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Sustainable, low-emission electricity generation options are needed in the Greater Mekong Subregion, including for cross-border electricity trade. Large-scale investment in solar and wind power, together with off-river pumped hydro energy storage, is identified as a promising way forward. The GMS has many potential off-river pumped hydro sites. Actionable recommendations include greater use of bilateral power purchase agreements for cross-border solar and wind power supply, and potential development of a high-voltage direct current grid. Institutional prioritization and ongoing evaluation are required to ensure desired social, environmental, and economic outcomes from the transition.
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1 INTRODUCTION
The Greater Mekong Subregion (GMS) comprises Cambodia, Lao People’s Democratic Republic (PDR), Myanmar, Thailand, Vietnam, and Yunnan and Guangxi in China and is home to the longest river in Southeast Asia. With a population of 345 million people in 2021, its real gross domestic product grew at an average annual rate of 6.3% over 1995–2016 (GMS Secretariat, 2022). Annual electricity generation increased at an average rate of about 8.3% per annum over this period, reaching 775 TWh (GMS Secretariat, 2022). With its growing population and as a result of processes including income growth, urbanization, industrialization, and electrification, GMS electricity demand is likely to expand substantially over coming years (Phoumin et al., 2021).
Cross-border electricity trade offers an important way for GMS countries to improve their ability to meet these growing electricity demand pressures. Being able to export and import across borders can be highly economically advantageous (Antweiler, 2016). Indeed, modeling for the GMS shows that power interconnectivity could reduce the present value of electricity supply costs by around one-fifth relative to the situation of having individual electricity systems that are operated independently (Yates, 2021). Regional interconnectivity can also facilitate more stable grid management due to geographical diversification of electricity generation (IRENA and ACE, 2022).
Among the GMS countries, Lao PDR is already a major exporter of electricity, mostly to Thailand given the geographical proximity between the two countries and Thailand’s large demand for electricity. Cross-border electricity trade in other GMS countries has been relatively limited, with the openness index for electricity (imports plus exports scaled by production) of the overall region remaining low (Table 1). Cross-border electricity trade in the GMS has to date been primarily underpinned by hydro and coal generation in the form of large-scale dams and the 1,878 MW Hong Sa coal power plant in Lao PDR (Tran and Suhardiman, 2020).
TABLE 1 | GMS cross-border electricity trade (TWh).
[image: Table 1]Large-scale hydro development in the Mekong has been reported to have contributed to inequities, exclusion, and coercive expressions of social injustice (Blake and Barney, 2021). It has also resulted in biodiversity loss, fishery and sediment losses, changes in water temperatures, droughts, and salt intrusions (Grafton et al., 2019; Campbell and Barlow, 2020). The food security of millions of people has been threatened (Sabo et al., 2017). Large-scale hydropower projects are thus often a costly option when all implications are considered (Ansar et al., 2014).
The answer, however, is not coal. Coal power generation contributes to global warming and local and regional air pollution, with serious health consequences. Building additional coal-fired power stations also creates a risk of future stranded assets given the difficulty of reaching net-zero emission goals if unabated thermal coal projects remain in operation (Do and Burke, 2023a). Of concern is that Lao PDR has a project pipeline that would potentially add a further 7,000 MW of coal power capacity, mainly for power exports (Global Energy Monitor, 2023). Some modeling studies have also anticipated highly coal-intensive development pathways in the GMS under business as usual (Phoumin et al., 2021).
Explorations into alternative approaches to powering cross-border electricity trade in the GMS and Southeast Asia have been relatively limited. Previous studies on cross-border trade in the region have focused mainly on institutional, technical, and economic barriers (for example, Asian Development Bank [ADB], 2022; del Barrio-Alvarez and Horii, 2017; Do and Burke, 2023b; IEA, 2019; Shi et al., 2019; Yang et al., 2022). While hydrogen and battery energy storage systems have been identified as potentially important energy storage options (ADB, 2022), off-river pumped hydro energy storage–for which the GMS has vast potential (Australian National University (2021)), is yet to receive prominent focus in the context of facilitating the expansion of cross-border electricity trade among GMS countries.
Recent modeling efforts increasingly conclude there is a large role for solar and wind power in the electricity mixes of GMS countries under sustainable development pathways. The study of Handayani et al. (2022), for example, concludes that solar plus wind will make majority contributions to power generation in countries including Thailand and Vietnam by 2050 under a net zero emission scenario. The authors did not incorporate growth in cross-border power trade into their modeling, however.
