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Strategic dam planning and the deployment of decentralized renewable technologies 1

are two elements of the same problem, yet they are normally addressed in isolation. 2

Here, we show that an integrated view of the power system capacity expansion prob- 3

lem could have transformative effects for the ‘Battery of Asia’ plan. We demon- 4

strate that Thailand, Laos, and Cambodia have tangible opportunities for meeting 5

projected electricity demand and CO2 emission targets with less hydropower than 6

currently planned—options range from halting the construction of all dams in the 7

Lower Mekong to building 82% of the planned ones. The key enabling strategies 8

for these options to succeed are solar PV and regional coordination, expressed in 9

the form of centralized planning and cross-border power trading. The alternative 10
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expansion plans would slightly increase the cumulative costs, but limit the fragmen-11

tation of additional river reaches, thereby offering more sustainable pathways for the12

Mekong’s ecosystems and riparian people.13

1 Introduction14

In many developing regions, economic growth is supported by power systems that rely on15

cheap and locally available energy sources. Southeast Asia is no exception: the region is16

on the way to achieve universal access to electricity by largely banking on hydroelectricity17

and fossil fuels 1. Aside from CO2 emissions, a major concern for this energy policy is the18

socio-environmental externalities of hydropower development. The main center of activity19

has been the Mekong River, a global hotspot of biodiversity and home to the world’s largest20

freshwater fishery 2, 3. The Mekong and its tributaries have abundant hydropower poten-21

tial, part of which has so far been developed by China, Laos, Thailand, and Vietnam—22

with Cambodia and Myanmar playing a marginal role. Up to 2020, the combined installed23

capacity of all commissioned dams (> 1MW) is about 41.6GW
4–6, including some par-24

ticularly controversial dams recently built on the main stem of the Lower Mekong (e.g.,25

Nuozhadu: 5850MW, Xayaburi: 1285MW, Don Sahong: 260MW). Their impact is26

profound: by creating artificial storages and fragmenting the river network, they not only27

alter the hydrological regimes 7, 8, but also block fish passage and reduce the transport of28
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sediment and nutrients 9, ultimately affecting the riverine ecosystems, its fisheries, and the 29

riparian communities 10–12. If all proceed as planned, another 22GW will be deployed 30

in the next decades 4–6 (Figure 1a). And yet, there might be multiple alternatives to this 31

plan: the availability of regional grid interconnections 13, 14 and renewable energy sources, 32

particularly solar photovoltaic (PV) 15, suggests that dam development may be partially 33

offset by deploying renewable technologies in low-cost and well-accessible areas 16. A 34

complementary strategy is the design of more sustainable dam portfolios 17. Whether any 35

of these alternatives is technically feasible and economically reasonable for it to succeed 36

remains an open question. 37

Designing dam portfolios and deploying decentralized renewable technologies are 38

two elements of the same problem—i.e., planning the expansion and operations of sus- 39

tainable power systems—but they are normally addressed with different tools. Strategic 40

dam planning typically relies on multi-objective optimization frameworks that balance hy- 41

dropower capacity with one, or multiple, environmental objectives, such as fish biomass 42

and biodiversity losses 18, sediment supply 19, 20, or greenhouse gas emissions from reser- 43

voirs 21. These studies provide fundamental guidance for future hydropower projects, 44

as they identify opportunities for better trade-offs between power supply and ecosystem 45

services. Most importantly, they highlight the necessity of regional coordination in dam 46

planning 20 (as opposed to the piecemeal approach adopted in many basins). However, 47
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some dam portfolios may be technically or economically unfeasible, because the frame-48

works with which they are designed do not represent the role played by dams within power49

systems. For example, concentrating dams within a few sub-basins may provide an op-50

portunity to balance installed capacity with ecosystem services, but such a plan may be51

impaired by the cost of developing an adequate transmission infrastructure 22, or if the52

intermittent production of hydropower dams cannot be absorbed by the existing thermo-53

electric facilities 23. These are the fundamental mechanisms captured by the tools used54

to study the integration of renewable technologies within existing grids, which combine55

long-term capacity expansion and detailed power system operations 24–26. The flipside here56

is that power system planning models typically forgo the information available from dam57

planning studies 27 and use simplistic representations of hydropower storage dynamics 28,58

thereby neglecting hydropower response to climate variability as well as the cascading ef-59

fect of hydropower operations in large reservoir networks, such as the one being developed60

in the Mekong.61

Here, we introduce a modeling framework for dam and power system planning in62

the Lower Mekong River Basin that brings the aforementioned elements under the same63

umbrella. Our framework consists of two components, urbs 29 and VIC-Res 30, 31. urbs co-64

optimizes capacity expansion for generation, transmission, and storage as well as hourly65

power system operations—thus accounting for the balancing of supply and demand, trans-66

4



mission constraints, ramping limits, electricity reserve, and the time needed to start-up 67

and shut down the thermoelectric units. A fundamental feature of urbs is its spatially 68

distributed nature: the model explicitly accounts for the power system infrastructure of 69

