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• An eco-efficiency sustainability evalua-
tion metric for grain production i.e., SGI,
is developed.

• The SGI is developed by generalized data
envelopment analysis and benchmarking.

• SGI simultaneously assesses water and en-
ergy use sustainability in grain produc-
tion.

• Wheat and corn production in Northwest
China are urgent to improve the eco-
efficiency.
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Food insecurity can be considered as a significant cause to instability in some regions around the world. Grain produc-
tion utilizes a multiple of inputs, such as: water resources, fertilizers, pesticides, energy, machinery, and labor. In
China, grain production has led to huge irrigation water use, non-point source pollution, and greenhouse gas emis-
sions. It is necessary to emphasize the synergy between food production and ecological environment. In this study, a
grain Food-Energy-Water nexus is delivered and an eco-efficiency sustainability evaluation metric is introduced, Sus-
tainability of Grain Inputs (SGI), for investigating the sustainability of water and energy use in grain production across
China. SGI is constructed by using generalized data envelopment analysis to comprehensively incorporate differences
of water and energy inputs (including indirect energy use contained in agricultural chemicals such as fertilizers, pes-
ticides, agricultural film, and direct energy use such as the electricity and diesel used for irrigation and agricultural ma-
chinery) in different regions across China. Both water and energy are considered by the new metric at the same time,
which is built on the single resources metrices that are often used in the sustainability literature. This study evaluates
the water and energy use of wheat and corn production in China. Wheat production uses water and energy sustainably
in Sichuan, Shandong, and Henan; Corn production has the highest combined sustainability index in Shandong, Jilin,
Liaoning, and Henan. In these areas, the grain sown area could be increased. However, wheat production in Inner
Mongolia and corn production in Xinjiang rely on unsustainable water and energy inputs, and their grain sown
areas could be reduced. The SGI is a tool that researchers and policymakers can use to better quantify the sustainability
of water and energy inputs to grain production. It facilitates formulating policies about water saving and carbon emis-
sion reduce of grain production.
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1. Introduction
China is a large grain producer and consumer whose domestic grain
supply is an important part of national security (Chen et al., 2021; Hou
et al., 2022). Grain security has been emphasized in the No. 1 Central Doc-
ument issued by the government over the years (Liu et al., 2021). Document
in 2022 still stated that China should ensure a stable grain sown area, en-
sure grain security, and keep the grain production over 650 billion kilos.
To ensure the grain security, China has issued a series of policies to support
agriculture and give favorable treatment to farmers (Lopez et al., 2017).
Since 2004, China has implemented the subsides for superior seed varieties,
direct subside for grain production to give farmers certain subsides, general
subsides for agricultural supplies. In 2016, agriculture support and protec-
tion subside, a combination of above three subsides was implemented for
green, ecological, and organic production. These policies effectively en-
hance the enthusiasm of farmers to produce grain thus the grain production
is in growth (Rada et al., 2015).

Water plays an important role in grain production (Sarker et al., 2020;
Jabeen et al., 2022). In China, grain production heavily depends on irriga-
tionwater, which accounting for about 60%of the total water consumption
(Zhang et al., 2022). As the society and economy develops and population
increases, the demand for water has also been rising as shown in CHINA
WATER RESOURCES BULLETIN published by Ministry of Water Resources
of the People's Republic of China. It is expected to continue under future cli-
mate change (Miller et al., 2021; Stringer et al., 2021; Hasanzadeh Saray
et al., 2022). Imbalances in water supply and demand have led to the exten-
sive exploitation of groundwater throughout China, particularly in the
North (Chen et al., 2021). Thewater used in agriculture underpins domestic
and international supply chains stemming from China (Sun et al., 2022).
The unsustainable use of groundwater in particular threatens the sustain-
ability of grain productionwithin China and poses a risk to its supply chains
(Sun et al., 2022). The sustainable utilization of water resources is a key fac-
tor in working towards sustainable grain security (Cao et al., 2015).

Energy is another important input in agricultural production. Energy
use in grain production includes the indirect energy use such as fertilizers,
pesticides, agricultural films, seeds, etc., and direct energy use such as the
electricity consumption for irrigation and fossil energy consumption for ag-
ricultural machinery (Mahmood et al., 2021). A large number of energy uti-
lization has resulted in non-point source pollution, water eutrophication,
soil compaction, agricultural production capacity decline, and also emit a
large amount of greenhouse gases (Koondhar et al., 2021; Yu et al.,
2022). The People's Republic of China Second National Communication
on Climate Change pointed out that agricultural activities in China ac-
counted for 11 % of China's greenhouse gas emissions. As a large energy
production and consumption country, China faces a severe carbon reduc-
tion challenge (Zhao et al., 2022). China has pledged to reduce CO2 emis-
sions per unit of GDP by 60–65 % by 2030 compared to that in 2005 in
“China's Intended Nationally Determined Contributions” document (Li
et al., 2021a). Recently, on October 24th, 2021, the State Council issued a
Notification of Action Plan to Peak Carbon by 2030 to promote green and
low-carbon development. Reducing the carbon emissions in grain produc-
tion would contribute to national goals of reducing total carbon emissions
(Saeed et al., 2022).

China's agricultural development has made great contributions to in-
creasing food supply and reducing hunger. However, it has also led to
many environmental problems such as non-point source pollution (Liu
et al., 2012), water pollution (Zhao et al., 2023), greenhouse gas emissions
(Guo and Zhang, 2023) and so on. These environmental problems have be-
come main obstacles to the sustainable development of agriculture. In re-
cent years, China has increased the emphasis on sustainable agriculture
consistent with the “Sustainable Development Goals” (UN, 2015). For ex-
ample, the Fourteenth Fiver Year Plan (2021–2025) and the No. 1 Central
Document in 2022 pointed that China should vigorously carry out green,
high-quality, and efficient actions to promote the increase of per unit
yield and the quality of grain. In order to realize sustainable grain produc-
tion, it is necessary to ensure that the inputs to agricultural production are
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themselves sustainably used (deMoura et al., 2021; Li et al., 2022). Promot-
ing the sustainable use of inputs in agriculture, such as through improving
the efficiency of their utilization coupled with policies to promote sustain-
ability is the basis of realizing sustainable grain production. This topic has
drawn widespread attention recently (Nisar et al., 2021; Cui et al., 2022).

