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Abstract: This research introduces an approach to analyze the nexus of water, energy and rice
production system at the watershed scale. The nexus relationship equations, developed to suit the
local scale facilitating analysis in the rice production sector, were integrated with a Material Flow
Analysis tool to expand the visualization capability. Moreover, the nexus flow was linked with the
selected resource security, eco-efficiency and economic indicators, taking into account the spatial
and temporal effect of water availability. The study covers the nexus resource flows not only in the
rice production sector but also all other sectors in the whole watershed to assess local resource
security. The tool covers wider implications, trade-offs and synergy impacts that were not much
covered in previous studies. The tool was applied to evaluate the trade-offs and synergies of the
impacts from proposed scenarios of alternative agricultural practices and land-use change options.
The scenarios applying land-use change, and changing non-suitable and low-suitable rice cultivation
areas to sugarcane and cassava, can reduce water use significantly resulting in reducing the nexus
energy while the impact on economics, food security and direct energy use is small.

Keywords: rice; water-energy-food nexus; resource security indicators; Material Flow Analysis;
eco-efficiency

1. Introduction

Increases in world population, economic development, and urbanization and international trade
have led to increasing demand for food production and, in turn, water and energy resources to produce
food [1]. Moreover, the pressure from climate change has been causing drought and flood almost every
year in some areas making the situation even worse. Agriculture is the largest water consumer [1].
It consumes 70% of the global freshwater resources withdrawn [2]. Almost 30% of global energy is used
in agri-food supply chain in cultivation, processing, transportation and consumption processes [2].
Apart from direct consumption of water and energy, there is an interrelationship among those issues.
Acquiring water supply for irrigation, for example, pumping water for irrigation and treatment
of water for food processing, requires energy. Producing energy also requires water; for example,
hydropower plants, thermal power plants, fuel, or biofuel also consume large amounts of water
in processing. Those synergy impacts of water, energy and food consumption are often referred to as
the “Water-Energy-Food Nexus” (WEF nexus) [3]. Water, energy and food security issues could be
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significant for sustainable development. However, the underlying resources management is mostly
controlled by different sectors that barely look at the relationship or effect of management of one
resource that may affect others.

Rice is a key food crop in Thailand and Asia; it involves 3.55 million households of rice farmers
in Thailand [2]. In the global market of rice products, although the amount of rice production
in Thailand is relatively small compared to other countries, more than fifty percent is produced
for export, making Thailand consistently ranked at the top three of rice exporting countries in the
world. Thailand has a market share of approximately 24 percent of world rice exports, with the major
competitors being India and Vietnam [4–6]. Although Thailand is one of the world’s leading rice
exporters, Thailand is losing its competitiveness, especially in the part of white rice, because yield is
lower than the competing countries, and the cost per area higher [4,5].

Rice farming in Thailand is characterized as high risk but low return because agricultural products
are dependent on often erratic weather conditions. If there are droughts or floods, farmers will lose
money. However, even in years where there are no weather problems, with the low price and high
production cost (including labor, energy, and chemicals costs), the returns from rice farming are very
small. Therefore, most of the farmers who hold small land are poor and have a lot of debt because
of being under the control of middlemen combined with the fluctuations in the price of rice in the
world market [7]. The yield tends to decrease due to the deterioration of soil quality from continuous
agriculture without lack of soil rest, and proper soil improvement and problems with the competition
for water resources which in the future may become more severe. Due to efforts at expanding plantation
areas and increase planting cycles, water demand is increasing, but irrigation volume tends to decrease
due to weather fluctuations and water demand from other sectors that increase [8].

Rice cultivation area accounts for almost 40% of the total agriculture area in Thailand (Office of
Agricultural Economics). In the year 2016, the Chaopraya basin produced about 3.78 million tonnes
paddy rice or 12% of the Thailand supply, and supplied 1.74 million tonnes rice to the market or about
18% of Thailand’s rice export [9]. Rice production consumes the largest volume of water in Thailand
compared to other crops and other sectors [10]. This is a major issue because Thailand has water scarcity
in some watersheds in some periods, especially the Chaopraya watershed which is the main second
rice (irrigated rice) production area in Thailand [11]. The Chaopraya basin has been challenged with
water management for many years, although the basin has one of the largest annual water availabilities
per area [12]. The Chaopraya watershed has high water use competition, severe drought in some years
and water security problem. Irrigation water in the past five years has never been enough to fulfill
the demand for all second rice use and other crops downstream. In some years, the government has
had to limit water use for second rice and ask farmers not to grow second rice in the drought years
to conserve water to use for households, the industrial sector and maintain the ecosystem downstream.