120 provinces in Laos, Thailand, and Cambodia, where a cross-border, power-trade in- 70

frastructure is already in place (Figure 1b). Thanks to this setup, urbs integrates complex 71

weather data and characterizes the spatial variability of renewable energy sources and 72

hydropower, a fundamental requirement for large-scale studies (cf. 24). The hydropower 73

availability of each existing and planned dam in the Mekong is calculated using VIC-Res, a 74

spatially-distributed hydrologic-hydraulic model simulating not only the relationship be- 75

tween hydro-meteorological forcings and water availability thorough the basin, but also 76

the storage dynamics and turbine release of each reservoir. VIC-Res is also implemented 77

for the Chao Phraya, the second main basin of our study site, and home to a few large 78

dams feeding the Lower Mekong power grid. 79

By running our framework over the period 2016–2037, we show that the the regional 80

electricity demand and CO2 emission targets can be met by constructing only 82% of the 81

planned dams in Thailand, Laos, and Cambodia. The key enabling technologies for this 82

alternative to succeed are solar PV and high-voltage transmission lines, which redistribute 83

cheap electricity across distant load centers. Our analysis of alternative dam portfolios 84

proposes other, more sustainable, options than the ‘Battery of Asia’ plan32: a careful ex- 85
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pansion of the power system could even absorb the halting of the construction of all dams86

in the Lower Mekong—at a cost of about 10 billion US$ over the period 2016–2037.87

Finally, we show that the alternative dam portfolios could substantially limit the fragmen-88

tation of additional river reaches. However, further alterations of the natural flow regime89

will depend on decisions made in both Upper and Lower Mekong, thus highlighting the90

need for multi-sector cooperation efforts between all riparian countries.91

2 Results92

Capacity expansion plans. We perform a power system optimization of the Lower Mekong93

region that takes into account the existing power infrastructure, the projected costs of tech-94

nologies, as well as future electricity demand and emissions reduction targets. The power95

systems of the Lower Mekong River Basin face two challenges: meeting the growing96

electricity demand (projected yearly growth rates are 4.3% for Thailand, 8.8% in Cambo-97

dia, and 9.5% in Laos) and decreasing the carbon emissions intensity from an estimated98

0.536 tCO2/MWh to a target of 0.308 tCO2/MWh. Theoretically, two decarbonization99

pathways exist: either a shift from coal to gas (which has a lower carbon intensity), with100

a moderate expansion of renewable energy technologies; or a large expansion of renew-101

able energy, combined with a continuous usage of coal and a moderate expansion of gas102

power plants. The results of the optimization, with regard to the energy mixes of the three103
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countries, reflect a combination of these pathways (Figure 2). In the short term, due to the 104

stringent assumption on the overall emission intensity, we observe that gas replaces part of 105

the coal generation in Thailand and reduces its dependence on imports from Laos. Gas is 106

the cost-efficient solution because the hydropower dams going into operation in 2020 are 107

not sufficient to reduce the carbon emissions in accordance with the stringent targets for 108

that year, and because the installation cost of solar PV is still relatively high (see Table S1 109

for an overview of the technology cost assumptions). 110

The decarbonization strategy shifts drastically from 2025 onwards. The usage of 111

coal is on par with 2016-levels, the relative share of gas decreases, while a huge expansion 112

of renewable energy technologies takes place in the Lower Mekong countries. Since the 113

wind potential is rather limited in the region, the three countries increase the capacities 114

of solar PV (particularly in Thailand) and hydropower (mostly in Laos and Cambodia). 115

Solar PV capacity expansion amounts to 52GW in 2025 and continues to grow steadily 116

in the following years to reach 68.2GW by 2037. Thailand alone witnesses an addition of 117

49.8GW of solar capacity, which is equivalent to about 42% of its total capacity in 2037. 118

Meanwhile, the hydropower capacity in the three countries increases from 9.3GW in 2016 119

to 22.8GW in 2037. Most of the new capacities are added in Laos (+12GW), followed 120

by Cambodia (+1.8GW), with an additional 0.7GW in Myanmar dedicated to the Thai 121

power market. This corresponds to an execution rate of 82%, since the total capacity of 122
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all planned dams in the region amounts to 17.6GW. In order to connect the hydropower123

dams with the demand centers, which are mainly located in Thailand, the power grid is124

upgraded with the addition of 25GW bidirectional transmission lines. Consequently, the125

share of carbon-free generation increases from 16.7% in 2016 to 42.9% in 2037. Whereas126

hydropower makes up the lion’s share in 2016, it only accounts for less than half of the127

carbon-free generation in 2037. The rest is provided by solar PV (89.2TWh, or 49.8%),128

with bioenergy and onshore wind playing minor roles.129

Regional balancing of supply and demand. The new dams are mainly located in South-130

ern Laos and Northeastern Cambodia, Northern Laos, and Eastern Myanmar. Among the131

dams that are not selected for the capacity expansion, one is located in Western Cambodia132