Agricultural eco-efficiency is an important tool to measure the level
of agricultural sustainable development (Yang et al., 2022). The eco-
efficiency was proposed by Schaltegger and Sturm in 1990. It refers to the
ratio of added socioeconomic value to its impact on the environment.
Based on this definition, many influential international agencies, or govern-
mental organizations such asWorld Business Council for Sustainable Devel-
opment (WBCSD, 1998) have defined the eco-efficiency from different
perspectives. Generally, eco-efficiency means the reduce of negative envi-
ronmental impact during the pursuit of economic benefits (Moutinho
et al., 2017). It enables the agricultural sustainable evaluation. Agricultural
eco-efficiency could effectively reveal the relationship between crop pro-
duction and environmental quality (Yang et al., 2022).

Scholars have conducted a series of studies on agricultural eco-
efficiency. For example, Iribarren et al. (2011) identified the eco-
efficiency of 72 dairy farms considering the outputs of greenhouse emis-
sions, raw milk, wastewater, municipal solid waste to treatment and silage
plastic to recycling. Picazo-Tadeo et al. (2011) evaluated the farming eco-
efficiency which is economic value added per hectare considering the sale
of agricultural products, subsides received by producers, payments received
for farmers signing agri-environmental contracts, and intermediate costs.
Coluccia et al. (2020) assessed the agricultural eco-efficiency taking eco-
nomic variables i.e., labor and gross capital, environmental variables
i.e., land, fertilizer and irrigation area, and agricultural production into con-
sideration. Yang et al. (2022) evaluated the agricultural eco-efficiency con-
sidering undesirable outputs of carbon emissions and pollutants. Current
studies on agricultural eco-efficiency mainly focus on the whole agricul-
ture, including planting industry, fishery industry, livestock industry, for-
estry industry and so on. Limited studies focus on the eco-efficiency of
planting industry especially the eco-efficiency analyses of diverse crop spe-
cies. In addition, studies pay more attention on single resource consump-
tion or single environmental impact. Relatively few studies take water
resources, energy consumption and greenhouse gas emissions into consid-
eration for comprehensive eco-efficiency analyses.

Based on the outline above, the main purpose of this study is to pro-
pose a framework to assess the eco-efficiency of diverse crop species.
Food, energy, and water interlinked with each other in highly complex
ways (Yang et al., 2018; Hasanzadeh Saray et al., 2022). By 2030, global
food, energy, water demand is estimated to increase by 50 %, 40 %, and
30 % (Molajou et al., 2021). Increasing grain demand will amplify the
limited water and energy resource which are vital for grain production
(Hasanzadeh Saray et al., 2022). Agricultural eco-efficiency analysis in
this study not only includes the water resources but also the energy re-
sources. Efficient utilization of water and energy in grain production is
an example of the Food-Energy-Water nexus.

This study focuses on the grain Food-Energy-Water (FEW) nexus
with China. Using water and energy more sustainably in agriculture
would further contribute to national sustainability objectives and
grain security. The goal is to quantify the sustainability of key compo-
nents inside the grain FEW nexus in China. Specifically, water footprint
(Hoekstra and Chapagain, 2007) and carbon footprint (Bajgai et al.,
2019) are utilized to quantify the water and energy use required for
grain production. Then, an eco-efficiency sustainability evaluation
metric, Sustainability of Grain Inputs (SGI), is established based on the
combination of both water and carbon footprints. SGI is different from
traditional single resources metrices that are usually utilized in food-
water or food-energy eco-efficiency sustainability evaluation literature.
SGI reveals the water and energy used simultaneously in a sustainable
and unsustainable manner across mainland China. It contributes to un-
derstanding the environmental impact of grain production in different
regions and helps to explore ways to improve the eco-efficiency of
grain production in China according to local conditions. As a result,



Table 1
Key data and corresponding sources.

Data Data sources

Monthly meteorological data including
precipitation (mm); minimum
temperature (°C), maximum
temperature (°C), average temperature
(°C), relative humidity (%), average
wind speed (m/s), sunshine duration
(h), atmospheric pressure (Pa),
longitude, latitude, and altitude data of
meteorological stations

China Meteorological Data Service Center
(http://data.cma.cn/);

Water consumption data China Water Resources Bulletin;
Water Resources Bulletin of each province
or autonomous region;

Grain growth characteristics and
irrigation quotas

Norm of water intake for industries of
each province or autonomous region;
China's agricultural water demand and con-
struction of water-saving and efficient agri-
culture (Shi and Lu, 2001);

Main crop water requirement and
irrigation of China

Chen and Guo, 1995;
a large number of local reports and papers;

Pesticides usage and energy input for
agricultural machinery

Master's thesis entitled “Carbon Footprint
of Chinese Export Grains” (Liang, 2015);

Seed, chemical fertilizer, and
agricultural film usage

National Farm Product Cost-benefit
Survey;

Grain production, grain sown area China Statistical Yearbook;
Statistical Yearbook of each province and
autonomous region;

Irrigated sown area Global Spatial Production Allocation
Model (SPAM) 2010 dataset;
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future planting structure regulation, better agricultural management
policy making and sustainable development of agriculture could be im-
plemented.

2. Materials and methods

2.1. Study area and data

2.1.1. Study area
In China, because of the precipitation, soil, terrain, temperature, hydrol-

ogy, social and economic development differences, grain production vary
from region to region. In general, grain production pattern presents from
“grain sent from the South to the North” to “grain sent from the North to
the South”. China's major grain producing areas include Heilongjiang,
Jilin, Liaoning, Inner Mongolia, Hebei, Shandong, Jiangsu, Henan, Anhui,
Jiangxi, Hubei, Hunan, and Sichuan total 13 provincial administrative re-
gions as shown in the 2004No. 1 Central Document. These areas aremainly
located in Northern China, and grain production in the Northern China
accounts for about 60 % of total value in China (Yan et al., 2022).

However, the ecological environment of the Northern China is more
fragile than that of the Southern China, especially the water resources prob-
lems (Ye et al., 2022). The water resource, which is the most important fac-
tor affecting the crop production, is<20% of the value in China (Yan et al.,
2022). In the Northern China, such as the North China Plain and Sanjiang
Plain, large amounts of groundwater have been extracted to sustain agricul-
tural production due to the shortage of surface water resources (Li et al.,
2021b). This leads to a series of ecological problems, such as drop of
groundwater level, groundwater depression cone, ground fissure and so
on (Li et al., 2021b). In return, it threatens the sustainable development
of agriculture. Therefore,more attention should be paid to grain production
in the Northern China.

