathway. It indicates that to achieve true net-zero targets, the regional energy landscape must 

undergo a radical structural transition between 2023 and 2030 that far exceeds current policy 

ambitions. 

Emissions vs. Infrastructure Alignment 

Table 15 synthesises the structural relationship between driving optimisation logic and long-term 

environmental outcomes by 2050. The wide emission variance between S3 and S3+ highlights a 

critical policy gap: even with a highly efficient, fully integrated regional grid, ASEAN will still emit 

more than twice the carbon volume of a fragmented policy pathway (S2) unless it explicitly 

implements targeted fossil restrictions or an integrated regional carbon pricing architecture.  

Table 15: Comparative Matrix of Emissions and Infrastructure Driving Logic by 2050 

Pathway 

Configuration 
2050 Regional Emission Level, CO2e Core Operational Driving Logic 

S1 High (~700 Tg) 
Geographically isolated national self-sufficiency; reliance on 

local fossil fuel fleets to secure domestic reserve margins. 

S2 Medium-lower (~140 Tg) 
Policy-guided emission targets combined with targeted, 

roadmap-capped cross-border power sharing 

S3 Medium (~330 Tg) 
Pure regional economic efficiency; natural gas remains 

highly competitive for balancing cross-border load profiles 

S3+ Near-zero (~5 Tg) 
Mandatory, legally binding fossil fuel phase-out coupled with 

an aggressive expansion of the high-capacity APG backbone 

5.4 Economic Fundamentals: Systemic Costs, Unit Production 

Rates, and Investment Requirements 

Evaluating the financial architecture of the ASEAN energy transition requires analysing two distinct 

techno-economic layers: localised power generation stacks (Section 5.4.1) and transboundary 

network transmission infrastructure (Section 5.4.2). Transitioning from isolated national portfolios 

to an optimised regional power pool shifts the ASEAN Power Grid away from volatile operational 

fuel expenditures toward long-term capital asset efficiency. 
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This macroeconomic transformation is driven by three core systemic indicators: 

• The capital-for-fuel substitution: Deep decarbonisation (S3+) requires a higher cumulative 

investment (USD 4.45 trillion) than the market-driven pathway (USD 3.64 trillion under S3), 

but it structurally eliminates regional exposure to escalating natural gas prices. The near-

zero marginal operating profile of established renewables endogenously decreases long-

term system unit costs. 

• Terrestrial optimisation: Both regionally integrated frameworks (S3 and S3+) reject capital-

intensive maritime links in favour of high-capacity terrestrial transmission arteries. The 

optimisation logic proves that moving electrons sequentially through land-linked 

neighbours maximises asset efficiency while avoiding the 4.5-fold capital premium 

required for deep subsea cables across the South China Sea. 

• The transmission infrastructure discount: Across all optimised configurations, the 

annualised fiscal burden of cross-border grid infrastructure represents a modest fraction 

(≈ 2.8% ) of the single-year snapshot generation budget. As physical transmission lines 

boast an extended 40-to-60-year operational lifespan, they serve as a durable capital 

anchor that yields long-term asset longevity benefits for the entire regional ledger. 

The following subsections break down these economic fundamentals by isolating the unit costs of 

production from the network architectures. 

5.4.1 Electricity Production Cost 

A comparative evaluation of long-term power generation economics across the planning horizon 

challenges traditional least-cost optimisation assumption (Table 16). Most notably, the zero-fossil 

S3+ pathway achieves a lower long-term unit production cost (16.09 USD cents/kWh) than the 

market optimised S3 pathway (17.54 USD cents/kWh), despite operating under the restrictive 

boundary condition of an absolute fossil fuel ban. 

Table 16: Macroeconomic Evaluation of Regional Power System Pathways: Financial Outlays, Generation 

Cost Metrics, and Carbon Performance by 2050 

Scenarios 

Total Annual 

Production 

Cost of 

Electricity 

(2050) 

Regional 

Generation 

(2050) 

Unit Production 

Cost of 

Electricity 

 (2050) 

Carbon 

Intensity 

(2050) 

Cumulative 

Investment 

Cost 

(2026-2050) 

Cumulative 

Emissions 

(2026-2050) 

(billion USD) (TWh) 
(USD 

cent/kWh) 
(gCO2e/kWh) (trillion USD) (PgCO2e) 

S1 1,460.70 3,417.69 42.74 205.71 17.63 30.49 

S2 1,321.29 3,565.76 37.05 38.29 17.52 14.59 

S3 622.197 3,547.42 17.54 93.37 3.64 22.64 

S3+ 581.74 3,615.51 16.09 1.93 4.45 13.51 

Note: Monetary values are anchored in Real 2019 USD 

The Clean Baseload Fuel-to-Capital Shift 

Within the unconstrained S3 pathway, the optimisation engine remains free to select natural gas 

because it presents a lower immediate capital investment. However, the deep decarbonisation 

parameters of the S3+ pathway force an aggressive asset substitution toward high-capacity, non-

intermittent renewables (geothermal and hydropower) alongside a massive hydrogen-ready 

thermal fleet. 

While this structural shift drives a higher cumulative capital expenditure—scaling to USD 4.45 

trillion for S3+ compared to USD 3.64 trillion for S3—the domestic hydro and geothermal assets 

operate with near-zero marginal fuel costs once built. This extensive upfront capital expenditure 
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under S3+ is structurally offset by eliminating the severe commodity price volatility and cost 

escalation inherent to the regional natural gas fleet, where fuel inputs surge from USD 4.12-

54.43/MMBtu in 2030 to a highly punitive range of USD 9.87-66.40/MMBtu by 2050.  

The upper bounds of USD 54.43/MMBtu and USD 66.40/MMBtu are specifically fuel cost inputs 

modelled for Myanmar, capturing an endogenous sovereign risk and structural isolation premium 

driven by the compounding effects of domestic field depletion, high-capital Floating Storage and 

Regasification Units (FSRU) import infrastructure dependencies, and intense foreign exchange 

volatility. 

Consequently, the S3+ pathway successfully shifts regional operational risk away from exposed 

fossil fuel commodity spikes toward a highly predictable, cost-deflating energy regime. The system 

capitalises on a steep hydrogen technology learning curve that drives production costs down from 

USD 2.06/kg in 2030 to a competitive rate of USD 1.37/kg by 2050, locking in a long-term 

economic hedge for the regional power pool. 

Economies of Scale and the Structural Dividend of a Unified Grid 

While both the S3 and S3+ scenarios operate under the fully integrated regional market 

architecture—eliminating geopolitical friction and cross-border price bidding barriers—the strict 

zero-fossil mandate of S3+ compels the optimisation engine to leverage this structural integration 

far more aggressively. 

Expanding the APG transmission backbone to a robust 38.5 GW within the S3+ pathway acts as 

an infrastructural force multiplier. By stripping away fossil-fuel options, the system is forced to 

utilise the unified regional market to its physical limit, substituting localised peaking infrastructure 

or capital-intensive stationary storage arrays with dynamic transboundary trade. The architecture 

seamlessly moves low-marginal-cost renewable energy across international corridors. 

Conversely, the market-driven S3 pathway sub-optimises the regional network. As natural gas 

remains an un-penalised alternative, the S3 model routinely defaults to retaining localised gas 

assets active to handle immediate sub-regional reliability. By forcing a total fossil phase-out, S3+ 

breaks this path dependency, driving the system toward a highly streamlined, continent-scale 

technical optimum that ultimately lowers the long-term unit production cost to 16.09 USD 

cents/kWh. 

The Hydrogen Paradigm: Market Commodity vs. Structural Backbone  

Hydrogen emerges as the foundational dispatchable fuel in both optimised regional pathways, 

scaling to a massive 253 GW (1,481 TWh) under S3 and 218 GW (1,288 TWh) under S3+ by mid-

century. Within the zero-fossil framework of S3+, hydrogen functions as a vital open-loop balancing 

asset, functioning as a long-duration, high-capacity dispatchable fuel to provide zero carbon firm 

power during extended low-renewable periods. 

While the absolute volume of hydrogen power generation is higher in S3, its economic and 

structural impact is optimised differently within the S3+ paradigm. The operational and structural 

distinctions between these two pathways are detailed systematically in Table 17. 

Table 17: Structural Distinction of Hydrogen’s Operational Role Between the S3 and S3+ Pathways 

Operational Feature 
S3:  

Hydrogen as a Market Commodity 

S3+:  

Hydrogen as a Structural Backbone 

Grid Integration Role 
Economic substitute fuel utilised to 

compete opportunistically with gas 

The explicit structural “glue” maintaining 

homeostasis for a near zero emissions 

regional grid 

Systemic Resource 

Companion 

Co-exists alongside  

679 TWh of legacy fossil gas generation 

Pairs with  

775 TWh of firm hydro/geothermal 

Network Reliance 
Tied to a smaller  

15.0 GW regional transmission grid 

Enabled by a massive  

38.5 GW regional transmission backbone 
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In S3, the optimisation engine treats hydrogen as an unconstrained, market-driven substitute fuel 

to maintain a least-cost profile while leaving the legacy fossil scaffolding intact. Conversely, the 

S3+ pathway utilises less absolute hydrogen fuel, but embeds it as a true architectural foundation. 

By removing the fossil scaffolding entirely, the model forces the entire regional grid to adapt, 

combining targeted hydrogen fuel procurement with aggressive cross-border transmission 

expansions and domestic renewable storage suites to achieve systemic homeostasis. 

Methodological Boundaries of Production Costs 

The long-term unit production costs presented in this evaluation represent an optimised techno-

economic equilibrium and must be interpreted as a conservative baseline rather than a frictionless 

forecast. To maintain analytical transparency, policymakers must account for three critical 

systemic costs that sit outside the boundaries of this macroscopic capacity-expansion modelling 

iteration: 

• Exogenous infrastructure inflation: The figures assume mature technology learning curves 

by 2050 but do not internalise the immense, front-loaded capital expenditures required to 

construct regional hydrogen bulk storage caverns, dedicated transboundary pipelines, and 

maritime port terminal retrofits. In the near term, this infrastructure lag will likely trigger a 

transient inflationary cost spike before economies of scale are reached. 

• Ancillary and sub-second stability services: The macroscopic temporal slices utilised in 

long-range capacity expansion frameworks do not dynamically model the sub-second 

ancillary services required to maintain system equilibrium under extreme, zero-fossil 

conditions. As verified by the Global Energy Interconnection Development and Cooperation 

Organisation (GEIDCO) during the ASEAN Resilient Grid Capacity Building workshop 

focussing on pumped hydro storage in March 2025 [36], high variable renewable 

penetration causes a severe reduction in system inertia. To prevent catastrophic frequency 

deviations, substantial localised capital must still be sunk into fast frequency response 

(FFR) mechanisms—such as utility-scale battery arrays, synchronous condensers, and grid-

forming inverters. 