(100MW) and another one in Southern Laos (70MW), but the majority (21 dams, about133

2.1GW) are in Northern Laos. Of the new solar PV capacities, 25% are concentrated134

in the north west of Thailand, whereas the rest is distributed all over the region. How-135

ever, most of the power demand occurs around Bangkok. Hence, we observe that different136

provinces within the three countries play different roles—notably as hydropower genera-137

tion hubs, solar PV generation hubs, or power demand hubs (the regional distributions of138

hydro capacities, solar capacities, demand and transmission lines are shown in Figure S1).139

In order to alleviate the regional discrepancies between supply and demand, the model140

expands the transmission grid in the east–south direction (from Laos to Thailand through141
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Cambodia) and west–south direction (within Thailand), so that most new lines converge 142

towards Bangkok and its surroundings. This cost-optimal power system design implies a 143

high level of regional coordination between the grid operators of the three countries. 144

Impact of alternative dam portfolios on power system expansion. Our results indicate 145

that not all planned hydropower dams must necessarily be built. Moreover, the availabil- 146

ity of a vast solar PV potential 15 suggests that there might be opportunities for further 147

reducing the number of dams built in the near future. We therefore consider three alterna- 148

tive dam portfolios (Table 1), and use urbs–VIC-Res to identify possible substitutes in the 149

power system and quantify the implications in terms of system costs. Two portfolios repre- 150

sent scenarios in which we stop the construction of all dams (Stop-All) or only the planned 151

ones (Stop-Planned)—for which construction works have not started yet. The third port- 152

folio blocks the construction of dams in the main stem of the Mekong (Stop-Stem), which 153

have a larger impact on migratory fish populations and sediment supply 20, 33. 154

As illustrated in Figure 3, the alternative dam portfolios are technically feasible, 155

meaning that a decrease in hydropower production can be offset by other sources, mainly 156

solar PV and gas. Interestingly, there is also a positive correlation between hydropower and 157

coal generation. In fact, if the hydropower share is high, then the overall carbon-neutral 158

generation is also high. This leaves some freedom to use coal, which is cheaper than gas 159
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Table 1: Dam development portfolios over the planning horizon 2016–2037. Overview of

the total number of dams, and corresponding installed capacity, for the business-as-usual

plan (Reference) plus three additional dam development portfolios. The last row reports

information on dams operational in 2016. Both number of dams and total capacity are

reported for all countries falling within the Mekong basin and for Thailand, Laos, and

Cambodia only (L-T-C). Data were retrieved from 4–6, 34 and processed to filter dams that

have either storage capacity larger than 0.1 Mm3 or installed capacity larger than 1 MW.

Name Description

No. of dams Total capacity (GW)

L-T-C Mekong L-T-C Mekong

Reference Build all dams (business-as-usual) 146 236 28.46 63.63

Stop-Stem Build dams on tributaries only 139 229 20.61 55.79

Stop-Planned

Stop building all planned dams

(from 2020 onwards)

119 203 19.24 53.70

Stop-All

Stop building all planned and under

construction dams (from 2020 on-

wards)

111 195 18.21 52.67

2016

Dams commissioned by the end of

2016

53 108 9.29 29.58
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but has a higher carbon intensity per unit of energy. On the other hand, in the scenarios 160

with less hydropower, the power system has to generate more energy from carbon-emitting 161

technologies without violating the total CO2 constraint, so it resorts to using more gas-fired 162

power plants. Importantly, the alternative portfolios may also be economically feasible: 163

Taking into account the investment costs, fuel costs, and fix and variable operation and 164

maintenance costs (up until 2037), our results show that the scenarios with alternative 165

dam portfolios are marginally more expensive than the Reference one. For example, the 166

most restrictive portfolio (Stop-All) leads to cumulative costs that are 2.4% higher than 167

the business-as-usual strategy. This corresponds to about 10 billion US$ over the period 168

2016–2037. 169

Future pathways of river fragmentation and flow regulation. To estimate and synthe- 170

size the combined effects of the alternative dam portfolios on the Mekong’s ecosystems, 171

we use the River Fragmentation Index (RFI) and River Regulation Index (RRI) 33, 35. The 172

former captures the effect of dams on the natural connectivity of riverine systems, focusing 173

in particular on longitudinal connectivity, important for its relation to species migration 18. 174

The latter quantifies the impact of dams on timing and magnitude of flows; alterations 175

of the natural flow regime that can disrupt the life cycle of freshwater species 36. When 176

calculating both indices (see Methods), we account for the dams selected by urbs for each 177

portfolio and time slice, but assume that all dams in China will be constructed as planned— 178
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thereby reflecting the lack of coordination between Lower and Upper Mekong countries179

on infrastructure development.180

The RFI and RRI values over the period 2016–2037 give us a glimpse of past,181

present, and future pathways of river fragmentation and flow regulation (Figure 4). Dams182

operational in 2016 appear to affect more the total network regulation rather than the183

river connectivity, a result explained by two facts. First, most of these dams are lo-184

cated in headwater streams. Second, some of these dams, particularly those in the Up-185

per Mekong, have massive storage capacity (e.g., Xiaowan Dam: 15 043Mm
3, Nuozhadu186