Almost half of the rice produced in Thailand is exported; thus, it implies that most of the limited
natural resources were used to produce food for export. International trading of food products,
especially rice (water-intensive products), made Thailand and India the largest net virtual water
exporters in the world [13]. Considering the several problems mentioned above, we need to think again
if it is worthwhile or not if we still do as business as usual of producing rice for export with high risk and
low returns to the farmers. One of the priorities of the Thai government is to consider improving rice
production practices or other alternative options including changing from rice to other crops or other
options of land use to reduce stress on natural resources use and improve farmers’ quality of life [14].
As a result, resource management in rice production needs to be more efficient, or alternative options
need to be explored to reduce resource use and increase benefit for farmers. The water-food-energy
nexus impact of alternative options needs to be evaluated to ensure that optimizing one issue will
not cause severe effect to other issues; for example, some option to reduce water use may have large
impact on energy and food security.

The Material Flow Analysis (MFA) tool is useful for assisting resource management for policy
intervention. MFA has been used to track resource and waste flows over several decades to understand
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the anthroposphere metabolism [15,16]. The benefit of MFA to the stakeholder is the ability for
visualization to understand the holistic picture and interconnection of resource flows via Sankey
diagram. Water and energy flows have been analyzed at the regional scale in many case studies [17–21].
However, in the conventional MFA method, nexus relationship has not been comprehensively analyzed.

The nexus analysis tools that look into the interlinkage between water, food and energy have
been developed over almost a decade. [22] has introduced nexus in the California energy and water
situation analysis. The WEF nexus was recognized as a global issue since 2011 [1]. FAO has also
recommended a framework to do the water-food-energy nexus analysis which includes; qualitative analysis
(context analysis), quantitative analysis, assessment of interventions and comparison of interventions
of all the elements [3]. Tremendous research and studies have been done and reviewed in several
articles [23–26]. Many articles classified the literature on several aspects and dimensions, including
quantitative and modeling approach, scale and boundary, context, purpose, policy intervention,
collaboration, and implementation. Resource quantitative approach used in the nexus assessment
including Input-Output Analysis [27], Multiregional input-output (MRIO) [28], Life Cycle Assessment
(LCA) [26–32], Footprint tool [33–35] and System Dynamics (SD) [36–38]. An integrated modeling approach
was also developed and implemented in many research. The Water Nexus (WEN) model classifies the
analysis into two parts: Energy for water framework and Water for energy framework [39,40]. The CLEWs
model (climate, land-use, energy and water strategies) was developed by the integration of all three types
of tools, namely Water model (WEAP), Energy model (LEAP), Land-use model (AEZ) for analysis [41].

Many tools and models were developed and implemented in different aspects to suit the specific
context and purpose because there is no versatile tool that can fit all contexts and purposes of WEF
analysis and policy interventions. Lin et al. [40] applied the water-energy nexus (WEN) tool to analyze
urban water and energy management. Energy and water-saving technologies and measures were
evaluated using the tool to identify the synergies and co-benefit among those measures. Multi-Scale
Integrated Assessment of Society and Ecosystem Metabolism (MuSIASEM) was developed and
employed to analyze the WEF nexus impact and possibility to integrate alternative energy production
in South Africa using a multi-level system of accounting and to analyze the option to produce biofuel
from sugarcane in the Republic of Mauritius instead of sugar [42]. Walker et al. applied Multi-sectoral
Systems Analysis (MSA) and MFA for estimating flows (nutrients, water, and energy) in the urban area
and analyzing interrelationships among them and evaluating the synergy effect of implementing water
and wastewater management innovations on fertilizer and energy production. However, the analysis
of agricultural practices and management and policy intervention on food security were not covered
because the focus was on the urban city context. Spatial and temporal effects and resource stresses
were not taken into account [43]. Mukuve and Fenner analyzed the stress of resource consumption
and food security at the multi-scale of national and local scales. The integrated multi-scale food
system resource analysis was based on MFA with WEF nexus analysis. The food security intervention
policy was analyzed. However, the indicator of analyzed resources security and economic analysis
of the scenario was not comprehensively investigated in the alternative improvement options [44].
In a comparative analysis, dynamic WEF nexus simulation at the national scale was applied to Korea
and Indonesia to evaluate improvement measures on renewable energy sources and building more
water infrastructure [36]. Bazilian et al. used WEF nexus analysis on alternative energy including
biofuels and hydropower and water desalination, with the trade-off on food security [45]. Miara et al.
employed the energy, water and food nexus tool to assess and plan for algal systems [46].

