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Abstract
In this paper, we apply the SWAT (Soil and Water Assessment Tool) discharge simulation coupled with econometric methods to model the performance of hydropower
plants on a national scale in Vietnam - a hydro-dependent country with a diversity of
terrain and climate conditions. A watershed is formed from three large inter-boundary
basins: Red River, Vietnam Coast and Lower Mekong River with a total area of 977,964
km2 . These are then divided into 7,887 subbasins with a mean area of 131.6km2 (based
on level 12 of HydroSHEDS/HydroBASINS datasets) and 53,024 HRUs. River flow is
simulated for the 40 largest hydropower plants across Vietnam from 1995 to mid-2014,
coinciding with the period when both power supply and power demand rose quickly
and hydropower played a prominent role in the national power source. Simulated flow
appears to be a good proxy for the inflow into hydropower dams and our baseline model
is able to capture 87.7% of the variation in monthly generation. In the subsequent extensions of our models, we find evidence of the flood control benefit and an existence of
a cascade effect for electric dams with large reservoirs providing potential resilience to
the national power supply when there are adverse impacts from climate change. However the harmony among dams are found to be not uniform across basin.

Keywords: Hydropower, climate change, Vietnam, large scale, cascade, flood control.
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Introduction

Hydropower is the largest source of renewable energy, which made up 16% of global power
supply in 2008 (Kumar et al., 2011). It uses running or falling water flows as the chief input
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into energy generation. While attractive as a cheap, long-lasting, flexible and low-polluting
renewable energy source, hydropower is vulnerable to variations in weather factors, particularly rainfall and temperature (IFC, 2015; Kumar et al., 2011). Therefore, assessments of
hydropower system on large scale mainly rely on water availability assessment.
A main challenge to this task is the lack of consistent data on large scale. The measures
of inflows to electric dams, the chief input into hydropower generation, is not always available and/or accessible. In addition, hydropower dams typically serve multiple purposes. In
other words, water sources for hydropower supply are shared with other activities including
but not limited to flood control, irrigation, navigation. Furthermore, hydro dams that are
spatially connected (i.e., cascades of hydropower) can influence each other. Hence, it is not
easy to model hydropower production on large scale.
In this inter-disciplinary paper, we attempt to address these challenges by incorporating
a rainfall-runoff model and econometric techniques in order to explain the generation of the
hydropower system across Vietnam on the national scale. Rainfall-runoff models require a
variety of data including topography, hydrology, soil profile, land cover and weather. These
data are readily available thanks to remote sensing datasets. Given sufficient input data, such
a model can produce discharge series and allows the projection of future water availability
under different sets of climatic scenarios. Econometric techniques in this study will help
to ‘calibrate’ the simulated flows with minimal effort and fit the electric generation at hydropower plant level on the simulated flow and explain different aspects of the hydropower
system feature.
The object of this study is a country that have experienced a dramatic growth in energy
demand and power supply, of which hydropower plays a prominent role. Vietnam’s impressive average annual growth rate of 7.5% in the period from 1995 to 2005 came with a growth
rate of 15% in the demand for energy (Huu, 2015). Projections suggest that Vietnam will
have a continued thirst for energy to fuel its rapid economic growth and to improve living
standards. Vietnam’s energy supply is expected to triple by 2020 with additional supply
chiefly from petroleum, coal, natural gas, and hydropower (ADB, 2015b). Per capita energy
consumption is projected to increase to 5,400 kilowatt-hours by 2030 from 985 kilowatthours in 2010 (ADB, 2013). Notably, Vietnam has a considerable potential to develop its
hydropower thanks to an intensive system of more than 2,360 rivers and streams longer than
10 km. The ten major rivers suitable for hydropower construction have an approximate total capacity of 21,000-24,000 MW1 (UNIDO and ICSHP, 2013). Such a potential has been
translated into power supply in response to the increasing power demand. With more than
70 years of hydropower development since independence (in 1945) and an increase in construction of hydro- plants within the two recent decades, Vietnam has already exploited
nearly 70% of its theoretical hydropower potential compared with the global average rate of
35% (Huu, 2015). Hydropower makes up 44% of Vietnam’s installed power capacity (ADB,
2015a).
1

For a comparison, the total power installed capacity of Vietnam in 2015 is 38,642 MW. So the hydropower
potential, once fully exploited, can account for 54% - 62 % of the total power installed capacity in 2015.
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Rainfall-runoff models have been applied in the economic literature on a number of
occasions. Cole et al. (2014) use the GeoSFM 2 model to estimate river flows to address
questions related to power supply and demand for Africa. Gebretsadik et al. (2012) use the
CLIRUN-II 3 model to estimate river flow for Vietnam in an integrated study evaluating the
impact of climate change on multiple water-dependent sectors in Vietnam.
In this paper, we use another river-runoff model, namely SWAT. SWAT (Soil and Water Assessment Tool) is “one of the most widely used water quality watershed- and river
basin–scale models worldwide, applied extensively for a broad range of hydrologic and/or
environmental problems” (Gassman et al., 2014, p. 1). For example, it has been incorporated
in the US’s economic models for national planning since 1997 (Arnold and Fohrer, 2005).
However, its application within economics is limited, especially for a developing country
like Vietnam.
Additionally, previous economic studies that model river flow (Cole et al., 2014; Gebretsadik et al., 2012) rely on the Hydro1K dataset. In this paper, we exploit the HydroSHEDS/HydroBASINS dataset (Lehner, 2014; Lehner et al., 2008). Hydro1K, which
was the traditionally input used, is a comprehensive and consistent global geographic database
at 1 km resolution including streams, drainage basins and ancillary layers derived from the
30 arc-second digital elevation model (DEM) 4 of the world (GTOPO30) by U.S. Geological
Survey (USGS, 2015). HydroSHEDS/HydroBASINS was created with the same purpose but
derived from SRTM DEM at three arc-seconds 5 , which is less coarse than GTOPO30. Consequently, the river network and nested basin system created by HydroSHEDS/HydroBASINS
have higher resolution and better quality than Hydro1K, enabling spatial and economic analysis at a more disaggregate level.
Our model illustrated in this paper is useful for academic purposes as it helps to link
weather variations to various modern economic activities that are dependent on electricity
via the variation in power supply. This source of exogenous variation could help to bypass
many endogenous issues in empirical research on the relationship between firm performance
and electricity provision (Allcott et al., 2016; Fisher-Vanden et al., 2015; Alam, 2013) or
household welfare and electrification rate (Grogan, 2016; Khandker et al., 2009; Walle et al.,
2

The GeoSFM model is a semi distributed, physically based catchment scale hydrological model originally
developed by the National Centre for Earth Observation and Science (EROS) to support the Famine Early
Warning System Network (FEWSNET) through river flow monitoring. See Cole et al. (2014) for more details.
3
CLIRUN-II is the latest available model in a family of hydrologic models developed specifically for the
analysis of the impact of climate change on runoff. See Gebretsadik et al. (2012) for more details.
4
A digital elevation model (DEM) is a digital model or 3D representation of a terrain’s surface, commonly for a planet (including Earth), moon, or asteroid, created from terrain elevation data. Source:
https://en.wikipedia.org/wiki/Digital _ elevation _ model.
5
DEM data is stored in a format that utilizes three, five, or 30 arc-seconds of longitude and latitude
to register cell values. The geographic reference system treats the globe as if it were a sphere divided
into 360 equal parts called degrees. An arc-second represents the distance of latitude or longitude traversed on the earth’s surface while traveling one second (1/3600th of a degree). At the equator, an arcsecond of longitude approximately equals an arc-second of latitude, which is 1/60th of a nautical mile (or
101.27 feet or 30.87 meters). Arc-seconds of latitude remain nearly constant, while arc-seconds of longitude decrease in a trigonometric cosine-based fashion as one moves toward the earth’s poles. Source:
http://www.esri.com/news/arcuser/0400/wdside.html.
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2013).
On the other hand, our framework is relevant to evaluate the impact of weather variation
on the energy reliability of the country. It potentially provides many important policy implications for water resource management and energy strategy given the fact that Vietnam
is among the countries likely to be most affected by climate change (WB & MPI, 2016).
Climate change is likely to alter the availability and the regime of water resources, affecting
water-dependent sectors including hydropower (WB, 2011; MONRE, 2010; ADB, 2013).
Hence a qualitative framework to assess the response of hydropower system to weather
variation is desirable for robust policies.
This paper is organized as follows. After the introduction, we provide background information on climate change, water resources and hydropower system in Vietnam. Then we
describe the SWAT model and the process to simulate river flow for Vietnam in section 3.
Section 4 is dedicated to present our econometric analysis. As usual, the paper ends with a
conclusion section.

