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Along with the growing population scale and improving diet structure, a great challenge has been faced to
reconcile food supply, resource use and environmental impact in contemporary agriculture. This paper presents
an in-depth exergy analysis of Chinese agriculture covering cropping, forest, stockbreeding and ﬁshery over the
period of 2001–2015. The resource, environmental and economic performance of the agricultural system are
illustrated by accounting all the major exergetic ﬂuxes, which include free nature resources input, purchased
economic investments, waste emissions or virtual environmental inputs, and harvested yields of agricultural
products. Chinese agriculture has experienced accelerating transition from a self-supporting mode to a modern
energy-intensive pattern, which is characterized by lower renewability index, higher non-renewable resource
consumption and economic investment ratio, and larger waste emissions and environmental resource input. The
improvements of resource use eﬃciency and total agricultural productivity are also identiﬁed as indicated by the
evolution of resource yield ratio and system transformity. In 2015, as to 100 units of agricultural yield, there
were about 109 units of purchased resource input including 18 units purchased nonrenewable resources, 748
units of free natural resource input and 21 units of environmental impact. Exergy analyses capture the resource
and environmental performance of agricultural ecological economic system by pinpointing the real exergy
dissipation and cost processes, which could help policy makers to couple biophysical concepts more robustly for
improving resource use eﬃciency and achieving sustainable development of Chinese agriculture in the 21 st
century.

1. Introduction
Agriculture, as a speciﬁc ecological entity at the interface between
natural ecosystem and socio-economic system, is bounded with resource, environmental and economic dimensions. Natural resource inputs from the environment and purchased economic investments from
the society are the essential prerequisite for sustaining the operation of
agricultural ecological economic system and producing a certain level
of economic output (Chen et al., 2009). The most distinct characteristic
of modern agriculture is the intensive non-renewable resource use such
as chemical fertilizer, pesticide, plastic ﬁlm, electricity and diesel oil,
due to the natural resource constraints. Traditional economic evaluation always underestimates the value of environmental inputs and
ecosystem services provided by the natural ecosystem (Zhou et al.,
2010). In order to optimize the structure and eﬃciency of resources use
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and reduce adverse environmental impacts, there is a growing concern
on the sustainability of agricultural systems from the biophysical perspective (e.g., Chen et al., 2006b; Hoang and Prasada Rao, 2010;
Perryman and Schramski, 2015; Zhang et al., 2016a,b,c; Wright and
Østergård, 2016).
As an indicator of the distance from thermodynamic equilibrium
based on the second law of thermodynamics, exergy provides a uniﬁed
measure of various forms of energy carriers and materials (Szargut,
2005). The scarcity of exergy resources has been regarded as the fundamental feature for the ecosystem operation on the earth (Chen, 2005,
2006). Exergy can be played as a conﬂuence of resource, environment
and sustainable development (Rosen and Dincer, 2001; Zhang et al.,
2012a,b). Exergy accounting as a basic medium has been carried out in
various forms to qualify the exchange of ecological networks
(Jørgensen and Fath, 2004; Dincer and Rosen, 2007). In the past two
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Fig. 1. Systems diagram of Chinese agriculture.
Revised from Chen et al. (2009).

Chen and Chen, 2006; Chen et al., 2006a; Chen and Chen, 2007a,b,c,d;
Chen and Qi, 2007; Zhang and Chen, 2010; Shao et al., 2013). For instance, Chen and Chen (2007c) performed a long time-series analysis of
agricultural products of the Chinese society 1980–2002 based on exergy. Speciﬁcally, a detailed exergetic assessment by Chen et al. (2009)
indicated that Chinese agriculture was experiencing a transition from
the traditional self-supporting mode dependant on renewable resources
to the pattern of increasing nonrenewable resource uses and heavy
environmental impacts over the period of 1980–2000. Since the inception of the 21 st century, Chinese agriculture has undergone a rather
dramatic change in the policy situation such as agricultural tax reform,
and has continuously strengthened its resource, environmental and
economic impacts such as the water-energy-food nexus. Nevertheless,
its physical sustainability over this period remains to be systematically
revealed.
To ﬁll this gap, an overall exergy analysis of the Chinese agriculture
during 2001–2015 will be presented. The resource use, economic yields
and environmental impacts will be examined by accounting all the
major exergy ﬂuxes associated with agricultural activities. Systems
structure of the exergy input/output, a variety of assessment indicators,
and related resource, environmental and economic performances will
be identiﬁed from a historical perspective. The ecological diagnosis of
Chinese agriculture in fundamental biophysical term provides reliable
and useful information to optimize resource utilization and alleviate
environmental and climate impact (Rosen et al., 2008; Gasparatos and
Scolobig, 2012), with essential implications to future agricultural sustainable development.

decades, the application of exergy method has been extended to the
biophysical analyses on energy, resource and environmental problems
in various scientiﬁc ﬁelds (Zhang and Chen, 2010). Exergy-based systems account has been widely used to assess societal exergy utilization
in many countries or regions (e.g., Ertesvåg, 2005; Gasparatos et al.,
2009; Dai et al., 2012; An et al., 2014; Gong and Wall, 2016), and
concrete industrial sectors (e.g., Zhang et al., 2012a,b; BoroumandJazi
et al., 2013; Bühler et al., 2016). The exploration and utilization of
speciﬁc agricultural production systems can be systematically evaluated
by the overall and uniﬁed accounting method, i.e., exergy analysis (e.g.,
Ahamed et al., 2011; Yang and Chen, 2014; Wu et al., 2015; Zisopoulos
et al., 2017). Furthermore, exergy demand and exergy destruction have
gained much attention for developing indicators or metrics related to
sustainability assessment.
As a developing country with the world’s largest population, now up
to 1.37 billion in 2015 (NBSC, 2017), agriculture plays a fundamental
role in the Chinese society. The country’s agricultural issue such as food
security has long been a focus for international organization, policy
makers, researchers, and other groups around the world (Fukase and
Martin, 2016). In history, Chinese agriculture was characterized by
labor-intensive cultivation and relying heavily on free environmental
resources (Chen et al., 2006b). Owing to the growing population scale
and improving diet structure, the traditional agriculture with low
productivity was no longer appropriate for the soaring demand of
agricultural products. The self-suﬃcient family operation mode has
been gradually substituted by the energy-intensive modern agriculture
with higher agricultural productivity (Chen et al., 2009). In the past
three decades, China has made tremendous progress in feeding its population with only 7% of the world’s arable land available (Piao et al.,
2010). Along with soil degradation, the limited and diminished arable
land and the acceleration of socio-economic transition, a great challenge still should be faced to ensure China’s food security by meeting its
increasing food demand (Li et al., 2016a, 2016b).
The diversity and complexity of Chinese agricultural system necessitates ecological analysis as an alternative to conventional economic analysis (Jiang et al., 2007; Chen et al., 2009; Tao et al., 2013).
Chen and his colleagues have performed a series of studies on exergy
accounting of the Chinese society covering the agricultural sector (e.g.,