Dam: 21 749Mm
3), so their effect on the flow regime is perceived across the entire basin 8.187

The sudden change in the RFI experienced between 2016 and 2020 (from 17.4% to 66.6%)188

is largely attributable to dams built in the Lower Mekong Basin, either on the main stem189

(e.g., Xayaburi Dam, in Laos) or on major tributaries (e.g., Lower Sesan 2 Dam, in Cam-190

bodia), which disconnect large fractions of the river network (see Figure 5). Although the191

current situation is clearly critical, our results indicate that the alternative dam portfolios192

could substantially limit the fragmentation of additional river reaches. More precisely, we193

estimate that future values of the RFI could vary between 66.6 and 80.5%, under the Stop-194

All and Reference scenario, respectively. Results also suggest that the portfolios have little195

influence on future alterations of the flow regime; the projected RRI increase is mainly196

attributable to the construction of large-storage dams in the Upper Mekong.197

12



A more nuanced understanding of the effect of existing and planned dams on flow 198

regulation is offered by Figure 5, where we illustrate the Degree of Regulation (DOR), a 199

spatially-disaggregated version of the RRI calculated for each river reach (see Methods). 200

By contrasting the DOR calculated for the situation in 2020 and the Stop-All and Reference 201

portfolios for 2037, Figure 5 reveals the differential impact of Lower and Upper Mekong 202

dams on river flows (see Figure S2 for the DOR values of the other two portfolios). First, 203

the construction of just a few, large-storage dams in China would further alter the flow 204

regime far downstream along the river network (cf. the current situation, 2020, against 205

the Stop-All portfolio). In particular, the DOR would be larger than 25% in almost the 206

entire main stem. To put this number into perspective, consider that Lehner et al. (2011) 34
207

marked the possibility of substantial changes in the natural flow regime for DOR values 208

larger than 10%. Second, the construction of more dams in the Lower Mekong countries 209

would not dramatically change the DOR values in the river network (cf. Stop-All and 210

Reference portfolios), since most dams—even those planned for the main stem—have 211

limited storage capacity in relation to the river flow. In addition, the presence of a few 212

weakly-regulated tributaries, such as those in the southwest part of the basin, “dilute” the 213

flow regulation effect. 214

In sum, it appears that the fate of the Mekong’s ecosystems is caught between the 215

dam development plans for the upper and lower portions of the basin: our analysis shows 216
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that a careful expansion of the power system in Thailand, Laos, and Cambodia could217

prevent additional damages on the river’s natural connectivity, but future alterations of the218

natural flow regime are more directly related to the construction of large dams in the Upper219

Mekong.220

3 Discussion221

Our study demonstrates that Thailand, Laos, and Cambodia could meet their future elec-222

tricity demand and CO2 emission targets with substantially less hydropower than what is223

currently planned—options range from halting the construction of all dams in the Lower224

Mekong to building 82% of the planned ones. Importantly, the options we explored are225

both economically and technically feasible. Beginning with the economic aspects, note226

that even the most restrictive dam portfolio we considered (i.e., halting of the construction227

of all dams in the Lower Mekong) would increase the cumulative costs over the period228

2016–2037 by only 2.4% (∼10 billion US$) with respect to the business-as-usual strat-229

egy. And while these figures may change in the future in response to fluctuations in the230

cost of technology and commodities, we note that they are comparable to the estimated231

damages of dam developments on the inland fishing industry alone (i.e., 2 to 13 billion232

US$ 37, 38). But hydropower dams have many other negative impacts, such as greenhouse233

gas emissions 39, thermal pollution 40, or the displacement of indigenous communities 41.234
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In this regard, it is important to consider that several socio-environmental externalities are 235

related to the natural connectivity of the river network 33, meaning that the Lower Mekong 236

countries still have a chance to curb an already critical situation. The flipside of our re- 237

sults is that alterations of the natural flow regime—a potent driver of biodiversity 42—are 238

also determined by dam planning decisions in the Upper Mekong. China’s recent decision 239

to share year-round water data with the downstream countries is a first important step 43, 240

which should ideally be followed by mechanisms for jointly planning infrastructure in- 241

vestments 20. 242

The reason behind the technical feasibility of these plans lies in the flexibility of the 243

other technologies. Solar photovoltaic modules, while subject to a diurnal cycle and to 244

weather conditions, have the advantage of being scalable and deployable in any province 245

of the Mekong countries. In particular, they can be built in every province, spare the costs 246

of long transmission lines, and ensure a higher level of energy autarky. The seasonal fluc- 247

tuations are low and complement very well the existing hydropower production, provided 248

that there is a strong coordination between the national grid operators. As of the intraday 249

fluctuations, they may not require utility-scale, expensive batteries in the short and mid- 250

term because gas power plants can ramp up and down rapidly. Hence, even in the least 251

restrictive scenario to hydropower expansion, we notice a shift from hydropower as main 252

source of clean electricity to solar in the next years. This is akin to a paradigm shift in 253
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the power supply from a few, large infrastructure projects to multiple small decentralized254

power plants. This trend is in line with studies on other regions, for example on Myan-255

mar 44, Congo 28 or South Africa 25, and is robust against climate variability, as shown in256

our sensitivity analysis with different hydro-climatic conditions (see Methods).257