This policy brief has the objective of exploring the potential for a new approach to cross-border electricity trade in the GMS based on trade in solar and wind power. It makes the case that a focus on solar and wind projects together with off-river pumped hydro energy storage is a highly promising way forward. We also point to initial signs of movements in this direction. The brief also highlights the importance of ensuring that projects are designed to achieve the best social, environmental, and economic outcomes possible and are subject to ongoing evaluation.
2 POLICY OPTIONS AND IMPLICATIONS
As of 2021, the five GMS nation states had about 20 GW of combined installed solar PV capacity and about 6 GW of installed wind capacity. This equalled about 17% of their total power generation capacity, although solar and wind installations typically operate at lower capacity factors than most other generators. The majority of this solar and wind capacity was in Vietnam. China had over 630 GW of installed solar PV and wind power in 2021, equal to about 28% of total power generation capacity (Ember, 2023).
Relative to their potentials, however, solar and wind uptake in the GMS remains low. In the best locations, solar and wind are now competitive with new hydropower and coal power, even before considering the likely lower environmental and social costs. Specifically, the levelized costs of electricity (LCOEs) for solar photovoltaic (PV) and onshore wind power in the GMS were estimated to be about US$46–75/MW h and US$49–76/MWh respectively in 2021 (IRENA and ACE, 2022). These are projected to continue to fall as the technologies improve and the industry matures. The LCOE for hydropower is about US$36/MWh, but this is tending to increase over time for reasons including that the best sites are utilized first (IRENA, 2021). Coal power has an estimated LCOE of about US$60–90/MWh in the GMS (Lu et al., 2021a). It is a mature technology and is losing competitiveness. Globally, the majority of new power generation capacity is either solar or wind (IRENA, 2023).
GMS countries have ample solar and wind resources (Figures 1A, B). The potentials for solar PV and onshore wind power at onshore sites with an LCOE of less than US$150/MWh have been estimated to be about 25,500 GW and 1,100 GW respectively in the Mekong countries as of 2018 (Lee et al., 2020). This far exceeds the current installed generation capacity of all technology types in the GMS of about 140 GW as of 2017 (ASEAN Centre for Energy, 2020; Statista, 2018). This potential is augmented by sizable offshore wind potential in countries such as Vietnam (Do et al., 2022). The GMS would benefit from developing solar and wind power concurrently, as wind resources are complementary to solar. Solar and wind energy are also complementary on a seasonal basis given the winter monsoon and other seasonal variation.
[image: Figure 1]FIGURE 1 | Solar, wind, and pumped hydro energy storage potential in the GMS: (A) Global horizontal irradiance as denoted by the blue-yellow-orange-red colour scheme (low to high solar radiation). (B) Mean wind speed at 150 m height with the excellent wind energy resources (>8 m/s) highlighted in red. (C) Potential sites for off-river pumped hydro, classified into A (dark red), B (red), C (orange), D (yellow), and E (light yellow) based on construction costs (low to high). Image source: Figure 1A was sourced from the Global Solar Atlas 2.5, a free, web-based application developed and operated by Solargis (2021) on behalf of the World Bank Group. Figure 1B uses wind resource data from Global Wind Atlas 3.1, by the Technical University of Denmark (2021). Figure 1C is from the Australian National University (2021) Global Pumped Hydro Atlas.
GMS countries have relatively high potential solar PV capacity factors-at 16%–18% for much of the region (Solargis, 2021). Seasonal variation in the solar resource is relatively low, with the maximum:minimum ratio for the monthly average solar energy resource typically below two. This means that the need for seasonal energy storage would be relatively modest, especially if domestic and regional electricity transmission interconnectivity is upgraded (Do et al., 2020; Do et al., 2021). Transmission connections would help to diversify supply and allow access to the lowest-cost generation sites in the region.
Off-river pumped hydro would be an ideal solution for the energy storage needs of both power importers and exporters. Pumped hydro is known to be the most economical option for large-scale energy storage on timescales ranging from hours to a few days (Schmidt et al., 2019). Unlike conventional on-river hydro, off-river pumped hydro can have relatively low environmental impacts, especially if located on brownfield sites such as former mines (Gilfillan and Pittock, 2022). The Lower Mekong countries have about 27,300 potential off-river pumped hydro sites with a combined storage capacity of over 896,000 GWh (Figure 1C) (Stocks et al., 2021). This is ample to support 100% renewable energy systems in the region.