Most of the models mentioned above were applied in the urban context by focusing on evaluating
the improvement measures and policies on energy and water infrastructure. There has rarely been an
analysis of agricultural policy management or agricultural practice improvement, especially in rice
production. Water-energy-food nexus in rice production in Japan was conducted specifically in great
detail with the future projection of different management practices by Lee et al. [37]. Nevertheless,
water availability characteristics of each watershed with different space and time effect were not
taken into account in the previous studies. Moreover, the scenarios focused mainly on variation
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in self-sufficient rice production, whereas other countries have different contexts and concerns.
Thailand has rice surplus and is a rice exporting country; therefore, there is more concern about water,
energy security and farmers’ income and quality of rice.

This research introduces the framework and approach to analyze the nexus of water, energy, and food
in the rice production system holistically at watershed scale using MFA. The flows of resources through the
rice production system and all other sectors in the watershed boundary were revealed and visualized using
the Sankey diagram, allowing stakeholders to understand the situation holistically. The framework and
tool were mainly developed to suit local scale of rice production system and can be connected to regional
and global scale of rice production systems. Interrelationship of water, food energy was determined using
selected parameters, and the nexus equations were formulated. A set of resource securities and economic
analysis indicators were selected to analyze resource availability, resource use efficiency, benefit and cost
of the base case and scenarios of improvement measures or policy. The spatial and temporal effect of water
was also taken into account. The tool was applied to evaluate the trade-offs and synergies of the impacts
from proposed scenarios of alternative agricultural practices and land-use change options.

2. Materials and Methods

2.1. Study Area and Background Data

The Chaopraya basin is the watershed of the Chaopraya River, the most important river of Thailand.
The basin is located in the center of the middle region of the country with an area of 2,052,342 ha. It is
one of the largest paddy rice producing areas in Thailand; the paddy cultivation area covers about
905,721 ha or 44% of the total watershed area as shown in Figure 1. The annual paddy production is
3,785,395 tonnes, which is about 11.5% of the total national production [47].
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Figure 1. Areas suitable for rice cultivation in the Chaopraya watershed.

Paddy rice land use, rice production, and yield in the Chaopraya watershed in 2009–18 are shown
in Table 1. Land use for paddy rice in the area has not changed much over the past ten years. The yield
has fluctuated because of climate conditions and has not been improved over the past ten years because
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of soil quality deterioration from intensive cultivation and non-sustainable agricultural practices [47–56].
The rice cultivation in this area is 2–3 crop cycles, starting from rain-fed rice as the first crop followed by
irrigated rice as the second and third crop. The baseline data were selected to be based on 2016 because the
most updated land-use geographic information system (GIS) data available from the Land Development
Department of Thailand was in that year, and it is required for using in the scenario analysis.

Table 1. Rice cultivation and price data in Chaopraya basin (2009–18).

Year Rice Cultivation Area (ha) Average Price (USD tonne-1) Average First-Rice Yield (kg ha-1) Annual Paddy Rice (tonne y-1)

2009 988,516 267.0 667 3,762,538
2010 1,006,936 234.5 600 3,606,089
2011 1,043,170 272.5 607 3,507,659
2012 1,041,704 286.4 663 3,919,410
2013 755,804 247.1 664 2,886,228
2014 1,000,759 218.6 650 3,827,904
2015 902,930 217.0 641 3,352,127
2016 905,721 212.8 628 3,785,395
2017 931,434 222.9 648 3,568,558
2018 930,208 236.2 664 3,592,927

Average 950,718 241.5 643 3,561,034

Source: Office of Agriculture and Economics, Thailand 2011–19.