The key message of this paper is that the planned hydropower expansion should be258

revised in light of the new developments in the power market, in particular the fast de-259

creasing costs of solar PV, which already produce the cheapest electricity in many coun-260

tries 45. Even in the reference scenario, which reflects the Thai decarbonization targets261

and has no restrictions on hydropower portfolios, only 82% of the planned capacity is ac-262

tually built according to our coupled models. The construction of less economical dams263

should not proceed as planned. That being said, the Thai decarbonization targets until264

2037 are not ambitious enough to push coal out of the system. In fact, we observe that265

more hydropower in the system enables coal to be used even more and comply with the266

CO2 constraints. This trend applies not only to the Mekong countries, but to the whole267

ASEAN region. According to the IEA 1, the projected increase in fossil fuel consumption,268

particularly the continued rise in coal demand, will lead to a two-thirds rise in CO2 emis-269

sions and a 44% increase in premature deaths due to air pollution by 2040, compared to270

2018. Therefore, revisions to policy plans have so far tended to boost the long-term share271

of renewable energy, typically at the expense of coal 1. So ultimately, if decarbonization272
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targets become more stringent in the long term or the midterm, the competition between 273

solar and hydro in the Mekong countries might turn into a collaboration, because they are 274

probably both needed in large amounts to drive coal out. 275

Our study also demonstrates that there are technical pathways for combining the 276

design of dam portfolios with the capacity expansion of power systems. By doing that, 277

we can balance hydropower supply with environmental objectives, and, importantly, ex- 278

plicitly evaluate the role played by dams within a power system, therefore avoiding the 279

risk of conceiving portfolios that are economically or technically unfeasible. By com- 280

bining high-resolution hydrological and power system planning models, we also account 281

for both geophysical and political boundaries, an information needed to account for limits 282

and opportunities in cross-border power-trade infrastructure. Naturally, a modeling frame- 283

work like ours should be used at the beginning, rather than the end, of a conversation on 284

sustainable energy planning, because its spatial domain and computational requirements 285

inevitably constrain the number of physical processes and scenarios that can be considered. 286

In other words, screening models deployed across large domains should be complemented 287

by local-scale impact assessments that evaluate additional, fundamental, processes, such 288

as sediment and fish passage through dams 46. In this regard, another potential modeling 289

avenue is to dynamically link strategic dam planning models and power system planning 290

models, so as to provide a more exhaustive exploration of the ecology-energy trade-offs 44. 291
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Looking forward, it is not difficult to imagine that many developing regions will292

be caught increasingly in the tension between ensuring cheap power security, exploiting293

locally available resources, and protecting ecosystems. Multi-model frameworks that span294

across multiple sectors—like the one described here—are a suitable platform for capturing295

these multiple perspectives and resolving, or at least addressing, ecology-energy trade-296

offs.297

Methods298

Hydrological and water management models. To estimate the daily hydropower pro-299

duction of each dam in the Mekong and Chao Phraya basins, we adopt a two-step model-300

ing approach. We begin with the Variable Infiltration Capacity (VIC) model, a large-scale,301

semi-distributed hydrologic model 47. VIC organizes the spatial domain into a number of302

computational cells, where evapotranspiration, infiltration, baseflow, and runoff are calcu-303

lated. The simulated runoff is then routed through the river network by VIC-Res, a water304

management model that includes an explicit representation of storage and release dynam-305

ics of water reservoirs 31. In VIC-Res, each reservoir is represented by a cell accounting306

for dam location and a number of water of cells in which the storage dynamics are calcu-307

lated. Daily release decisions are determined on the basis of bespoke rule curves. Using308

the information on hydraulic head and release, VIC-Res finally calculates the hydropower309
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available at each dam. 310

Two separate computational domains were constructed to simulate hydrological and 311

water management processes in the two basins. The domain for the Mekong covers an area 312

of ∼635 000 km
2, stretching from the Tibetan Plateau (China) to Kratie (Cambodia). In 313

this model, we simulate the operations of 108 dams operational in 2016, spanning across 314

China, Laos, Thailand, Cambodia, and Vietnam. This is necessary to account for the effect 315

of upstream dam regulation on water availability and hydropower production in the Lower 316

Mekong countries. The model for the Chao Phraya basin has a domain of ∼ 110 000 km
2