• Sovereign risk premiums: The model operates under the idealised assumption of zero 

geopolitical friction and perfect regional market clearing. In reality, varying national risk 

premiums, cross-border institutional friction, currency fluctuations, and localised 

transaction costs will introduce economic drag that will inevitably push real-world levelised 

costs higher than the mathematical optimum. 

5.4.2 Transmission Cost 

The core story with Table 18 reveal how grid optimisation systematically shifts capital away from 

politically favoured maritime megaprojects toward localised, high-value terrestial corridors.  

The Subsea Premium and the Valuation of the Strategic Sleeper 

The grid cost data highlights an acute capital multiplier inherent to maritime transmission 

infrastructure. While standard overland HVAC/HVDC lines require a conservative baseline of 300 

USD/MW, subsea maritime corridors—such as the Sabah—Philippines, Cambodia—Singapore, and 

Vietnam—Singapore links—escalate 4.5-fold to 1,350 USD/MW.  

This subsea capital premium explains why the Sabah—Philippines link endogenously dominates 

network expenditures under the optimised pathways. Within the zero fossil S3+ configuration, the 

annualised cost for this single corridor peaks at USD 9.79 billion by 2035. 
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Table 18: Annualised System Costs of APG Transmission Grid (CAPEX + Fixed and Variable OPEX)  

Transmission Line 
S2 S3 S3+ 

2026 2035 2050 2026 2035 2050 2026 2035 2050 

Laos — Myanmar 0.01 0.04 0.19 0.68 0.68 0.22 0.54 0.54  

Laos — Cambodia 0.09 0.09 0.10       

Laos — Thailand 0.29 0.29  0.25 0.25 0.32 0.53 0.53 0.37 

Thailand — Myanmar  0.11 0.39 0.17 1.02 0.97 0.17 0.69 0.61 

Thailand — Cambodia 0.08 0.08 0.33 0.10 0.15 0.42 0.19 0.88 2.02 

Laos — Vietnam   0.19 0.15 0.65 0.65 0.78 1.13 1.13 

Vietnam — Cambodia 0.06 0.06 0.35 0.03 0.33 0.33 0.19 1.31 1.31 

Peninsula Malaysia — Sarawak   0.48       

Thailand — Peninsula Malaysia 0.12 0.12 0.20 0.29 0.92 0.84 0.65 1.30 2.30 

Sabah — Philippines   0.27 1.45 1.45 0.01 9.79 9.79 6.47 

Sarawak — Sabah 0.02 0.02 0.05       

Peninsula Malaysia — Singapore 0.16 0.16 0.16 0.04 0.04 0.01 0.54 0.54 0.59 

Peninsula Malaysia — Batam/Sumatera  0.14 0.49 0.19 0.47 0.46 0.54 0.90 1.24 

Batam/Sumatera — Jawa/Bali  0.79 3.03       

Jawa/Bali — Kalimantan   0.13       

Kalimantan — Sulawesi/Papua   0.15       

Sarawak — Kalimantan 0.07 0.07 0.18       

Cambodia — Singapore  1.36 1.36       

Vietnam — Singapore  1.64 1.64       

Sarawak — Brunei  0.01 0.03 0.01 0.01 0.01 0.09 0.09 0.01 

Sabah — Kalimantan  0.05 0.05       

Batam/Sumatera — Singapore  1.14 1.14 0.06 0.13 0.16 0.28 0.28 0.28 

Total Cost 0.89 6.16 10.92 3.43 6.10 4.40 14.29 17.98 16.33 

Unit: Real 2019 billion USD 
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Systemic Value Over CAPEX 

This mathematical selection suggests that unlocking Borneo’s high capacity, low-marginal-cost 

renewable potential yields exceptionally high value for balancing the off-grid systems of Palawan. 

Furthermore, it positions Borneo as a long-term resource that can be channelled through an 

extensive internal Philippines transmission backbone—such as the unified Mindanao-Visayas-

Luzon corridor—to reach high-density load centres like Luzon.  

From a power systems standpoint, the subsea multiplier reduces nominal economic efficiency due 

to higher USD/MW, but it enables physical grid architectures that could not exist otherwise. The 

link provides critical trans-boundary frequency stability, mitigates regional spinning reserve 

requirements through load-profile diversification, and prevents the curtailment of otherwise 

stranded, large-scale renewable assets. Consequently, within the model’s integrated optimisation 

framework, the net present value of these systemic benefits exceeds the initial capital costs. 

The Policy & Governance Connection 

This insight directly supports the current policy push. As the ASEAN Centre for Energy (ACE), the 

Southeast Asia Energy Transition Partnership (ETP), the Clean, Affordable and Secure Energy for 

Southeast Asia (CASE) programme and the United Nations Economic and Social Commission for 

Southeast Asia (UNESCAP) actively develop the ASEAN Submarine Power Cable Development 

Framework [37], they requires exactly this type of structural analysis. It shifts the multilateral 

conversation away from a defensive posture of “How do we avoid the high cost of subsea cables?” 

and toward a proactive framework: “How do we design cross-border governance, legal structures, 

and concession models that give institutional investors the long-term clarity needed to deploy this 

high-value capital?”. 

S3 Peak vs. S3+ Structural Investment Taper  

Tracing the annualised system costs of the APG across the multi-decadal horizon reveals a striking 

divergent trend: 

• The policy roadmap (S2): Annualised grid costs rise continuously from 2026 to 2050, 

culminating at USD 10.92 billion as un-optimised, politically bounded infrastructure 

duplication scales unchecked. 

• The technical optimum (S3): Annualised grid costs peak in the medium term (2035) at USD 

6.10 billion before contracting sharply by 27.8% to USD 4.40 billion by mid-century. 

• The zero-fossil stress test (S3+): Annualised grid costs experience an aggressive, front-

loaded surge that peaks in 2035 at USD 17.98 billion before establishing a structural 

capital plateau at USD 16.33 billion by 2050. 

Under the pure economic optimisation parameters of S3, the capacity expansion engine 

deliberately reduces transmission asset deployment post-2035. The underlying cost contraction 

down to USD 4.40 billion is driven by asset lifecycle mechanics: after 2034, the model reduces the 

addition of new cross-border hardware (Figure 5), opting instead to build localised natural gas 

thermal fleets to balance sub-regional load variations. Consequently, as the early transboundary 

lines pass their peak debt amortization periods and finish their capital depreciation schedules, the 

annualised infrastructure burden drops significantly. 

Conversely, the zero-fossil S3+ pathway mandates a continuous infrastructural expansion strategy 

(Figure 6). The massive, front-loaded capital surge up to 2035 represents the physical deployment 

of the high-capacity, heavy-duty transboundary corridors required to interconnect a zero-carbon 

power pool. 

The subsequent cost stabilisation plateau observed between 2035 and 2050 reflects a dynamic 

equilibrium within the model's capacity expansion logic. To absorb and transmit escalating solar 

and wind cascades down to 2050, the model must continue expanding and reinforcing specific 

terrestrial corridors (such as the Thailand–Peninsular Malaysia artery). However, because the 
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massive foundational investments made prior to 2035 are simultaneously entering mature capital 

recovery phases—where annualised depreciation and historical interest burdens drop off—the cost 

of these new mid-century line expansions is structurally offset. This financial plateau indicates a 

mature, highly integrated continental network where ongoing physical grid reinforcement is 

economically balanced by the capital recovery clearing of legacy infrastructure. 

The De-escalation of High-Prestige Undersea Cables 

Under the policy-guided S2 scenario, massive capital volumes are funnelled into direct, single-

buyer subsea lines terminated at Singapore by 2035, including the Cambodia—Singapore (USD 

1.36 billion), Vietnam—Singapore (USD 1.64 billion), and Batam—Singapore (USD 1.14 billion) 

maritime allocations. 

In sharp contrast, both optimised regional configurations (S3 and S3+) completely zero out and 

reject the construction of the long-distance Cambodia and Vietnam subsea links to Singapore. The 

optimisation engine instead redirects this capital into reinforcing high-capacity, land-based 

arteries—specifically scaling the terrestrial Thailand—Peninsula Malaysia corridor (reaching USD 

2.30 billion in S3+) and the short-range, marine-interfaced Batam/Sumatera—Peninsula Malaysia 

link (USD 1.24 billion). The underlying math proves that a networked, multi-directional regional 

power pool strongly prefers moving electricity step-by-step through contiguous, land-linked 

neighbours over dropping capital-expensive subsea cables across deep maritime zones. 

Structural Synthesis: Annualised Grid Transmission Costs versus Total Generation Scale 

To maintain analytical clarity, the total cross-border transmission costs detailed in Table 18 (totally 

USD 16.33 billion for S3+ in 2050) must be interpreted strictly as an annualised system cost 

configuration—capturing asset depreciation, debt servicing interest, and fixed/variable O&M for 

that specific snapshot year— rather than a cumulative sum of multi-decadal grid investments.  

This annualised transmission infrastructure represents a modest 2.8%8 fraction of the year's total 

production cost of electricity (USD 581.74" 𝑏𝑖𝑙𝑙𝑖𝑜𝑛"  ). This highly efficient structural proportion 

demonstrates that grid transmission remains a remarkably low financial friction point relative to 

the broader generation stack, driven by two foundational factors: 

• Massive generation capital intensity: The sheer physical volume of generation hardware, 

hydrogen-ready thermal fleets, and stationary storage arrays required to entirely eliminate 

regional fossil fuel dependence accounts for the overwhelming majority of power system 

expenditure. 

• Infrastructural asset longevity: Transboundary transmission lines are highly durable assets 

with a 40-to-60-year operational engineering lifespan. Unlike shorter-lived renewable 

generation components and chemical battery modules that require routine capital 

replacement cycles, the transmission network functions as a long-term capital anchor. 

Once the primary corridors are established, they require minimal incremental capital 

injection to maintain operational integrity, yielding a substantial long-term infrastructure 

discount for the regional power pool. 

From a macro-energy systems perspective, this empirical distribution reinforces the core economic 

finding of the model: it is consistently more cost-effective to connect grid infrastructure across 

borders than to duplicate generation and storage assets within isolated domestic boundaries. 

 
8 Total annualised cost to maintain and pay off the entire cross-border grid in the year 2050 is USD 16.33 billion. 

Total production cost of producing all that electricity (including building and running the solar farms, hydrogen plants, and batteries) in 

the year 2050 under S3+ is USD 581.74 billion. 

𝐺𝑟𝑖𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑈𝑆𝐷 16.33 𝑏𝑖𝑙𝑙𝑖𝑜𝑛

𝑈𝑆𝐷 581.74 𝑏𝑖𝑙𝑙𝑖𝑜𝑛
 𝑥 100% ≈ 2.8% 
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5.5 Stability and Flexibility: Assessing Energy Curtailment and 

Supply Security 

5.5.1 Scenario Analysis: The Drivers of Renewable Curtailment 

While the preceding economic synthesis highlights the cost-effectiveness of localised asset sharing, 

the physical viability of a zero-fossil grid depends entirely on real-time balancing flexibility. Table 

19 provides critical insights into how regional grid integration and environmental policy choices 

alter curtailment—the structural wasting of renewable energy when generation spikes exceed 

localised demand or grid absorption capacity. 