Water demand and supply in the watershed during 2009–18 is presented in Figure 2. As shown
in the figure, the results show the positive balance of the supply over the demand, but there is a risk
situation because the amount of water demand and supply is close for most of the year with the
demand over the supply in the year 2015. Moreover, the bar charts show the data of the total area
based on yearly available water without looking at the spatial and temporal effects.
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2.2. Water and Energy Flow in the Base Case

2.2.1. Energy Sub-system Flow

Fuel and electricity are the most consumed energy resources in the basin. The sources of energy
are classified as in-boundary production and trans-boundary imported resources which are further
separated into domestic trans-boundary import and international trans-boundary import. Fuel supply
to the Chaopraya basin is the international imported type; on the other hand, electricity is mainly
produced domestically from several resources including natural gas, coal, hydropower and another
renewable energy as shown in Figure 3. In-boundary energy consumption of the basin was characterized
as direct and nexus utilization. Energy consumption in the basin is separated into three types, firstly,
fuel and electricity energy that has been used directly in paddy cultivation and rice production process,
secondly, energy utilization in other agriculture sectors, and lastly, the energy used in other sectors
which consist of household, livestock, and industry. The nexus energy utilization is the auxiliary
energy which has been utilized for water supply in each sector, such as agricultural irrigation and city
plumbing supply system, which are functions of direct water utilization in the watershed.
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2.2.2. Water Sub-System Flow

The water resources in the basin are from two sources, the runoff surface water and the
trans-boundary water from reservoir storage in an outer basin under the Greater Chao Phraya
irrigation project. The direct water utilization comprises three types. Firstly, the direct irrigation water
used in annual paddy cultivation and water use in the rice production system. Secondly, the direct
consumption in other crops. Lastly, the utilization of other sectors which consist of household, livestock,
industrial, and ecosystem service demand. The nexus water utilization is the volume of water used for
energy production, which is a function of the in-boundary energy production and trans-boundary
energy production, as shown in Figure 3.

2.3. Nexus Model

The development of WEF nexus model in this study was adapted from generic WEF nexus
framework from FAO [3] to support food security and sustainable agriculture. To analyze the
interlinkage among the three components of water, energy, and food, the context analysis was
implemented by a preliminary survey, literature review and interview with key stakeholders.
The concept structure of the nexus model was set to display the flow of resources (water and
energy) supply to food production, especially rice production systems compared to other food
production systems and other sectors. Nexus resources use related to the demand for direct resource
used can be quantified and displayed in the flow diagram. The parameters and flow components
were selected, and interrelationship equations were developed to suit the local context and the main
objective of assessing rice production system. The detailed calculation equations of this research are
shown in Table 2. The integration system model has been summarized in Figure 4.

Table 2. Details of the calculation equations.

Title Equation Description

Direct Water for Rice
supply (dW_R)

(million m3)
dW_R = Wdir

cul + Wdir
pro

Wdir
cul is the direct irrigation water
in cultivation (million m3)

Wdir
pro is the direct water for rice milling

process (million m3)

Direct Energy for Rice
supply (dE_R)
(million GJ)

dE_R = Edir
cul + Edir

pro

Edir
cul is the direct energy consumption

in cultivation process (million GJ) except
irrigation water pumping

Edir
pro is the direct energy consumption in rice

milling process (million GJ)

Nexus Energy for Water
for Rice supply (nE-W_R)

(million GJ)
nE-W_R = Wdir

cul x wErice

Wdir
rice is the direct irrigation water use

in cultivation (million m3)
wErice = Energy use factor for rice irrigation

water (0.000753 GJ/m3)

Nexus Water for Energy
for Rice supply (nW-E_R)

(million m3)
nW-E_R = wEindir

cul + wEdir
pro

wEindir
cul is the water use for diesel ((Edie

cul)
in cultivation process (million m3)

wEdir
pro is the water use for diesel (wEdie

pro)
and electricity (wEele

pro) in rice milling
process (million m3)

Direct Water for Other
sectors (dW_Other)

(million m3)
dW_Other = Wdir

agri + Wdir
muni

Wdir
agri is the direct irrigation water

withdrawal for the cultivation of other
crops (million m3)

Wdir
comm is the direct water utilized in the

household, livestock, and industry (million m3)
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Table 2. Cont.

Title Equation Description

Direct Energy for Other
sectors (dE_Other)

(million GJ)

dE_Other = Edir_fuel
agri +

Edir_fuel
muni + Edir_elec

agri +
Edir_elec

muni

Edir_fuel
agri is the fuel consumption in other

agriculture processes (million GJ)
Edir_fuel

comm is the fuel consumption in the
household, livestock, and industry (million GJ)

Edir_elec
agri is the electricity consumption

in other agriculture processes (million GJ)
Edir_elec

comm is the electricity consumption
in the household, livestock,
and industry (million GJ)

Nexus Energy for Water
in Other sectors (nE-W_Other)

(million GJ)

nE−W_Other =∑n
i=1(W

Sect,i
dir ×wEsect,i)