2. Methodology and data sources
Chinese agriculture comprises four interactive departments in terms
of cropping, forestry, stockbreeding and ﬁshery. The operation of this
sector is sustained by various exergy resources input including free
natural resources and purchased economic investments, while its yields
mainly refer to the agricultural products as well as environmental
emissions. With regard to the geographical scope of Chinese agriculture, only Mainland China is covered, and Hong Kong, Macao and
Taiwan are excluded in this study.
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can be expressed as

An exergetic framework diagram of China’s agriculture constituted
by natural resource input, economic investment, environmental emissions or virtual environmental inputs and harvested yields of agricultural products can be devised to illustrate the intensive interaction of
natural ecosystem and socio-economic system in the agricultural sector,
as shown in Fig. 1.
In this diagram, the input ﬂuxes can be categorized into four parts:
free renewable resources (FR) mainly include sunlight, rain, geothermal
heat and wind; free non-renewable resources (FN) refer to soil erosion
and topsoil loss; purchased renewable resource investments (PR) involve irrigation water (Iwater), seeds and human service; and purchased
nonrenewable resource investments (PN) include fossil fuels, electricity, machinery use, chemical fertilizers, pesticides and plastic
mulch. The yields (Y) from agricultural system include various products
of cropping, forestry, stockbreeding and ﬁshery. In this study, the
agricultural yields include all the economic products and some byproducts such as straws. According to the data availability, the environmental emissions (WE) or virtual environment inputs (EI) mainly
refer to the waste emissions in terms of animal wastes, fertilizer and
pesticide waste, and plastic mulch residues. The emissions of air pollutants and greenhouse gases (GHGs) are directly related with the animal wastes and fertilizer application. To keep with the same boundary
and avoid double counting for the emission items, air pollutants and
GHG emissions are excluded in calculating the waste emissions from
agricultural activities.
Based on the thermodynamic concept of exergy as a uniﬁed measure, several indices and ratios could be used to evaluate the systems
structure and sustainability of an agricultural ecological economic
system. Referring to Chen et al. (2009), this study adopts six exergetic
indices to holistically reveal the structural and functional patterns of
Chinese agriculture.
Renewability index (RI) equals the total renewable resources input
divided by the nonrenewable resources input, which can be formulated
as

Renewability index (RI) = (FR+ PR)/(FN+PN)

Environmental stress index (ESI) = (FR+FN+EI+Iwater )/(PR-Iwater +PN)
(5)
System transformity (STr) is the ratio of the total yield Y to the total
ecological input. This index stands for the overall system transformity
for the agricultural system. The agricultural system with the same
output at a higher transformity always means ecologically more eﬃcient. The equation is

System transformity (STr) = Y/(FR+FN+EI+PR+PN)

Most of the environmental resource data associated with Chinese
agriculture are collected or derived from the oﬃcial statistical yearbooks of China such as China Statistical Yearbook (CSY, 2002–2016),
China Agricultural Statistical Yearbook (CASY, 1981–2016), China
Agricultural Statistical Report (CASR, 1991–2016), China Energy Statistical Yearbook (CESY, 2002–2016), and the website of National Bureau of Statistics of China (NBSC, 2017).
Detailed procedures to illustrate the calculation process and data
sources of exergy accounting can be referred to Supplementary materials.
3. Results
3.1. Resources input
Resource inputs into the agricultural system refer to free renewable
resources (FR), free nonrenewable resources (FN), purchased renewable
investment (PR) and purchased nonrenewable investment (PN). Fig. 2
presents the total resource input into Chinese agriculture during
2001–2015. The FR occupied a leading position, which increased
slightly from 1.62 × 1020 J (88.24% of the total resource input) in
2001–1.67 × 1020 J (86.78%) in 2015. The PR took the second place
with the share of 9.98% in 2001 and 10.56% in 2015. The PN accounted for only 2.11% of the total input in 2015, but its growth rate
had the highest value during the 2001–2015 timeframe. Totally, the
resource input into Chinese agriculture was dominated by the renewable input, which indicates the objective and realistic contribution of
natural resources to agricultural production.

(1)

The higher the ratio, the lower the resource stress to the environment. Generally, only economic patterns with higher renewability
index are sustainable.
Purchased resource yield ratio (PRYR) is deﬁned as the ratio of the
agricultural yield (Y) to the total purchased resources, as shown in Eq.
(2). The higher the ratio, the greater the return obtained per unit of
exergy invested, which reﬂects the eﬃcacy of the agricultural system to
using economic investment.

Purchased resource yield ratio (PRYR) = Y/(PR+PN)

3.1.1. Free natural resource inputs
Fig. 3 displays the inputs of local free renewable resources (FR)
including sunlight, geothermal, rain and wind. The relatively stable
natural conditions determine that the total exergy value of free natural
resources kept around 1.65 × 1020 J over 2001–2015. In fact, the sown
area of farm crops remained stable during the studying period (CSY,

(2)

Economic investment ratio (EIR) is calculated as the economic investment divided by the free natural resource input, as shown in Eq. (3).
The larger the value of this index, the higher the load of economic investment.