Off-river pumped hydro has substantial potential to provide the dispatchability services that are currently often provided by hydropower, and without disrupting river systems (Waldman et al., 2019). It could also supply ancillary services such as frequency control. To facilitate cross-border trade flows, the pumped hydro sites could be either on the exporting or importing side of the border, depending on the context. Other storage solutions and smart grid management technologies will also become increasingly important as the share of variable energy sources rises (Schmitt et al., 2019). The availability of high quality predictive data on solar and wind resource availability is also important for system management and cost mitigation (Djaafari et al., 2022).
Adoption of solar and wind power plus off-river pumped hydro energy storage in the GMS could bring substantial benefits. The approach would reduce the risks of insufficient water availability for dam operations in the dry season (Chowdhury et al., 2021). At the regional scale, modelling suggests that a solar- and wind-dominated 100% renewable electricity system could be adopted in GMS countries at a highly competitive LCOE of about US$55–110/MWh in 2020 dollars (Lu et al., 2021a; Yates, 2021).
By avoiding the need for new large-scale hydro and thermal power projects, solar and wind power plus off-river pumped hydro energy storage could mitigate social and environmental impacts for local communities, especially if installations are well sited and community consultation and participation are strong (Do et al., 2021). Floating or fixed water-mounted solar PV projects are one way to reduce land impacts and can also potentially boost the energy output of the panels via a cooling effect. These installations can also help to reduce evaporation, thus providing potential benefits for agricultural and other users of water (Alhejji et al., 2021). Ecological impacts on waterbodies need to be minimized, however (Yang et al., 2019). Lao PDR is currently building its first utility-scale solar project, with a floating PV project on an existing dam also planned (IEEFA, 2022).
3 ACTIONABLE RECOMMENDATIONS
Efforts to overcome institutional and technical barriers to greater cross-border electricity trade in the GMS are multifaceted (ADB, 2022). Here we outline several key strategies.
3.1 Mechanisms to promote solar, wind, and energy storage power adoption
Government policy instruments such as feed-in tariffs and reverse auctions will be crucial in boosting overall adoption of solar and wind power in GMS countries (Vakulchuk et al., 2023). These mechanisms should ideally be open to cross-border suppliers. The renewable portfolio standard approach, as used in, for example, Australia and California, is also a highly promising approach (Burke and Do, 2021). Auctions and certificate mechanisms can also be used to target the provision of short- and long-term energy storage services, or firmed supply. Improvements in grid capacity and management are also important, as it is highly desirable to avoid the type of solar and wind output curtailment experienced in Vietnam in its early stage of adoption (Do et al., 2021).
While investing in new solar and wind projects, transitioning away from coal projects is also of foremost importance so as not to be adding to the unsustainable trend in GMS countries. There is currently substantial international support available for the phase out of coal power and bringing in of renewables. For example, in 2022 Vietnam entered a US$15.5 billion Just Energy Transition Partnership with international partners that focuses on substitution away from thermal coal (Do and Burke, 2023a).
3.2 Focusing on bilateral cross-border electricity trade
Deep integration of wholesale electricity markets is unlikely in the GMS in the foreseeable future. Instead, it is likely that bilateral or trilateral cross-border power purchase agreements (PPAs) will continue to be the key facilitating mechanism for cross-border electricity trade (Do and Burke, 2023b). Such agreements can be de-risked to some extent via sovereign guarantees and other approaches (IRENA, 2020).
Positive signs have recently been seen in this direction. In early 2023, Vietnam Oil and Gas Group and Singapore’s Sembcorp Industries signed an agreement enabling Vietnam to export about 2.3 GW of offshore wind power to Singapore (Reuters, 2023). The ADB also signed a US$692 million project financing package for the building of a 600 MW wind power project in Lao PDR for exports to Vietnam (ADB, 2023). Cambodia also signed a memorandum of understanding for the export of clear power to Singapore (Khmer Times, 2023).
3.3 High-voltage direct current super grid
One promising approach would be for a high-voltage direct current (HVDC) super grid to be built to interconnect the member countries. Modern HVDC technology enables long-distance, bulk electricity transmission with relatively low energy loss (about 3% per 1,000 km) (Lu et al., 2021b). An HVDC super grid has been modeled in various exercises. For example, the study of Yates (2021) found that it could help to enable a 97% renewables share in the GMS electricity mix at a competitive system LCOE of about $US66/MWh. An HVDC super grid could also be extended to connect with other provinces in China, other Southeast Asian nations, and countries such as Bangladesh, India, and Australia (Do and Burke, 2023b). Such an interconnected system could be decoupled from the alternate current grids to reduce the chance of a failure pass-through (Lu et al., 2021b). The grid would need to be built in a staged manner, ideally with a view to providing broad regional interconnections in the long run.