2

2.1

Climate change, water resources and hydropower system in Vietnam
Climate change: observations and projections

Climate change is a serious global threat demanding an urgent global response (Stern, 2007),
and refers to an alteration in the state of the climate which can be statistically identified by
changes in the mean and/or the variability of its properties and long-lasting over decades
or longer regardless of cause (natural internal processes or external forcing) (IPCC, 2014a).
Some of the well-known symptoms are global warming, sea level rise and an increase in
weather related natural disasters and extreme climatic phenomena. Nevertheless, the exact
impact of climate change varies across countries and regions.
Vietnam is among the 10 countries that are most affected by weather related disasters
during 1995-2015 (CRED, 2015). With a long coastline of 3,260 km along the northwest
Pacific Ocean typhoon route, each year, on average Vietnam suffers from around seven
typhoons (mainly in the North and Central regions). Flooding occurs frequently as a result
of the annual monsoon season. This in turn is affected by the El-Nino Southern Oscillation.
In this case, Vietnam tends to be drier and warmer than under normal conditions. The result
is significant inter-annual variation in rainfall and some regions experiencing both floods
(during the rainy season) and droughts (during the dry season) in the same year. Prolonged
drought is peculiar to Vietnam’s south central coast region (WB, 2011).
The impact of climate change on Vietnam is not just a future concern. Instead, it is
already considered one of the top adversely affected countries in recent decades. Over 50
years, the mean temperature has increased by 0.5-0.70 C, and the sea level has risen by 20
4

cm, with more frequent and violent natural disasters, especially storms, floods and droughts,
induced by both El Nino and La Nina (Prime Minister, 2011b). Vietnam’s increase in tempreture since 1971 is double the world average (WB and MPI, 2016). The frequency of
cold fronts has also decreased by 2.45 events over the last 50 years, while tropical cyclone
frequency has increased by 2.15 events over the last 50 years (ISPONRE, 2009).
Climate change also introduces uncertainty to future projections, hence studies on its potential impact largely rely on a climate scenario approach. There are various ways in which
climate change may happen, depending on demographics and economic development, technological change, energy supply and demand, and land use change (IPCC, 2000). Greenhouse gas (GHG) emission scenarios captures this development and can be used to construct
climate change scenarios. The most wildly- used set of emissions scenarios comes from the
Special Report on Emissions Scenarios (SRES) and were introduced in IPCC (2000) 6 .
In Vietnam, to predict climate change and sea level rises to help with decision-making, policy makers initially used a combination of SRES including B1 (low emission scenario), B2
(medium emission scenario), A2, A1FI (high emission scenario) (MONRE, 2009). More
recently, A1B (medium emission scenario) has been added to this basket (MONRE, 2011).
This updated version combines a number of technical methods to derive high-resolution climate change scenarios for Vietnam with the baseline period 1980-1999. Accordingly, by
the end of the 21st century, Vietnam’s temperature is predicted to have typically increased
by 1.6-2.20 C in low emission scenario; 2.0-3.20 C in medium emission scenario and 2.5-over
3.70 in high emission scenario. At the same time, Vietnam’s rainfall is predicted to increase
annually by over 6% under the low emission scenario, from 2-7% under the medium emission scenario and by 2-10% under the high emission scenario. In addition, the patterns of
temperature rise and rainfall are predicted to vary across different parts of the country. Sea
level rise is projected to be highest in Ca Mau to Kien Giang and lowest in Mong Cai with
the nation-wide average predicted to rise by 49-64; 57-73 and 78-95 centimeters in the low,
medium and high emission scenarios respectively. Natural disasters like storms, floods and
droughts are predicted to become more frequent, violent and unpredictable.
In its most recent report - the fifth assessment report (AR5), the IPCC deployed a new approach to build climate change scenarios. More specifically, SRES, which focus on the emission processes were replaced by Representative Concentration Pathways (RCPs) 7 ,which
6

40 equally-valid scenarios for the world in the next century are put under 4 families (A1, A2, B1, B2),
associated with 4 different qualitative story-lines. Specifically, family A1 is divided into 3 groups based
on different developments of energy technologies: A1FI (fossil fuel intensive), A1B (balanced), and A1T
(predominantly non-fossil fuel). Hence, there are a total of 6 scenario groups which can be ranked regarding
the increasing level of emission: B1, A1T (low emission), B2, A1B (medium emission), A2 A1Fl (high
emission). IPCC (2000) emphasizes that there are no probabilities assigned to SRES and recommends more
than one family to be utilized in most analyses to reflect the uncertainties associated with driving forces and
emissions.
7
RCPs describe four different pathways of greenhouse gas (GHG) emissions and atmospheric concentrations, air pollutant emissions and land use in the 21st century, including a stringent mitigation scenario
(RCP2.6), two intermediate scenarios (RCP4.5 and RCP6.0), and one scenario with very high GHG emissions
(RCP8.5). Scenarios without additional efforts to constrain emissions (‘baseline scenarios’) lead to pathways
ranging between RCP6.0 and RCP8.5. RCP2.6 is representative of a scenario that aims to keep global warming
likely below 20 Cabove pre-industrial temperatures. The RCPs cover a wider range than the scenarios from the
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pay more attention to the results (the GHG concentrations) (IPCC, 2014b).
In response, Vietnam updated its third national climate change and sea level rise scenarios in 2016 (MONRE, 2016). Overall, by the end of the 21 st century, the country would
be hotter and wetter with the magnitude of change varies across region and RCP and the
weather would become more extreme. The temperature in the North is predicted to increase
by 1.9 - 2.40 under the RCP4.5 scenarios are 3.3 - 4.00 under the RCP8.5 scenarios. The
projection for temperature increase in the South is slightly lower, by 1.7-1.90 C under the
former and by 3.0-3.50 under the latter. The rainfall is predicted to rise between 5-15% under the RCP4.5 and over 20% in most of the North, Central Coast, apart of the South and
Central Highlands under the RCP8.5. The strong and very strong storm is predicted to be
more frequent. Monsoon is predicted to start earlier and end later with monsoon rainfall
on the increase. The number of cold, extreme cold and damage cold days is projected to
decrease in the North and North Central while the number of days above 350 C is projected
to increase. Rising temperature and rainfall deficit in the dry season are predicted to bring
about more severe droughts. Sea level rise in the Southern coastline is predicted to be higher
than in the Northern coastline. Under the RCP8.5 scenarios, the rising level is predicted to
be about 78cm amd 77cm in Hoang Sa and Truong Sa archipelageo respectively, 75 cm at
the Ca Mau - Kien Giang region and about 72 cm at the Mong Cai - Hon Dau - Deo Ngang
regions. It is predicted that a rise by 100cm in sea level would put 16.8% area of Red River
Delta, 1.47% area of the Central coastal provinces (from Thanh Hoa to Binh Thuan), 17.8%
of Ho Chi Minh City and 38.9% area of the Mekong Delta under risk of inundation.
As Vietnam is predicted to be one of the five countries most heavily affected by climate
change, this vulnerability has grabbed the attention of the government as well as international organizations (ADB, 2013; FAO, 2011; IFAD, 2010, 2014; IMHEN, 2010; IPCC,
2007; ISPONRE, 2009; MONRE, 2003, 2009, 2010, 2011; WB, 2010, 2011; WB and MPI,
2016). Overall, these studies share the same view that Vietnam is highly susceptible to climate change, where the main threats are increasing temperature, altered rainfall patterns,
rising sea levels. These studies more generally focus on the impact of climate change on
different fragile economic sectors. Among them, the most frequently addressed are water
resources, agriculture, forestry, fishery, and energy, transportation, and health sectors. The
magnitude of impacts varies across climate zones of the country. Specifically, these assessments provide some implications for hydropower, which are (1) increases in energy demand as a result of rising temperatures (MONRE, 2010); (2) the potential impact of changing stream flows on hydropower production(WB, 2011) and conflicts over water resources
among the agriculture, industry and energy sectors (ADB, 2013). However, these studies
provide mainly qualitative assessments for general sectors and call for more quantitative
analysis.
In response, there are some quantitative studies on the impacts of climate change on
Special Report on Emissions Scenarios (SRES) used in previous assessments, as they also represent scenarios
with climate policy. In terms of overall forcing, RCP8.5 is broadly comparable to the SRES A2/A1FI scenario, RCP6.0 to B2 and RCP4.5 to B1. For RCP2.6, there is no equivalent scenario in SRES. As a result, the
differences in the magnitude of AR4 and AR5 climate projections are largely due to the inclusion of the wider
range of emissions assessed. See IPCC (2014b) for more details.
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several separate sectors of the Vietnam economy. Yu et al. (2012) estimate a crop yield
function at the household level incorporated with the measures of climate in long term and
short-term weather shocks. They find evidence for the susceptibility of rice production in
Vietnam to climate change and the production input adjustments of farmers as an adaptation
measure.
Chinowsky et al. (2015) examine the vulnerability of road infrastructure in Vietnam
across a pool of 56 climate scenarios. They estimate an average extra cost of 10.5 billion
USD to maintain the same road network until 2050 due to the combined impact of changes in
sea level rise, precipitation, temperature and flooding. Gebretsadik et al. (2012) use the same
range of climate scenarios to assess the impact of climate change on several water dependent
sectors in Vietnam and predict increased irrigation demand across the country and a mild
effect on overall hydropower plants. Neumann et al. (2012) model storm surge within 100
years using a combination of sea level rise scenarios for 2050 and predict an increase in the
effective frequency of a roughly five-meter storm surge by once every 60 years. This study
estimates that permanent inundation induced by sea level rise would affect around 10% of
the capital region’s GDP. In addition, more than 40% is susceptible to periodic storm. In an
integrated framework using a dynamic computable general equilibrium (CGE), Arndt et al.
(2015) combine the results of the three studies just mentioned above and estimate the cost of
climate change on the whole economy by 1-2% GDP by 2050 subject to the extreme degrees
of climate scenarios.