Economic investment ratio (EIR) = (PR+PN)/(FR+FN)

(3)

Environmental resource yield ratio (ERYR) is taken as the yield of
agricultural products divided by the free environmental resource input
including virtual environmental input, free renewable resource and free
non-renewable resource. This index indicates the environmental resource contribution to a production system. The larger the value of this
index, the lower environmental resources input is required for the
production of economic products. The formula can be expressed as

Environmental resource yield ratio (ERYR) = Y/(EI+FR+FN)

(6)

(4)

Environmental stress index (ESI) is the ratio of the total local environmental resource input including irrigation water input (Iwater) to
the purchased economic investment excluding irrigation water input.
This index reﬂects the direct stress on the local environment by using
natural resources and generating environmental impacts. The equation

Fig. 2. Total resources input.
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Fig. 5. Various purchased nonrenewable inputs.
Fig. 3. Free renewable input.

3.1.2. Purchased economic investments
Fig. 4 presents the purchased renewable investment into Chinese
agriculture covering human service, organic manure, seed and irrigation water. The total exergy value of purchased renewable investment
increased slightly from 1.83 × 1019 J (89.20% of the total) in
2001–2.03 × 1019 J (83.36%) in 2015. More than 94% of total purchased renewable investment can be attributed to the input of irrigation
water. Irrigation water as the major contributor amounted to
1.93 × 1019 J in 2015. Agricultural production was the largest user of
water in China, accounting for 62.6% and 63.1% of the national total
water withdrawals in 2001 and 2015, respectively (CWRB,
2001–2015).
The input of human resources has witnessed a stable reduction. The
amount of human service in exergy decreased from 6.38 × 1017 J in
2001–3.84 × 1017 J in 2015, accounting for only 3.48% and 1.89% of

the total purchased renewable investment, respectively. This can be
explained by the fact that China’s employment of agricultural industry
decreased from 3.64 × 108 in 2001–2.19 × 108 in 2015 (CSY,
2002–2016), while its urbanization rates increased sharply from
37.66% to 56.10% during this period (NBSC, 2017) by a large-scale
migration from rural to urban area. Thereafter, the rural labor force is
continuing to decline.
Due to the stability of the sown area, the exergetic value of seeds
changed very little. In history, organic manure can be used to maintain
the productivity of lands for traditional agricultural production. In
modern agriculture, the organic fertilizer gives away to chemical fertilizer largely.
Modern agricultural production depends largely on the purchased
nonrenewable resources to ensure the stable and high yield. Fig. 5 reveals the trend of main purchased nonrenewable inputs. Totally, it grew
from 2.22 × 1018 J (10.80% of the total) in 2001–4.05 × 1018 J
(16.64%) in 2015, with an average annual growth rate of 4.39%. The
average annual growth rates of agricultural machinery, fossil fuels,
plastic mulch, electricity, pesticides and fertilizers were 6.52%, 5.46%,
4.27%, 4.23%, 2.43% and 2.04%, respectively.
Chemical fertilizers are the important nonrenewable resources.
Fig. 6 presents the fertilizer use of Chinese agriculture. Nitrogen (N),
phosphate (P2O5), potash (K2O) and compound fertilizer composed
fertilizers were applied with the exergy amount of 5.67 × 1017J,
7.16 × 1016J, 5.78 × 1016 J and 3.01 × 1017J in 2015, respectively.

Fig. 4. Purchased renewable investment.

Fig. 6. Fertilizers use.

2016), owing to the strict land policy. In 2015, photosynthetic exergy
contributed to 50.72% of the total input of free renewable resources,
followed by rain 36.91%, wind 11.22%, and geothermal 1.15%.
In China, more than 50% of the total cultivated land is suﬀering the
land degradation (Ali et al., 2017). The annual topsoil loss in exergy
was up to 1.05 × 1018 J in 2015, corresponding to 0.63% of the free
resource input and 20.65% of the nonrenewable input. The soil degradation has become serious ecological problem in many regions.
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There is substantial evidence that excessive fertilizer application along
with high nitrogen fertilizer input results in an obvious imbalance of
fertilizer exertion in China’s cropland (Wang et al., 2017). In 2014,
China used 565.26 kg of chemical fertilizers per hectare of arable land,
compared to about 138.04 kg in the world and 240.62 kg in Japan
(World Bank, 2017). About a quarter of the worldwide nitrogen fertilizer consumed in China’s crop production in recent years. The average
N fertilizer application rate in crop production was from 60% to 150%
higher than the recommended rate. In 2015, the national average fertilizer utilization rate was only 35.2%, much less than the rates in the
U.S. and EU countries (CPGPRC, 2015). The unit area of fertilizer investment of China was signiﬁcantly larger than those of the developed
countries, with huge N saving potentials (Zhang et al., 2016a,b,c).
The rapid growth of nonrenewable input can be largely attributed to
the surging input of fuel and mechanical equipment. The comprehensive mechanization rate for main crops increased from 32% in
2001–63% in 2015 (Bai, 2014; CPGPRC, 2016). The improvement of
mechanization level of agricultural production can compensate the
negative impact of declining rural employed labors. The input of mechanical equipment in the ploughing, sowing and cutting process was
estimated at 1.05 × 1018 J in 2015, 2.42 times of that in 2001. The
exergy amount of machinery has exceeded chemical fertilizers in recent
years.
The fuel input led the position among all the purchased nonrenewable investments since 2003. Fig. 7 displays the fuel use of Chinese agriculture over the period of 2001–2015. The diesel, coal and
gasoline input have achieved a rapid growth, with the average annual
growth rate of 5.11%, 6.06% and 6.69% respectively. The diesel consumption took the leading position during the period. The increasing
petroleum product input corresponded to the rapid growth of agricultural mechanization. In addition, coal was widely used in plastic
greenhouse and other purposes.
Chemical pesticides often involve insecticides, herbicides, fungicides and rodenticides. The input of pesticides climbed from
1.28 × 1017 J in 2001–1.79 × 1017 J in 2015. In addition, the exergy
value of plastic mulch in 2015 was 8.46 × 1016 J, accounting for only
2.09% of the purchased nonrenewable input. The rapid growth of
plastic mulch consumption can be mainly attributed to the increment
production of fruits and vegetables in plastic greenhouse (NBSC, 2017).