Wdir
sect,i is the direct water use of other

section i (million m3)
wEsect,i = Nexus Energy used for water supply

usage of other section i (0.000753 GJ/m3 )

Nexus Water for Energy
in Other sectors (nW-E_Other)

(million m3)

nW-E_Other =
wEindir

fuel,imp + wEindir
elec,imp

+ wEindir
elec,trnb + wEdir,PPelec

wEindir
fuel,imp is the water use for international

diesel imported into the basin. (million GJ)
wEindir

elec,imp is the water use for international
electricity imported into the basin. (million GJ)

wEindir
elec,trnb is the water use for domestic

grid-mixed electricity transboundary imported
into the basin. (million GJ)

wEdirPPelec is the direct water used for internal
powerplant inside basin excluding electricity

used in rice milling process (million GJ)
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The simplified processes are divided into two groups; resource supply side (water and energy
supply) and resource demand side (rice production and other sectors (other agriculture, household,
commercial, industrial, and ecosystem conservation)). The resource supply to rice production system
included direct water (dW_R) and energy (dE_R) used in first and second paddy cultivation and
rice processing. The direct water (dW_Other) and energy (dE_Other) used in other agriculture,
municipal, and industrial processes were also separately quantified. Nexus water and energy in each
sector were calculated from the function of direct resource utilization such as nexus water used
in energy production and nexus energy for irrigation water supply and city plumbing supply system.
Nexus energy to water for rice production (nE-W_R) and other sectors (nE-W_Other) can be separately
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calculated and displayed. Nexus water to energy for rice production (nW-E_R) and other sectors
(nW-E_Other) can be separately calculated and displayed.

2.4. Resource Security Indicator

Implementation of nexus sustainability indicators is the approach recommended by the WEF
nexus framework from FAO [3] to assess current resource security and sustainable status and to assess
impact of intervention policies and measures applied. The concept of resource security assessment is
to assess the aspect of availability, accessibility, and affordability of resources [3,23]. Apart from resource
security, resource use efficiency indicators and economic indicators are also used for sustainability
assessment. Resource security and sustainability in rice production system were analyzed based on
the identification of availability, accessibility, and efficiency of resources. According the principle just
mentioned, a set of indicators was selected based on the local context and purpose of the research.
The equations are described in Table 3.

Table 3. Equations of the indices used in this research.

Group Indices Calculation

Water security

Water Withdrawal
to Availability
ratio (WTA)

WTA =
Total basin water withdrawal (million m3 y−1)
Total basin water availability (million m3 y−1)

Water Stress Index
(WSI) [13]

WSI = 1
1+e(−9.8)·WTA( 1

0.01−1)

Water Economic
Eco-efficiency (WEE) WEE =

Total basin benefit of paddy cultivation area (million USD y−1)
Water withdrawal of paddy cultivation area (million m3 y−1)

Energy security

Fossil Fuel
Dependency (FFD) FFD =

Fossil energy consumption (million GJ y−1)
Total energy consumption (million GJ y−1)

Imported Energy
Dependency (IED) IED =

Imported energy consumption (million GJ y−1)
Total energy consumption (million GJ y−1)

Energy Eco-efficiency
(EEE) EEE =

Total basin benefit of paddy cultivation area (million USD y−1)
Energy withdrawal of paddy cultivation area (million GJ y−1)

Food security Self-Sufficiency
Ratio (SSR) SSR =

Basin rice supply production (million tonne y−1)
Basin rice consumption demand (million tonne y−1)

Economic proficiency Benefit/Cost ratio BCR =
Total basin benefit of paddy cultivation area (million baht y−1)
Total basin cos t of paddy cultivation area (million baht y−1)