2.2

Water resources: challenges and mitigation

Located in the most south-eastern of the Indochinese peninsula, Vietnam’s terrain is dominated by tropical hills and densely forested highlands. Its lowlands, which are suitable for
cultivation, cover less than 25% of its area and with agriculture concentrated in the Red
River Delta (in the North) and the Cuu Long River Delta (in the South).
Vietnam is abundant in water resources with 2,360 rivers above 10 km in length and 16
river basins above 2,500 km2 in area. The annual runoff volume is about 847 km3 . However,
these water resources are unevenly distributed with more than 63.9% of total flows occupied
by the two large deltas (Arndt et al., 2015). Other parts of the country that occupy more than
75% area of the land only receive just above 35% of the national total river runoff.
On the other hand, Vietnam has a large population of nearly 100 million. Hence, the
total water volume per capita approximate to 9,560m3 per year, which is lower than the
threshold of 10,000m3 for a country with an average water level according to the International Water Resources Association (IWRA) (MONRE, 2012). The pressure is expected
to increase as demand for water rises quickly as a result of rapidly growing economy and
increased urbanization.
An additional factor is that Vietnam’s river network is connected with neighbouring
countries. Water in 72% of its combined basin, which is about 1.167 million km2 , is sourced
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beyond its border (MONRE, 2012). This means Vietnam’s water scarcity/availability can be
severely affected if upstream countries change their demand or decide to divert or manipulate
the river flow.
Finally, monsoon tropical climate brings about a high average of annual rainfall of
1940mm. However, the mountainous and hilly terrain causes a high degree of inter-annual
rainfall variability. Consequently. Vietnam’s water availability changes considerably throughout the year with a high frequency of extreme events. Floods and prolonged droughts can
both often occur in the same year and region. The dry season lasts around 6 – 9 months (with
exact times varying across the country) and accounts for only 20-30% of annual runoff. At
the same time, half of the 15 major basins experience a shortage of water.
Given such challenging circumstances, dams, reservoirs and the irrigation systems play
an important role in water management in Vietnam. The combined total storage capacity of
reservoirs across the country is about 37 billion m3 , which is equivalent to 4.5% of Vietnam’s
average annual runoff. The network of over 7,000 dams means that Vietnam is one of the
most dammed in the world besides the US and China (Pham and Pham, 2014). This system
serve multi-purposes including hydropower, irrigation, and flood control. The sharing and
management of water use for different purposes emerges as such a critical and controversial
issue.

2.3

Hydropower: evolution, drivers and impacts

For this study, it is important to understand the context of hydropower development in Vietnam. Overall, the evolution of hydropower has reflects the changes in Vietnam’s social,
economic and legal conditions.
Despite its huge potential for hydropower production, electricity arrived Vietnam fairly
late and was almost unknown until the French built hydropower facilities at the beginning
of the last century. The very first hydropower built in Vietnam as well as the Indochina is
Ankroet, which was completed in 1944 with an installed capacity of 2.3 MW (Le and Dao,
2016). Then two large hydropower dams were constructed in a divided Vietnam and were
Da Nhim dam located on the Dong Nai river basin in the South and Thac Ba dam in the
North 8 . They were commissioned in 1964 and 1971 with installed capacities of 160MW
and 108MW9 , respectively. After reunification, the new government did not complete any
additional hydropower plants despite starting two large projects, namely Hoa Binh dam
(1979) and Tri An dam (1984).
A thorough institutional and economic reform campaign called “Doi moi” was introduced in 1986 and opened a new stage of recovery for Vietnam fuelled by the operation of
the final completion of Hoa Binh (1994) in the North and Tri An in the South (1991). Hoa
8

A small hydropower plant was built earlier in the North, named Ban Thach (0.96 MW) located in Thanh
Hoa province.
9
The installed capacity of Thac Ba was extended to 120 MW in 1985 (Le and Dao, 2016).
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Binh was the largest hydropower dam at the time with an installed capacity of 1,920 MW.
Following Hoa Binh, Tri An has an installed capacity of 400 MW, mainly serving Ho Chi
Minh city. As the combined output of Hoa Binh hydropower plant and thermal power plants
exceeded the power demand in the north, a north-south 500kV grid was constructed. Completed in 1994 with a length of 1,487 km, it was initially used to deliver electricity from the
North, putting an end to continual electric disruption in the Central and the South. However,
the electrification rate was still low (under 50%) despite the government’s appreciation that
access to electricity is a key factor combating poverty.
The first transformation of Vietnam’s power sector took place in 1995. State management was separated from state – owned production and operation with the merging of 3 regional companies managed by the Ministry of Energy into a single power company named
Electricity of Vietnam (EVN) (ADB, 2015a). Each company was responsible for generation,
transmission and distribution within its own territory (the North, the Central and the South).
Although the monopoly firm was still owned by the government and regulated by the newly
- established Ministry of Industry, to a certain extent it ran its own business subject to certain rules and regulations. Consequently, resources were used more effectively. Significant
improvements in electricity production was seen with the completion of a series of large
hydropower projects in the Central Highlands and the South, including Yali (720MW), Vinh
Son (66MW), Song Hinh (70MW), Thac Mo (150MW), Ham Thuan (300MW), and Da
Mi (175MW) (IE, 2006). This played an important role in satisfying an increased demand
for electricity which on average grew by up to 15% per annum in response to an economic
growth rate of around 7.5% per year (Huu, 2015). Nevertheless, a monopolistic and outdated
legal system still hindered Vietnam’s power sector from fully releasing its potential.
Since 2006, Vietnam has seen many significant changes in hydropower-related policies,
following changes in social and economic development as well as Vietnam’s continued international integration. Accordingly, Vietnam has become more ambitious in its electricity
development plan as documented in two recent Power Development Plans (PDP) 10 , set each
5 years with a vision for 25 years. According to the revised version of PDP7 (Prime Minister, 2016), total electricity capacity is planned to reach 60,000 MW in 2020 and 129,500
MW in 2030. Electricity supply is projected to expand to 265 billion kWh in 2020 (including 2.4% imports) and 572 billion kWh in 2030 (including 1.2% imports). The ambitious
plan is supported by legal reform in accordance with Vietnam’s commitments prior to its accession to the WTO in 2006 11 . Remarkably, Vietnam’s ambitious electricity development
plan was translated into the construction of Son La, the largest hydropower dam in the South
East Asia started production in 2012, with an installed capacity of 2400 MW.
On the other hand, the legal reforms enabled the construction of small and medium-sized
hydropower dams using investment from the private sector. This strategy is a component of
Vietnam’s liberalization policy for the electricity market. In parallel, the central govern10

Power Development Plan 6 for the period from 2006-2011 towards 2025 and Power Development Plan 7
for the period between 2011 and 2015 toward 2035. See Prime Minister (2007, 2011a, 2016).
11
A prime example is the introduction of Electricity Law (2004); Land Law (2003) and its lower legal
documents; Environmental Protection Law (2005); Law on Competition (2006); Business Freedom policy for
members of Communist Party (2006).
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ment devolved the authority to license investment, approve projects and plan hydropower
plants (less than 30MW) to its local (provincial) governments. Consequently, there was a
boom in hydropower dam construction across the country. All main river systems are or
will be dammed by one or cascades of hydropower projects – each with road access and
transmission lines and linking development, which shape the terrestrial, aquatic and social
environment (Suhardiman et al., 2011). One pitfall from devolution is the limited ability
of management and planning of local governments, which resulted in extremely high social and environment costs from the unnecessary construction of hydropower plants and
attracted criticism from media and questions from the National Assembly (Singer et al.,
2014). Hence, the government had to conduct an intensive campaign of reviewing hydropower projects in 2013. As a result, it withdrew 424 projects from planning, suspended
136 projects, dismissed 172 candidates for planning projects and put 158 projects under
further investigation (Chairman of VNA, 2013).
Nevertheless, within its plan towards 2035 (PDP7 revised) (Prime Minister, 2016), Vietnam continues to give priority to the development of hydropower, especially multi- purpose
projects combining flood control, irrigation and electricity generation. The total capacity
of hydropower plants is planned to increase from about 17,000 MW (2016) to 21,600 MW
(2020). In addition, the pumped storage electricity plants are scheduled to be put under
operation with total capacity of 1,200 MW in 2025 and 2,400 MW in 2030. However, the
share of hydropower in national electricity production is planned to fall to 29.5% by 2020
and 15.5% by 2030 (due to faster growth of other electricity components).
It is argued that the hydropower evolution in Vietnam is driven mainly by industrialisation and urbanisation and serves as a symbol of development (Dao, 2011; Huu, 2015).
Even in a critical resolution, the National Assembly (2013) affirms hydropower’s contribution to power security, social economic development, flood control and water resource
management (Chairman of VNA, 2013). In addition, hydropower projects are justified as
a means of poverty reduction since they offer jobs, essential infrastructure and resettlement
compensation for local people (chiefly poor ethnic minorities in the highlands).
These arguments have been challenged. Specifically, Dao (2011) accused hydropower
builders in Vietnam of systematically underestimating the cost of hydropower construction by neglecting technical, economic and socio-environmental problems like floods downstream, deforestation, resettlement challenges and cheap compensation for displacement.
According to Dao (2011), dams in Vietnam are built anywhere possible to fulfill the rising demand of energy to benefit investors, urban consumers and downstream farmers at the
expense of resettled people in highlands. Dao (2011) named this phenomenon “spatial inequalities”. Similar views and arguments can be found in Bui and Schreinemachers (2011)
and Singer et al. (2014).
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3.1