Table 19: Comparative Renewable Energy #ÕÒÔÁÉÌÍÅÎÔ -ÅÔÒÉÃÓ ÁÎÄ 3ÙÓÔÅÍÉÃ #ÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÂÙ ςπυπ 

Scenarios 

Total 

Generation 

Annual 

Curtailed 

Energy 

Production 

Energy 

Curtailment 

Rate 

Peak 

Curtailed 

Power 

Grid Operational 

Characterisation 

Systemic 

Infrastructure 

Meaning 

(TWh) (TWh) (%) (GW) 
  

S1 3,417.69 932.81 27.29 291.54 

Severely 

restricted cross-

border sharing 

Total gridlock; 

massive clean 

energy waste driven 

by national isolation 

S2 3,565.76 493.12 13.83 141.81 

Rigid, contract-

bound bilateral 

wheeling 

Policy roadmap 

captures exactly 

half the potential 

efficiency value of 

integration. 

S3 3,547.42 49.51 1.40 17.97 

Unconstrained 

15 GW APG + 

natural gas 

Pure economic 

optimisation; 

thermal fleets 

cushion localised 

variable spikes. 

S3+ 3,615.51 387.74 10.72 54.06 

Expanded 

38.5 GW APG + 

hydrogen 

The structural cost 

of a zero-fossil 

regime; deliberate 

asset overbuilding. 

 

Analysing these results reveals four key macroeconomic and technical takeaways for the ASEAN 

region by mid-century: 

• The Waste of Physical Isolation (S1: The “Sovereignty Trap”) 

The isolationist S1 scenario imposes a severe penalty for pursuing strict national energy 

self-sufficiency. Without the cross-border links of the APG, the region wastes a staggering 

27.29% of its potential clean energy production. This translates to 932.81 TWh of 

discarded electricity annually—nearly a trillion kilowatt-hours. The peak curtailed power 

reaches 291.54 GW, demonstrating that during peak solar or wind conditions, immense 

generation capacity must be forcibly shut down because individual domestic grids lack the 

internal load or storage capacity to absorb it. 

• Policy-Driven Regional Interconnection (S2): Immediate Curtailment Relief 

Transitioning from complete geographic isolation (S1) to the current policy-driven roadmap 

(S2) provides immediate technical relief. Under this scenario, even when power flows are 
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restricted by rigid, policy-constrained bilateral contracts, there mere introduction of cross-

border interconnections cuts the regional renewable curtailment rate nearly in half—

dropping from 27.29% to 13.83%. Total annual wasted energy decreases to 493.12 TWh. 

This mathematical optimisation proves that physical grid interconnection functions as an 

exceptionally powerful tool for absorbing renewable volatility, even before institutional 

frameworks are fully optimised for open, dynamic multilateral market clearing. 

• Market Optimisation Achieves Near-Zero Waste (S3) 

The unconstrained, market-driven S3 scenario achieves a near-flawless integration of the 

regional energy mix. Curtailment plummets to a negligible 1.40% (49.51 TWh), while the 

peak power spike contracts to a highly manageable 17.97 GW. As established in the 

generation data, S3 retains 250 GW of flexible natural gas generation. As the optimisation 

engine operates under a unified market and remains free to burn gas, it utilises thermal 

units as a highly responsive, dynamic dial to balance transboundary solar and wind 

variations. The system avoids overbuilding solar arrays because it can instantly dispatch a 

gas plant, minimising stranded renewable energy. 

• The Structural Overbuilding Paradox of a Fossil Ban (S3+) 

Under the absolute fossil fuel ban of the S3+ pathway, curtailment creeps back up to 10.72% 

(387.74 TWh), with a peak power spike of 54.06 GW. Eliminating fossil-gas flexibility forces 

a fundamental paradigm shift: to guarantee grid reliability during extended low-resource 

periods (such as consecutive overcast days), the capacity expansion engine is forced to 

aggressively overbuild solar and wind arrays. can no longer rely on fossil-gas flexibility. To 

make sure the lights stay on during low-resource periods (like consecutive cloudy days), 

the system is forced to overbuild solar and wind arrays. This structural overbuilding 

naturally creates an immense surplus of clean electricity during peak generation hours. 

Even with an expanded 38.5 GW transmission backbone, the network cannot clear the 

entire mid-day generation cascade, causing the curtailment rate to rise from the 1.40% 

market benchmark up to 10.72%. 

5.5.2 Synthesis: Rigid versus Dynamic Cross-Border Flows   

Table 20 synthesises the critical trade-offs between rigid and dynamic flow of power across the 

region. Moving from a baseline of largely national isolation (S1, 27.3% waste) to a fully optimised 

regional market (S3, 1.4% curtailment) reclaims roughly 26 percentage points of otherwise wasted 

clean energy. The current policy roadmap (S2) reduces curtailment to 13.8%, capturing exactly half 

of that maximum possible efficiency improvement. 

Table 20: Synthesising the Curtailment Trade-off 

Scenario Curtailment Rate Grid Characteristics System Meaning 

S1 
27.29% 

(severe) 
Limited APG sharing 

Total grid lock; massive clean energy waste 

due to isolation. 

S2 
13.83% 

(high) 

Policy guided 

 APG sharing 

Policy roadmap captures half the potential 

value of integration. 

S3 
1.40% 

(optimal) 

15 GW APG  

+ natural gas 

Pure economic efficiency; gas cushions the 

grid so no green energy is wasted. 

S3+ 
10.72% 

(moderate) 

38.5 GW APG  

+ hydrogen 

The price of near-zero emissions. Spillover 

energy is intentionally wasted as a byproduct 

of aggressive solar overbuilding. 
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This halfway stall is driven by structural and political constraints embedded within current regional 

masterplans. The S2 roadmap frequently prioritises geopolitically motivated megaprojects—such 

as high-capital, subsea direct cables to Singapore—over pure technical efficiency. In contrast, the 

cost-optimised S3 and S3+ models bypass these expensive maritime routes entirely, choosing 

instead to reinforce high-capacity, land-based backbone connections through Thailand, Malaysia, 

and Cambodia. Furthermore, while S2 relies on rigid, long-term bilateral contracts where power 

flows are fixed by legal agreements regardless of real-time supply spikes, the optimised pathways 

utilise dynamic cross-border balancing to redirect power seamlessly where demand is highest. 

Ultimately, this demonstrates that the current policy roadmap captures only half the potential 

economic and environmental value of regional integration—serving as both an endorsement and a 

warning for regional architects. It is precisely this structural friction that brings us to the operational 

reality of ASEAN’s heaviest anchor: Indonesia. 

5.5.3 Geographic Imperatives: Unlocking the Indonesian Stability Anchor  

To move this modelling suite from technical theory to real-world execution, the sheer operational 

gravity of Indonesia must be confronted. Representing approximately 25% 9  of total regional 

electricity demand, the broader ASEAN Power Grid simply cannot achieve macroeconomic stability 

unless Indonesia's internal network achieves homeostasis first. 

Unlocking this potential requires solving a critical internal hardware puzzle before transboundary 

trade can scale. While Indonesia holds the region’s ultimate volcanic spine for deep geothermal 

baseload, paired with immense biomass balancing potential that aligns with sustainable land-

management frameworks, these resources are geographically disconnected from major demand 

centres. 

Consequently, Indonesia's proposed 4-node internal transmission backbone—interconnecting the 

distinct demand and supply hubs of Sumatra, Java, Kalimantan, and Sulawesi—is the fundamental 

gateway for the southern corridor. True regional integration requires these four internal nodes to 

be robust enough to seamlessly balance one another domestically, acting as a giant internal shock 

absorber to mitigate the very curtailment spikes identified in this report’s modelling. By actively 

prioritising and strengthening these internal links, Jakarta does not merely secure its own national 

energy sovereignty; it establishes the vital structural foundation required to stabilise and anchor 

the entire ASEAN Power Grid. 

5.5.4 Empirical Validation: Singapore’s Scaled Import Commitments as a De-Risking Engine  

The structural push toward regional integration modelled in these scenarios is heavily validated by 

recent policy shifts in Singapore. To achieve its net-zero targets, the Energy Market Authority (EMA) 

of Singapore has aggressively scaled its low-carbon electricity import ambition to 6 GW by 2035, 

capturing roughly one third of the country’s projected demand [38]. Rather than remaining a 

theoretical framework, this target is backed by a robust commercial pipeline of conditional 

approvals and licenses spanning multiple ASEAN Member States: 

• Indonesia: 3.4 GW of conditional approvals for large-scale solar and battery storage 

projects situated in the Riau Islands, forming the physical vanguard of the Southern 

Corridor's cross-border interface. 

• Cambodia and Vietnam: A combined 2.2 GW of conditional approvals (1 GW from 

Cambodia utilising a mix of solar and hydro, and 1.2 GW from Vietnamese offshore wind 

 
9 Electricity demand: 

• Indonesia (2022): 317 TWh (Enerdata: https://www.enerdata.net/publications/executive-briefing/asean-energy-connectivity.html) 

• ASEAN (2023): 1258 TWh (Ember 2023) https://ember-energy.org/latest-insights/asean-insights-2024/power-sector-2023/ 

• 317/1258 x 100% = 25.1% 

 

https://www.enerdata.net/publications/executive-briefing/asean-energy-connectivity.html
https://ember-energy.org/latest-insights/asean-insights-2024/power-sector-2023/
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assets), requiring the deployment of high-voltage direct current (HVDC) subsea maritime 

interconnectors. 

• Lao PDR and Malaysia: Ongoing operational scaling via the Lao PDR-Thailand-Malaysia-

Singapore Power Integration Project (LTMS-PIP), which serves as the physical proof-of-

concept for the land-based backbones optimised in S3. 

While the ASEAN Green Future project’s capacity expansion modelling demonstrates that relying 

exclusively on capital-intensive subsea links to Singapore can result in regional sub-optimisation if 

land backbones are neglected (as seen in S2), these real-world projects represent an 

indispensable commercial engine. They provide the initial capital flows and multilateral corporate 

joint ventures required to de-risk transboundary grid infrastructure, serving as the practical 

stepping stones toward the continent-scale homeostasis modelled in the S3 and S3+ architectures. 
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6. STRATEGIC 

RECOMMENDATIONS 

AND PRESCRIPTIVE 

ARCHITECTURE 

6.1 Introduction: From Quantitative Modelling to Institutional 

Execution 

The structural parameters established in Chapter 4 (Scenario Design) and the corresponding 

quantitative techno-economic outputs delivered in Chapter 5 (Results and Analyses) reveal a 

systemic truth: the ultimate barriers to a zero-fossil ASEAN Power Grid are institutional and 

relational, rather than technological. 