Fig. 8. Total economic yield.

2001 and 2015, from 1.25 × 1019 J (80.76% of the total yield) to
1.53 × 1019 J (68.47%). Forestry had the fastest growth with its yield
increasing from 1.38 × 1018 J in 2001–4.64 × 1018 J in 2015. The
yield of stockbreeding had a 45.47% increase from 1.40 × 1018 J in
2001–2.04 × 1018 J in 2015. The aquatic production of ﬁshery subsystem increased from 2.20 × 1017 J in 2001–3.89 × 1017 J in 2015,
though its shares in the total agricultural yield were very small.
3.2.1. Cropping
China is the world’s largest grain producer. Its cereal yield accounted for about 20% of the global total in 2013 (Yue et al., 2017).
The annual yield of the grain crops is displayed in Fig. 9. The grain
yields in exergy had a 36.18% increase from 2001 to 2015, with an
annual growth rate of 2.23%. Wheat, rice and maize are the major grain
crops. The average annual growth rate of maize reached 4.96%, but
those of rice and wheat were respectively only 1.14% and 2.36% during
2001–2015. Conversely, the output of soybeans and potatoes had declined over this period. Potato crops and soybeans in exergy were
1.10 × 1017 J and 6.20 × 1016 J in 2015, which were 93.35% and
77.45% of their exergetic values in 2001, respectively.
The cash crops mainly include fruits, vegetables, oil crops, sugar
crops and tobacco, as shown in Fig. 10. Totally, the cash crops have
achieved a rapid growth. For instance, the exergy of fruits was
5.20 × 1017 J in 2015, 4.11 times of its value in 2001. In addition,

3.2. Yield of agricultural products
China’s agricultural yield has experienced a continued growth in the
past 15 years. Fig. 8 shows the annual yield of four departments (i.e.,
cropping, forestry, stockbreeding and ﬁshery). The crop production had
the dominant contribution, whose yield increased by 21.73% between

Fig. 7. Fuel inputs.

Fig. 9. Cereal crops.
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Fig. 12. Meat production.
Fig. 10. Main cash crops.

3.2.3. Stockbreeding
China has a ﬂourishing livestock production with a rapid increase in
livestock numbers. The livestock (pork, beef and poultry) accounted for
about 43% of the global total in 2013 (Yue et al., 2017). Stockbreeding
products are mainly consisted of meat, milk, wool and eggs. Meat occupied the major part over this period. Fig. 12 illustrates the exergy of
the four staple meats. The yield of livestock products (i.e., pork, beef,
poultry meat and mutton) increased by 37.31% from 2001 to 2015.
Pork accounted for 85.74% of the total meat yield in 2015. The highest
yield of pork was found in the year of 2014. Poultry occupied the
second position in meat production, accounting for only 6.82% in 2015.
In 2000, the meat yield was 3.55 times of its value in 1980 (Chen et al.,
2009). After entering the 21 st century, the scale of breeding reached a
bottleneck, and the growth rate of meat has declined.
Fig. 13 shows the annual milk and egg production. China has the
world’s largest egg output, with an annual growth rate of 2.20% during
2001–2015. A huge leap in milk yield can be found from 2001 to 2007,
but the yield of milk barely expanded after 2008, due to the eﬀect of the
2008 scandal over melamine-tainted-milk. This unexpected incident
generated negative impacts on China’s dairy industry, which has
aroused public concerns about food safety since then (Dong and Li,
2015; Ghazi-Tehrani and Pontell, 2015). The consumer conﬁdence for
dairy products has not yet been restored.

straws are the important by-products of the large-scale cropping. The
crop/straw ratios for rice, wheat, maize, soybean, tubers, peanut, rapeseed, sesame, cotton, beet, sugarcane and vegetables were estimated
to be 0.9, 1.1, 1.2, 1.6, 0.5, 0.8, 1.5, 2.2, 9.2, 0.08, 0.24 and 0.1, respectively (Bi et al., 2009). Only the straw yield used as industrial raw
materials and bio-fuels were included, amounting to 4.29 × 1018 J in
2015 and accounting for 27.79% of the total yield of the cropping
subsystem. The crop straws from maize, rice and wheat accounted for
70.24% of the total. The majority of straw resources were burned or
discarded into the environment. Averagely, crop straws represent about
33–45% of energy consumption for the livelihood in China’s rural areas
(Zeng et al., 2007). Given the low combustion eﬃciency of residential
cooking stoves, emission factors of stove burning are usually much
higher than those from industrial biomass combustions, resulting in
indoor air pollution.

3.2.2. Forestry
Fig. 11 displays the annual forest production during the 2001–2015
timeframe. Main forest products include wood, bamboos, oil seeds and
rubber. The results showed a signiﬁcant trend of increased bamboo
yield. Bamboo had the largest exergetic amount, accounting for 68.17%
and 82.21% of the total forest yield in 2001 in 2015, respectively. The
share of wood including timber and ﬁrewood decreased from 26.35% in
2001–12.41% in 2015.

3.2.4. Fishery
Fig. 14 presents the annual aquatic production. The growth of

Fig. 11. Forest production.

Fig. 13. Milk and egg yield.
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Fig. 14. Fishery production.

Fig. 16. Animal waste emissions.

ﬁshery production is increasingly dependent on the artiﬁcial farming.
The products from freshwater aquiculture always led the position over
the period of 2001–2015, and its share in the total products showed a
sustained period of growth from 36.25% to 45.71%. The yield of marine
aquiculture
in
exergy
increased
from
5.74 × 1016 J
in
2001–1.09 × 1017 J in 2015. Meanwhile, the yields from sea ﬁshing
and freshwater ﬁshing had a relatively low growth. Naturally grown
products from freshwater was the lowest in all the ﬁshery production.