Simulating river flows for Vietnam by SWAT model
Soil and Water Assessment Tool (SWAT)

SWAT (Arnold et al., 1998), which stands for Soil and Water Assessment Tool, is a continuation of thirty years of non-point source modelling by the US Department of Agriculture
(USDA) – Agricultural Research Service (ARS) and Texas A&M University. Other federal
agencies also contributed to the model, including the US Environmental Protection Agency,
the Natural Resources Conservation Service, the National Oceanic and the Atmospheric
Administration and the Bureau of Indian Affairs, amongst others.
SWAT enables the simulation of numerous physical processes: discharge, erosion, nutrients, pesticides and management (rotations and water use). However, due to the scope of
the SWAT application within this study, we focus on the derivation of river flow. Details
on other applications can be found in Neitsch et al. (2009). SWAT divides a given watershed into a number of subbasins mainly based on topography characteristics given a chosen
number or size of subbasins. This process is typically referred to as watersheds delineation.
However, each subbasin is not treated as a lump. In fact, hydrologic response units (HRU)
are defined within each subbasin. Each of them is considered as a homogenous unit with a
unique set of land cover, soil and management features.
The hydrological cycle of a watershed is simulated based on two processes. The land
phase controls the amount of water flowing to the main channel of each subbasin. The
routing phase controls the movement of water through the channel (river) network to an
outlet of the watershed.

3.2

Data

To meet the intensive data requirements of SWAT, we used a variety of remote sensing
datasests. Regarding administrative boundary maps, we use the Global Administrative unit
layers (GAUL), “the most reliable spatial information on administrative units for all countries in the world” (FAO, 2015).
In order to investigate activities of hydropower plants, hydrographic data is at the heart
of the project. This study uses HydroSHEDS by Lehner et al. (2008) and its subset HydroBASINS by Lehner and Grill (2013). As revealed by its name (Hydrological data and
maps based on SHuttle Elevation Derivatives at multiple Scales), HydroSHEDS is a derivative of the digital elevation model (DEM) at 3 arc-second resolution of the Shuttle Radar Topography Mission (SRTM). The elevation data was void-filled, hydrologically processed and
corrected to produce a consistent and comprehensive suite of geo-referenced data sets enabling analysis of upstream and downstream connectivity of watersheds. The HydroSHEDS
database consists of four raster layers and two vector layers as illustrated in Table 1. Among
the subsets of the HydroSHEDS database, the polygon layers that depict watershed bound11

aries and sub-basin delineations at a global scale critical for hydrological analysis are termed
HydroBASINS. HydroBASINS delineates and codes sub-basins purely based on topographic
and hydrographic basis without any local information (for example the name of rivers/
basins). To mitigate this, we utilize the basin and river layers of the dataset named “Rivers
in South and East Asia” derived from HydroSHEDS by FAO (2014). It provides a river and
basins network simplifying HydroBASINS with annotated attributes including the name
of each large river and basin and the tentative classification of perennial and intermittent
streams.
Due to the scope of this study, we require a huge amount of consistent weather data.
Although Vietnam has an intensive network of meteorological stations, access to the data
of such a large number of stations throughout a long period is prohibitively costly. Even
if access were possible, the inconsistency of data available (especially the missing data in
weather series) would make it less desirable for watershed analysis on a large scale. In
addition, since Vietnam shares many basins with Laos, Cambodia and China, the weather
data outside of Vietnam also need analysis since variations in rainfall and temperature in the
neighbouring countries could affect the discharge of downstream rivers in Vietnam. Gridded
data might address these issues. A high quality gridded weather database that supports a
SWAT application is the Climate Forecast System Reanalysis (CFSR) by the US’s National
Centers for Environmental Prediction (NCEP) (Saha et al., 2010, 2014).
To obtain information about soil profile, we use the Digital Soil Map of the World
(DSMW) version 3.6 (FAO, 2007). We use the University of Maryland Department of Geography (UMD) Land Cover classification collection at the 1km pixel resolution Hansen
et al. (1998, 2000) for land cover map. More specifically, we used the Asia layer of this
dataset, the images of which were composited between 1992 and 1993.

3.3

Simulation

In this study, river flow for Vietnam was simulated via the ArcSWAT 10.2 interface (SWAT
model incorporated in ArcGIS 10.2). One advantage of this interface is the support of ArcPy, the ArcGIS-scripting module that enables productive performance of geographic data
analysis, data conversion, data management and map automation with Python.
The first step in preparing for the simulation of river flow is to delineate the watershed.
The watershed we study is a combination of three large basins as defined by the “FAO Rivers
in South and East Asia”: Red River (165,007 km2 ) Vietnam Coast (186,187 km2 ) and a part
of Mekong River (similar to Lower Mekong River with an area of 626,771 km2 ). The total
area of the watershed is 977,964 km2 . This is a transboundary watershed shared by Vietnam,
China, Myanmar, Lao PDR, Thailand and Cambodia (Figure 3). The area within Vietnam
accounts for 32.22% the total area of the watershed. The watershed covers 96.15% (315,122
km2 /327,727 km2 ) of Vietnam’s mainland area. The remainder belongs to the Bang Giang
– Ky Cung river basin, which is not meaningful for hydropower supply. ArcSWAT offers
two options for breaking the watersheds into smaller subbasins: burning a river network
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from a DEM input or using layers predefining subbasins and river network. We chose the
second option to take advantage of the HydroBASINS dataset. The watershed was divided
into 7,887 subbasins at level 12 of HydroBASINS. Their areas vary from 0.2 km2 to 368.6
km2 with a mean of 131.6 km2 (Table 2).
[Figure 3 about here]
[Table 2 about here]
The use of HydroBASINS has two advantages over using DEM. First, HydroBASINS
was derived from HydroSHEDS, which already hydrographically conditioned DEM. DEM
like SRTM has some characteristics, artefacts and anomalies unfavourable for hydrologic
application (Lehner, 2013). HydroSHEDS reduced the errors in using it by deepening open
water surfaces, weeding coastal zones, burning stream, filtering, molding valley course, filling sinks and carving through barriers. Second, HydroBASINS provides two nested coding
systems (Pfafstetter codes and HydroSHEDS ID). These codes are a significant benefit for
our future economic analysis as they help to determine systematically the upstream- downstream relationship of dams.
Despite our selection of using predefined basins, a DEM is still required to calculate the
topography characteristics of each basin. We used the HydroSHEDS void-filled DEM for
this purpose.
ArcSWAT divides each subbasin into HRUs using a combination of soil, land use and
slope layers. The soil layer we used was extracted from the Digital Soil Map of the World
(DSMW). The watershed includes 44 soil units belonging to 11 major soil groupings Acrisols,
Cambisols, Ferrasols, Gleysols, Lithosols, Fluvisols, Luvisols, Nitosols, Histosols, Gleysols,
Vertisols. The name of each soil unit represents the information about dominant soil, soil
component, texture classes and slope classes. The most popular dominant soil within the
watershed is Orthic Acrisols (46.0% ). Among them, the most popular soil unit is Ao90-23c (35.7% ). The details about the soil distribution within the dataset are illustrated in Figure
4. The (physical and chemical) characteristics of each soil unit is presented by Schuol et al.
(2008).
[Figure 4 about here]
The land cover layer we used (Figure 5) was extracted from “UMD Land Cover classification collection at 1 kilometres pixel resolution” (Hansen et al., 1998, 2000). The original
dataset put the land cover into 14 categories. We reclassified them into eight groups in accordance with the codes in the SWAT land cover/plant and SWAT urban land type database
(Arnold et al., 2012). The major groups of land cover within the watershed are forest-mixed
(21.7% ), range-brush (20.8% ), forest evergreen (18.9% ) and agricultural crops (18.4% ).
We applied the parameters of rice, the most common agricultural crops within the region,
on agricultural crops.
[Figure 5 about here]
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ArcSWAT created the slope layer based on the HydroSHEDS void-filled DEM. We determined three classes of slope in line with the soil slope class classification of DSMW: 0-8%
(class 1), 8-30% (class 2) and above 30% (class 3). They respectively contribute 64.12% ,
31.51% and 4.37% to the area of the watershed (Figure 6).
[Figure 6 about here]
Based on the above layers, ArcSWAT assigned multiple HRUs to each watershed given
the sensitivity thresholds set by us (5% for land use and soil and 20% for slope). Finally,
the watershed was divided into 7,887 subbasins and 53,024 HRUs. Figure 7 illustrates an
example of HRU partition within some subbasins.
[Figure 7 about here]
Weather elements for each subbasin were furthered by CFSR/NCEP dataset. We have
in total 2,755 stations (Figure 8). Each provides daily data on maximum and minimum
temperature, precipitation, wind speed, relative humidity and solar radiation over 12,997
days.
[Figure 8 about here]
We simulated monthly river flow for the whole watershed for the period January 1995 to
July 2014. The simulation period was chosen to best fit the available performance data of
hydropower plants subject to the availability of weather data. The model was also run for 5
year before this period for warming up purposes. This helps to establish the equalized initial
condition of soils water before the simulation. The analysis in the following chapters will
focus on river flow to the 40 largest hydropower plants in Vietnam, which belong to the 12
basins as shown in Figure 9.
[Figure 9 about here]