As wheat and corn are two major grain species in the Northern China
(annual average grain productions of wheat and corn in mainland China
are displayed in Fig. 1), in this study, wheat and corn are highlighted as
demonstrations for the feasibility and practicality of the established
eco-efficiency sustainability evaluation metric. Main wheat-growing
areas include Henan, Shandong, Hebei, Anhui, and Jiangsu Provinces.
Main corn-growing areas mainly locate in Heilongjiang, Jilin, Shan-
dong, Inner Mongolia, Hebei, and Henan Provinces.

2.1.2. Data
In this section, empirical information on climate, sown area, irri-

gated area, crop production, water use, and energy use in agriculture
are collected. These data sources enable to quantify the water and
energy footprints in grain production, that are utilized in the eco-
efficiency sustainability evaluation metric (see Section 2.2). Detailed
Fig. 1.Annual average grain production inmainlandChina: (a)Wheat; (b) Corn. In this s
Macao, and Taiwan. The geographic coordinate system in this study is the GCS_WGS_19
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input data are in Table 1. Time span of the data varies with the source.
Due to different time spans, data period in this study is set to be the
co-covered period which is from 2011 to 2018.

2.2. Eco-efficiency sustainability evaluation metric construction process

Agricultural eco-efficiency evaluation reveals the relationship be-
tween agricultural output with the environmental impact. It is benefi-
cial for understanding of the grain production environmental impact
gaps between different regions and making agricultural policies. Based
on the definition of agricultural eco-efficiency, considering environ-
ment improvement, and efficient resources utilization are important
drivers to promote virtuous circle of resources utilization and sustain-
able food production (de Moura et al., 2021; Li et al., 2022), this study
defines grain production eco-efficiency as a metric to measure the
relationship among agricultural materials input, grain production and
the undesirable impact on the environment in the process of grain
tudy, China encompasses 31 provincial administrative regions excluding Hong Kong,
84.

http://data.cma.cn/


Fig. 2. Input and output of established eco-efficiency sustainability evaluation
metric (SGI).
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production. Improving the eco-efficiency of grain production is to
minimize the agricultural materials input and negative environmental
impact and to maximize the grain production for meeting the grain
demand.

This study achieves the eco-efficiency sustainability evaluation of
grain production considering water and energy dual resources through
the relative efficiency comparison. Resources relative efficiency does
not mean the actual efficiency, and it is a relative value which could re-
flect the differences or gaps of resources utilization extent among simi-
lar objectives. The higher the value is, the higher the resources
utilization extent is, or the more resources saves. On the contrary,
lower values indicate more resources wasted. There are multiple rela-
tive efficiency evaluation approaches such as analytic hierarchy process
(Saaty, 2000), principal component analysis (Whitlark and Dunteman,
1990), fuzzy comprehensive evaluation method (Zadeh, 1965), data en-
velopment analysis (Charnes et al., 1978) and so on. Eachmethod has its
own strengths and weaknesses.

Data envelopment analysis (DEA) is of non-dimensional parameters
convenient for cross-region comparison. At the same time, functional rela-
tionship between input and output are not restricted, it can be linear or non-
linear. Also, the objective weight defining by DEA reduces the impact of
subjective decisions on results. However, the reference set of the DEA can
only be an efficient decision unit. If there are too many efficient decision
units, it is not suitable to use the DEA for comparative analysis as the rela-
tive efficiency of these units are all equal to 1.

Due to the limitation of traditional DEA models as discussed above, this
study employs the generalized data envelopment analysis (GDEA) for the
relative efficiency calculation which was proposed by Yun et al., 2004
based on the concept of traditionalDEAmodels. GDEA basically includes al-
most all the properties of traditional DEA (Yun et al., 2004). Furthermore, it
is also more flexible to determine the evaluation reference set compared to
the traditional DEA (Yun et al., 2016). It is of flexible reference set selection
characteristics whose reference unit could be pass lines or other special
units rather than the only efficient unit of traditional DEA. The calculation
process of GDEA please refer to Yun et al., 2004.

The evaluation reference set determination will directly affect the
relative efficiency and subsequent eco-efficiency sustainability evaluation
results. Therefore, this study introduced the idea of benchmarking to deter-
mine the evaluation reference set. Benchmarking was developed in Xerox
in the 1979 (Pickering and Chambers, 1991). It refers to comparing
research projects with excellent ones to find out their own problems, short-
comings, gaps, and improvement directions (Kline, 2003). The following
sections gradually introduce the establishment of the eco-efficiency sustain-
ability evaluation metric.

2.2.1. Eco-efficiency sustainability evaluation metric establishment
The principle of sustainability requires reasonable utilization of re-

sources by contemporary people and ensures the right of resources utiliza-
tion for future generations consistent with the “Sustainable Development
Goals” (SDGs) (UN, 2015). Clean production should be promoted to reduce
the resources input as much as possible for better coordination of resources
utilization, society, and economy development (Castrejon-Campos et al.,
2022). In this study, two resources inputs: water resources and energy re-
sources (including indirect energy use such as fertilizers, agricultural
films, pesticides, and other direct energy uses such as diesel and electricity
for irrigation and agricultural machinery) are taken into account to estab-
lish the eco-efficiency sustainability evaluation metric of grain production
resources utilization. Detailed input and output of the established eco-
efficiency sustainability evaluationmetric named Sustainability of Grain In-
puts (SGI) is displayed in Fig. 2.

Regarding the region characterized by higher water resources input in
grain growth stage and scarcewater resources, according to the policy guid-
ance, the region may further reduce the crop sown area and water use,
which will affect the future sustainability of grain production. Thus,
water stress index × total water footprint per unit mass grain production
is chosen as the water resources input which could reflect the regional
4

water resources utilization status and grain production water resources
utilization condition at the same time. The carbon footprint per unit mass
grain production is selected as the energy resources input mirroring the
grain production energy resources utilization condition. The final output
is grain production per unit mass. Equations to calculate water stress
index (WSI, Lin et al., 2021) refers to Eq. (1).

WSI ¼ ACT
TRL

(1)

where ACT is the actual utilization of water resources while TRL is the total
water consumption control red line of each municipal administrative re-
gion. The higher the WSI is, the greater the regional water pressure is, the
more unfavorable the sustainable utilization of water resources is.

Through the water stress index, water footprint and carbon foot-
print, the utilization of water and energy resources in each region can
be quantitatively studied in a unified way. Therefore, the sustainability
system is of good universality, that could reflect the resources utiliza-
tion differences between regions. It also provides a comparison and im-
provement direction for future resources utilization compared with the
advanced area in mainland China.