When the integrated LEAP-NEMO optimisation framework eliminates fossil fuels under the strict 

fuel mix constraints defined in S3+, the empirical findings prove that the regional system does not 

fail due to a deficit of primary clean energy resources. Instead, the model endogenously demands 

a massive structural reconfiguration: a multi-fold expansion of cross-border transmission corridors 

paired with a significant regional stationary storage buffer to absorb variable solar cascades hitting 

the regional grid simultaneously during peak daylight hours.  

This output fundamentally transforms the baseline paradigm established in Chapter 1. Historically, 

as noted in the capacity mix analysis, dominant fossil fuel assets allowed individual nation-states 

to maintain independent, localised balancing through domestic thermal plants without imposing a 

technical imperative for real-time regional integration. 

However, a single-axis focus on technocratic cost-minimisation will fail to deliver this 

interconnected fossil-free regional infrastructure. If the regional energy transition is left to a 

fragmented market lacking a unified carbon architecture—as modelled in the geographic isolation 

of S1 and the rigid, contract-bound limits of S2—individual nation-states will naturally default back 

to localised thermal generation to protect independent domestic sovereignty, incurring a severe 

“isolation penalty” via massive clean energy curtailment. 

To operationalise the multi-trillion-dollar capacity stacks identified across the modelling trajectory 

and translate these quantitative findings into an actionable regional blueprint, the APG requires an 

overriding prescriptive governance framework. To achieve this, a three-dimensional integration 

framework (Figure 8) and the Da Yu Renewable Energy Tree of Life (Figure 9) are deployed. The Da 

Yu diagnostic framework serves as the operational engine designed to systematically activate, 

balance, and manifest the overarching ASEAN Power Grid Tree of Life (Figure 2) structural concept 

introduced in Chapter 1.  

The three structural axes of the framework are defined as follows: 

• The horizontal x-axis (technical: development & integration): This axis tracks the physical 

and engineering evolution of the grid, moving linearly from isolated, individual regional 

hardware components up to a fully synthesised, continent-scale system integration. 
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• The vertical y-axis (governance): This axis outlines the institutional and regulatory maturity 

of the region, scaling upward from granular, project-specific domestic policies to broad, 

harmonised transnational structures and unified multilateral market codes. 

• The depth z-Axis (philosophy & wisdom): This axis represents the foundational paradigm 

governing the system. It dictates the deeper quality of regional relationships, long-term 

systemic harmony, operational adaptability, and the strategic guidance of natural energy 

flows rather than their forced obstruction. 

 

Figure 8: The Three-Dimensional Framework for Renewable Energy Development, Integration and 

Governance [22] 

 

 

Figure 9: Da Yu Renewable Energy Tree of Life [22] 

To bridge this systemic philosophy with practical governance, it is vital to clarify that frameworks 

like the Tree of Life or the Z-axis integration lens are not abstract philosophical replacements for 

traditional international relations theories or transnational legal structures. Rather, they serve as 
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the foundational principles required to cultivate the deep institutional trust that must precede legal 

harmonisation.  

The historical stagnation of the APG is not a failure of technical engineering; it is a failure of 

regulatory alignment driven by a lack of trust. By establishing a shared systemic philosophy, 

regional architects can create the political will necessary to dismantle the dense, commonly cited 

barriers of domestic utility protectionism, conflicting national grid codes, and rigid cross-border 

power purchase agreement (PPA) frameworks. The philosophy builds the trust; the legal, 

commercial, and regulatory mechanisms operationalise it. 

6.2 The Limits of Technocratic Optimisation: Structural Friction 

and Governance 

The global commitment established at COP28 to triple international renewable capacity to 11,000 

GW by 2030 [39], alongside ASEAN’s projected regional scaling to 178 GW [40], is unleashing a 

modern, high volume “flood” of variable energy. In the absence of a unified transmission 

architecture, fragmented national strategies inevitably resort to defensive “dam-building” 

manoeuvres: forcibly curtailing wind and solar assets, imposing rigid installation schedules, and 

mandating localised, cost-intensive storage arrays. Under these isolated paradigms, clean energy 

project developers lose vital project revenue streams, while transmission system operators (TSOs) 

routinely cite escalating safety, frequency deviation, and localised grid instability risks. [22] 

Nobel Laureate Elinor Ostrom empirically demonstrated why such isolated technical fixes inevitably 

fail [41]. System collapse or structural under-optimisation occurs when policymakers focus 

exclusively on raw engineering parameters—such as building larger physical dams or investing in 

redundant hardware buffers—without simultaneously cultivating the robust institutional 

infrastructure of mutual trust and collective action. It represents a fundamental failure of 

governance, not just engineering execution. For the ASEAN Power Grid, this insight implies that 

harmonised regulatory rules, integrated multilateral trading markets, and institutional coordination 

mechanisms cannot be treated as a secondary afterthought; they must be intentionally co-

designed alongside physical transmission infrastructure. [22] 

Ostrom's contemporary insight has profound ancient roots in systemic resource management. The 

legendary ruler Da Yu succeeded in taming regional water systems where his father, Gun, failed. 

Gun built rigid, localised dams to obstruct seasonal floods—a defensive strategy centred on 

physical obstruction (堵塞). In contrast, Da Yu observed the systemic nature of water vectors and 

guided their energy through open, interconnected channels—a philosophy of channelisation and 

strategic drainage (疏導). His genius lay in a holistic, top-level architectural design that organised 

the entire realm into an interconnected, mutually supportive system. [22] 

The Three Dimensions of Systemic Grid Integration 

When mapped against the empirical capacity expansion projections delivered in Chapter 5, these 

three dimensions expose why standard, single-axis technical strategies are structurally insufficient 

to resolve the energy transition’s friction. Table 21 operationalises this structural tension by 

mapping the classical governance paradigms and systemic axes directly onto the core regional grid 

scenarios. 
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Table 21: Operational Mapping of Classical Governance Paradigms to ASEAN Power Grid Scenarios 

Metric / Feature 
S2 

(Policy-Bound Roadmap) 

S3 

(Optimised Regional Grid) 

S3+ 

(Zero-Fossil Grid Pathway) 

Total Buildout 

(MW) 
31,906 MW 

19,021 MW 

(most efficient) 

44,273 MW 

(asset heavy) 

Expansion Profile 
Fragmented, non-linear, 

geographically stagnant 

Balanced, organic and 

market-responsive 

expansion 

Intensive, front-loaded early 

infrastructure deployment 

Core Vulnerability 

2040 capital shock 

(15.5 GW compressed into 

a single year) 

Requires baseline fossil 

retention for sub-regional 

stability cushion 

High upfront capital cost; heavy 

reliance on deep institutional 

trust 

Philosophical 

Match 

Gun’s obstruction ( ): 

Legacy institutional 

boundaries block natural 

balancing flows until crisis 

points emerge 

Da Yu’s flow ( ): 

Harmonised regional 

channels reduce the 

aggregate requirement for 

physical hardware 

Universal channelisation ( ): 

Absolute transboundary trust 

deployed to absorb, redirect, and 

balance variable renewable 

cascades 

Systemic Axis 

Integration 

y-axis / x-axis disconnect: 

Physical components (x-

axis) are deployed, but the 

lack of broad institutional 

governance (y-axis) leaves 

power trapped behind rigid 

domestic boundaries, 

failing to guide natural 

energy flows. 

Balanced x-axis & y-axis 

alignment: Full-system 

technical integration (x-axis) 

develops in lockstep with 

harmonized institutional 

structures (y-axis), 

organically reducing the 

need for redundant 

physical hardware through 

coordinated regional 

sharing. 

Full z-axis manifestation: Deep 

relational alignment and 

adaptive wisdom (z-axis) govern 

the network. This philosophical 

foundation unlocks the full-

system technical integration (x-

axis) and absolute institutional 

harmonisation (y-axis) required 

to smoothly balance volatile 

solar cascades under a total 

fossil ban. 

 

6.3 The APG Triple Gem: From Philosophy to Implementation 

Matrix 

To translate the structural lessons of Table 21 into a practical roadmap for regional developers, 

the architecture utilises the APG Triple Gem framework (Figure 10), which is systematically 

operationalise through the APG Triple Gem Execution Matrix (Table 22). 
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Figure 10: APG Triple Gem Integration Architecture [42] 

Rather than treating engineering, policy, and systemic philosophy as disconnected dimensions, 

Figure 10 visually unites these elements into three distinct operational vectors. This integrated 

framework allows a proposed regional grid development plan or transboundary corridor to be 

evaluated not just in terms of gigawatts and dollars, but also in terms of its alignment with systemic 

resilience and regional resource endowments, as detailed in Table 22: 

Table 22: APG Triple Gem Execution Matrix 

Gem 

Component 
Systemic Axis Operational Focus Real-World Policy Outcome 

Da Yu RE Tree 

of Life 

Z-Axis 

(Philosophy & 

wisdom) 

The governing engine: Guiding natural flow 

(疏導) through physical zoning tailored to 

local conditions (因地制宜) 

Wider socio-economic 

development, and new habitat 

creation 

APG Tree of 

Life 

Y-Axis 

(Governance) 

The conceptual lens: Overarching 

architecture uniting diverse technical, 

policy, multilateral institutional structures, 

and human growth dimensions 

A well-integrated regional 
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6.3.1 The Governing Engine: The Da Yu Renewable Energy Tree of Life 

“States would flourish if philosophers were rulers or if rulers were philosophers.” 

– Plato, The Republic (c. 375 BC) 

The apex gem of the triad, the Da Yu Renewable Energy Tree of Life, provides the governing 

execution philosophy required to translate abstract regional modelling outputs into physical reality. 

Grounded in the vertical z-axis of philosophy and wisdom, this component ensures that macro-

scale optimisation is never executed within a localised vacuum or without deep consideration for 

the complex inter-relationships within ecosystems. 

At this layer, the macro-philosophy of channelisation (疏導) is practically implemented on the 

ground. By operationalising the ancient principles of tailoring solutions to local conditions (因地制

宜) and respecting multi-solution complementarity (多解互補), infrastructure is deployed in 

harmony with local ecological capacities and community resource endowments, rather than mere 

technocratic cost minimisation. This execution layer effectively translates political trust into wider 

socio-economic development and new habitat creation. [22] 

6.3.2 The Conceptual Lens: the APG Tree of Life 

While current studies illuminate critical subsets of regional grid integration—focusing 

independently on technical, policy, financial, or resilience aspects—they lack a holistic structure 

that integrates foundational philosophical and human growth considerations. The fragmentation 

of understanding ultimately hinders the progress of the APG. [21] 

The left gem of the triad, the APG Tree of Life, addresses the shared conceptual language required 

across an expansive array of transboundary stakeholders, effectively uniting engineers, 

economists, and policymakers. Grounded in the depth y-axis of governance, this model maps these 

multifaceted complexities into an integrated structural framework while outlining a transparent 

path of honesty, which is required for accurate manifestation of the regional vision.  