4
4.1

Econometric analysis
Econometric specification

In this study, river flow is simulated to provide information about hydropower production.
Hereafter, we examine the degree to which simulated river flow can explain the operation
of hydro-plants. In addition, we use simulated flow to evaluate the interactions between
different hydropower plants.
Our baseline specification, as inspired by Cole et al. (2014), assumes that a quadratic
function of river flow (Flow) and dam capacity (CAP) are determinants of hydropower generation (Gen):
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Genit = β0 + β1 Flowit + β2 Flow2it + β3CAPit + λt + µi + εit

(1)

Our specification differs in a number of ways. Cole et al. (2014) studied hydropower
generation on a continental scale at yearly intervals while our study is on a national scale
using monthly data. Subscripts i and t refer to hydro-plant (dam) and time unit respectively.
λt is included to capture all time-specific factors (monthly) that has uniform effects on all
dams. µi is the unobservable time-invariant dam fixed effect and εit is an i.i.d error term.
The original generation data provided by EVN (2015) was at monthly time step and
measured by million kWh. However the number of days within a month is varying between
28 to 31, which could slightly drive the variation in monthly generation. To eliminate this,
we transformed the data before regression, dividing monthly generation by the number of
days per month and rescale it to thousand kWh. The dependent variable Gen, hence, is the
average daily generation by dam by month.
CAP is the installed capacity of each plant. The initial data we collected is installed
capacity of plants after full installation. As there was no hydropower plant extension during the studied period, this variable was originally time-invariant and incompatible with
fixed effects. To mitigate this, we took advantage of the fact that each plant comprises of
several generators and they were typically commissioned at different time. It could take a
plant several months to several years to be fully operational from the commissioning of its
first generator. Hence, in reality the installed capacity of each plant is time varying during
installation and time- invariant from that point onwards. We gathered information on the
operation date of each generator from the website of plants or local online newspapers then
adjust the installed capacity of each plant to closely reflect the real operation of each generator. Fortunately, the first run of each generator in a large hydropower plant is an important
event to investors and local residents and hence they are fully recorded. As a result, the
installed capacity variable, after transformation, become time-variant and we can include it
in regression with fixed effects.
The physical formula behind the hydropower production of hydro-plants is:
P=η×ρ×g×Q×H

(2)

Where P is the power produced at the transformer (million MW), η is the overall efficiency of the power plant, ρ is the density of water (1000 kg/m3 ), g is the acceleration due
to gravity (9.81 m/s2), Q is the volume flow rate passing through the turbine (m3 /s) and H is
the net head (m). We assign a typical overall efficiency of 87% (IFC, 2015) given no other
information in this regard, and hence the above formula reduces to:
P(kW) = 8.5 × Q × H
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(3)

The installed capacity is one of the most prominent features of a hydro plant, which
can be calculated by the above formula using design discharge, net head and the overall
efficiency at the design discharge.
The specification vis-à-vis Cole et al. (2014) captures the key determinants of hydropower
generation. If the volume flow rate passing through a turbine equals its design discharge, the
production is proportionate to the installed capacity. If the flow rate is higher or lower than
the design discharge, there will be more or less electricity generated. The gap between the
flow rate and the design discharge could be sensibly proxied by the variation of river flow
to the dam. Obviously, we would expect positive signs for both explanatory variables in the
linear specification12 .
The linear function of inflow’s impacts on hydropower generation is based on the assumption of constant overall efficiency. In practice, efficiency is a non-linear function of
deviation between turbine discharge and the optimal value, subject to the turbine type. As
can be seen in efficiency profiles of various turbine types illustrated in Figure 10, a stylized
fashion is that the efficiency is very low when the discharge far below the optimal value then
increases when approaches this value. Taking this into account, a non-linear function, and
most simply, a quadratic function, of discharge could be more sensible to model hydropower
production. This justifies the appearance of the squared term of discharge in the regression.
[Figure 10 about here]
Finally, besides measurement error, the inclusion of the stochastic term εit could be motivated by the existence of unobserved factors varying across either time or dam. They could
be, for example, production adjustments due to demand fluctuations, variation in efficiency,
the storage and releasing of water of the reservoir associated with the hydropower dam and
the interaction between hydropower dams. We explore some of these by introducing appropriate modifications to the baseline specification.

4.2

Hydropower data

We collected hydropower operation data at the plant level from the largest power company,
which used to be a monopoly in this sector, i.e., Electricity of Vietnam (EVN, 2015). The
report provided information about the total capacity and monthly data on gauged river flow
to dam and electricity generation of 40 large hydropower dams of Vietnam between 19952014.
Vietnam classifies hydropower plants into two categories: small (under 30 MW – managed by local governments) and large (above 30MW – managed by the central government).
WB (2014) further divides the latter into medium hydropower plants (from 30MW to under
100MW) and large hydropower plants (above 100 MW). Accordingly, most of the plants
12

Some other specifications including log-linear and double log were tried, however shown to be less
powerful in explaining the variation in dependent variable.
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within this list can be defined as large and several as medium. All of them are managed by
the central government. As shown in Figure 11, the studied hydropower accounts for 7585% total installed capacity of all hydropower sources or 35% -53% of all energy sources
across Vietnam.
[Figure 11 about here]
There exists no digital dataset on the location of hydropower dams in Vietnam; hence, we
need to create a data set by ourselves using GIS software (ArcGIS) (Figure 12). The spatial
information relies on various sources including the Vietnam Energy Map of Japan External Trade Organization (JETRO), WB (2014), United Nations Framework Convention on
Climate Change - Clean Development Mechanism (UNFCCC-CDM) database, hydropower
companies’ websites and local news websites. Finally, we validated and refined the dataset
by observations from Google Earth.
[Figure 12 about here]
In addition, all of the studied plants are of the storage type. Many of them have large
reservoirs regulated by the government. We collected information about these reservoirs
from 11 most recent PM decisions on inter-reservoir management procedures in 11 basins:
Ba (1077/QD-TTg -2014), Sesan (1182/QD-TTg 2014), Srepok (1201/QD-TTg 2014), Ca
(2125/QD-TTg 2015), Huong (2482/QD-TTg 2015), Kon Ha Thanh (1841/QD-TTg 2015),
Ma (1911/QD-TTg 2015), Tra Khuc (1840/QD-TTg - 2015), Red River (1622/QD-TTg 2015), Vu Gia Thu Bon (1537/QD-TTg 2015), Dong Nai (471/QD-TTg -2016). For smaller
reservoirs, data were collected from internet sources.
Table 3 summarizes the statistics of our key variables of interest. We study 40 large
hydropower dams across Vietnam, which were commissioned between 1964 and 2013. They
are located in 12 Vietnam’s basins (Table ??).
[Table 3 about here]
The smallest plant among those studied has a full installed capacity of 44 MW. The
largest one is more than 50 times greater (2,400 MW) and the average one is about 300
MW. In addition, all of these large hydro-dams are of the storage type. The total capacity of
reservoirs ranges from 30.4 million m3 to 9.8 billion m3 and the mean size is 1.1 billion m3 .
We attempt to model monthly hydropower generation using data of installed capacity
and the simulated discharges. Subject to the availability of simulated series and production
data, the analysed period is selected from January 1995 to July 2014. As most of Vietnam’s
hydropower plants were commissioned after 1995, the panel is unbalanced.
There are 2,984 observations in this sample with a mean of generation at 4.39 thousand
kWh per day. The highest production record is 46.8 thousand kWh (Son La on August
2014). As explained above, installed capacity, disaggregate at generator level, is time variant, ranging from 22MW to 2,400 MW with a mean of 376.3 MW during that period. The
simulated flows in this sample vary from 0.12 – 9,105 cubic metres per second.
17

5

Results and discussions

5.1

Hydropower generation (baseline model)

In this subsection, we will sequentially add each regressor to our regression before arriving
at the baseline specification to examine the contribution of each explanatory variable. Then
we will compare the performance of models using observed data and simulated data. As
we are interested in evaluating the goodness-of-fit of our models, we will mainly reply
on adjusted R-squared for this purpose This statistics measures the percentage of variation
in the dependent variable explained by a model with penalty for excessive regressors. For
inference purposes, we will again rely on Driscoll-Kraay standard errors, taking into account
the issues of heteroscedasticity and both serial and spatial correlation.
First, we exploit the data of observed discharge to hydropower dam and installed capacity to explain the production of electricity throughout Vietnam. Table 4 illustrates the
results.
[Table 4 about here]
As discharge is the chief input into hydropower production, just its variation alone explains 64.4% of the variation in generation (column 1). The impact of discharge is as expected positive and highly significant throughout all models. A non-linear specification
seems to be more appropriate to model the impact of river flow. The inclusion of a quadratic
term (column 2) adds 1.6% to the goodness-of-fit of the model. The negative and highly
significant quadratic term indicates that stronger discharge increases the production but at a
varying rate before reaching a turning point. This is similar to the finding for African hydropower production (Cole et al., 2014). The reason for the inverted U-shape of discharge
impact is due to the variation in efficiency of turbines as explained in Subsection 4.1.
Adding installed capacity to the explanatory variable list (column 3) increases the adjusted R-squared of the model by 19.4-percentage points to 0.854 and reduces the coefficients of both discharge and its squared term by roughly a half. The installed capacity
coefficient is, as expected, positive and highly significant.
Since the arguably most important explanatory variables were already present, it is not
surprising that the sequential inclusion of dummy variables for dam fixed effect (column 4)
and time fixed effect (column 5) does not improve the fit by much. While the coefficients on
installed capacity gradually decrease, there is a gradual increase in coefficients on the discharge terms. Finally, the model ends able to explain 87.7% of the variation in hydropower
generation.
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5.2