2.2.2. Benchmarking area selection
Benchmarking is utilized to determine the evaluation reference set. In

this paper, the evaluation reference set is called as the benchmarking area
referring to the reference point of the grain production resources utilization
efficiency in similar samples. Specifically, it refers to the areawith excellent
resources utilization efficiency, that is the areawhosewater resources input
value of grain production per unit mass (total water footprint, m3/kg as
unit, multiplied by water stress index) and energy input value of grain
production per unit mass (kg/kg as unit) is relatively lower. The area
is the role model of similar samples in the process of grain production.

Since there are relatively few studies on the relative efficiency
considering water and energy dual resources, and there is no clear
benchmarking area, this study proposes a following process to deter-
mine the benchmarking area (Fig. 3).

Step 1: Determine the best-fit probability distribution function of water
and energy resources utilization efficiency in the grain growth stage.

The Anderson-Darling test (Anderson and Darling, 1952) is used to
test whether water and energy resources utilization efficiency follows
the same distribution. If yes, it indicates the samples have general regu-
larity and good representativeness, which can be used to establish the
evaluation standard of the comprehensive score. Seven distribution
functions are chosen as candidates: Gamma, Weibull, Normal, Exponen-
tial, Rayleigh, Generalized Pareto and Lognormal distribution. Then,



Fig. 3. Benchmarking area determination considering water and energy dual
resources.
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the distribution function with the smallest test statistics is chosen as the
best-fit distribution function.

Step 2: Determine the advanced area of water and energy resources uti-
lization efficiency.

On the premise that the data series follow the same distribution, sin-
gle resources utilization efficiency (cumulative probability) is divided
into five grades. Considering the lower the resources input, the higher
the efficiency, the cumulative probability of single resources input
value smaller than 15 % is defined as advanced resources utilization ef-
ficiency, between 15 % and 35 % is relatively advanced resources utili-
zation efficiency, between 35 % and 65 % is moderate resources
utilization efficiency, between 65 % and 85 % is relatively backward re-
sources utilization efficiency, and over 85 % is the backward resources
utilization efficiency. Then the advanced area of water resources, and
energy resources utilization efficiency are deduced based on the 15 %
cumulative probability.

Step 3: Determine the benchmarking area.
The intersections of advanced area of water and energy resources utili-

zation efficiency are considered as the benchmarking area of grain produc-
tion resources utilization considering dual resources.

2.2.3. Sustainability grade classification
According to the benchmarking area, the relative efficiency of grain

production resources utilization (REV) in eachmunicipal administrative re-
gion can be calculated by the established SGI eco-efficiency sustainability
evaluation metric. Then, the REV is further divided into 5 sustainability
grades for sustainability evaluation analysis (shown in Table 2).

It's worth noting that more efficiency does not necessarily guarantee
that resources will be used more sustainably. For example, locations
that install drip irrigation (which is more efficient, i.e., less water used
per unit land area, or per unit mass grain production) often see expan-
sions in irrigated area and more total water use (Grafton et al., 2018).
The sustainability evaluation results obtained in this study have to be
Table 2
Sustainability grade of grain production resources utilization.

Relative efficiency (REV) Sustainability grade

REV < 0.15 Weak
0.15 ≤ REV < 0.35 Relatively weak
0.35 ≤ REV < 0.65 Moderate
0.65 ≤ REV < 0.85 Relatively strong
0.85 ≤ REV Strong

5

paired with policies to regulate the basin/irrigation district/farm field
total resource use for promoting sustainable use of resources.

2.3. Water footprint calculation

Water footprint reflects the amount of water needed for product
manufacturing or service in a certain area (Hoekstra and Chapagain,
2007). It is a valuable method to evaluate the direct and indirect virtual
water use characteristics. In this study, the water footprint concept is intro-
duced to quantify the water resources utilization of grain production (this
study focuses on the grain growth stage). Water footprint of grain produc-
tion refers to the amount of water resources consumed directly or indirectly
used to dilute pollutants for unit mass grain production in a certain area
(Sun et al., 2013).

Water footprint of grain production could be divided into three parts:
green, blue, and grey water footprint (Chapagain and Hoekstra, 2011;
Tomaz et al., 2021). Green water footprint of grain production basically
means the precipitation did not form the runoff but infiltrated into the un-
saturated soil layer which could be used for grain growth. Blue water foot-
print refers to the amount of blue water (surface water and groundwater)
for grain growth which is usually expressed as the irrigation water. Grey
water footprint of grain production is the amount of water utilized to dilute
water pollution caused by grain production to make the wastewater meet
the environmental standards.

As grey water of grain production is the non-consumptive water use dur-
ing grain growth stage, in this study, the grey water footprint is not consid-
ered while only green and blue water are considered to reflect the water
consumption in the grain growth stage. Green water footprint is quantified
according to the effective precipitation while blue water footprint is calcu-
lated based on amodifiedmethod based on actual irrigationwater (including
the water loss and return flow from water source to the field), irrigated area
and irrigation quota (Sun et al., 2013), detailed calculations are as follows.

WFP ¼ WFPG þWFPB ¼ Wg

Y
þWb

Y
(2)

Wg ¼ 10 min ∑dt
1 ETc,∑dt

1 Pe
� �

(3)

Wb ¼ IRC (4)

whereWFP,WFPG,WFPB is the total, green and blue water footprint of grain
production (in the grain growth stage), respectively (m3/kg); Wg and Wb is
green and blue water utilization per unit grain sown area, respectively (m3/
hm2); Y means the grain production per unit sown area, kg/hm2; 10 is the
conversion coefficient; ETc reflects the grain evapotranspiration referred to
the water requirement for transpiration under ideal conditions, mm; Pe de-
notes the effective precipitation on behalf of the sum of precipitation that
can be directly or indirectly used for crop growth or other necessary con-
sumption, mm; IRC is the irrigation water per unit grain sown area, m3/
hm2; dtmeans the length of the growth period.

Crop coefficient approach (Mhawej et al., 2021) is applied to calculate
the ETc.

ETc ¼ ET0 � Kc (5)

where ET0 is the reference crop evapotranspiration which is computed
based on Penman-Monteith Equation (Allen et al., 1998), mm; Kc denotes
the crop coefficient.

Effective precipitation (Pe) can be calculated by the SCSmethod recom-
mended by the United States Department of Agriculture (USDA) (Smith,
1992).