The Tree does not present empirical findings; rather, it introduces a diagnostic and prescriptive 

model designed to condense complex socio-technical dynamics and improve systemic 

understanding of the APG or related constructs. It functions as a reflective framework for long-term 

governance, providing clear guidance for action, while fostering advanced systemic thinking and 

cross-border design and planning capabilities. [21] 

6.3.3 The Quantitative Core: the AGF-APG Model 

The right gem of the triad, the AGF-APG Quantitative Model, runs on the integrated LEAP-NEMO 

software stack. Grounded in the horizontal x-axis of technical development and integration, this 

component’s mathematical objective function calculates optimal least-cost capacity expansions, 

multi-trillion-dollar investment vectors, and fossil-fuel retirement timelines across all modelled 

scenarios. 

By removing the artificial constraints of geographic isolation, this engine establishes the economic 

blueprints for an integrated market. It supplies the rigorous, data-driven parameters—specifically 

gigawatts and transmission kilometres—necessary to validate regional investment signals, embed 

polycentric rules, and align national grids into a well-integrated market that allows for larger 

renewable rollouts. 

Crucially, these scenario analyses provide regional bodies with a neutral, empirical evidence base 

to contrast the benefits of coordinated transboundary investment against isolated, country-only 

actions. By offering an unbiased mathematical baseline, the model supports the drafting of 

pragmatic, enforceable agreements as regional institutions evolve, ultimately optimising capital 

allocation and mitigating risk under climate and policy uncertainty. 
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6.4 The Strategic Blueprint: Prescriptive Roadmap for ASEAN  

6.4.1 The Target Pathway: A Phased Transition to High-Renewable Integration 

Based on the integrated optimisation modelling, ASEAN cannot afford to remain static in complete 

isolation (S1). The region must pursue a phased transition that operationalises the current policy-

driven interconnection roadmap (S2) by 2030, executing immediate grid investments while laying 

the institutional groundwork to fully deploy a multilateral integrated framework (S3/S3+) by 2035–

2040. 

This dual-stage target pathway optimises the system against four distinct realities: 

• Power systems optimisation: Transitioning from S1 to S2 establishes immediate technical 

relief. Over the long-term modelling horizon toward 2050, this shift fundamentally 

restructures system efficiency, cutting the mature regional renewable curtailment rate 

nearly in half—dropping from 27.29% to 13.83% and saving 439.69 TWh of wasted energy 

annually. Advancing further to S3+ unlocks large-scale regional load-profile diversification 

and transboundary frequency stability. 

• Costs: While subsea maritime links carry a premium (1,350 USD/MW versus 300 USD/MW 

for overland lines), the net present value of the Sabah–Philippines corridor outweighs its 

upfront capital expenditures by preventing the curtailment of otherwise stranded, low-

marginal-cost renewable assets. 

• Technical feasibility: The technical viability of multilateral wheeling has been proven by the 

LTMS-PIP (expanding to 200 MW) and the development of subsea high-voltage direct 

current (HVDC) corridor under the Vietnam-Malaysia-Singapore (VMS) initiative. 

• Political environment: Moving directly to an open, frictionless multilateral market (S3 or 

S3+) immediately is politically unfeasible due to national sovereignty concerns over energy 

security. A phased approach allows countries to build trust through bilateral and modular 

multilateral pathfinders (like BIMP-PIP in Borneo) before unlocking deep market coupling. 

6.4.2 Structural Prerequisites for the Target Scenario 

To transition from a fragmented network to a decarbonised, resilient regional multilateral 

integration S3+ configuration, regional stakeholders must coordinate across three core 

dimensions, as summarised in Table 23.  

Institutional Enablers: The Dual-Engine Green framework  

Moving from the modelling suite to the real world, a critical insight emerges: S3 demonstrates that 

full regional integration optimizes the grid—producing more energy with less physical infrastructure 

capacity—but it does not inherently accelerate decarbonisation on its own. By viewing pure 

engineering strictly on the x-axis, this paradox highlights the indispensable role of polycentric policy 

and pricing architectures along the y-axis. Market integration alone will not green a grid; a dual-

engine framework that actively coordinates market mechanics with climate planning must be 

constructed. 

China achieved massive renewable integration by deliberately pairing long-term green mandates 

with specialised market rulebooks, specifically Green Electricity Trading and Renewable Energy 

Consumption Guarantee mechanisms [22]. Translated to the APG, physical interconnection alone 

is not a climate strategy. To ensure integration drives deep decarbonisation rather than just 

optimising natural gas, two institutional enablers are required on the y-axis [22]: 

• Multilateral green power trading: Create a dedicated regional market segment for certified 

renewable electrons, providing clean generation with a clear economic premium over fossil 

fuels. 
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Table 23: Decarbonised and Resilient Regional Multilateral Grid Integration Structural Prerequisites 

Dimensions Structural Prerequisites 

Policy & Regulatory 

Frameworks 

 

Harmonise subsea concessions: Rapidly adopt the ASEAN Submarine Power Cable 

Development Framework to establish uniform legal protections, environmental 

standardisations, and transboundary permit-clearing timelines across maritime exclusive 

economic zones. 

Establish a regional grid code: Transition from disparate national grid standards to a 

minimum binding regional code ensuring data transparency, unified technical compliance, 

and coordinated frequency management. 

Enforce a safety veto: Institutionalise governance where security takes absolute 

precedence over short-term market optimisation, empowering operators and regulators to 

override commercial flows during grid stress [43]. 

Market Rules & 

Wheeling Tariffs 

 

Transition to multilateral dynamic wheeling: Shift away from rigid, take-or-pay bilateral 

contracts toward a multi-party wheeling tariff methodology (building on LTMS-PIP) that fairly 

compensates intermediary transit countries. 

Introduce regional ancillary services: Create cross-border markets for spinning reserves and 

frequency response, allowing jurisdictions to sell system flexibility. 

Deploy a dual-engine green market framework: Implement specialised 𝑦-axis market rules—

such as multilateral green power trading and cross-border consumption guarantees—to 

ensure market clearing optimises for deep carbon reduction rather than just cheap fossil-

backed electrons [22]. 

Financing 

Mechanisms & 

Concession Models 

 

Deploy public-private blended finance: Utilise multilateral development bank (MDB) capital 

and sovereign guarantees to de-risk high-upfront-Capex subsea infrastructure to lower the 

cost of capital for private consortiums. 

Adopt “symbiotic concession models”: Design long-term public-private partnership (PPP) 

structures that tie infrastructure returns to cross-border carbon credits and regional 

Renewable Energy Certificate (REC) trading. 

 

• Cross-border consumption guarantees: Establish harmonised national quotas for 

renewable consumption across ASEAN Member States. This legally obligates regional 

corridors to carry clean energy, forcing the market to optimise for carbon reduction rather 

than just chasing the cheapest fossil-backed electron. 

Ultimately, while the physics of interconnection delivers capital efficiency, it is the deliberate design 

of green market rules that guarantees deep regional decarbonisation. 

Multi-Layered Defence Architecture for Systemic Resilience 

Resilience should not be treated as a reactive emergency protocol, but engineered as a multi-

layered, proactive defence architecture [21]: 

• The First Line (physics – x-axis): Built into the engineering physics using rapid relay 

protection and localised energy storage to isolate a single fault within milliseconds before 

it cascades across borders. 

• The Second Line (governance – y-axis): Embedded within governance rulebooks through 

polycentric dispatch and cross-border emergency load shedding to preserve system 

homeostasis during severe multi-fault events. 
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• The Third Line (diplomacy – z-axis): Anchored in regional diplomacy, establishing the deep 

institutional trust required for pre-engineered, intentional grid splitting into self-healing 

“islands” during a worst-case black-sky disaster—preventing a localised shock from 

triggering a widespread regional blackout. 

Ultimately, while an interconnected grid optimises capital efficiency, it also propagates vulnerability. 

Wires alone will not save ASEAN. True resilience requires the active convergence of physics, 

governance, and diplomacy rather than siloed technical solutions. Nesting ASEAN’s physical 

infrastructure inside this multi-layered defence architecture, ensuring that when the physical 

system is pushed to its absolute operational limits, the institutional governance holds the line. 

6.4.3 The Execution Timeline (2026–2040) 

While the LEAP-NEMO modelling suite evaluates system expansion through the full 2050 horizon, 

the operational blueprint in Table 24 compresses infrastructure deployment and governance 

milestones into the 2026–2040 period. This accounts for the 10-to-15-year lead times required 

for transboundary overland and subsea cable construction, legal concession agreements, and 

market coupling, ensuring that the required physical and institutional capacity is mature prior to 

the 2050 near-zero emissions target. 

It is critical to interpret the capacity figures in Table 24 not as rigid, deterministic engineering 

mandates, but as indicative directional benchmarks derived from system-wide least-cost 

optimisation. In real-world execution, actual transfer capacities will be calibrated by detailed 

marine surveys, geopolitical risk assessments, national grid security margins, and local financing 

constraints. The utility of the optimisation lies in identifying where the high-value structural 

corridors lie, rather than dictating precise megawatt commitments decades in advance. 

Table 24: Phased Strategic Roadmap for APG Multilateral Optimisation (2026–2040) 

Phases Strategic Focus & Key Model-Driven Deliverables 

Phase 1 Institutional 

Alignment & Modular 

Pathfinders 

 

2026 – 2030 

• Land-based backbone expansion: Prioritise capital allocation towards reinforcing 

terrestrial “Middle Corridors” over speculative long-distance subsea links. Initiate 

incremental capacity upgrades across the Lao PDR–Vietnam interconnections 

(progressing toward the 3.6 GW target) and relieve bottlenecks along the Thailand–

Cambodia and Thailand–Malaysia corridors, aligning expansion vectors toward their 

high-capacity 2050 benchmarks (6.6 GW and 7.5 GW indicative targets, respectively). 

• Strategic gateway design: Conduct joint technical engineering, environmental surveys, 

and concession modelling for the Sabah–Philippines subsea corridor (preparing for a 

multi-gigawatt gateway) to evaluate the feasibility of unlocking Borneo’s renewable 

surplus. 

• Subsea risk mitigation: Re-evaluate long-distance subsea cables (e.g., VMS / 

Cambodia–Singapore) to avoid stranded asset risks, pivoting policy focus toward the 

Peninsular Malaysia–Sumatera/Batam link to integrate Indonesian renewables into the 

southern grid. 

• Legal framework: Ratify the ASEAN Submarine Power Cable Development Framework to 

establish uniform legal protections and environmental standards for maritime corridors. 

Phase 2 

Core Corridor 

Deployment & 

Multilateral Wheeling 

 

2031 – 2035 

• Commission strategic sleeper: Phased deployment and energisation of the Sabah–

Philippines maritime link, scaling capacity toward the model-indicated threshold 

(indicative ~ 7 GW upper-bound benchmark) to deliver surplus hydro and solar from 

Borneo to Philippine load centres. 