3.3.1. Animal wastes
Fig. 16 displays the annual emissions of animal waste. The total
animal wastes increased slightly
from 4.12 × 1018 J in
18
2001–4.23 × 10 J in 2015. The waste from large animals represented
the largest source, mainly from cattle, horses, donkeys and mules. Only
its exergetic value decreased in 2015 compared with that in 2001 and
its share in total animal waste also showed a down trend from 51.62%
in 2001–43.79% in 2015. The waste emissions from sheep took the
second place with the share of 37.31% in 2015. The waste emission
from hogs and poultry respectively increased by 32.93% and 47.36%
during the same period, which were closely correlated with the expansion of intensive animal production and large feedlots. Improper
collection and disposal of untreated animal wastes always causes air
and water pollution. Thereafter, the rational utilization of livestock
waste is an eﬃcient option for reducing emissions of air pollutants and
non-CO2 GHGs.

3.3. Waste emissions
The large-scale resource uses of agricultural system result in an
increase not only total yield but also in environmental emissions.
Fig. 15 shows the main waste emissions of Chinese agriculture during
2001–2015. Animal wastes contributed the largest part to the total
waste emissions, though its share in the total waste emissions decreased
from 92.56% in 2001–90.35% in 2015. The share of fertilizers residues
increased from 5.94% to 7.49%, taking the second position. Compared
to 2001, the pesticide residues and plastic mulch residues had increased
by 39.87% and 79.67% in 2015, respectively. The expansion of agricultural production has led to adverse environmental issues such as
water, soil and air pollution.

3.3.2. Fertilizer residues
Fig. 17 shows the waste emissions from the uses of nitrogen,
phosphorus, potassium fertilizers and compound fertilizer. The waste
emissions related with fertilizer increased from 2.64 × 1017J in
2001–3.51 × 1017J in 2015, due to the poor quality and low application eﬃciency of fertilizer. Nitrogen fertilizer use was the largest
emission source. Its share in total fertilizer residues declined from

Fig. 15. Total waste emissions.

Fig. 17. Waste emissions from fertilizer uses.
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Although the waste emissions continued to grow, its shares in environmental resource inputs were still very small over this period. The
growth rate of agricultural output was relatively larger than that of
environmental resource inputs. This curve reveals that agricultural
yield was decreasing its dependence on the free environmental resources.
Fig. 18(e) displays the variation of environmental stress index (ESI).
The contribution from purchased resources was much less than the local
environment. In general, the ESI decreased from 59.50 in 2001–37.77
in 2015, indicating that agricultural growth pattern was continually
changing from the self-support mode to the modern agricultural pattern, depending on the large economic investments. Although increasing stress on local water, land and other environmental resources,
the local environmental impact per unit of purchased economic investment was decreasing.
Fig. 18(f) shows the total system transformity. A signiﬁcant increase
was found in this indicator, from 0.08 in 2001–0.11 in 2015. The
overall system transformity of Chinese agriculture was improved and
the agricultural system became more eﬃcient ecologically.
Table 1 lists the dynamic trend of aggregated exergy ﬂuxes and
indices for the Chinese agriculture 1980–2015 at an interval of 5 years.
All the exergy ﬂuxes showed an increasing trend during this period. The
renewability index (RI) and environmental stress index (ESI) decreased,
and purchased resource yield ratio (PRYR), environmental resource
yield ratio (ERYR) and system transformity (STr) kept an increasing
trend. Particularly, the economic investment ratio (EIR) continued to be
generally stable. Traditional economic and energy analysis rarely takes
free natural resources into consideration. Indeed, the resource input
into Chinese agriculture as a typical ecological economy is dominated
by the renewable input.
In detail, as to 100 units of agricultural yield in 1980, there were
about 235 units of purchased economic investment including 14 units
purchased nonrenewable resources into the agriculture, 1744 units of
free natural resource input, and 31 units of environmental impact. In
2015, it is estimated that to provide 100 units of production yield, there
were about 109 units of purchased economic investment including 18
units purchased nonrenewable resources into the agriculture, 748 units
of free natural resource input, and 21 units of environmental impact.
Obviously, what the natural ecosystem contributed to the agriculture
was much more than that the main economy invested into the agriculture. The purchased resource yield decreased from 2.35 in
1980–1.09 in 2015, indicating that the economic return from agriculture tended to be equal to the economic investments into the agriculture. The purchased renewable resources, mainly irrigation water,
had the major contribution in purchased economic investments, but its
shares had been gradually replaced by the increasing nonrenewable
resource inputs (16.67% in 2015). In addition, the waste emissions or
virtual environmental input was found to be of the same order of
magnitude as the nonrenewable resource input. On the whole, taking
the stable increase in the total productivity into account, the resource
use and conversion eﬃciencies of Chinese agriculture continued to rise
in the past three decades.