Flood control

An interesting feature of hydropower dams is that they often serve purposes other than generation, for example flood control, irrigation, water supply, inland navigation and recreation.
In Vietnam, there are 3 basins having reservoirs with flood control capacity namely Hong –
Thai Binh River13 , Ma River and Huong River (MONRE, 2012). Even electric dams without
flood control function may also want to store flood water to smooth their production.
In Table 5, we model dam behaviour amid flood by adding to the baseline regression
either a dummy variable for flood (defined as flows that exceed the mean flow at each dam by
at least one standard error) (column 1) or its interaction term with inflows to dams (column
2).
[Table 5 about here]
The former specification using simulated data indicates that on average, each dam among
flooding months produces 795.5 thousand kWh per day (which is equivalent to 18.2% the
mean production of the sample) less than its normal operation (column 1). The impact is
reported to be highly significant. The specification including the interaction term is more
informative than relying on the dummy variable. The adjusted R2 rises when move from
column (1) to column (2). As expected, flood occurrence significantly reduces the gradient
of discharge in hydropower generation function. A higher cut in production mitigates a more
severe flood.

5.3

Dams interactions

When looking at hydropower plants as a whole system, it may be of interest to know how
they interact with each other. Hydropower generation in many basins requires the coordination in operation of plants that share a common water resource. Knowledge of their
interactions could facilitate the coordination to better allocate the scared resources.
The influences of an upstream dam to downstream dam(s) are various, related to either
its construction or operation. Dam building is typically associated with deforestation and
then increased runoff due to a reduction in interception. As a result, downstream discharge
and then generation are increased. A report from the National Assembly revealed that 160
hydropower projects in 29 cities and provinces of Vietnam during 2006-2012 converted a
lump of 19,792 ha forest land into hydropower sites (Le and Tran, 2016). On the other
hand, some electric dams construct weirs to divert water to an ‘off-site’ facility to create a
higher head for their generation (Hecht and Lacombe, 2014). Consequently, discharge in
the recipient river increases at the cost of a decrease in flow of downstream rivers, lowering
the production of hydropower plants that locate there. In terms of operation, upstream dams
with large storage and no water diversion normally alter the outflow in favour of downstream
electric generation: reduce flood flows and increase low flows. Less extreme inflows to
13

Lo – Gam – Chay River and Da River are parts of larger Hong – Thai Binh River
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downstream dams result in higher turbine efficiency and then higher production.
To determine the upstream-downstream relationship among dams, we use the HydroSHEDS
identifiers of the HydroBASINS dataset at the most disaggregate level. Previous economic
research has used the Pfafstetter code within the Hydro1K set to detect the spatial relationship between dams (Strobl and Strobl, 2011). As a natural system for delineation and
codification of basins, the Pfafstetter code is a powerful tool to support basin management
studies across various disciplines (Verdin and Verdin, 1999). HydroBASINS is an improvement of Hydro1K set and it provides two systems of basin coding: HydroSHEDS identifiers
and Pfafstetter code. We prefer the former, as there are some challenges in using the latter
in determination of downstream dams, for example, the difference in routing between interbasins and basins and the skip of coding due to endorheic sinks and islands. Meanwhile, the
HydroSHEDS identifiers offer a more consistent practice: each sub-basin is assigned one
unique identifier and routed to (only) one immediate downstream sub-basin or the sea/itself
(if it is an outlet) or an outlet (if it is an endorheic sink). By tracing all routes, we find 13
cascades of hydropower in Vietnam as illustrated in Table 6. This data is then consolidated
with local information (websites of hydro plants, local newspapers and so on). The distance
between each upstream dam and its downstream dams in Table 6 is measured by number
of HydroSHEDS sub-basins between them. Ham Thuan and Da Mi is an exceptional case.
Their zero-distance reflects the fact that they are located in a same sub-basin.
[Table 6 about here]
Table 7 illustrates the results of our estimate of hydropower cascade synergies across
Vietnam during the studied period. We added variables proxying for the operation of upstream dams including two-way fixed effects. We, respectively, used the sum of hydropower
capacity installed upstream and the sum of hydropower generated upstream as a proxy variable in column (1) and (3) of Table 7. Some dams have many upper dams operated at different times and we need to fill all missing values before aggregating. The installed capacity
and production of plants before their operation are assigned zero values. The missing values
in production of upstream dams were filled by predicted values of a double log regression
of non-missing production values on its installed capacity and simulated discharge14 . The
double-log regression has lower predictability than the double-level regression; however, it
ensures that the predicted values are positive. The coefficients of these variables are expected
to measure the average impact of upstream dams nationwide.
[Table 7 about here]
Both proxies report a positive impact of upstream dams, however with different level of
significance (at 10% if using total capacity and at 5% if using production as a proxy for upstream operation). The interpretation of the coefficients is straightforward. Each additional
MW of hydropower capacity installed upstream increases the daily production of a downstream plant by 1.332 MWh (column 1). An increase by 1 thousand kWh in the production
of upstream dams adds 0.146 thousand kWh to downstream production (column 3).
14

The model for each dam (i) in details is ln(Gent ) = β0 + β1 ln(CAPt ) + β2 ln(Flowt ) + εt .
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In column 2 and 4, we added some interaction terms to evaluate the synergies under different hydrological conditions. Overall, the synergies are significantly positive in all cases,
however larger amid drought and smaller amid flood. Column 2 suggests that on average
each MW in upstream add 1.423 MWh in normal condition, 0.208 MWh under extremely
dry condition and 2.165 MWh under extremely wet condition to its downstream generation. Similarly, column 4 indicates that a 1-thousand-kWh increase in upstream production
induces a rise in downstream production by 0.172 thousand kWh given normal discharge
level, by 0.084 thousand kWh given flood and 0.276 thousand kWh given drought. The gap
between synergies under extremely dry condition and normal condition is reported significant at 5% .
These results highlight the importance of cascade of hydropower on the reliability of
power supply as an adaptation measure against extreme weather. The positive impact of an
upstream dam on its downstream dam(s) amid drought roughly double the normal condition
and more than triple the extreme wet condition. Upstream dams store flood water and release
more water in drought, making downstream production more efficient.
According to PanNature (2011), basin-based water management has been adopted in
Vietnam quite soon. Water Resources Law issued in 1998 sketched river basin plan regulation and the role of River Basin Planning Management Commissions. The commissions
then established to manage water resources in Cuu Long (Mekong) River (2001), Dong
Nai River (2001), Hong – Thai Binh River (2001), Vu Gia – Thu Bon (2005) by MARD.
With the similar purpose, River Basin Councils with the participations of local governments
and the involvement of communities were establish to manage Srepok River (2006) and Ca
River. Then the water resource management function was passed from MARD to the newly
set-up MONRE with the establishment of a number of River Basin Environment Protection
Commissions in Cau River (2007), Dong Nai River (2008) and Nhue-Day River (2009). The
ineffectiveness of various basin management organizations mentioned above was addressed
by Decree 120/2008/ND-CP on River Basin management, which sought for consistent basinbased water resources management and proposed to establish River Basin Commissions to
coordinate and supervise the activities of ministries, local governments related to water resources planning and management.
As different basins have been managed by different organizations with the engagements
of different participants, dam interaction could vary across basin. We explore this heterogeneity by adding the interaction terms between proxies for upstream operation and dummies for each basin to the baseline regression. The results are shown in Table 8.
[Table 8 about here]
Since there is no cascade among studied dams in the basins of Thach Han River, Kon Ha Thanh River and Vu Gia – Thu Bon River, the results in Table 8 estimate the spillover
effects for 9 basins only. The estimates for Ca River, Huong River and Srepok River using interaction terms for upstream dams installed capacity were dropped due to the perfect
multicollinearity with dam fixed effects.
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The results suggest that the spillover effects of upstream dams are not always positive.
While synergies are found in Da River, Sesan River and Srepok River, negative spillover
effects are found in Dong Nai River, Ba River, Ca River, Huong River and Ma River. All
synergies are significant, whereas only negative impacts in Dong Nai River and Ca River
are. Opposite signs for Lo-Gam-Chay are reported by models using different proxies for
upstream operation and the impact in this basin is not statistically different from zero.
These synergies were already anticipated before the construction of new upstream dams.
When there is a good coordination, the existence of an upstream dam is similar to the extension of downstream storage. Downstream dam can store and release stored water within a
larger room to maximize its generation.
In Srepok, the construction of Buon Tua Srah (86 MW) was proposed to enhance the
generation of Buon Kuop and Srepok 3 by 77 million kWh and 34.8 million kWh respectively (VINACONEX, 2017). In Da River basin, the installation of Son La (2400 MW), the
largest hydropower dam of Vietnam (as well as Southeast Asia) was expected to increase
the annual production of Hoa Binh by 1.26 billion kWh (Vietnam National Committe on
Large Dams and Water Resources Development, 2006). Similarly, the operation of Ban
Chat (220MW) located in upstream of Son La since 2013 was expected to add nearly 0.4
billion kWh per year to two downstream dams (Vietnam National Committe on Large Dams
and Water Resources Development, 2015). In Sesan river, the most upstream hydropower
plant (Plei Krong 1 – 100 MW) was assigned the mission to increase the installed capacity of downstream plants (Yaly, Sesan 3 and Seasan 4) by 157.3 MW and to promote their
production by 217.1 million kWh/year (Ialy Hydropower Company, 2017)
Meanwhile the negative spillover impacts are due to water diversion of upstream dams.
Sometime, this negative impact is intended given the multi-purpose of dams. The operation
of Dai Ninh and Dong Nai 3 in Dong Nai River was claimed to stop flooding in downstream
districts of Lam Dong province and to reduce the flooding pressure on the most downstream
hydropower dams in this basin (Tri An) on purpose (Pham, 2014). Sometimes, the drought
caused by hydropower dams is unintended and undesirable. One of the most frequently
criticised is the case of An Khe – Kanak (173 MW). After its operation, it has been storing
water from the Ba River and discharges water to the Kon River to create a higher head and
to improve its own production (MONRE, 2012). Consequently, the downstream segment of
Ba River becomes dry and adversely affects the welfare of residents nearby.
It is worth mentioning some shortcomings of the analysis within this section. Although
we already control for dam heterogeneity and time heterogeneity, omitted variable bias may
still exist if there are unobserved factors that vary both spatially and temporally.
The variations of weather factors like temperature and rainfall, which are correlated with
discharge, could simultaneously affect hydropower supply via demand fluctuation. For example, hot weather induces higher power demand for cooling and higher rainfall induces
higher power demand for harvesting and processing of agricultural products. Power transmission and distribution in Vietnam have been centrally managed within this period. Therefore, within this study, we just assume that these factors impose a uniform impact on all
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plants and hence are absorbed by time fixed effects. In addition, as hydropower has the
cheapest cost to generate electricity, it covers the base load and is relatively less sensitive to
demand fluctuation than other energy sources.
Physical processes like land cover change, soil degradation, sediment transportations
that were excluded from our SWAT model could bring about certain degree of error measurements. For simplicity, we just assume that this source of error is exogenous.
Vietnam is located in the downstream of many international rivers and upstream changes
could affect discharge to Vietnam’s basins and its hydropower plants. Although the wide
extent of our SWAT model already accounts for variations in weather factors of upstream
subbasins outside Vietnam, the construction and operation of neighbouring countries’ dams
are out of this study’s scope. For example, the construction of dams in China are blamed for
worsening the drought hit Southeast Asia (The Diplomat, 2016). Vietnam and Laos will be
most affected by the proliferation of dams along the Mekong River (The Economist, 2012,
2016).
This study also excludes the impact of medium and small dams, which grew dramatically after 2010 and have certain impact on the cascade of hydropower. Compared to large
hydropower plants, the lack of supervision, coordination and regulation on the construction and operation of small and medium hydropower in Vietnam is problematic (PanNature,
2010). Hence, water conflicts are a greater concern and the role of hydropower plant of a
small scale might also be worth investigating if data were available.