• Southern grid integration: Commission the Peninsular Malaysia–Sumatera 

interconnection (indicative ~ 5 GW benchmark), enabling Singapore to transition away 

from direct single-buyer subsea imports toward dynamic, multi-directional balancing via 

the Peninsular Malaysian grid. 

• Multilateral tariff implementation: Operationalise multi-party dynamic wheeling tariffs 

across mainland ASEAN, establishing compensation mechanisms for Thailand, 

Cambodia, and Malaysia as regional transit hubs. 
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Phase 3 

Deep Market 

Coupling & Regional 

Homeostasis 

 

2036 – 2040 

• Full structural optimisation (S3+): Complete the institutional transition away from rigid 

bilateral contracts. Enable Lao PDR operates as a regional synchroniser (supplying 

Vietnam and Myanmar) and support Cambodia’s structural evolution into a net 

renewable exporter to Thailand. 

• Transboundary ancillary markets: Establish real-time cross-border markets for frequency 

response and spinning reserves across synchronised mainland and archipelagic 

anchors. 

• Systemic homeostasis: Operationalise polycentric dispatch and regional safety-veto 

rules to ensure the physical network maintains frequency stability and self-healing 

“islanded” resilience during severe climate or physical shocks. 

 

6.5 Chapter Summary and Institutional Legacy 

Ultimately, Chapter 6 operationalises the theoretical models introduced early in this study, 

translating abstract multidimensional concepts into a rigorous prescriptive architecture for the 

ASEAN Power Grid. By aligning the technical parameters of the horizontal 𝑥-axis, the polycentric 

institutional rules of the depth 𝑦 -axis, and the relational wisdom of the vertical 𝑧 -axis, this 

framework moves beyond fragmented, single-axis technical strategies. 

The resulting APG Triple Gem Integration Architecture proves that while quantitative optimisation 

software stacks can calculate mathematically optimal capacity expansions, the physical execution 

of these transboundary grids relies entirely on a foundational architecture of trust, ecological 

alignment, and localised sustainability. By embedding philosophy as a core governing vector at the 

apex of design, regional energy policy can successfully transition away from defensive asset 

obstruction and toward a shared, resilient regional homeostasis. 

To ensure this prescriptive architecture translates into a durable regional legacy rather than a static 

reporting exercise, the framework establishes a long-term community of practice within ASEAN 

driven by two operational mechanisms: 

6.5.1 Durable Decision Support and Open-Source Infrastructure 

By maintaining an open-source toolkit and keeping calibrated ASEAN asset datasets transparent, 

it is intended for the modelling infrastructure to remain accessible for continuous iteration by 

regional planners. Methodologies, open-access documentation, and open interfaces will be 

structured as a portable template, allowing other transboundary blocks to replicate this integrative, 

open-science approach. Progress and systemic impact can be continuously tracked through 

tangible metrics, including toolkit forks, code downloads, public scenario briefs, and direct citations 

within formal multilateral policy documents. 

6.5.2 Capacity Building and Interdisciplinary Human Capital 

In alignment with the APG Tree of Life—which positions human capacity and leadership as the 

ultimate drivers of structural change—the execution framework actively prioritises the development 

of early-career researchers and analysts. Systemic longevity is ensured by equipping the next 

generation to translate science for decision-makers through three core pillars: 

• Co-authorship and visibility: Ensuring early-career scientists co-author technical 

publications and open-source data releases to build broad visibility and citation credit. 

• Stakeholder translation: Embedding researchers directly within high-level stakeholder 

sessions to build the practical capacity required to articulate complex techno-economic 

metrics to policy figures. 
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• Project management leadership: Tasking researchers with leading distinct sub-thrust 

tasks—such as data curation, model prototyping, validation and refinement—to build 

international networks and secure direct exposure to complex policy contexts. 

Through these combined mechanisms, the project moves past static reporting to cultivate the 

durable human infrastructure, open-science foundations, and trusted networks required to sustain 

the ASEAN Power Grid transition across generations. 
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APPENDIX 1.  

NODAL 

DISAGGREGATION 

PARAMETERS 
Table 25: Discretisation of ASEAN Member States (AMS) into Zonal Nodes and Corresponding Generation 

Distributions 

Country 

Nodes Nodal Distribution 

Source 

Region Represented Placement of Nodes (%) 

Malaysia 

Peninsula Malaysia Kuala Lumpur 76.9 

[44] Sabah Kota Kinabalu 18.9 

Sarawak Kuching 4.2 

Indonesia 

Batam/Sumatra Palembang 72.22 

[45] 

Jawa/Bali Jakarta 17.39 

Kalimantan Pontianak 4.14 

Sulawesi/Papua Makassar 6.25 

Laos Laos Vientiane 

100 - 

Myanmar Myanmar Naypyidaw 

Cambodia Cambodia Phnom Penh 

Thailand Thailand Bangkok 

Vietnam Vietnam Ho Chi Minh 

Singapore Singapore Singapore 

Philippines Philippines Palawan 

Brunei Brunei Bandar Seri Begawan 
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APPENDIX 2.  

TRANSMISSION 

INFRASTRUCTURE 

COST PARAMETERS 
Table 26: Unit Cost for APG Grid Lines (Unit: thousand USD / MW) 

Transmission Line 
Unit Cost 

Source 
Capital Cost Fixed OM Cost Variable OM Cost 

Laos — Myanmar 300 3 3  

Laos — Cambodia 300 3 3 

[46] 

Laos — Thailand 300 3 3 

Thailand — Myanmar 300 3 3 

Thailand — Cambodia 300 3 3 

Laos — Vietnam 300 3 3 

Vietnam — Cambodia 300 3 3 

Peninsula Malaysia — Sarawak 300 3 3  

Thailand — Peninsula Malaysia 300 3 3 
[46] 

Sabah — Philippines 1,350 13.5 13.5 

Sarawak — Sabah 300 3 3  

Peninsula Malaysia — Singapore 300 3 3 
[46] 

Peninsula Malaysia — Batam/Sumatera 225 2.25 2.25 

Batam/Sumatera — Jawa/Bali 300 3 3 

 Jawa/Bali — Kalimantan 300 3 3 

Kalimantan — Sulawesi/Papua 300 3 3 

Sarawak — Kalimantan 300 3 3 [46] 

Cambodia — Singapore 1,350 13.5 13.5 
 

Vietnam — Singapore 1,350 13.5 13.5 

Sarawak — Brunei 300 3 3 [46] 

Sabah — Kalimantan 300 3 3  

Batam/Sumatera — Singapore 225 2.25 2.25  
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Methodological Note on Cost Tier Classification 

For transmission links lacking explicit capital cost data within primary sources—such as the ASEAN 

Energy Outlook (AEO) or AIMS III reports—unit costs are proxy-assigned based on three-tier 

classification framework established in the 7th AEO [46]. 

• Tier  (baseline costs): Assigned to relatively short interconnections, encompassing both 

standard overland corridors and shallow subsea cables. 

• Tier  (standard costs): Applied to the majority of representative regional interconnections 

(both overland and subsea) that exhibit median capital intensity and fall outside the 

extreme cost boundaries.  

• Tier  (premium costs): Reserved for highly capital-intensive infrastructure, primarily 

characterised by long-distance, deep-water submarine cables. 
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APPENDIX 3.  

VALIDATION OF 

MODEL-DERIVED 

TRANSMISSION COSTS 
While cost accuracy is fundamental to configuring least-cost optimisation models, verifying the 

resulting financial output is critical to ensuring model reliability. This appendix provides a 

comparative validation analysis, benchmarking the cumulative, long-term transmission cost 

outputs generated by the AGF-APG model against established institutional projections. 

Data Constraints and Structural Grouping 

Regional data scarcity prevents the direct empirical population of individual expansion costs for all 

22 modelled transboundary transmission lines. To resolve this limitation, a baseline cost database 

was constructed using partial figures published in the 7th ASEAN Energy Outlook (AEO7) [46], 

which details twelve major APG lines citing foundational sources from the Heads of ASEAN Power 

Utilities/Authorities (HAPUA) and the ASEAN Interconnection Masterplan Study (AIMS III). 

The AEO7 reports three distinct capital cost brackets: 225 USD/kW, 300 USD/kW, and 1,350 

USD/kW. Within the AGF-APG framework, these brackets are grouped to represent short, medium, 

and long (encompassing intensive overland routing or deep subsea environments) cable corridors, 

respectively. The cost structures for the remaining ten lines were then systematically categorised 

using this uniform tier framework, as detailed in Table 26. Additionally, an operational expenditure 

(OPEX) factor equivalent to 1% of the initial capital expenditure (CAPEX) was allocated annually to 

cover fixed and variable operations and maintenance costs. 

Benchmark Validation Framework 

As simplified cost assignments may deviate from realised construction expenses, and given the 

high sensitivity of the optimisation engine to transmission pricing, the total cost parameters were 

validated against granular project data published by the Japan International Cooperation Agency 

(JICA) [47] and the ASEAN Centre for Energy (ACE) AIMS III report [28]. 

The JICA study provides a highly concrete engineering foundation by estimating localised individual 

components—including High-Voltage Direct Current (HVDC) converter stations, onshore versus 

submarine cable configurations, and specific overhead routing lengths—to calculate costs per 

kilometer. However, because the JICA assessment only evaluated a subset of the regional topology, 

cost estimations were available for four specific APG lines: 

• The Sabah–Palawan interconnection 

• The Sarawak–Brunei interconnection 

• The Singapore–Batam interconnection 

• The Singapore–Sumatra interconnection 
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To align with the latest AIMS III framework, which merges the Singapore–Batam and Singapore–

Sumatra links into a unified corridor, the corresponding JICA data for both lines were aggregated, 

yielding three distinct validation cases: 

• Sabah–Palawan corridor 

• Sarawark–Brunei corridor 

• Sumatra/Batam–Singapore corridor 

Establishing Analytical Bounds 

As the AIMS III report only publishes aggregated regional APG construction costs from 2018 to 

2040 across its four core scenarios without disclosing line-specific breakdowns, the capital 

requirements for each individual grid line were mathematically isolated based on its proportional 

share of total capacity additions by 2040. This approach enables the definition of lower and upper 

economic bounds across the four underlying AIMS III scenarios. Due to a paucity of long-term O&M 

data in the literature, costs are assumed to remain constant through the 2050 horizon. 

Crucially, because this proportional allocation method assumes that construction activities are 

evenly distributed between 2018 and 2040, capital projections for transmission lines slated for 

development in or after 2030 may face structural underestimation. To mitigate this directional bias, 

the total capital requirement for each line was cross calculated using the AEO7 datasets, with the 

mathematical average of the AEO7 and AIMS III estimates serving as the corrected empirical 

baseline. Despite these conservative corrections, both the lower and upper bounds establish a 

rigorous envelope for the validation framework. 

Total system cost is defined as the cumulative sum of CAPEX and OPEX from the scheduled 

commissioning year of each respective transmission line through 2050, with cumulative 

investments benchmarked at the milestone years 2040 and 2050. The modelled transmission 

costs under S2 were plotted directly against the external projections derived from AIMS III and JICA. 