69.12% in 2001 and 56.84% in 2015. The average fertilizer utilization
eﬃciency of three major grain crops was still only 35.2% in 2015, much
lower than those of some developed countries (CPGPRC, 2015). The
ineﬃcient and excessive use of fertilizer has generated negative environmental consequences such as water eutrophication and pollution,
biodiversity loss, imbalance of soil nutrients, soil compaction and salinization, and GHG emissions.
3.3.3. Pesticide residues
Pesticide is essential for preventing and treating insect in agricultural production. The proportion of insecticides, fungicides, herbicides used in China is approximately about 2:1:1, while this value in
developed countries is usually 2:1:2 (Grube et al., 2011). The average
pesticide utilization eﬃciency of the three major grains (i.e., rice, maize
and wheat) was 36.6% in 2015 (CPGPRC, 2015). The excessive and
low-eﬃciency use of pesticide causes residue waste, and the amount of
pesticide residues increased from 4.69 × 1016 J in 2001–6.55 × 1016 J
in 2015. Increasing pesticide residues have resulted in serious environmental pollution and inﬂuenced public health via food consumption (Lu et al., 2015).
3.3.4. Plastic mulch residues
Plastic mulch has been widely used in the cultivation process of
vegetables and crops in the winter and early spring seasons. Generally,
the positive eﬀects of plastic mulching but are not limited to, reducing
water loss, regulating soil temperature, decreasing nitrate leaching,
suppressing weed populations and decreasing soil bulk density. In
2015, the total plastic mulch use amounted to 2.60 million tons, near
double that in 2001. It is assumed that the residual ﬁlm rate was 42%
(Sun et al., 2005), due to the lack of eﬀective recycling. The exergy of
plastic mulch residues increased from 1.98 × 1016 J in
2001–3.55 × 1016 J in 2015. Residual mulching plastic ﬁlms are hard
to be degraded in the soil, and may persist in the ﬁeld for long periods
of time. A large number of plastic sheeting in soil accumulation can
result in the deterioration of soil physical and chemical properties (Liu
et al., 2014) and continue to release harmful substances into the environment (Yan et al., 2014).
3.4. Indicator assessment
Exergy ﬂuxes and indicators are the important fact to reﬂect the
biophysical characteristics of agricultural system. Six system indicators,
including the renewability index, purchased resource yield ratio, economic investment ratio, environmental resource yield ratio, system
transformity and environmental stress index, are devised to assess the
functioning and metabolism structure of the agricultural system from a
historical perspective. The temporal variation of these assessment indices are displayed in Fig. 18.
The renewability index decreased from 55.10 in 2001–36.64 in
2015 (Fig. 18a), revealing the increasing dependence upon nonrenewable resource input. This trend became increasingly severe because of
rapidly increasing consumption of nonrenewable resources.
The purchased resource yield ratio (PRYR) as the yield of the unit
purchase investment increased from 0.76 to 0.92 from 2001 to 2015,
though it declined over 2007–2009 (Fig. 18b). The purchased economic
input was close to the agricultural economic yield in recent years.
Fig. 18(c) presents the annual variation of economic investment
ratio (EIR). The rising trend of EIR shows that the proportion of purchased economic input was increasing. The values ranged from 0.13 to
0.15 over this period, indicating that the purchased investments were
still far less than the resource inputs from the environment. Although
the purchased investment was becoming more and more important in
the process of agricultural industrialization, the agricultural production
still depended largely on the natural resource input.
As shown in Fig. 18(d), the ratio of environmental resource input to
yield also presented a rising trend, from 0.09 in 2001–0.13 in 2015.

4. Discussion
A better understanding of agricultural production pattern and
structural transition is necessary for related stakeholders to address the
evolution and driving forces of agricultural eco-economy. Exergy ﬂuxes
and indicators show that Chinese agriculture is a typical ecological
economic system and its operation primarily depends on renewable
resources input from natural ecosystem. Traditionally, land resource is
a main productive factor associated with a large amount of free resources input. The input of free nonrenewable resource (topsoil loss)
was found to be of the same importance as the nonrenewable resource
input as a whole. China has less than half of the world average per
capita cultivated area. The expansion of industrial land use and land for
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Fig. 18. Exergy-based indicator evaluation of Chinese agriculture during 2001–2015.

arable land. The National Agricultural Modernization Program
(2016–2020) proposed that the area of arable land will keep around
124.3 million ha during 2016–2020 (CPGPRC, 2016). There is an urgent need for China to develop intensive farming, in response to its

urban construction occupies a large number of farmland areas. Owing
to the scarcity of cropland and competition with other uses, land supply
has become a constraint factor for agricultural production. The Chinese
government has released strict agricultural land policy to protect the
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Table 1
Aggregated exergy ﬂuxes and indices for the Chinese agriculture in selected years.

Flux
1
2
3
4
5
6
7
8
9
10
11
12

(J)
Free local renewable resources (FR)
Free local nonrenewable resources (FN)
Free resource input (Ires = FR + FN)
Purchased renewable resources (PR)
Purchased nonrenewable resources (PN)
Total feedback exergy (Iecon = PR + PN)
Total renewable resources (FR + PR)
Total nonrenewable resources (PN + FN)
Virtual environmental input (Ienv = EI)
Environmental resource input (Ier = Ienv + Ires)
Total input (Iecol = Ienv + Ires + Iecon)
Total yield (Y)

Index
13
14
15
16
17
18

Renewability index (RI)
Purchased resource yield ratio (PRYR)
Exergy investment ratio (EIR)
Environmental resource to yield ratio (ERYR)
Environmental stress index (ESI)
System transformity (STr)

1980

1985

1990

1995

2000

2005

2010

2015

1.55E + 20
9.96E + 17
1.56E + 20
1.98E + 19
1.26E + 18
2.11E + 19
1.75E + 20
2.26E + 18
2.78E + 18
1.59E + 20
1.80E + 20
8.95E + 18

1.55E + 20
9.94E + 17
1.56E + 20
1.99E + 19
1.57E + 18
2.14E + 19
1.75E + 20
2.56E + 18
2.97E + 18
1.59E + 20
1.80E + 20
1.16E + 19

1.56E + 20
1.00E + 18
1.57E + 20
2.01E + 19
1.95E + 18
2.20E + 19
1.76E + 20
2.96E + 18
3.62E + 18
1.61E + 20
1.83E + 20
1.37E + 19

1.58E + 20
1.01E + 18
1.59E + 20
2.00E + 19
2.29E + 18
2.23E + 19
1.78E + 20
3.30E + 18
4.62E + 18
1.63E + 20
1.86E + 20
1.55E + 19

1.64E + 20
1.05E + 18
1.65E + 20
2.01E + 19
2.14E + 18
2.22E + 19
1.84E + 20
3.19E + 18
4.58E + 18
1.70E + 20
1.92E + 20
1.54E + 19

1.65E + 20
1.05E + 18
1.66E + 20
1.88E + 19
2.89E + 18
2.17E + 19
1.84E + 20
3.95E + 18
4.51E + 18
1.70E + 20
1.92E + 20
1.88E + 19

1.64E + 20
1.04E + 18
1.66E + 20
1.93E + 19
3.47E + 18
2.27E + 19
1.84E + 20
4.51E + 18
4.46E + 18
1.70E + 20
1.93E + 20
1.92E + 19