317

and includes Bhumibol and Sirikit dams, which have a combined installed capacity of 318

∼1280MW. For both Mekong and Chao Phraya’s models we adopt a resolution of 1/16th 319

of a degree, necessary to avoid allocating multiple dams to the same cell. 320

Key inputs include a Digital Elevation Model (DEM) and data on land use, soil, 321

precipitation, and temperature. For the DEM, we masked the Global 30 Arc-Second El- 322

evation (GTOPO30) DEM with the shape of the two basins, and then adapted it to the 323

resolution of our models with the average resampling technique 48. Land use and soil data 324

are obtained from the Global Land Cover Characterization dataset and Harmonized World 325

Soil Database, respectively. The datasets have a spatial resolution of 30 arcsecond, so we 326

generated land use and soil maps with the majority resampling technique. Rainfall and 327

19



temperature data are retrieved from Global Meteorological Forcing Dataset 49, which have328

been thoroughly tested for our study site 50. For the representation of reservoirs in VIC-329

Res, we acquired data on storage-depth relationship, maximum surface extent, dam design330

specifications, and rule curves. The storage-depth relationship is modeled with Liebe’s331

method 51, the most common approach in large-scale studies 52–54. The maximum surface332

extent of each reservoir is estimated by extracting surface water profiles from Landsat TM333

and ETM+ imagery, while the dam design specifications are obtained from the Mekong334

River Commission and the Electricity Generating Authority of Thailand—and comple-335

mented, where necessary, with information retrieved from other databases. For each reser-336

voir, we use bespoke rule curves designed to draw down the storage during the driest337

months to maximize the electricity production, and recharge the depleted storage during338

the Southwest monsoon season 30, 55. Additional information on the input data is provided339

in Table S2.340

To calibrate the hydrological model, we tuned the parameters controlling the rainfall-341

runoff process, and compared the simulated discharge against the one observed at multiple342

gauging stations in the Mekong and Chao Phraya basins (data retrieved from the Mekong343

River Commission and the Thai Royal Irrigation Department). The calibration period is344

1996–2005, with 1995 used for the model spin-up. During the simulation, reservoirs are345

activated in the year they become operational, so as to account for the non-stationarity of346

20



human interventions in the river basin. The model is then run over the period 2007–2016 347

(2006 is used for the spin-up). This validation includes a thorough comparison of the 348

mean annual (simulated) hydropower production against the annual design (or expected) 349

production. This is necessary to ensure that the capacity expansion model is informed with 350

correct hydropower profiles. A detailed description of calibration and validation exercises 351

is reported in 22, 23. 352

Hydropower profiles for the capacity expansion model. Ideally, the capacity expan- 353

sion model should use as input a few years of hydropower profiles (simulated by VIC-Res 354

for each dam), so as to explicitly account for the effect of inter-annual hydro-climatic vari- 355

ability. However, the computational requirements of the capacity expansion model prevent 356

us from using multi-year profiles on a multi-regional model with hourly resolution, so we 357

selected 2015 as a representative, or average, year. The effect of hydro-climatic variabil- 358

ity on the hydropower profiles is illustrated in Figures S3-S4. As we shall see later, this 359

variability has a marginal effect on the capacity expansion plans. 360

While VIC-Res provides a detailed accounting of the hydropower profiles for all 361

dams built and operated in 2016, the capacity expansion model also needs hydropower 362

profiles for dams planned over the period 2020-2037. To produce them, we proceeded 363

in two steps. First, we gathered information on location and design specifications of all 364
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planned dams (data provided by the Mekong River Commission and the Electricity Gen-365

erating Authority of Thailand), and then added them to the power fleet simulated by VIC-366

Res. Specifically, we added the dams built over the period 2017-2019 (four in the Mekong,367

including Xayaburi Dam, and one in the Chao Phraya) and re-run VIC-Res with the same368

hydro-meteorological conditions used for the 2016’s fleet. To determine the hydropower369

profile of the remaining dams (under construction in 2020 or at different planning stages370

in 2020–2037), we resorted to a proximity search—given the coordinates and installed371

capacity of a planned dam, we identify the most similar existing dam, from which the372

planned dam inherits the hydropower profile (see Figure S5). This modeling choice is373

compelled by the absence of detailed design specifications (e.g., rule curves, maximum374

surface extent) needed to simulate planned dams with VIC-Res.375

Capacity expansion model. We use the open-source modeling framework urbs to gen-376

erate the model for the Lower Mekong countries. The model co-optimizes capacity ex-377

pansion as well as hourly dispatch of generation, transmission, and storage from a social378

planner perspective. The goal of the optimization is to minimize the costs of expand-379

ing and operating the energy system, which include the annualized investment costs, fuel380

costs, and fixed and variable operations and maintenance costs. urbs solves a linear opti-381

mization problem that is written in Python/Pyomo using Gurobi. The source code for urbs382
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and an extensive description can be found on GitHub 29. 383