Pe ¼ P 125−0:2Pð Þ
125

; P < 250mm
Pe ¼ 125þ 0:1P; P≥250mm

(
ð6Þ

where P means the monthly precipitation, mm.
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Equations to compute the irrigation water per unit grain sown area are
described as follows.

IRC ¼ WA � Pw

IA
(7)

whereWA is total regional irrigationwater, m3; Pw means the proportion of
grain irrigation water in the total regional irrigation water; It could be fur-
ther calculated by Eq. (8)when there is irrigation quota; Otherwise, it is cal-
culated by Eq. (9).

Pw ¼ IQ� IA
∑z
cn¼1 IQcn � IAcnð Þ (8)

Pw ¼ ETc � Peð Þ � IA
∑z
cn¼1 ETcn

c � Pcn
e

� �� IAcn
� � (9)

where IQ reflects the irrigation quota, m3/hm2; IA denotes crop irrigation
area, hm2; cn is the irrigated crop species. As detailed irrigated areas of
each crop species are unavailable, in this study, these values of each
crop species are extracted based on the Global Spatial Production
Allocation Model (SPAM) 2010 dataset, with a resolution of 5 arc minute
(International Food Policy Research Institute, 2019). The SPAM remote
sensing dataset is recommended by the Food and Agriculture Organization
of the United Nations. From the whole China perspective, the SPAM data is
basically consistent with the magnitude and spatial distribution of Chinses
statistics (Chen et al., 2021). Thus, it is used in this study to make up the
missing/unavailable irrigated area data shortage.

2.4. Carbon footprint calculation

Carbon footprint reflects the amount of greenhouse gases emitted di-
rectly or indirectly during a certain period (Bajgai et al., 2019). Here, the
carbon footprint is employed to uniformly analyze the greenhouse gas
emission of indirect and direct energy input in the grain growth stage.
This study focuses on the carbon emissions in the grain growth stage.
Fig. 4. Processes and inputs considered for calculating the carbon footprint.
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Following the “up to the farm gate” principle, processes and inputs consid-
ered for calculating the carbon footprint are displayed in Fig. 4.

As shown in Fig. 4, main sources of carbon emission in grain growth
stage include 1) organic carbon loss by farmland ploughing; 2) Seed utiliza-
tion carbon emission; 3) Carbon emission caused by indirect energy use
such as fertilizer, pesticide and agricultural film; and 4) carbon emission
of direct fossil energy use. The use of agricultural machinery (such as
ploughing, sowing, irrigation, and harvest) consumes fossil fuels, and
emits carbon. Total carbon emissions (uniform use of carbon equivalent)
in grain growth stage can be calculated by Eq. (10).

CE ¼ CEturn þ CEseed þ CEfertilizer þ CEpesticide þ CEfilm þ CEmachine
þ CEirrigation (10)

where CE, CEturn, CEseed, CEfertilizer, CEpesticide, CEfilm, CEmachine, and CEirrigation
stands for total, ploughing, seed, fertilizer, pesticide, agricultural film, agri-
cultural machinery, and irrigation carbon emission (carbon equivalent: ten
thousand tons), detailed calculations are described in following equations.

CEturn ¼ Aturn � EFturn � 107 (11)

where Aturn stands for ploughing area, km2; EFturn is carbon emission of
ploughing, kg/km2; EFturn = 312.60 kg/km2 (collected from the Institute
of Agriculture and Biotechnology of China Agricultural University,
IABCAU).

CEseed ¼ SA� Unitseed � EFseed � 107 (12)

where SA is the sown area, ha; Unitseed means the seed usage per unit sown
area, kg/ha; EFseed is carbon emission of seed, kg/kg; For wheat, EFseed =
0.11 kg/kg; For corn, EFseed = 1.05 kg/kg; These values are from West
and Marland, 2002.

CEfertilizer ¼ SA� Unitfertilizer � EFfertilizer � 107 (13)

where Unitfertilizer represents the fertilizer usage per unit sown area (kg/ha)
including nitrogen, phosphate, potash, and compound fertilizers. EFfertilizer
is carbon emission of fertilizer, kg/kg; For nitrogen, phosphate, potash,
and compound fertilizer, EFfertilizer = 1.74, 0.16509, 0.12028 and
0.38097 kg/kg, respectively (Tian et al., 2015).

CEpesticide ¼ DC � Unitpesticide � EFpesticide � 107 (14)

where DC reflects grain production, ton (abbreviated as t); Unitpesticide de-
notes the pesticide usage per unit grain production, kg/t; For wheat,
Unitpesticide = 0.599 kg/t; For corn, Unitpesticide = 0.608 kg/t (Liang, 2015);
EFpesticide is carbon emission of pesticide, kg/kg; EFpesticide = 4.9341 kg/kg
(collected from the Oak Ridge National Laboratory, ORNL).

CEfilm ¼ SA� Unitagricultural film � EFagricultural film � 107 (15)

where Unitagricultural film is on behalf of the agricultural film usage per unit
sown area, kg/ha; EFagricultural film is carbon emission of agricultural film,
kg/kg; EFagricultural film = 5.18 kg/kg (data from the Institute of Resources,
Ecosystem and Environment of Agriculture, IREEA).

CEmachine ¼ SA� Unitdiesel � EFdiesel � 107 (16)

where Unitdiesel means the diesel usage per unit sown area, kg/ha; Utiliza-
tion of agricultural machinery relies on diesel consumption which will
emit carbon at the same time. Diesel consumption per hectare of grain pro-
duction filed operation is displayed in Table 3 (Liang, 2015). EFdiesel reflects
Table 3
Diesel consumption per hectare of grain production field operation (unit: kg/ha).

Grain type Sowing Soil preparation Harvest

Wheat or corn 38.9 63.2 65.9
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carbon emission of diesel, kg/kg; EFdiesel = 0.5927 kg/kg (Tian et al.,
2015).

CEirrigation ¼ WFblue � Udiesel � EFdiesel þ Uelectricity � EFelectricity
� �� 107 (17)

WFblue ¼ WFPB � DC � 1000 (18)

whereWFblue stands for bluewater resources utilization quantity,m3; Diesel
and electricity are essential energy for pumping and lifting irrigationwater,
Udiesel and Uelectricity denotes the diesel and electricity usage per cubic meter
of pumped or lifted water whose unit is kg/m3 and kWh/m3, respectively;
Udiesel = 0.00397908 kg and Uelectricity = 0.03967kWh (Liang, 2015).
EFelectricity represents carbon emission of electricity; EFelectricity is set to be
0.25 kg/kWh considering the hybrid electricity distribution of China
shown by Ding et al., 2017.