1.67E + 20
1.05E + 18
1.68E + 20
2.03E + 19
4.05E + 18
2.43E + 19
1.87E + 20
5.10E + 18
4.69E + 18
1.72E + 20
1.97E + 20
2.24E + 19

77.50
0.43
0.13
0.06
83.02
0.05

68.15
0.54
0.14
0.07
70.80
0.06

59.72
0.62
0.14
0.08
58.27
0.07

53.77
0.69
0.14
0.09
53.13
0.08

57.62
0.69
0.13
0.09
5 6.92
0.08

46.54
0.87
0.13
0.11
50.07
0.10

40.76
0.84
0.14
0.11
43.98
0.10

36.64
0.92
0.15
0.13
37.77
0.11

Note: The results for the years of 1980, 1985, 1990, 1995 and 2000 are calculated by the authors.

waste emissions. The excessive, low-eﬃciency application of fertilizers
and pesticides, low recovery rate of plastic sheeting in intensive agricultural areas, the runoﬀ and leaching of animal wastes have resulted in
serious environmental problems (Chen et al., 2010; Grung et al., 2015).
The waste emissions exergy was found to be of the same order of
magnitude as the nonrenewable resource input, though the calculation
in this study may underestimate the real environmental emissions of
Chinese agriculture. Agricultural activities are also the important
sources of China’s GHG emissions (Chen and Zhang, 2010; Zhang and
Chen, 2014b), referring to CH4 emissions from enteric fermentation,
CH4 and N2O emissions from manure management, CH4 emissions from
rice paddies, N2O emissions from fertilizer application in crop production, and energy consumption-related GHG emissions (Zhang et al.,
2015; Zhang et al., 2016a,b,c; Zhen et al., 2017). According to the ofﬁcial emission inventory (NDRC, 2016), the national total CH4 emissions from agricultural activities amounted to 22886 Gg in 2012, of
which 46.94% from enteric fermentation, 36.96% from rice cultivation
and 14.55% from manure management. In addition, agricultural N2O
emissions reached 1475 Gg, mainly from chemical fertilizer application. Moreover, the manufacture of agricultural inputs such as fertilizer,
pesticide, ﬁlm and electricity use also causes a large amount of environmental emissions. China always has higher carbon footprints for
agricultural production than several developed countries (Yue et al.,
2017), and indirect emissions contributed 57% of total agricultural
GHG emissions (Wang et al., 2017). Identifying the climate impacts of
food production and consumption has become very important in the
context of global eﬀorts to mitigate climate change (Lin et al., 2015;
Yan et al., 2015). The current pattern of carbon footprints in Chinese
agriculture implies tremendous technical and economic potentials of
emission mitigation, as addressed by other studies (e.g., Nayak et al.,
2015; Zhang et al., 2013a, Zhang et al. 2014b; Wang et al., 2014, 2017;
Yue et al., 2017).
The dietary habits of consumers and changes in food demand can
aﬀect the food production directly. The income growth and diet
structure change have signiﬁcantly increased the consumption of highprotein and high-fat foods in both urban and rural households. The
consumption of animal foods appeared a tremendous growth during the
study period. The total per capita purchase of pork, beef and mutton by
urban and rural households increased from 19.1 kg and 14.5 kg in
2001–28.9 kg and 23.1 kg in 2015, respectively; the per capita consumption of poultry from 5.3 kg and 2.9 kg to 9.4 kg and 7.1 kg; and the
per capita milk and dairy products consumed by urban and rural

limited and scattered supply of arable land.
Water supply is also a critical factor for agricultural production
(Elliott et al., 2014). Irrigation water as a major contributor in crop
production accounted for more than 94% of the total purchased renewable investment over the study period. Per capita available water
resource in China is only a quarter of the global average, but this value
in the northern area appears to be smaller (Jiang, 2009). Reduced
availability coupled with uneven spatial distribution of water resources
has been regarded as one of the biggest threats for food security (Dalin
et al., 2015), particularly in the northern maize and wheat-growing
regions. The overexploitation of groundwater and surface water resources has disturbed local water eco-systems in some important grainproducing areas. In China, the water utilization coeﬃcient of irrigation
farming has great room for improvement, which is only 0.3-0.4, far
below the level of 0.7–0.8 in developed countries (Compiling Group,
2007; Zhang et al., 2007). A series of measures have been proposed to
improve the eﬃciency of water irrigation and develop water-saving
agriculture, such as canal seepage prevention, pipeline irrigation, drip
irrigation and sprinkler irrigation (Zhang et al., 2013b).
As a human-interfered ecological economic system, the development of agricultural economy is beneﬁt from the use of purchased
nonrenewable resources. Increasing economic investments has become
a main means to maximize yield, minimize labor-intensive practices,
and ensure eﬀective production. Exergetic assessment indicators also
show that agricultural production relied on purchased resource inputs,
and resulted in great resource impacts in terms of both direct and indirect resource uses. For instance, the growth rate of China’s grain
output was very close to that of economic investments into the farming
sector, owing to the enhancive use of fuels, pesticides, chemical fertilizers and machineries. The current growth of agricultural yield is increasingly dependent on increasing nonrenewable resource inputs and
technological progress (Chen et al., 2009; Yuan and Peng, 2017). More
capital investment can eﬀectively ensure the agricultural yield, but the
productivity cannot improve proportionally. Thereafter, the transition
to intensive agricultural production should focus on the improvement
of factor accumulation pattern, increasing resource use eﬃciencies and
enhancing economic beneﬁts.
Environmental performance of agricultural activities and related
environmental carrying capacity should also be considered for agricultural production (Zhang and Chen, 2014a; Norse and Ju, 2015).
Large-scale agricultural machinery and agrochemical use led to extremely high waste emissions, as revealed by the exergy account of
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Lan, 2016; Zhang et al., 2016a,b,c). A healthy and balanced diet
structure and reduction in food waste bring multiple beneﬁts of food
security, local pollution abatement and climate change mitigation (Yue
et al., 2017).

