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Abstract. Water, energy and food are basic human needs. However, there is a
competitive relationship among these three types of resources regarding land
resources. How to study the coupling and coordination relationship among water-
energy-food (W-E-F) from the perspective of land use has become a problem
demanding prompt solution. In this study, parallel data envelopment analysis and
coupling coordination degree (CCD) model were used to establish an efficiency
coupling model of W-E-F. The model aims to explore the interrelationship among
the three kinds of important resources as a whole and establish a synergistic
collective solution. The results showed that the relationship among water, energy
and food with a high CCD can improve the overall parallel efficiency. The results
can provide a reference for the development of long-term coordination plan and
action plan of departments to achieve Sustainable Development Goals.
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1. Introduction

Water, energy and food (W-E-F) are basic human needs, which are vital to human
survival and social and economic development. However, population growth and rapid
urbanization across the world have put tremendous pressure on limited W-E-F
resources. By 2030, the demand for these resources is expected to increase by 40%,
50%, and 35% respectively [1]. In addition, the imbalanced regional distribution of
Water, energy and food resources and the huge differences in development level have
caused different degrees of impact on the efficiency of resource utilization. Therefore,
the world today has realized the importance of the reasonable and effective utilization
of W-E-F. Most of the previous researches focus on the relationship between energy
and water, the relationship between food and water, and the relationship between
energy and food [2]. Few studies have explored the relationship among these three
systems. Besides, these three types of resources often rely on land use to be
transformed into output. Therefore, how to study the relationship among W-E-F from
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the perspective of land use has become an issue that needs to be solved for sustainable
development.

There is a competitive relationship among the Energy, water and food sectors in
terms of land resources. Land development and its resilience vary among regions due
to different conditions, and the changes in land use are often irreversible [3]. Therefore,
the utilization efficiency of W-E-F resources based on different types of land will
determine whether the method of land development can be maintained.

In the current resource utilization model, obtaining sufficient Energy, water and
food resources to meet the needs of urban development will become more challenging.
In fact, the three subsystems of W-E-F are interdependent and highly related to each
other [4]. In order to achieve the sustainable development of W-E-F resources, the
sustainable management of these three types of basic resources needs to be transformed
from a single management method to a unified measurement method [5]. In this study,
parallel data envelopment analysis was adopted to improve the efficiency of resource
management and avoid the inefficiency caused by the failure of the decision-making of
a single sector [6]. Most importantly, this method can help us understand the resource
utilization efficiency of the entire system and how to adjust resource utilization.

Combining the measurement of the efficiency of water, energy and food resources
with land use is of great significance for effectively managing various sectors and
promoting sustainable development. In this study, parallel DEA and the coupling
coordination degree method were used to establish an efficiency coupling model of
energy, water and food. The purposes are (1) to evaluate the interaction among the W-
E-F subsystems; (2) to assess the overall performance of the coupling system and to
investigate the energy, water and food coupling in each county and city in Taiwan
Province, so as to judge whether the W-E-F development method can achieve
sustainable development.

2. Methodology
2.1. Indicator Construction and Method

Data envelopment analysis (DEA) can objectively evaluate the relative efficiency of
decision-making units with multiple inputs and outputs of different units. However, the
traditional DEA did not open the internal structure of the model, which would lead to
the loss of related information [7]. The super-efficient parallel DEA model (The
structure is shown in figure 1) used in this study can be used to evaluate the efficiency
of each part of the water, energy and food systems and the overall efficiency [8].
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Figure 1. The efficiency indicators of food, energy and water and the structure of the parallel system.

In this paper, a weighted average efficiency formula was proposed to evaluate the
overall utilization efficiency of food, energy and water. Suppose that the structure of
the parallel system is shown in figure 1, then the parallel DEA model is as follows:
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resources respectively; @,4,,4, represent the weight of the parallel subsystems

respectively, that is, one-third of the weights in this paper. @;,2,,2; denote the
proportion of the land resources consumed by water, energy and food separately. By
adjusting the ratio of ¢,,,,a;, the overall efficiency of food, energy and water can be
enhanced to promote more effective utilization of land resources.