Using the above equations, carbon footprint per unit mass grain produc-
tion (UCE, kg/kg) can be calculated reflecting thewarming effect of produc-
ing per unit mass grain. The higher the value, the greater the adverse
environmental impact of grain production.

UCE ¼ CE � 10000
DC

(19)

3. Results

3.1. Calculation of water and energy resources input values

Based on the methods, water and energy input values of grain produc-
tion have been calculated and shown in Figs. 5 and 6, respectively. Detailed
green, blue, and total water footprints of grain production per unit mass in
mainland China are exhibited in Appendix A supplementary data Figs. S1,
S2, and S3, respectively. In Fig. 5 and following figures, region marked in
grey indicates the data shortage. However, compared to Fig. 1, regions con-
sidered in this study basically include the regions whose annual wheat pro-
ductions are over 500 thousand tons and the regions whose annual corn
productions are over 2000 thousand tons. Data is still of comprehensiveness
and representativeness, can be used for following sustainability evaluation
of wheat and corn production resources utilization.

In Fig. 5(a), for wheat production, more water resources are put in the
Inner Mongolia for producing per unit mass grain especially in the Hohhot,
Erdos and Ulanchap inside Inner Mongolia. From the whole provincial-
level administrative region perspective, average total water footprints of
wheat production in Inner Mongolia and Ningxia are the highest about
1.80 m3/kg and 1.81 m3/kg, respectively. The water resources input values
further considering the water stress index are about 1.05 and 1.35,
Fig. 5.Water resources input values for grain production inmainland China: (a)Wheat; (
less desired as grain production in this region relies on more resources.
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respectively. Some regions in Shaanxi, Xinjiang, Gansu, Qinghai, and Yun-
nan also consume relatively more water. Water resources input in Henan
and Shandong is relatively lower (location of provincial-level administra-
tive region is shown in Fig. 1). Average total water footprints in Shandong
and Henan are about 0.25 m3/kg and 0.3 m3/kg, while the water resources
input values are 0.46 and 0.51, respectively.

In Fig. 5(b), corn production per unit mass in Inner Mongolia also rely
heavily on water resources especially in Hohhot, Erdos and Ulanchap.
The total water footprints in these regions are all higher than 1 m3/kg;
the water resources input values are also higher than 1 with the highest
value in Ulanchap. Possible reasons are as follows. Precipitation in Inner
Mongolia is less. However, the evaporation is larger. Therefore, numerous
large-scale irrigation districts were built in this area such as Hetao Irriga-
tion district resulting in more irrigation water. Total water footprint
values in Anhui, Xinjiang, Ningxia and Shaanxi are higher. Values in
Guizhou, Shandong, Jilin, and Henan are lower. Total water footprints
are all lower than 0.5 m3/kg and the water resources input values are
all smaller than 0.45.

In Fig. 6, energy resources input i.e., carbon footprint per unit mass
grain production (UCE, kg/kg) vary in space due to diverse energy inputs
per unit mass grain production such as fertilizers, pesticides, irrigation
water required, seeds and so on. As shown in Fig. 6(a), energy resources
input i.e., carbon footprint for wheat production per unit mass in Inner
Mongolia is the highest which may also generate tallest carbon emission.
From the whole provincial-level administrative region perspective, average
carbon footprint of corn production in Inner Mongolia is about 0.27 kg/kg.
Whereas, that in Ningxia, Qinghai, Gansu, Shaanxi, and Yunan also requires
larger energy resources input, values higher than 0.13 kg/kg. That in
Sichuan, Henan, and Shandong is in a relatively greener production path,
values smaller than 0.075 kg/kg. Highest value in Inner Mongolia is due
to larger fertilizer, especially the nitrogen fertilizer. Also, more irrigation
water also needs energy for pumping and lifting.

In Fig. 6(b), corn production per unit mass in Gansu, Shaanxi, and
Yunnan basically inputs highest energy (carbon footprint values higher
than 0.13 kg/kg) while some regions in Inner Mongolia, Xinjiang, Hubei,
Shanxi also rely on sizeable energy. On the contrary, energy inputs in
Guizhou and Jilin are lower, values smaller than 0.055 kg/kg. Corn produc-
tion in Gansu, Shaanxi, and Yunnan ties to a large amount of agricultural
film and fertilizer compared to other regions in mainland China.

3.2. Benchmarking area determination

According to the method in Section 2.2.1, seven distribution functions
are chosen to fit the resources input value. Results show that Log-normal
distribution function is the optimal candidate nomatter for water or energy
b) Corn. Area colored in grey indicates no available data for this area. Larger value is



Fig. 6. Energy resources input values for grain production inmainlandChina: (a)Wheat; (b) Corn. Area colored in grey indicates no available data for this area. Larger value is
less desired as grain production in this region relies on more resources.
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use ofwheat and corn production. And results all pass the Anderson-Darling
tests verifying the robustness and rationality of the distribution function
selection.

Next, based on five grades of resources utilization efficiency,
the areas of advanced resources (water or energy single resource) utili-
zation efficiency are determined based on cumulative probability
<15 %. Further, Benchmarking areas considering dual resources are de-
duced by identifying the intersections i.e., the area of both advanced
water and energy utilization efficiency.

For wheat production, benchmarking areas considering dual
resources include Huaibei in Anhui (representing municipal district
in provincial district), Luohe, Xuchang, Jiaozuo, Hebi, Xinxiang,
Zhoukou, and Puyang in Henan, Dezhou and Tai'an in Shandong with
a total of 10 municipal districts. In these regions, water resources
input values are all smaller than 0.49 (total water footprint values all
smaller than 0.54 m3/kg) and energy resources input values are all
lower than 0.071 kg/kg.

For corn production, benchmarking areas considering dual resources in-
clude Guiyang, Zuiyi, Anshun, Qiandongnan, Tongren, Bijie, Liupanshui,
and Qianxinan in Guizhou, total 9 municipal districts. Water resources
input values are all smaller than 0.26 (total water footprint values all
smaller than 0.31 m3/kg) and energy resources input values are all lower
than 0.054 kg/kg.