residents also appeared strong growth tendency, from 11.9 kg and
1.2 kg to 17.1 kg and 6.3 kg during the same period, respectively (CSY,
2002–2016). By contrast, the per capita grain consumption by residents
has reduced gradually, which decreased sharply from 238.6 kg in
2001–159.5 kg in 2015 for the rural residents (CSY, 2002–016). Since
there is still a gap of consumption in animal foods between urban and
rural residents, it is expected that the change in diet structure of rural
residents with urban lifestyle and consumption patterns, along with the
continuous progress of urbanization, will generate huge demands of
high-value agricultural products (Li et al., 2016a, 2016b). The surging
demand on animal foods not only will lead to a continous expansion of
crop and fodder production, but also require more resources input and
generate more environmental externalities than the production of
grains, beans, fruits and vegetables (Gerber et al., 2013; Hallström
et al., 2015; Yue et al., 2017). Yu et al. (2016) estimated that China
would need an additional 21% of cropland to support its food demand
by 2030. The structural contradiction and imbalance between supply
and demand of agricultural products will become more prominent in
the context of upgrading consumption structure.
China's domestic food security and its global impacts has long been
a focus for international society (Fukase and Martin, 2016). Ensuring
eﬀective food supply, especially the grain security, is the primary task
for agricultural development in the future, though the national total
agricultural yield has experienced a continued growth in the past three
decades (Li et al., 2016a, 2016b). Since China’s agricultural production
has entered a “high input, high cost and high risk” development period,
increasing food demands will result in more emission-intensive production and continue to impose great burdens on natural ecosystem
(Chen et al., 2011; Li et al., 2016a, 2016b). Agricultural production is
forced to confront the challenge of promoting economic yields with an
increasingly limited supply of environmental resources. New technologies and practices can signiﬁcantly reduce economic investments
without sacriﬁcing agricultural output through more eﬃcient use of
non-renewable resources (Xu et al., 2017). Aggregated, intensive
management patterns and farm scales such as developing large-scale
farms had high resource use eﬃciency than household extensive
farming (Shen et al., 2013). A series of policies have been implemented
to reduce the abuse of nonrenewable resources in arable lands, conserve
land and water resources, increase crop yields and livestock feeding
eﬃciency, and reduce environmental emissions (Liu et al., 2004; Wang
et al., 2014). For instance, the Ministry of Agriculture of China in 2015
issued the action plans for zero-growth in the uses of chemical fertilizers and pesticides by 2020 and intended to improve the utilization rate
of agricultural fertilizers up to 40% with zero-growth rate in the use of
agricultural pesticides (CMA, 2015).
Clearly, there is plenty of room for the improvement of total agricultural productivity while reducing resource uses and environmental
impacts. The agricultural policy direction in the future aims to promote
the structural adjustment of agricultural supply, set up land tenure
system, carry out rational subsidy policy, and improve the comprehensive eﬃciency and competitiveness of agriculture (Nayak et al.,
2015). Related measures include applying fertilizers by measuring the
soil fertility, improving agronomic practices, adopting intermittent irrigation system and water-saving irrigation to decrease the electricity
usage, redistributing the planting pattern, optimizing planting structure, developing crop rotation system and high-standard farmland
construction, and diversifying cropping system (CMA, 2016; Deng
et al., 2017). The adaptation of modern feeding technologies and
practices, improving forage quality and enhancing animal manure
treatment can signiﬁcantly improve the productivity of animal foods.
Since global climate change has posed severe pressure on eﬀective
agricultural production in China (Piao et al., 2010), developing climateresilient and adaptive technologies and practices are also necessary to
maintain the productivity of agricultural economies. In addition, consumption-side measures are of great signiﬁcance for reducing ecological, energy, water and carbon footprints of food production (Xu and

5. Concluding remarks
Achieving the nexus of economic development, population growth
and food production–consumption balance has become a growing
global challenge for sustainable development (Rask and Rask, 2011).
The expansion of agricultural production and food consumption at the
expense of environment is unsustainable. According to the sustainable
development goals (SDGs) set by the United Nations for the next 15
years, agricultural sustainable development can directly contribute to
achieving Goal 2 (End hunger, achieve food security and improved nutrition
and promote sustainable agriculture), Goal 12 (Ensure sustainable consumption and production patterns) and Goal 13 (Take urgent action to
combat climate change and its impact). Sustainable development of the
agriculture can meet the food demand of a growing population and
nutritional requirements, with huge resource, environmental and economic beneﬁts. The future policy direction should focus on resource use
eﬃciency, economic return, environmental and climate impacts, and
then total factor productivity before any implementation takes place in
agriculture.
As one of the largest agricultural countries, China’s practices can be
regarded as an experiment for the world (Zhang et al., 2013a). This
country faces the huge challenge to ensuring food security under the
constraints of resource and environmental carrying capacity, against
drastic socioeconomic transition. In this study, exergy accounting and
indicator evaluation have been carried out to assess the thermodynamic
performance of Chinese agriculture in the past 16 years, referring to
environmental and economic inputs and harvested yields. As to the
overall panorama and historical changes, China’s agricultural system
has experienced accelerating transition from a self-supporting mode to
a modern energy-intensive industry, which is characterized by lower
renewability index, higher non-renewable resource consumption and
economic investment ratio, larger environmental emissions and virtual
environmental input, and lower environmental stress index. The improvements of resource use eﬃciency and total agricultural productivity in recent years are identiﬁed as indicated by the evolution of
purchased resource yield ratio, environmental resource yield ratio and
system transformity. In 2015, it is estimated that to provide 100 units of
production yield, there were about 109 units of purchased economic
investment including 18 units purchased nonrenewable resources into
the agriculture, 748 units of free natural resource input, and 21 units of
environmental impact. Although the purchased nonrenewable investments were becoming more and more important in agricultural production, China’s agricultural yields were still depended largely on environmental resource inputs from natural ecosystem. Exergy analysis at
a uniﬁed measure proved a reliable tool to assess the resource, environmental and even economic performance of the modern agriculture, which will provide information for developing resource-conserving, environmentally-friendly, climate-resilient and adaptive
agricultural practices in line with sustainable development both at the
national and global levels.
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