This validation is restricted exclusively to the economic parameters of S2, as this scenario is 

explicitly configured to replicate the existing policy baselines established by AIMS III. 

Validation Results 

As illustrated in Figure 11, the modelled cost trajectories derived from the LEAP-NEMO framework 

(denoted as LEAP S2) demonstrate high validity. Across all three benchmarked transmission 

corridors, the total cost projections consistently fall within a highly realistic envelope. The modelled 

outputs remain firmly bounded by the outer envelopes established by the AIMS III scenarios while 

tracking the identical magnitude, trend, and slope of the engineering-heavy JICA projections over 

the 2040–2050 period. 

Furthermore, the independent JICA projections align closely with the broader AIMS III predictions. 

Although this validation exercise is constrained to three primary corridors due to data availability, 

the fact that the optimisation model tracks historical institutional studies utilising entirely 

independent cost-accounting methodologies yields strong confidence in the overall structural 

integrity of the model's economic inputs. 
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Figure 11: Validation of Total Cumulative Costs for Three Key APG Corridors Against Institutional 

Benchmarks.  

The solid orange line tracks the AGF-APG model projections (LEAP S2) against the comparative baseline 

trajectories established by the AIMS III report (red dashed lines) and the engineering-grade cost estimates 

published by JICA (blue dashed lines) across the 2040-2050 planning horizon.
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APPENDIX 4. TECHNOECONOMIC 

PARAMETERS  
The technoeconomic parameters used to model each generation technologies as well as fuel costs for every country are presented inand Table 28. 

These parameters and costs are obtained from corresponding country reports (see Table 29 for exact citations).  

Table 27: Techno-Economic Parameters for Generation Technologies by Country 

Technologies Country 
Capital Expenditures Fixed OM Cost Variable OM Cost Lifetime  Efficiencies (%) 

2018 2030 2040 2050 2018 2030 2040 2050 2018 2030 2040 2050 (Years) 2018 2030 2040 2050 

F
o

s
s
il
 F

u
e

ls
 T

h
e

rm
a

l 
P

la
n

ts
 

Coal 

subcritical 

Brunei 

3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 
30 

34 

Cambodia 

Indonesia 

Laos 

Malaysia 

Myanmar 3,438 3,324 3,076 2,768 74.87 72.77 68.05 62.29 8.05 7.85 7.55 7.29 

Philippines 10,000,000 77.60 75.10 70.30 64.40 8.46 8.10 7.87 7.60 40 

Singapore No installation 

30 Thailand 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 24 

Vietnam 1,568 1,694 1,694 1,694 46.94 46.94 46.94 46.94 2.99 34 

Coal 

super-

critical 

Brunei 
No installation 

30 37 

Cambodia 

Indonesia 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 

Laos No installation  

Malaysia 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 
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Myanmar No installation  

Philippines 
3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 

40 38 46 47 47 

Singapore 

30 37 Thailand No installation  

Vietnam 2,072 2,072 1,904 1,904 49.09 49.09 49.09 49.09 0.50 

Coal  

Ultra-

critical 

Brunei 
No installation 

30 

42 

Cambodia 

Indonesia 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 

Laos No installation No installation No installation 

Malaysia 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 

Myanmar No installation No installation No installation 

Philippines 3,549 3,395 3,140 2,824 78 75 70 64 8.46 8.10 7.87 7.60 40 

Singapore 
No installation 

30 Thailand 

Vietnam 2,072 2,072 1,904 1,904 65.07 63.05 61.37 59.68 0.47 

Natural 

Gas Open 

Cycle 

Brunei 

1,120 1,050 961 872 24 23 22 20 

6.44 

30 38 

Cambodia 

Indonesia 

Laos 

Malaysia 

Myanmar 1,074 1,023 937 851 22.54 21.84 20.53 19.22 

Philippines 

1,120 1,050 961 872 24 23 22 20 

25 33 37 39 40 

Singapore 

30 38 Thailand 

Vietnam 1,111 1,111 1,111 1,111 18.54 18.54 18.54 18.54 3.708 

Natural 

Gas 

Closed 

Cycle 

Brunei 

1,248 1,161 1,062 971 31 29 26 24 1.96 1.84 1.72 1.62 30 

38 

Cambodia 56 

Indonesia 38 

Laos 56 
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Malaysia 
38 

Myanmar 1,288 1,223 1,121 1,025 

Philippines 

1,248 1,161 1,062 971 

58 61 62 63 

Singapore 
38 

Thailand 

Vietnam 1,044 1,022 1,013 1,013 10.59 10.59 10.59 10.59 2.124  56 

Natural 

Gas 

Closed 

Cycle with 

CCUS 

Brunei 

1,248 1,161 1,062 971 

31 29 26 24 
1.96 1.84 1.72 1.62 

30 

56 

Cambodia 

Indonesia 

Laos 

Malaysia 

Myanmar 
10,000,000 

Philippines 

Singapore 1,248 1,161 1,062 971 

Thailand 1,747 1,625 1,487 1,359 53 41 36 34 55 

Vietnam 1,044 1,022 1,013 1,013 10.59 10.59 10.59 10.59 2.124 30 

Natural 

Gas 

Closed 

Cycle 

cofiring 

with 

Hydrogen 

Brunei 

1,248 1,161 1,062 971 31 29 26 24 1.96 1.84 1.72 1.62 
30 

56 

Cambodia 

Indonesia 

Laos 

Malaysia 

Myanmar 

Philippines 

Singapore 

Thailand 

Vietnam 1,044 1,022 1,013 1,013 10.59 10.59 10.59 10.59 2.124 60 

Crude Oil 

& Oil 

Products 

Brunei 

1,150 34.50 40 30 38 Cambodia 

Indonesia 
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Laos 

Malaysia 

Myanmar 

Philippines 40 35 

Singapore 

30 38 Thailand 

Vietnam 1,519 14.30 4.28 

R
e

n
e

w
a

b
le

s
 

Hydro-

power 

Brunei 

6,660 33 

- 
100 

100 

Cambodia 

Indonesia 

Laos 

Malaysia 

Myanmar 6,487 7,290 6,487 6,487 63.77 63.77 63.77 61.15 90 

Philippines 
13,21

2 

10,73

6 
7,931 7,931 174 174 167 167 

100 
Singapore 

6,600 33 
Thailand 

Vietnam 4,766 11.91 4.28 

Small 

Hydro-

power 

Brunei 
No installation  

- 30 100 

Cambodia 

Indonesia 6,660 33 

Laos No installation  

Malaysia 6,660 33 

Myanmar No installation  

Philippines 6,660 33 

Singapore 

No installation  Thailand 

Vietnam 

Brunei No installation  - 30 100 
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Mini 

Hydro-

power 

Cambodia 

Indonesia 6,660 33 

Laos No installation  

Malaysia 6,660 33 

Myanmar No installation  

Philippines 10,000,000 33 

Singapore 

No installation  
Thailand 

Vietnam 

Solar 

Photo-

voltaic 

Brunei 

1,291 1,038 764 632 

23 18 15 13 - 

30 

100 

Cambodia 

25 
Indonesia 

Laos 

Malaysia 

Myanmar 1,251 948 633 509 

30 Philippines 

1,291 1,038 764 632 Singapore 

Thailand 
25 

Vietnam 1,563 1,160 1.2 0.432 

Solar 

Thermal 

Brunei 
No installation  

- 30 100 

Cambodia 

Indonesia 1,291 1,038 764 632 23 18 15 13 

Laos 
No installation  

Malaysia 

Myanmar 1,251 948 633 509 
23 18 15 13 

Philippines 10,000,000 

Singapore 
No installation  

Thailand 

Vietnam 3,485 3,973 3,783 23 18 15 13 
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Solar and 

BESS 

Brunei No installation 
23 18 15 13 

- 30 100 

Cambodia 488 488 488 488 

Indonesia 

No installation  Laos 

Malaysia 

Myanmar 1,291 1,038 764 632 
23 18 15 13 

Philippines 10,000,000 

Singapore 

No installation  Thailand 

Vietnam 

Offshore 

Wind 

Brunei No installation  

- 
30 100 

Cambodia 
3,711 2,975 2,696 2,528 113 91 81 74 

Indonesia 

Laos No installation  

Malaysia 3,711 2,975 2,696 2,528 113 91 81 74 

Myanmar 6,301 6,301 3,403 2,910 60.40 60.40 53.22 51.64 

Philippines 3,711 2,975 2,696 2,528 113 91 81 74 

Singapore No installation  

Thailand 3,711 2,975 
2,696 2,528 

113 
91 81 74 

Vietnam 5,421 4,712 94.07 0.432 

Onshore 

Wind 

Brunei No installation  

- 30 100 

Cambodia 

1,363 1,150 1,037 924 

30 27 25 23 
Indonesia 

Laos 

Malaysia 

Myanmar 28.17 25.76 23.33 20.90 

Philippines 30 27 25 23 

Singapore No installation  

Thailand 3,711 2,975 2,696 2,528 30 27 25 23 
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Vietnam 2,182 2,006 1,037 924 

Biomass 

Brunei 

5,391 4,489 4,186 3,871 157 5 

30 

38 

Cambodia 55 

Indonesia 

30 Laos 

Malaysia 

Myanmar 4,415 4,087 3,812 3,525 142.98 4.58 
45 

Philippines 

5,391 4,489 4,186 3,871 157 5 

35 39 40 

Singapore 30 38 

Thailand 55 38 40 45 50 

Vietnam 2,235 2,122 56.15 8.86  38 

Biogas 

Brunei 
No installation  

30 

34 

Cambodia 

Indonesia 5,391 4,489 4,186 3,871 24 23 22 20 6.44 

Laos No installation  

Malaysia 5,391 4,489 4,186 3,871 24 23 22 20 6.44 

Myanmar No installation  

Philippines 10,000,000 24 23 22 20 6.44 

Singapore No installation  

Thailand 5,391 4,489 4,186 3,871 157 5 45 48 49 50 

Vietnam No installation  34 

Waste-to-

Energy 

Brunei 

3,549 3,395 3,140 2,824 

78 75 70 64 

8.46 8.1 7.87 7.6 

30 33 

Cambodia 

Indonesia 

Laos - 

Malaysia 

8.46 8.10 7.87 7.60 
Myanmar 10,000,000 

Philippines 3,549 3,395 3,140 2,824 

Singapore 10,000,000 
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Thailand 5,391 4,489 4,186 3,871 157 5 33 40 42.5 45 