Guizhou, in actual production, is not an advantageous area for corn
cultivation. For example, He (2016) pointed that the wheat land pro-
ductivity in Shandong, Xinjiang, Hebei, Henan, Anhui and Jiangsu
and the corn land productivity in Xinjiang, Gansu, Shanxi, Ningxia,
Jilin, Inner Mongolia, Liaoning, Hebei, and Shandong were above
the national average level. Ning (2016) evaluated the suitable growth
area. Results showed that the suitable growth area of wheat produc-
tion mainly locates in Henan, Hebei, Shandong, Anhui, Jiangsu, and
Sichuan provinces; Suitable growth area of corn production are basi-
cally in Heilongjiang, Jilin, Liaoning, Sichuan, Henan, Shandong,
Hebei, Anhui, and Shanxi provinces. As Guizhou is not suitable to be
the benchmarking area for corn production, the sustainability of
corn production is reevaluated by removing the data with larger devi-
ations (detailed analysis shown in Section 4.2) in the benchmarking
area determination process. Results are as follows.

The results show that log-normal distribution function is still the
optimal function to fit the water and energy use of corn production. The
benchmarking areas are Luohe and Xuchang in Henan, Siping and Baishan
in Jilin, Tai'an in Shandong, Bayannur in Inner Mongolia with a total of 6
municipal districts. Water resources input values are all smaller than 0.37
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(total water footprint values all smaller than 0.41 m3/kg) and energy re-
sources input values are all lower than 0.062 kg/kg.

3.3. Sustainability evaluation of grain production resources utilization

Through resources input values calculation and benchmarking area
determination, the sustainability grade of grain production resources
utilization is evaluated and displayed in Fig. 7. Further, provincial re-
sults are summarized and exhibited in Fig. 8.

Fig. 7 shows that grain production in most part of the mainland
China presents a moderate sustainability grade no matter for wheat or
corn. This indicates that China should couple policies that promote the
efficiency of resources utilization with sustainability targets to bring re-
source use within sustainable limits.

From Figs. 7(a) and 8(a), generally, wheat production of resources
utilization in Sichuan, Shandong, and Henan presents a strong sustain-
ability grade, while that in Inner Mongolia presents a relatively weak
sustainability grade. Weak grade is probably due to the higher
water and energy resources input in the growth stage as shown in
Figs. 5 and 6. In general, the Northwest region (including Shaanxi,
Inner Mongolia, Gansu, Qinghai, Ningxia, and Xinjiang) produces
wheat in relatively more unsustainable manners. The geographical di-
vision of China can be found in Hou et al. (2022).

Figs. 7(b) and 8(b), relative efficiency of corn production in Shandong
and Jilin is especially higher than that in other provinces, leading to the
strong sustainability grade. Relative efficiency in Anhui and Xinjiang is
the lowest. Overall, Northeast China (including Heilongjiang, Jilin, and
Liaoning) and North China (such as Henan and Shandong) produce corn
in relatively greener ways. On the contrary, Northwest region produces
corn by using larger resources.

Furthermore, based on the redundancy analysis of the GDEA
method, the insufficient output reason of the region whose grain sus-
tainability grade is of moderate, relatively weak, and weak is analyzed,
mainly shown in Fig. 9.

In Fig. 9, lower relative efficiency of wheat production in Shaanxi,
Yunnan, and Inner Mongolia is mainly due to unreasonable use of the en-
ergy resources. Lower relative efficiency of corn production in Shaanxi
and Gansu is also caused by extensive utilization of energy. Those provinces
should further develop carbon reduction policies, to improve the efficiency
of indirect and direct energy use in the grain production.

Similarly, lower relative efficiency of wheat production in those regions
such as Hubei, Jiangsu, …, Ningxia and Qinghai and corn production in
Hebei, Shanxi, …, Anhui and Xinjiang are mainly resulted by extensive



Fig. 7. Sustainability evaluation results of grain production resources utilization in mainland China: (a) Wheat; (b) Corn. Area colored in grey indicates no available data for
this area.

Fig. 8. Sustainability evaluation results of grain production resources utilization in each province (region) of the mainland China: (a) Wheat; (b) Corn.

Fig. 9. Insufficient output reason analysis.
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water utilization. It is necessary to improve the utilization efficiency of
water resources.

4. Discussions

4.1. Policy implications

This study conducts the eco-efficiency sustainability evaluation of grain
production resources utilization for future sustainable policy makings.
Results can show practical conditions of grain production. For example,
in Sun et al. (2016), higher water footprint regions of wheat production
include Inner Mongolia, Yunnan, Ningxia, Gansu, and Shanxi; Higher
water footprint regions of corn production contain Gansu, Ningxia, Inner
Mongolia, Xinjiang. Feng et al. (2022) found Inner Mongolia, Ningxia and
Yunnan rely heavily on water resources to produce wheat while Xinjiang
consumesmorewater to produce corn. Feng et al. (2022) discovered higher
carbon footprint regions of wheat production are mainly located in Inner
Mongolia, Shaanxi, Yunnan while higher carbon footprint regions of corn
production are mainly in Shaanxi and Xinjiang. Li and Li (2022) found
that wheat production in Inner Mongolia and corn production in Gansu,
Xinjiang, Shaanxi, Shanxi, and Yunnan emit more carbon emissions. In
Tian et al. (2021, 2022), wheat production in Inner Mongolia, Ningxia,
Shaanxi, Gansu, Shanxi, and Heilongjiang and corn production in Inner
Mongolia, Xinjiang, Gansu, and Shaanxi, Shanxi and Hebei are character-
ized by higher carbon footprint. These findings are basically consistent
with the spatial distribution of water and carbon footprints in this study.
This indicates the reliability of results.

The analysis in this study agrees with the “Sustainable Development
Goals” (SDGs) (UN, 2015). For example, the goal of this study is to promote
sustainable grain production consistent with the SDG2: zero hunger. At the
same time, this study aims to assess the resources utilization characteristics
to further reduce the water and energy input, it is also in accordance with
the SDG6: Clean Water and Sanitation and SDG7: Affordable and Clean
Energy. Therefore, the analysis is meaningful research to a certain degree.

The developed SGI is universal that can be utilized in other regions as
shown in Section 2.2.1. The SGI as well as the analysis in this study are of
importance in future agricultural management. As eco-efficiency of grain
production varies across different regions, it is suggested that China could
make targeted adjustments to the agricultural planting structure i.e., plant
more superior grains in accordance with local conditions under the guid-
ance of national policies. Wheat sown area in the strong or relatively strong
sustainability grade regions such as Sichuan, Shandong, and Henan could
be increased. Sown area in relatively weak, weak regions and even moder-
ate sustainability grade regions such as Inner Mongolia, Qinghai, Yunnan,
Ningxia, and Shaanxi could be reduced. Similarly, Shandong, Jilin, Liao-
ning, and Henan could expand corn sown areas, whereas Anhui and
Xinjiang need to reduce some corn sownareas. Grain planting structure reg-
ulation can better meet the grain demand and protect the environment
(Adeyemo and Otieno, 2010). It facilitates sustainable green development.