6

Conclusions

This study explores the application of a river flow model using SWAT incorporated with
econometrics methods to explain the operation of hydropower plants on a national scale
in a hydro-dependent country with a diversity of terrain and climate conditions. Although
Vietnam has experienced a period of fast-growing demand for energy (at 12-15% per year),
it also faces the threat from the adverse impacts of climate change.
As far as we are aware, this is the first study to build a river flow model using SWAT
for an econometric application for Vietnam as a whole. To take into account the high connectivity between Vietnam’s rivers and upstream sources beyond its border, the extent of
our river flow model covers a large part outside Vietnam. It includes three inter-boundary
basins: Red River, Vietnam Coast, and Lower Mekong River, in which Vietnam shares water
resources with China, Laos, Cambodia, Myanmar and Thailand. The watershed of 977,964
km2 was divided into 7,887 subbasins with a mean area of 131.6km2 and 53,024 HRUs.
Such a detailed analysis is made possible thanks to a variety of high-resolution datasets, especially HydroSHEDS/HydroBASINS, which is finer than Hyro1K, a topographic and hydrographic dataset widely used in previous economic studies using river flow models. River
flow was simulated for the period from 1995 to mid-2014, coinciding with the period when
both power supply and power demand of Vietnam increased dramatically and hydropower
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played a prominent role in the national power source. Since it is mainly dependent on global
datasets derived from satellite data, the method described within this study could be easily
replicated for other countries and regions.
We used fixed effect regressions to explain the operation of large hydropower across
Vietnam. Simulated discharge is shown to be a good proxy for inflows to hydroelectric dam.
Our results agree with the Cole et al. (2014) results that installed capacity and a quadratic
function of discharge are the key determinants of hydropower generation. Furthermore,
our model shows evidence for flood control benefit of large hydropower dam system across
Vietnam.
Finally, we used simulated flows to evaluate the coordination and the spillover effect
among hydropower dams. Overall, the construction and operation of upstream dams make
the generation of downstream dams more economical. The effect is particularly large amid
drought and small amid flood. The impact is not common across all basins. The two basins
most important for hydropower show a contrast. A significant disharmony is found in Dong
Nai River (in the South) in exchange for flood reduction in downstream area while a significantly strong synergy is found in Da River (in the North).
The analysis within this study could be improved by taking into account more factors
affecting hydropower generation. They include, but are not limited to, power demand fluctuation, the impact of land cover change, soil degradation, sediment transportation, operation
of small and medium hydropower. In addition, calibration could improve the river flow
model. However, due the limit of data and time constraints, it was not made available within
this study. Nevertheless, it should be noted that using simulated discharge can explain up
to 87.7% of the monthly variation in hydropower generation (the two-way fixed effect regressor including installed capacity, discharge and its squared term). This suggests that river
flow simulated from a SWAT model, even without calibration, could potentially serve as a
good predictor for hydropower generation.
Some policy implications emerge within this study. Firstly, this study provides evidence
to suggest that hydropower operation with large reservoir and cascades of electric dams
could contribute to more resilience of the national power supply against the adverse impacts
of climate change. However to harmonize the operation of dams sharing common water
resources is not a simple process. The significant negative spillovers are found in some
basins. Finally, although in this study we only quantify the impact of hydropower dams on
downstream generation, it is implicitly made clear that upstream dams can have an important
impact on downstream flow regime (seasonality, water availability and so on). This implies
the potentially vast impacts on downstream ecosystem and other economic activity using
water resources (i.e. agriculture) as well as the welfare of downstream habitants. These
could be promising topics for future research.
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Figures
Figure 1: HydroBASINS coding and watershed delineation

Source:Lehner
(2014).
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Source: Authors compiled from HydroSHEDS and HydroBASINS. Notes: The solution of HydroSHEDS void-filled DEM is 3 arc-seconds. The solution of HydroBASINS
river network is 15 arc-seconds.

Figure 2: HydroSHEDS void-filled DEM and HydroBASINS river network for Vietnam’s mainland
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Source: Authors compiled from HydroSHEDS and HydroBASINS. Notes: The solution of HydroSHEDS void-filled DEM is 3 arc-seconds. The solution of HydroBASINS
river network is 15 arc-seconds.

Figure 3: Watershed delineation

Figure 4: The soil layer of the watershed

Source: Authors extracted from DSMW (FAO, 2007)
Notes: Af=Ferric Acrisols, Ag=Gleyic Acrisols, Ao=Orthic Acrisols, Bc=Chromic Cambisols, Bd=Dystric
Cambisols, Be=Eutric Cambisols, Bk=Calcic Cambisols, Fa=Acric Ferralsols, Fo=Orthic Ferralsols,
Fr=Rhodic Ferralsols, Gd=Dystric Gleysols, Ge=Eutric Gleysols, I=LITHOSOLS, Jc=Calcaric Fluvisols,
Je=Eutric Fluvisols, Jt=Thionic Fluvisols, Lc=Chromic Luvisols, Lf=Ferric Luvisols, Lg=Gleyic Luvisols,
Nd=Dystric Nitosols, Nh=Humic Nitosols, Od=Dystric Histosols, Re=Eutric Gleysols, Vp=Pellic Vertisols.
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Figure 5: The land cover of the watershed

Source: Authors derived from UMD Land Cover classification collection at 1km pixel resolution (Hansen
et al., 2000).
Note: FRSD = Forest-deciduous, FRSE = Forest-evergreen, FRST = Forest-mixed, RICE = Agricultural
Crops, RNGB = Range-brush, RNGE = Range-grasses, URBN = Urban (residential), WETN= Wetlands
Non-forested.
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Figure 6: The slope classes of the watershed

Source: ArcSWAT created from HydroSHEDS void-filled DEM.)
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Figure 7: Hydrologic response units (HRUs) example