Vietnam 4,364 4,307 4,283 4,283 56.15 8.856 33 

Geo-

thermal 

Brunei 
No installation  

- 
30 

33 

Cambodia 

Indonesia 6,750 5,926 5,421 5,156 114 107 104  

Laos No installation  

Malaysia 6,750 5,926 5,421 5,156 114 107 104  

Myanmar 6,973 6,392 5,904 5,617 
120.8

4 

113.4

6 
107.31  

Philippines 

6,750 5,926 5,421 5,156 114 107 104  

10 

Singapore 

33 Thailand 

Vietnam 4,796 4,714 4,680 4,680 114 89.8 6.23 

E
m

e
rg

in
g
 T

e
c
h

n
o

lo
g
y 

Nuclear 

Brunei 
No installation  

2 
30 

33 

Cambodia 

Indonesia 9,440 7,730 7,209 6,668 152 

Laos No installation  

Malaysia 9,440 7,730 7,209 6,668 152 

Myanmar No installation  

Philippines 

9,440 7,730 7,209 6,668 152 

33 38 

Singapore 

33 Thailand 

Vietnam 5,584 5,298 5,000 4,700 106.26 2.448 

Hydrogen 

Brunei No installation  

30 

42 

Cambodia 

2,037 2,303 2,111 1,960 71.05 68.17 67.21 67.21 
1.96 1.84 1.72 1.62 

100 

Indonesia 

42 
Laos 

Malaysia 

Myanmar 10,000,000 18 
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Philippines 2,037 2,303 2,111 1,960 

71.05 68.17 67.21 67.21 Singapore 10,000,000 

Thailand 1,600 700 650 500 

Vietnam 1,044 1,022 1,013 10.59 2.124 65 

S
to

ra
g
e

 

BESS 

Brunei 

1,484 810 709 608 37.11 20.26 17.73 15.19 

- 

15 100 
Cambodia 

Indonesia 

Laos 

Malaysia 12 85 

Myanmar 1,606 1,180 999 817 38.65 28.39 24.02 19.64 

15 

100 

Philippines 3,081 2,161 2,161 2,161 39.68 30.10 25.46 20.82 92 

Singapore 

1,484 810 709 608 37.11 20.26 17.73 15.19 
100 

Thailand 

Vietnam 12 85 

Pumped 

Hydro 

Storage 

Brunei No installation  

0.54 

100 100 
Cambodia 1,120 

30 
Indonesia 1,120 2,046 

Laos 1,120 

Malaysia 2,046 40 80 

Myanmar 3,715 17.60 

100 

100 

Philippines 4,402 

30 

70 

Singapore 

1,120 
100 

Thailand 

Vietnam 11.91 2.988 40 80 

Note:  

 when a country has no policy or resource allocated to expand on the selected technology and hence completely excluded from power expansion plan 

 when a country has no policy or resource allocated but modeler deemed the selected technology as a candidate generation that may be selected in a last resort 
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Table 28: Costs Parameters of Major Fuels for Every Country 

Fuel Country Unit 
Capital Expenditures 

Fuel Country Unit 
Capital Expenditures 

2018 2030 2040 2050 2018 2030 2040 2050 

Natural Gas 

Brunei 

USD / 

MMBtu 

3.58 4.12 7.03 9.87 

Crude Oil 

Brunei 

USD / Tonne 

482.03 

Cambodia 26.00 8.59 8.59 8.59 Cambodia 

Indonesia 

3.58 4.12 7.03 9.87 

Indonesia 

Laos Laos 

Malaysia Malaysia 

Myanmar 54.44 54.43 60.09 66.40 Myanmar 579.04 652.10 774.77 932.19 

Philippines 

3.58 4.12 7.03 9.87 

Philippines 
482.03 

Singapore Singapore 

Thailand Thailand 
579.04 652.10 774.77 932.19 

Vietnam Vietnam 

Coal 

Brunei 

USD / 

Tonne 

150.99 118.24 118.05 140.56 

Diesel 

Brunei 

USD / Gallon 

Diesel 

Equivalent (US) 

4.24 4.66 6.07 8.10 Cambodia Cambodia 

Indonesia Indonesia 

Laos Laos 65.20 

Malaysia Malaysia 4.24 3.17 3.55 3.82 

Myanmar 20.65 16.44 18.16 20.06 Myanmar 5.56 5.21 5.75 6.36 

Philippines 

150.99 118.24 118.05 140.56 

Philippines 

4.24 4.66 6.07 8.10 
Singapore Singapore 

Thailand Thailand 

Vietnam 79.79 57.41 Vietnam 
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Biomass 

Brunei 

USD / 

Tonne 
140.00 Hydrogen 

Brunei 

USD / kg 6.87 2.06 1.72 1.37 

Cambodia Cambodia 

Indonesia Indonesia 

Laos Laos 

Malaysia Malaysia 

Myanmar Myanmar 

Philippines Philippines 

Singapore Singapore 

Thailand Thailand 

Vietnam Vietnam 

Biogas 

Brunei 

USD / GJ 

413.33 

Nuclear 

Brunei 

USD / GJ 

0.87 0.96 1.18 1.46 

Cambodia Cambodia 

Indonesia Indonesia 

Laos Laos 

Malaysia Malaysia 1.28 

Myanmar Myanmar 8.43 8.43 8.43 8.43 

Philippines Philippines 

0.87 0.96 1.18 1.46 Singapore Singapore 

Thailand 348.89 Thailand 

Vietnam 413.33 Vietnam 1.28 
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Table 29: Sources for Parameters for Each Country 

Country  Citations for country report 

Brunei No country team for AGF, parameters are copied from other reports whenever deemed suitable 

Cambodia [48] 

Indonesia [49] 

Laos [50] 

Malaysia [51] 

Myanmar [52] 

Philippines [53] 

Singapore [54] 

Thailand [55] 

Vietnam [56] (Under review for publication) 
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APPENDIX 5.  

SOCIOECONOMIC 

PROJECTION OF 

ASEAN 

 

Figure 12: Projection of ASEAN’s GDP from 2019 till 2050. Indonesia continues to be highest contributing 

economy and follow by Thailand and Vietnam.  

The combined GDP of ASEAN, after adjusted by purchasing power parity (PPP) in terms of constant 

2007 values, is projected to reach a staggering 27 trillion USD, compared to the 7.7 trillion USD in 

2019, marking a three times growth within 3 decades.  

In terms of population growth, ASEAN will be home to close to 800 million people by 2050, but the 

growth rate is slowing down (see Figure 13), but 68% of the population in the region will resides in 

urban areas or equivalently, the strong economic development transforms rural areas into urban 

centres.  
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Figure 13: Population growth and urbanisation projections for ASEAN. 
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APPENDIX 6.  

AVERAGE DAILY DEMAND 

PROFILES  
The average daily demand profiles of each of the 10 ASEAN Member States (AMS) are provided in Table 30. As the demand profiles fluctuate across 

different seasons and between working and rest days, the data are further granularised into weekdays and weekends across both dry and wet seasons. 

The AGF-APG model then optimises across 96 distinct time slices, reflecting 2 seasons × 2 weekly splits × 24 hourly steps for each representative day.  

To simplify the presentation, legend is excluded from the figures. For interpretation, continuous orange and red lines represent weekday and weekend 

demands during the wet season, respectively; while dashed green and blue lines represent weekday and weekend demands during the dry season, 

respectively. 

Table 30: Country-Specific Average Daily Load Curves, Segmented by Weekday and Weekend Profiles across Wet and Dry Seasons. 
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MALAYSIA 

 

SINGAPORE 

 

 

PHILIPPINES 
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APPENDIX 7.  

ELECTRICITY TRANSMITTED BY 

EACH APG LINE (2019-2050) 
The electricity transmitted across each APG interconnector varies by scenario over the planning horizon. For direct comparison, the figures in Table 31 

superimpose the transmission profiles of all scenarios onto a single set of axes for every APG line. The ranges are indicated on the left axis, and the 

transmission profiles for S2, S3, and S3+ are denoted using by green, red, and orange, respectively. Positive values denote power flowing in the forward 

direction, corresponding to the designated name of each transmission line, while negative ranges indicate reverse flow. Meanwhile, profiles are plotted 

after construction by the scenario and terminated when fully retired or reached the end of the horizon year 2050. Moreover, some profiles will be 

excluded from the graphs when a scenario does not involve the construction of a given line. 

Table 31: Transmission Profiles of Each APG Line Across Different Scenarios from 2019 to 2050 

4ÒÁÎÓÍÉÓÓÉÏÎ ,ÉÎÅ %ÌÅÃÔÒÉÃÉÔÙ 4ÒÁÎÓÍÉÔÔÅÄ ɉ47ÈɊ 

,ÁÏÓ ɂ -ÙÁÎÍÁÒ 

 

,ÁÏÓ ɂ #ÁÍÂÏÄÉÁ 

 

0

10

20

2015 2020 2025 2030 2035 2040 2045 2050

0

5

10

2015 2020 2025 2030 2035 2040 2045 2050
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4ÒÁÎÓÍÉÓÓÉÏÎ ,ÉÎÅ %ÌÅÃÔÒÉÃÉÔÙ 4ÒÁÎÓÍÉÔÔÅÄ ɉ47ÈɊ 

,ÁÏÓ ɂ 4ÈÁÉÌÁÎÄ 

 

4ÈÁÉÌÁÎÄ ɂ -ÙÁÎÍÁÒ 

 

4ÈÁÉÌÁÎÄ ɂ #ÁÍÂÏÄÉÁ 

 

,ÁÏÓ ɂ 6ÉÅÔÎÁÍ 

 

6ÉÅÔÎÁÍ ɂ #ÁÍÂÏÄÉÁ 

 

-10

0

10

2015 2020 2025 2030 2035 2040 2045 2050

0

15

30

2015 2020 2025 2030 2035 2040 2045 2050

-15

0

15

2015 2020 2025 2030 2035 2040 2045 2050
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10
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-30

-15

0

15

2015 2020 2025 2030 2035 2040 2045 2050
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4ÒÁÎÓÍÉÓÓÉÏÎ ,ÉÎÅ %ÌÅÃÔÒÉÃÉÔÙ 4ÒÁÎÓÍÉÔÔÅÄ ɉ47ÈɊ 

0ÅÎÉÎÓÕÌÁ -ÁÌÁÙÓÉÁ ɂ 
3ÁÒÁ×ÁË ɖ 

 

4ÈÁÉÌÁÎÄ ɂ 0ÅÎÉÎÓÕÌÁ 
-ÁÌÁÙÓÉÁ 

 

3ÁÂÁÈ ɂ 0ÈÉÌÉÐÐÉÎÅÓ 

 

3ÁÒÁ×ÁË ɂ 3ÁÂÁÈ 

 

0ÅÎÉÎÓÕÌÁ -ÁÌÁÙÓÉÁ ɂ 
3ÉÎÇÁÐÏÒÅ 

 

0.0
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4ÒÁÎÓÍÉÓÓÉÏÎ ,ÉÎÅ %ÌÅÃÔÒÉÃÉÔÙ 4ÒÁÎÓÍÉÔÔÅÄ ɉ47ÈɊ 

0ÅÎÉÎÓÕÌÁ -ÁÌÁÙÓÉÁ ɂ 
"ÁÔÁÍȾ3ÕÍÁÔÅÒÁ 
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