Based on the efficiency of DEA, coupling degree and coupling coordination
degree were adopted to quantify the interaction among W-E-F subsystems. The
coupling degree emphasizes the intensity of the interaction among these systems, and
the coupling coordination degree highlights the positive interaction among the systems
[9].

Formula (2) shows the coupling degree among water, energy and food subsystems.
The coupling degree was divided into four levels: non-coupling (0-0.25); antagonistic
coupling (0.25-0.5); basic coupling (0.5-0.75); strong coupling (0.75-1).
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Formula (3) shows the coupling coordination degree (CCD) among water, energy
and food subsystems, involving four stages: low CCD stage (0-0.25); moderate CCD
stage (0.25-0.5); high CCD stage (0.5-0.75); extreme CCD stage (above 0.75). In the
W-E-F relationship, a=b=c=1/3.

D=,/Cx(ab,+b0, +c0,) 3)

3. Results

Table 1 shows the efficiency of the food, energy and water subsystems and the overall
parallel efficiency in each county and city. The overall efficiency of food, energy and
water in the counties and cities in Taiwan Province is quite different. The average
efficiency of water is the lowest, only 0.51, and the efficiency of energy utilization is
the highest. Besides, except that Taipei City has a high overall efficiency, other cities
do not have high efficiency of W-E-F. It can be seen from the last two columns of table
1 that the variation trend of the coupling degree and the CCD is relatively similar. On
the whole, the coupling degree is greater than the coupling coordination degree,
indicating that the internal interaction among W-E-F is stronger than the degree of
coordination among these subsystems. The comparison of efficiency and coupling
coordination degree showed that the W-E-F relationship with high CCD can improve
the overall parallel efficiency.

Table 1. Parallel efficiency and coupling of water-energy-food.

Food Energy Water Parallel efficiency Coupling degree Coupling coordination degree

Taipei city 0.03 3.82 0.06 1.30 0.14 0.42
Kaohsiung city  0.49 0.30  0.01 0.27 0.44 0.34
New Taipei city 0.09 0.45  0.02 0.19 0.46 0.29
Yilan county 046 037 055 0.46 0.99 0.67
Taoyuan city 0.15 029 0.04 0.16 0.73 0.34
Hsinchu county 1.15 1.03  0.51 0.90 0.94 0.92
Miaoli county ~ 0.44 0.32 045 0.40 0.99 0.63
Taichung city 035 029  0.01 0.22 0.48 0.32
Changhua county 1.03 0.21  0.63 0.62 0.83 0.72
Nantou county  1.03 030 0.43 0.59 0.87 0.72
Yunlin county  1.21 0.17 045 0.61 0.75 0.67
Chiayi county ~ 1.33 028 132 0.98 0.81 0.89
Tainan city 047 023 0.04 0.25 0.67 0.41
Pingtung county 1.45 0.24  0.18 0.62 0.63 0.63
Taitung county  1.02 2.91 1.80 191 0.91 1.32
Hualien county 0.45 0.48 049 047 1.00 0.69
Keelung city 3.13 142 053 1.69 0.79 1.16
Hsinchu city 0.05 1.01 0.19 042 0.52 0.47
Chiayi city 0.11 1.38 2.00 1.16 0.58 0.82

Average 0.76 0.82 0.51 0.70 0.71 0.65
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4. Conclusion

Due to the increasing social and economic stress, the demand for W-E-F has increased
unprecedentedly and has exceeded the carrying capacity of land use. If the relationship
between land use and W-E-F is ignored, it may have a negative impact on the
sustainable development goals. In this study, a parallel DEA model was proposed from
the perspective of land use to measure the coupling efficiency of food, energy and
water. This model not only describes the efficiency of each part of food, energy and
water, but also measures the overall efficiency of W-E-F. Investigating the resource
utilization efficiency and overall coupling of W-E-F is not only important for
sustainable development goals (SDG 2: Eliminate hunger, SDG 6: Enjoy water and
sanitation and its sustainable management, SDG 7: Affordable modern energy) [10],
but also it is essential for achieving the integration of the three resource systems and
sectors. In short, only when the food, energy and water subsystems are in a coupled and
coordinated state can the parallel connection of W-E-F achieve high efficiency. The
research results can provide a reference for the development of long-term coordination
plan and action plan of departments.
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