Notes: The watershed was divided into 7,887 subbasins and 53,024 HRUs.
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Figure 8: CFSR/NCEP weather stations for the watershed

Source: Authors compiled from CFSR/NCEP weather database restricted by a bounding box between 80 North
and 260 North and 990 East to 1100 East.
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Figure 9: Studied basins and hydropower plants

Source: Basins are derived from “FAO Rivers in South and East Asia” and MONRE (2012).
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Figure 10: Typical efficiency curves for different types of hydropower turbines

Source: (Kumar et al., 2011, pg. 453)
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Figure 11: Total installed capacity of studied hydropower plants, as percentage of
national energy capacity

Source: Authors calculated from EVN (2015).
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Figure 12: Location and installed capacity of studied hydropower plants

Sources: Author created from the dataset.
Notes: Installed capacities next to plants’ names are proportionate to the areas of circles.
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Tables
Table 1: HydroSHEDS layers
Index

HydroSHEDS data layer

Format Resolution(s) In m/km*

DEM

Void-filled elevation

Raster

3s, 15s, 30s

90m, 500m, 1km

CON

Hydrologically conditioned elevation

Raster

3s

90m

DIR

Drainage directions

Raster

3s, 15s, 30s

90m, 500m, 1km

ACC

Flow accumulation (number of cells)

Raster

15s, 30s

500m, 1km

RIV

River network (lines)

Vector

15s, 30s

500m, 1km

BAS

Drainage basins (polygons)

Vector

15s, 30s

500m, 1km

Source: Authors compiled from HydroSHEDS technical manual.
Notes: * Approximate at the equator.

Table 2: Summary statistics of subbasins

(1)

(2)

(3)

(4)

(5)

N

mean

sd

min

max

Area of the sub-basin

7,887

131.6

56.52

0.2

368.6

Total upstream area

7,887 15,443 77,756

0.4

774,282

Distance to the next downstream sink

7,887

951.4

754.4

0

3,628

Distance to the most downstream sink

7,887

957

751.3

0

3,628

Area of the sub-basin

2,617

131.9

58.4

0.2

368.6

Total upstream area

2,617

7,812

59,053

0.4

774,282

Distance to the next downstream sink

2,617

341.4

417.2

0

2,506

Distance to the most downstream sink

2,617

343.6

416.4

0

2,506

VARIABLES
All subbasins within watershed

Subbasins within Vietnam

Source: Authors compiled from HydroBASINS dataset (level 12).
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Table 3: Summary statistics of hydropower data

VARIABLES

(1)
N

(2)
mean

(3)
sd

(4)
min

(5)
max

Dam statistics
Year of Operation
Total storage capacity (million m3 )
Full installed capacity (MW)

40
40
40

2005
1,164
294

10.5
2,098
455

1964
30.4
44

2013
9,862
2,400

Production statistics (Jan 1995 – Jul 2014)
Average production (1000kWh/day)
2,984 4,393 6,754
0
Installed capacity (MW)
2,984 376.3 521.4
22
3
Flow to dam (m /s); SWAT simulation 2,984 465.5 979.5 0.120

46,833
2,400
9,105
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Table 4: Production regression using simulated discharge
(1)

(2)
(3)
(4)
Average production (1000kWh/day)

VARIABLES
Discharge (m3 /s)

5.533***
(0.339)

Discharge (m3 /s); squared
Installed capacity (MW)
Constant

Observations
R-squared
Adjusted R-squared
Estimator
Dam dummies
Time dummies

1,818***
(155.3)
2,984
0.644
.644
POLS

7.459***
3.108***
(0.487)
(0.370)
-0.000392*** -7.39e-05
(0.000105)
(8.71e-05)
7.858***
(0.375)
1,382***
76.50
(121.4)
(106.5)
2,984
0.660
.659
POLS

Driscoll-Kraay standard errors in parentheses.
*** p<0.01, ** p<0.05, * p<0.1.
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2,984
0.854
.853
POLS

(5)

4.198***
4.478***
(0.464)
(0.554)
-0.000212** -0.000228**
(8.64e-05)
(9.24e-05)
6.319***
5.856***
(1.118)
(1.186)
1,645***
901.4***
(217.7)
(229.7)
2,984
0.875
.873
LSDV
Y

2,984
0.889
.877
LSDV
Y
Y

Table 5: Flood control function

VARIABLES
Installed capacity (MW)
Discharge (m3 /s)
Discharge (m3 /s); squared
Flood

(1)
(2)
Average production (1000kWh/day)
5.904***
(1.186)
4.627***
(0.574)
-0.000233**
(9.26e-05)
-795.5***
(266.4)

Discharge*Flood
Constant

Observations
R-squared
Adjusted R-squared

5.996***
(1.191)
4.641***
(0.587)
-0.000102
(0.000108)

899.6***
(233.0)

-1.001**
(0.386)
825.5***
(237.8)

2,984
0.890
.879

2,984
0.892
.881

Both dam fixed effect and time fixed effect are included.
Driscoll-Kraay standard errors are in parentheses. ***p<0.01; **
p<0.05; *p<0.1.
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Thac Ba

Hoa Binh

Son La

Ban Chat
Da

Hoa Binh

Nam Chien
Da

Cua Dat

Hua Na
Ma

Khe Bo

Ban Ve
Ca

Huong Dien

A Luoi
Huong

Sesan 4

Yaly
Sesan 3

Plei Krong 1
Sesan

Song Ba Ha

An Khe - Kanak
Ba

Srepok 3

Buon Kuop

Can Don

Buon Tua Srah Thac Mo
Srepok
Dong Nai

The upstream-downstream relationship was determined by the HydroSHEDS ID system of HydroBASINS dataset.
Distance was measured by the number of sub-basins (at level 12 of HydroSHEDS dataset) between each upstream and downstream dams.

Distance
0
1
2
3
4
5
6
7
8
9
10
14
15
16
17
18
20
21
23
25

Updam
Bac Ha
Basin Lo - Gam - Chay

Table 6: The cascades of hydropower
Dai Ninh
Dong Nai

Tri An

Tri An

Dong Nai 3
Dong Nai 4
Dong Nai 3 Dak R’Tih
Dong Nai 4
Dak R’Tih

Da Nhim
Dong Nai

Tri An

Da Mi

Ham Thuan
Dong Nai

Table 7: The synergies of hydropower cascades
(1)
VARIABLES

(2)
(3)
Average production (1000kWh/day)

(4)

Operation
Installed capacity (MW)
Flow to dam (m3 /s); SWAT simulation
Flow to dam (m3 /s); SWAT simulation squared

5.876***
(1.182)
4.476***
(0.544)
-0.000225**
(9.19e-05)

5.880***
(1.176)
4.984***
(0.554)
-0.000275***
(9.17e-05)

1.332*
(0.705)

1.280
(0.853)
-1.447**
(0.689)
1.441**
(0.574)

5.859***
(1.190)
4.359***
(0.559)
-0.000216**
(9.14e-05)

5.834***
(1.184)
4.865***
(0.568)
-0.000267***
(9.11e-05)

0.146**
(0.0598)

Upstream Operation
Upstream capacity (MW)
Total upstream installed capacity (MW)*Flood
Total upstream installed capacity (MW)*Drought
Upstream production (1000MWh)

-429.8
(464.2)

-553.0
(456.5)

-430.3
(468.7)

0.161**
(0.0695)
-0.0976*
(0.0541)
0.180***
(0.0446)
-523.5
(464.6)

2,984
.891
.88

2,984
.893
.88

2,984
.892
.88

2,984
.895
.88

Total upstream production (1000MWh)*Flood
Total upstream production (1000MWh)*Drought
Constant

Observations
R2
Adjusted R2

*** p<0.01, ** p<0.05, * p<0.1.
Dam fixed effects and time fixed effects are included. Driscoll-Kraay standard errors are in parentheses.
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Table 8: The synergies of hydropower cascades by basin
(1)
VARIABLES
Installed capacity (MW)
Flow to dam (m3 /s); SWAT simulation
Flow to dam (m3 /s); SWAT simulation squared
Interaction: Updams operation*Ba
Interaction: Updams operation*Ca
Interaction: Updams operation*Da
Interaction: Updams operation*Dong Nai
Interaction: Updams operation*Huong
Interaction: Updams operation*Lo - Gam - Chay
Interaction: Updams operation*Ma
Interaction: Updams operation*Sesan
Interaction: Updams operation*Srepok
Observations
R2
Adjusted R2
Upstream operation

(2)
Average production (1000kWh/day)

5.724***
4.719***
-0.000247***
-3.818
2.157***
-2.136***
1.289
-1.495
2.314

2,984
.896
.885
Installed capacity

(1.165)
5.716***
(0.533)
4.625***
(8.69e-05) -0.000246***
(2.699)
-0.170
-0.697*
(0.783)
0.220***
(0.501)
-0.135***
-0.618
(3.862)
-0.307
(2.252)
-0.166
(9.777)
0.215***
0.577***

(1.164)
(0.545)
(8.54e-05)
(0.247)
(0.402)
(0.0685)
(0.0428)
(0.711)
(0.555)
(0.222)
(0.0427)
(0.0639)

2,984
.897
.886
Production

*** p<0.01, ** p<0.05, * p<0.1.
Dam fixed effects and time fixed effects are included. Driscoll-Kraay standard errors are in parentheses.
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