3.4 Institutional and financing arrangements
Institutionally, prioritization of a solar- and wind-powered vision for GMS power trade by the GMS Regional Power Trade Coordination Committee would be a useful step. This committee comprises representatives from the six national energy ministries (ADB, 2022). The Mekong River Commission and the Association of Southeast Asian Nations (ASEAN) also have key regional roles (Dombrowsky and Hensengerth, 2018). There is also a potential role for new institutions to monitor and evaluate progress in the energy transition in the GMS, drawing lessons for subsequent stages.
Sizable investment in power generation and transmission capacities will be needed, although this would also be the case under either an emission-intensive or a hydro-intensive development pathway. We estimate that the capital costs for a well-connected HVDC super grid in the GMS would likely run into the hundreds of billions of dollars (Lu et al., 2021a; Yates, 2021). Substantial investment will also be needed for the overall move to a net-zero economy, including for the electrification of sectors such as road transport (DEA and EREA, 2022). Given technology learning and maturity effects, the extent to which local solar and wind costs are expected to decline over coming years is itself a function of adoption levels in the region.
Multilateral development banks such as the Asian Development Bank, the Asian Infrastructure Investment Bank, and the World Bank have key financing roles, and bilateral partners are also important (Feng et al., 2020). The ADB (2021), for example, has announced it will provide US$100 billion in climate financing across Asia and the Pacific over 2019–2030 and has specifically ruled out support for new coal mining or power projects. GMS countries could also mobilize domestic resources for expanding transmission grids via mechanisms such as carbon pricing (Do and Burke, 2021).
3.5 Strengthening political and community support
Political support will be crucial for the prospects for sustainable cross-border electricity trade in the GMS (Puka and Szulecki, 2014), and indeed was a key requisite for the initial establishment of cross-border electricity trade between Lao PDR and Thailand (del Barrio-Alvarez and Horii, 2017). Ensuring strong community participation in decision making and benefit sharing is also crucially important (Wyrwoll et al., 2018). Stringent efforts to minimize the environmental and social footprints of solar and wind projects and related transmission and energy storage infrastructure will be essential for environmental sustainability and maintaining public support (Opperman et al., 2023). It is vital that infrastructure is sited with an eye to minimizing adverse impacts.
4 CONCLUSION
Solar and wind power combined with off-river pumped hydro storage have emerged as a promising alternative to new large-scale hydro or thermal power in the GMS in an era in which low-emission, sustainable options are highly needed. Resource variation between countries creates important cross-border trade opportunities, for example, the export of offshore wind power from Vietnam, onshore wind power from Lao PDR, or solar power from Cambodia, among other potentials. However there is much to do to realize this more sustainable model of cross-border power trade for the region. Substantial capital flows will be needed.
Short-term actions to ramp up investment in solar and wind power and needed transmission infrastructure–both domestic and cross-border–are important. Environmental and social safeguards will also be needed for all solar, wind, storage, and transmission projects. Regional cooperation and trust will be crucial. A deep form of wholesale power market integration is unlikely in the near term, with continuing reliance on bilateral and trilateral agreements for cross-border electricity supply and offtake likely to remain as the mainstay model.
There is substantial scope for future research on specific engineering designs, project costings, and models for community participation in clean energy projects in the context of the GMS. Ongoing evaluation along social, environmental, and economic dimensions will also be crucial. Lessons learned along the way will be informative for ensuring the long-run delivery of sustainable development outcomes in the GMS in the new era of solar and wind power.
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Generation Imports Exports. Openness index (%)

 Cambodia 84 31 00 370
‘ Guangxi, China 1275 00 00 0

‘ Yunnan, China 2686 14 19 12
‘ Lao PDR 300 13 240 810
\' Myanmar 250 00 10 40
Thailand 1810 260 29 150
‘ Vietnam 2140 33 21 25
‘ Total 8545 351 319 78

Source: GMS, GMS Secretariat (2022), US EIA (2022). Data for Guangxi and Yunnan are for 2016 and only for trade across China’s national border. Data for other countries are for 2019.
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