Major inputs are the projected hourly electricity demand, hourly generation profiles 384

of renewable energy technologies, the existing power infrastructure (power plants, grid, 385

storage), planned expansion projects, emissions reduction targets, and techno-economic 386

parameters such as investment and maintenance costs, fuels costs, and specific emissions. 387

Major outputs include the new capacities (generation, grid, storage) and the hourly oper- 388

ation of the system. The model also provides the direct emissions, the total costs, and the 389

marginal electricity costs in each region. 390

The model has an hourly temporal resolution and models the years 2016 (the most 391

recent year with comprehensive data availability), 2020, 2025, 2030, 2035, and 2037, for 392

which the energy system targets of Thailand are defined. Assumptions about existing 393

power plants, transmission lines, and techno-economic parameters are retrieved from the 394

reports of the power system operators of the three countries, wherever possible. Missing 395

data is completed from global sources. An overview of the data sources is available in 396

Table S3. 397

The model outputs of each year (new capacities) are used as inputs for the next 398

one, to reflect short-sightedness in investment decisions. Regarding the spatial resolution, 399

we use the provinces of Cambodia, Laos, and Thailand (25, 18 and 77, respectively) as 400
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model regions. Power demand and renewable generation time series are assigned to each401

region, as well as existing and planned power plant and storage capacities. Electricity402

transfer between the regions is allowed within the limits of the transmission capacities403

between them. Imports and exports to neighboring regions in China, Malaysia, Myanmar,404

and Vietnam are also constrained by the transmission capacities. The model assumes full405

coordination between Thailand, Laos, and Cambodia in the operation of the power grid.406

Trade with other countries stays within current levels, i.e., we do not consider that some407

of the planned dams will sell electricity to other markets in the ASEAN region.408

The particularity of the model resides in the high level of spatial detail. The 120409

model regions are small enough to preserve transmission bottlenecks and reflect their ex-410

pansion costs without jeopardizing the model solvability. Within each region, there are411

different classes of solar and wind sites based on their potential energy output. Each class412

is characterized by a time series and an upper expansion capacity limit that reflect the413

quality and the availability of resources in the model region. Hence, the expansion of so-414

lar and wind power is solely based on their cost-competitiveness and not on exogenous415

expansion quotas. The maximum installable capacities of solar PV and onshore wind are416

106.6GW and 21.2GW, respectively. The former value is equivalent to the most conser-417

vative estimation from a previous study 15, and the latter is obtained by applying a similar418

method. Whereas most power plant capacities are aggregated at the level of a model re-419
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gion, hydropower plants are modeled at the dam level, to avoid any information loss due 420

to aggregation. Despite the higher computational burden, we made this modeling choice 421

in line with the objectives of this study. 422

As explained in the previous section, the hydropower profiles are obtained from VIC- 423

Res. They are derived using a single (representative) year. In a sensitivity analysis, we 424

tested the impact of dry and wet conditions on the capacity expansion plans. In Figure S6, 425

we show that the plans are marginally affected by the hydro-climatic variability affecting 426

the region (Figure S3-S4). 427

No system expansion is allowed in 2016, which is used only for calibration and 428

validation (see Figure S7). We compare the model performance against the projections 429

of the Power Development Plan of Thailand 2018–2037 56 (see Figure S8). We observe 430

minor differences that we are able to explain, and we conclude that the deviations do not 431

affect the main conclusions of this paper. 432

River fragmentation and regulation indices. The River Fragmentation Index (RFI) 433

measures the loss of longitudinal connectivity in a river basin caused by hydraulic infras- 434
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tructure. The RFI is defined as follows 35:435

RFI = 100−

(

n
∑

i=1

v2
i

V 2
· 100

)

, (1)436

where n is the number of fragments (i.e., river network sections disconnected by dams),437

vi the volume of the i-th fragment, and V the total river volume (for the entire network).438

The RFI of a pristine river is 0%, while the one of a totally-disconnected river is 100%.439

The impact of an individual dam depends on its location as well as the location of other440

dams. For example, a dam splitting a pristine network into two, equally-sized, fragments441

(in terms of volume) would change the RFI from 0 to 50%, but the construction of new442

dams close to this one would have smaller impact on the RFI 35. A second important fea-443

ture of the RFI is that it implicitly accounts for the larger impact of dams on the main stem444

and large tributaries by using the ratio between v2
i

and V 2 as a weighting factor—since445

the river volume typically increases downstream due to increasing discharge and chan-446

nel dimensions 33. Following 33, 35, we assume that dams fully compromise connectivity447

and passability, that is, migrating fish and other species cannot move across two sections448

disconnected by a dam.449

The River Regulation Index (RRI) quantifies how strongly a river’s hydrological450

regime is altered by dam operations. The RRI builds on the Degree of Regulation (DOR),451
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first introduced by 34, which calculates, for each river reach, the discharge volume that can 452

be withheld by a reservoir (or a group of reservoirs) located upstream. For a given reach, 453