2.5. Scenario Analysis

As mentioned in the introduction and the context of study area, almost half of the rice production
in Thailand is for export. However, the climate and global competitive trade situation, and inefficiency
practice in agriculture is putting resource stress and risk to natural resources without improving the
income of farmers, especially in the Chaopraya watershed, which is the largest irrigation area. Therefore,
policy or measure intervention to improve resource efficiency and resource security needs to be in place.
The Ministry of Agriculture recently has launched the flagship policy to improve sustainability
of agricultural practices in Thailand via several measures. The main alternative rice cultivation practice
to improve resource efficiency under consideration by the Royal Irrigation Department, Ministry of
Agriculture is Alternate Wet and Dry (AWD) system for paddy rice cultivation because it has good
potential to reduce water consumption in rice and also reducing greenhouse gas emission [57]. Land-use
zoning policy based on land suitability analysis was developed, and farmers have been persuaded
to change the original crop to a more suitable, more profitable and less resource-intensive one. Rice is
also a main target to crop to change to alternative crops including sugarcane, cassava and maize [14].
Bioeconomy policy in Thailand that aims to increase the value added of an agricultural product using
feedstock from sugarcane and cassava for producing biochemical, biopharmaceutical, and biofuel
products can have mutual benefit with land-use zoning and crop change policy [58–60].
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Therefore, this research applied four scenarios based on the most likely policy interventions
in Thailand mentioned above to evaluate the WEF nexus trade-offs and synergies of different
management solutions on rice cultivation in the Chaopraya watershed, as described in Table 4.
The first scenario is applying Alternate Wetting and Drying (AWD) system for paddy rice cultivation.
The scenario will change 50% of the paddy area from the conventional cultivation method, which needs
the rice field always being wet, to the alternating dry and wet practice. The AWD is to be able to reduce
the water requirement of rice by about 27%, without effect to yield compared to the conventional wet
practice according to average results from the literature [61–65].

Table 4. Description of scenarios.

Scenario Description

Scenario 1 AWD Change 50% area of rice production to Alternate Wet and Dry AWD) system cultivation practice).

Scenario 2 R2C Change 160,000 ha of non-suitable, low-suitable and mid-suitable areas of rice to sugarcane cultivation.

Scenario 3 R2C Change 160,000 ha of non-suitable, low-suitable and mid-suitable areas of rice cultivation to cassava.

Scenario 4 R2M Change 160,000 ha of non-suitable, low-suitable and mid-suitable areas of rice cultivation to maize.

The second, third, and fourth scenarios are changing 160,000 ha of non-suitable, low-suitable
and medium-suitable rice cultivation areas in the Chaopraya basin to sugarcane, cassava and maize
respectively. The suitability index of paddy rice area was calculated by the Land Development
Department of Thailand. The index was evaluated from the soil characteristics data, including physical
and chemical properties, monthly rainfall data, crop requirement, forest area, land-use type, etc.
The data interpretation and evaluation were performed using GIS and resulting in the final suitable
index map, as shown in Figure 1 [66]. The proportions of the land areas in the Chaopraya watershed
with different suitability are shown in Figure 5. These scenarios will affect the water and energy
consumption of the area since sugarcane, cassava, maize, and paddy rice require a different amount
of resources; in this research, we applied the general water and energy consumption of sugarcane,
cassava, and maize from Gheewala et al. [67], Pingmuanglek et al. [68], and Jakrawatana et al. [69].
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3. Results and Discussion

3.1. Water and Energy Flow System

In the year 2016, the energy sub-system flow of the Chaopraya basin results showed that the
basin mainly relies on fossil energy consumption (82%) and more than 90% of these fuel supplies
were imported from other countries which resulted in higher dependency level of energy and lower
self-sufficiency of the basin as well as at the national scale. The results of fossil energy consumption show
a similar trend with other Asian countries, for example, Indonesia, Korea, Japan, and China [36,37,40].
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Energy used in the area was classified into fuel (82%) and electricity (18%). Most of the fuel was
consumed by the household, commercial, and industry sectors (85%), agriculture sector excluding
rice consumed (14.5%) while the energy consumed in both direct and nexus water-related part of rice
production was small compared to the other sectors as shown in Figure 6. The total energy used
for rice accounted 3.7 million GJ or less than 1% of total energy used in the area. The energy use
in rice production was classified into 68% fuel and 32% electricity. The energy consumption in rice
production sectors in this study is lower than in Japan [37] which has a national rice production area
about 1.5 times bigger than the Chaopraya basin, but the energy use in this sector is almost seven times
higher than in the Chaopraya basin. The different practices of rice production in Japan that intensively
use machine and technology could be the cause of larger energy consumption.

In terms of electricity use, the grid-mix electricity purchased from the local electricity agency
supplying from the power plants of the Electricity Generating Agency of Thailand (EGAT) and
other private companies inside the basin was used. The in-boundary electricity production was able
to support about 54% of the total basin usage. The rest of electricity usage came from trans-boundary
electricity generation. Almost 99% of the electricity in the basin was utilized by the household,
commercial, and industry sectors, the remaining by the rice production system (generally in milling
process) and for supplying water.