While appropriately adjusting the planting structure, it is urgent to im-
prove the resources utilization efficiency. It is necessary to strengthen the
promotion of water-saving technology research and improve the utilization
efficiency of irrigation water use. It is especially true in areas whose grain
production sustainability grade is not strong, and the sufficient output is
mainly caused by water such as the corn production in Xinjiang. It is also
important to improve the level of agricultural mechanization, develop
low-carbon agricultural machine, and strengthen the popularization of
green agricultural technology. Under the premise of stabilizing grain pro-
duction, traditional fertilizers should be gradually replaced by green or-
ganic fertilizers and farm manure. This might avoid soil compaction and
soil fertility decrease to a certain degree and reduce the non-point source
pollution (Zhang and Fu, 2023). In addition, it is essential to strengthen
farmers' awareness of environmental protection, and to guide them to trans-
form to green production.

At the same time, China could strengthen subsides in line with green
and sustainable development. It is suggested that more subsides should be
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given to the dominant varieties (characterized by higher eco-efficiency
i.e., lower resources input) in each provincial-level administrative region
to encourage the production of the dominant varieties. For example, the
wheat production in Sichuan, Shandong, and Henan and corn production
in Shandong, Jilin, Liaoning, and Henan. Also, it is vital to establish a
water-saving compensation mechanism to provide subsidies to farmers
or regions with strong water-saving consciousness. It is necessary to
moderately reduce the financial subsides for traditional chemical fertil-
izers and increase subsides for organic fertilizers, ecological pesticides,
and energy-saving agricultural machines (Wang et al., 2018). It in-
creases the cost of traditional chemical resources, and gradually reduces
their excessive uses in grain production. Appropriate subsidy policies
could support the realization of coordinated development of grain pro-
duction and environment protection.

4.2. Limitations and potential future research

The data required in this study is large in quantity, wide in scope and
across the whole China. Because of different spans of each data type, the
co-covered period is 2011 to 2018. In addition, only wheat and corn are
considered. Still due to the data limitation, data shortage exists in some
parts of the country. In some regions such as Heilongjiang Province, data
of municipal administrative regions are replaced by the data of the provin-
cial administrative region. Furthermore, as no detailed irrigation water
data are available, this study uses the SPAM data only updated to 2010 to
extract the irrigated land. The extracted irrigated land areas are then uti-
lized to calculate the water demand proportions of each crop species on ir-
rigated land for blue water footprint quantifications. SPAM data makes up
for the data deficit. However, due to the influence of mixed pixels, atmo-
spheric interference, terrain, and other factors, there may be some devia-
tions between the remote sensing data and the actual data (Xiao et al.,
2005). For example, the Guizhou and Yunnan are the two provinces with
the largest mountainous areas in China whose values are about 93 % and
89 %, respectively. The irrigated land of corn provided by the SPAM data
is basically 0. The relatively larger error may be caused by terrain. This
leads to no irrigations for corn production i.e., blue water footprints equal
to 0. Thus, lower water resources input values are induced. In the future,
more data such as more crop species and higher resolution spatial data
sets can be used to expand the scope of the metric, and the sustainability
evaluation could be obtained to a finer scale.

Furthermore, this study utilizes the uniform formulas to calculate the ef-
fective precipitation and assumes the carbon emission coefficient are equal
in different regions. In fact, the parameters may vary due to different natu-
ral and socioeconomic conditions (Tigkas et al., 2016). Throughfield exper-
iments, more reliable parameters can be calibrated, and sensitivity analysis
will also be conducted to improve the applicability of the results and pro-
vide more feasible supports under different conditions.

It's also noteworthy that the qualitative eco-efficiency sustainability
evaluation in this study should be further extended to quantitative anal-
ysis combined with more factors. For example, crop production is an ag-
ricultural process in which nature (such as land, climate, and water) and
socioeconomic development (such as labor, practical knowledge, and
engineering services) are interwoven (Musafiri et al., 2022). Carrying
out quantitative analysis and analyzing the range of planning structure
regulation is vital, which are also authors' future research directions.

5. Conclusions

Grain production in China is an example of the Food-Energy-Water
nexus. Grain production relies on a large number of resource inputs, includ-
ing water resources, indirect and direct energy use. China is facing water
supply pressures, increasing greenhouse gas emissions, and declining land
productivity. It is urgent to reduce the resources input and its impact on
the environment during grain production on the premise of grain security.
This study delivers a grain Food-Energy-Water nexus. Within the scope of
FEW nexus, a systematic comparison of water and energy footprint in
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grain production is presented through the introduction of data envelop-
ment analysis and spatial benchmarking. The novel metric developed to
measure the eco-efficiency sustainability of grain production is Sustainabil-
ity of Grain Inputs (SGI).

Some locations in China are producing grain sustainably, while
others are not. Wheat production uses water and energy sustainably in
Sichuan, Shandong, and Henan; Corn production has the highest com-
bined sustainability index in Shandong and Jilin. It is advised to pro-
duce more grain in these regions. However, wheat production in Inner
Mongolia and corn production in Xinjiang rely on unsustainable water
and energy inputs. Production in these areas could be decreased to a
certain degree. China should further formulate policies that promote
the efficient use of water and energy in grain production. Importantly,
efficiency should be twinned with policies that constrain resource con-
sumption within sustainable limits, in order to avoid the irrigation
efficiency trap (Grafton et al., 2018), or Jevon's paradox of energy effi-
ciency (Pellegrini and Fernández, 2018).

Since the methods adopted in this study are all universal or statistical,
the eco-efficiency sustainability evaluation metric introduced here can be
used in other locations around the world. The metric reflects differences
in water and energy inputs in different regions and is versatile, flexible,
and not restricted by geographic, as long as the required input data is avail-
able. The grain eco-efficiency sustainability evaluation metric could be
used to inform future sustainable agricultural policy evaluation to deter-
mine how to bring water and energy use in staple grain production
within sustainable limits. For example, it is beneficial to promote the
grain production in the region of strong sustainability grade while it is
not recommended to expand the grain production in the region of
weak sustainability grade. Achieving sustainability in grain Food-
Energy-Water systems is key for food, water and energy security, as
well as sustainable development goals.
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