the DOR is defined as33: 454

DOR =

∑

n

i=1
si

D
· 100, (2) 455

where n is the number of dams upstream of the reach, si the storage capacity of the i-th 456

dam, and D the total annual discharge volume of the river reach at hand. Large values of 457

the DOR indicate that a substantial fraction of the discharge volume can be regulated by 458

upstream storages, thereby increasing the chances of anthropogenic effects on the natural 459

flow regime. The RRI is then calculated by weighting the DOR value of each individual 460

reach with its corresponding river volume, and then aggregating the results for the entire 461

basin 33: 462

RRI =

n
∑

i=1

DORi ·

vi
V
, (3) 463

where n is the total number of reaches, DORi the DOR value of the i-th reach, vi the 464

corresponding volume, and V the total river volume. Note that for a basin affected by 465

multi-year, or carryover, reservoirs, the RRI value can be larger than 100%. 466
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The river network used for the calculation of the indices is based on VIC-Res flow467

direction matrix, which in turn is derived from the GTOPO30 DEM. Each cell of the matrix468

has a spatial resolution of 1/16th of a degree (roughly 7 km at the equator), resulting in a469

total of approximately 100 000 km of river network and 14 214 reaches. Following 33, 35,470

we then estimate the volume of each reach on the basis of average discharge (simulated by471

VIC-Res over the period 1986–2016) and an approximation of channel width and depth 57.472

The information on storage capacity and location of each dam is retrieved from the same473

databases used to setup VIC-Res.474
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Figure 1: a. Full spatial extent of the Chao Phraya and Mekong basins, together with the

dams operated in 2016 (blue-filled dots) and planned (red circles) by all riparian coun-

tries. These dams are modeled by the hydrologic-hydraulic model VIC-Res. b. Spatial

representation of the power system infrastructure for each province of Thailand, Laos,

and Cambodia. Circles, segments, and squares represent generation sources, high-voltage

transmission lines, and import / export nodes. The pie charts illustrate cases in which dif-

ferent electricity sources are connected to a substation. All components of the power grid

were operational in 2016.
39



Figure 2: Capacity expansion plans for the period 2016–2037. Evolution of the power mix

in Thailand, Laos, and Cambodia designed by urbs. Negative values indicate electricity

exports. Note that most of the electricity exported from Laos goes to Thailand.
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Figure 3: Alternative capacity expansion plans. Evolution of the power mix (aggregated

across Thailand, Laos, and Cambodia) for the business-as-usual plan (Reference) and the

three additional dam development portfolios outlined in Table 1. In the bottom panel we

report the corresponding total system costs.
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Figure 4: Future pathways for the Mekong River Basin. The figure illustrates the evolution

of the River Fragmentation Index (RFI) and River Regulation Index (RRI) between 2016

and 2037 for four different dam portfolios. When calculating both indices, we included

for all scenarios the dams planned in the entire basin. For each time slice and scenario we

also report the number of dams deployed in the basin and the corresponding hydropower

capacity.
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Figure 5: Effect of dams on river flow. Change in the Degree of Regulation (DOR) between

the current stage (2020) and two dam development portfolios (Stop-All and Reference) in

2037. The two insets highlight the dam development conditions and DOR for the Lower

Mekong Basin.
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Figures

Figure 1

a. Full spatial extent of the Chao Phraya and Mekong basins, together with the dams operated in 2016
(blue-�lled dots) and planned (red circles) by all riparian countries. These dams are modeled by the
hydrologic-hydraulic model VIC-Res. b. Spatial representation of the power system infrastructure for each
province of Thailand, Laos, and Cambodia. Circles, segments, and squares represent generation sources,
high-voltage transmission lines, and import / export nodes. The pie charts illustrate cases in which
different electricity sources are connected to a substation. All components of the power grid were
operational in 2016. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 2

Capacity expansion plans for the period 2016–2037. Evolution of the power mix in Thailand, Laos, and
Cambodia designed by urbs. Negative values indicate electricity exports. Note that most of the electricity
exported from Laos goes to Thailand.



Figure 3

Alternative capacity expansion plans. Evolution of the power mix (aggregated across Thailand, Laos, and
Cambodia) for the business-as-usual plan (Reference) and the three additional dam development
portfolios outlined in Table 1. In the bottom panel we report the corresponding total system costs.



Figure 4

Future pathways for the Mekong River Basin. The �gure illustrates the evolution of the River
Fragmentation Index (RFI) and River Regulation Index (RRI) between 2016 and 2037 for four different
dam portfolios. When calculating both indices, we included for all scenarios the dams planned in the
entire basin. For each time slice and scenario we also report the number of dams deployed in the basin
and the corresponding hydropower capacity.



Figure 5

Effect of dams on river �ow. Change in the Degree of Regulation (DOR) between the current stage (2020)
and two dam development portfolios (Stop-All and Reference) in 2037. The two insets highlight the dam
development conditions and DOR for the Lower Mekong Basin. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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