The nexus energy for water is small, accounting for less than 1% of total energy use in the basin.
However, when considering only the rice production sector, the nexus energy for water is almost
equal to the direct energy use for rice production. On the other hand, compared to the study from
Lin et al. (2019) in Xiamen city, China, the nexus energy for water production and supply accounted
for 4.5% of total energy use in the city [40]. In South Korea and Indonesia, the nexus energy use for
water production accounted for less than 3% [36].

Water utilization in the Chaopraya basin was vulnerable to water shortage since the surface water
reliance is mainly on the outer basin reservoir. The watershed in-boundary rainwater is 51% of the
total water resource supplied to the region, while the trans-boundary sources are the reservoir storage
water provided from the large scale outbound dam. The storage from four large dams was supplied
to the streamflow for the Chaopraya basin by almost half of total water supply. The irrigation water
system was the major consumer due to the large scale of agriculture, and the most dominant consumer
was paddy rice, both first and second rice, which withdrew about 45% of the annual water withdrawal,
and the entire agriculture sector totally used 67% of the annual water withdrawal. The remaining
water was utilized by other sectors, including household, industry, and ecosystem services. In South
Korea and Indonesia, the ratio of water withdrawal for agriculture was 60% and 80%, respectively [36].
The water consumption in the rice production sector in this study is at the same rate as Japan [37]
which has a national rice production area about 1.5 times bigger than the Chaopraya basin, and the
water use in this sector is also 1.5 times higher than in the Chaopraya basin.

The nexus water use for energy production accounted for 8% of total water use in the basin.
However, the water use for energy production for the rice production sector is very small. On the
other hand, the nexus water use for energy in Xiamen city is significantly larger, accounting for 68.4%
of total energy use in the city because the majority of water was used for electricity production and
industry sector, while the allocation of water use for agriculture in Xiamen city is only 8.8% [40].
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3.2. WEF Nexus in the Scenarios

The result of applying different scenarios is exhibited in Figure 7. In Scenario 1, the result
of applying the AWD system affects directly to the irrigation water withdrawal and nexus-related
energy for water supply. This scenario can reduce the water demand of annual paddy cultivation by
6% because the AWD application was covered for only the flat land that has the potential for the AWD.
This practice slightly reduced the nexus-related energy for water by 6%.

In the second scenario (R2S), land-use change from paddy cultivation to sugarcane was applied.
The result of this change showed a high impact on water withdrawal and its nexus-related energy
explicitly since the cultivation process of sugarcane requires lower irrigation water compared to paddy
rice cultivation. The watershed water consumption in this scenario is lower than the base case by 17%.
This impact also correspondingly resulted in reducing the nexus energy for water by 17%. However,
direct energy consumption increased because sugarcane growing requires larger amount of fuel for
machinery in land preparation and harvesting. Nevertheless, impact on nexus water for energy
production is low because nexus water for energy production is very low compared to direct water use
for crop production.

In the third and fourth scenarios (R2C) and (R2M), land-use change from paddy cultivation
to cassava and maize were applied. Both scenarios have the same potential to reduce direct water
withdrawal by 19%, which is better than Scenario 2. The nexus energy for water of the third and
fourth scenarios was reduced by 19% and 20%, respectively. The direct energy consumption and
nexus water for energy are not different from the base case. Therefore, in terms of water and energy
conservation, they are better than Scenarios 1 and 2. However, eco-efficiency and benefit and cost
analysis are evaluated in the next section to look at more detailed implications.
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3.3. Resource Security and Economic Analysis

Figure 8a1 reveals that there is an extremely high water withdrawal to availability (WTA = 0.997).
Since the water withdrawn for each sector was quite high and close to the basin water availability,
thus in the research focus year 2016, the basin was faced with a lower water resource situation,
subsequently leading to competition and struggle for water resources for each sector. Applying AWD
in Scenario 1 has lower WTA reduction potential than land use and crop change in Scenarios 2, 3 and 4,
considering the limited area that can apply AWD without significant adjustment. Scenario 4 exhibited
the best potential in WTA reduction because of the great difference in crop water requirements between
rice and maize and very low impact on nexus water for energy production. Considering the Water
Stress Index (WSI) score from Figure 8a2, owing to the WSI methodology applied in this research,
which considers the seasonal water demand and availability, changing crop plantation can reduce the
stress in dry season significantly resulting subsequently in annual WSI reduction. The wet season has
high stress because of the shift in the rainy period and the limited storage water used to retain the
planted crop during the drought period. Scenario 4 has the best performance to reduce water stress
in the dry season but has the second performance to reduce water stress in the wet season. The study
from another region that has the similar characteristic of intensive rice production area like Juru
watershed in Penang State, Malaysia WTA has an extreme water stress at 0.999 [70]. Water eco-efficiency
(WEE) analysis results in Figure 8a3 show that Scenarios 2 and 3 changing rice to sugarcane and rice
to cassava had the best and second best performance because the higher price of the crop made more
benefit than maize in the Scenario 4.

In Figure 8b1, the results show that the basin has a very high fossil fuel dependency (FFD = 0.965)
and high imported energy dependency (IED = 0.745) because of the end-use consumption in the
basin mostly from fossil fuel combustion in many sectors. Applying different scenarios have various
results of FFD and IED. It displayed some negative results of applying land-use change, especially in
Scenario 2 (R2C), since the cultivation of sugarcane requires more energy consumption than paddy
rice production. However, an increase in energy consumption in the related agricultural sectors does
not affect the energy security characteristics of the basin significantly. The change of FFD and IED
in the worst scenario accounted for only 0.2% and 0.4%, respectively.

Self-Sufficiency Ratio at both watershed and national level in Figure 8c shows that Thailand has
strong food security. The results of applying different scenarios on the rice production system showed
a small decrease in security; however, the rice production of Thailand is still more than twice the
total domestic consumption each year. This situation is different from other Asian countries relying
mainly on importing food, for example Japan [37] that has SSF = 91% for rice and Korea [36] that has
SSF = 91% for rice. According to Lee et al. (2018), the attempt to increase SSF to be 100% for Japan can
result in increasing significant amount of water use [37].

Since the benefits of paddy cultivation farmers in the Chaopraya basin play an important role
in the possibility of inducing farmers to change their practice, higher benefit and lower price risk are
the major drivers that affect these decisions directly. The result of the benefit/cost ratio in the different
scenarios, as shown in Figure 8d, indicates that B/C ratio in base case is 1.12 which means the net
income of farmer in the basin is about 16% of total cost. However, due to the instability of paddy
rice pricing over the past ten years, the farmers have always been faced with income risk. Applying
Scenario 2 and 3 that has highest B/C ratio might be the better solution because of lower resource
consumption, but since the price of cassava still has small fluctuations, pricing regulation should
pragmatically be applied in this case.
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4. Conclusions

In this study, the framework to evaluate the water, food, and energy interrelationship in the rice
production system at the watershed scale was demonstrated using the parameters and equations
facilitating the analysis in the rice production sector. This research shows the advantage of using the
MFA approach to visualize the relationship of the WEF nexus and link with the selected indicators
to assess the water, energy, and food security and sustainability in the dimension of resource use
efficiency and economic analysis. The spatial and temporal effects of water availability, not considered
in the previous studies, were also accounted in the analysis framework. The tool was applied to evaluate
the trade-off and synergy of alternative options for agricultural management including Alternate
Wetting and Drying technique (AWD) for water management and land use and crop change options,
in terms of performance to conserve water and energy resources, increase eco-efficiency and increase
the benefit and cost ratio, taking nexus relationship effect into consideration.

The case study area, Chaopraya watershed, produces rice for export while, however, consuming
almost half of water resource in the watershed, thus putting high stress on water. The remaining
water is utilized by other sectors, and less than 5% was nexus-related water utilized in internal power
production. In this area, energy use for water irrigation and supply was also small. The results from
assessing resource security indicators showed that the Chaopraya basin has high risk in water security,
moderate risk in energy security and low risk in food security. The alternative options related to the
land-use change may result in a quite better performance in a trade-off situation than the Alternate
Wet and Dry System option. Scenario 4, land-use change from paddy cultivation to maize, has the
high potential to reduce the water risk with very low impact on energy security and food security
considering all the nexus relationships. However, Scenario 4 showed a lower net economic benefit
than Scenario 2, land-use change from paddy cultivation to sugarcane. Therefore, decision makers
need to take all trade-off results into consideration before making decision. The price of water and
food can be the main factor for the final economic results for the decision of government or farmers.
Therefore, a detailed analysis of this issue is recommended for further research. The dynamic system
model that includes the feedback loop and other socio-economic factors for analyzing the future trend
could be useful for further research. Analyzing the impact of climate change on future water and
energy availability within this model is also recommended for further research.
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