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A B S T R A C T   

Along with the growing demand and improving diet, the agricultural sector faces challenges in balancing 
resource consumption, environmental impacts and yields. This study presents an extended exergy accounting to 
capture the changing characteristics of the usefulness of resources in the agricultural sector of Hebei Province 
during 2000–2018 from thermodynamics perspective. The accounting includes exergy fluxes of energy, mate
rials, environmental remediation, labor, capital and yields quantified by joules. The agricultural sector of Hebei 
Province comprising the cropping, forestry, stockbreeding and fishery sub industries, has experienced trans
formation into a modern pattern. The results showed that (1) the extended exergy in the agricultural sector of 
Hebei Province exhibited a declining trend; the natural resource exergy, particularly energy exergy, dominated 
the investments in the sector. (2) The capital exergy, labor exergy and environmental remediation exergy all 
decreased; the capital exergy and labor exergy decreased more than the environmental remediation exergy. The 
shares of the labor exergy from the services of agriculture declined, while those of the labor exergy from forestry 
and stockbreeding notably increased. (3) Since the cropping accounts for a large part of the yields, the large 
quantity of crop residues should be considered seriously. The potential of the other three sub industries was very 
high. The comparison between the agricultural sector in Hebei Province and that in China as a whole involving 
exergy indicators showed that Hebei Province was more modernized and had achieved great progresses. 
Extended exergy accounting captures the agro ecological economic system to help identify resource depletion 
and environmental costs in other areas or industries from a sustainable development perspective.   

1. Introduction 

As a specific sector that sits between the natural environment and the 
socioeconomic system, agriculture is bounded by various resources, 
environmental and economic aspects. The sustainability of modern 
agriculture in China needs a clear ecological diagnosis for lots of non- 
renewable resource investments, such as fertilizer, pesticide, plastic 
film and fossil energy (Zhang et al., 2019). Traditional economic anal
ysis methods undervalue the worth of environmental inputs (Zhou et al., 
2010). To improve the efficiency of resource utilization and reduce 
environmental impacts, studies have focused on the continuous devel
opment of agriculture (Huang et al., 2022; Zhang et al., 2016). These 
studies do not reflect the usefulness of resources from a sustainability 
perspective. 

In contrast to economic analysis, exergy analysis evaluates resource 

utilization levels and environmental impacts based on the second-law of 
thermodynamics, therefore ascertaining the potential to improve sus
tainability. Defined as “the maximum amount of work produced by a 
system reaching a thermodynamic equilibrium with the reference 
environment”, exergy describes not only the quantity but also the 
quality of energy and materials (Wall, 1977). A higher value indicates a 
higher potential to do work (Mosquim and Keutenedjian Mady, 2021). 
Exergy unifies various resources and materials, and system accounting 
by exergy resource consumption reveals the supersession and supports 
corresponding ecological diagnosis with physical sustainability (Chen 
and Qi, 2007; Zhang et al., 2012). 

Scholars have analyzed energy or material flow in different nations 
and industries by exergy assessments to strengthen sustainable devel
opment. Countries or regions such as Asia (India (Jadhao et al., 2017) 
and China (Brockway et al., 2015; Li et al., 2019)); Europe (Norway 
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(Ertesvåg and Mielnik, 2000), the UK (Gasparatos et al., 2009; Warr 
et al., 2008), regions of Denmark (Nielsen and Jørgensen, 2015), Spain 
(Valero et al., 2014), Italy (Wall et al., 1994), Greece (Koroneos et al., 
2011) and all of Europe (Calvo et al., 2016)); America (regions of 
Canada (Bligh and Ismet Ugursal, 2012), the United States (Ayres et al., 
2003; Warr and Ayres, 2010), Colombia (Gabriel Carmona et al., 2015) 
and Latin America (Palacios et al., 2018)); have been analyzed. Different 
industries were also considered; for example, transportation in Greece 
(Koroneos and Nanaki, 2008), Turkey (Ediger and Çamdalı, 2007; 
Seckin et al., 2013), Jordan (Jaber et al., 2008), Saudi Arabia (Dincer 
et al., 2004c), and China (Dai et al., 2014; Ji and Chen, 2006); agri
culture in Saudi Arabia (Dincer et al., 2005), China (Chen et al., 2009; 
Zhang et al., 2019) and Malaysia (Ahamed et al., 2011); energy- 
intensive industries in Denmark (Bühler et al., 2016), the residential- 
commercial sector in Turkey (Utlu and Hepbasli, 2005); the residen
tial and industrial sectors (Dincer et al., 2004a), and public and private 
sectors in Saudi Arabia (Dincer et al., 2004b); commerce in Malaysia 
(Saidur et al., 2007); the smelting and pressing of metals industry in 
China (Qi et al., 2021), and the energy sector of Mexico (Pacheco-Rojas 
et al., 2022). Moreover, some studies compare the exergy efficiency 
among nations (Heun and Brockway, 2019; Utlu and Hepbasli, 2007). 

These papers are grouped into three main categories. First, Reistad 
focused on energy depletion in Organization for Economic Cooperation 
and Development (OECD) and non-OECD countries (Nakicenovic et al., 
1996) and Saudi Arabia (Dincer et al., 2005); second, Wall supple
mented the exergy content of materials in Norway (Ertesvåg and Miel
nik, 2000), China (Chen et al., 2006) and the world (Carmona et al., 
2021); third, Sciubba considered labor, currency and environmental 
remediation costs in Norway (Ertesvåg, 2005), Italy (Biondi, 2022), 
Turkey (Seckin et al., 2012), a district in Iran (Ahmadi et al., 2022) and 
China (Meng et al., 2022; Yang and Chen, 2014). Environmental emis
sions including greenhouse gases (GHGs) and the “three wastes” (waste 
water, waste gas and solid waste) have been assessed to explore the 
ecological exergy (Chen and Zhang, 2010; Zhang et al., 2012). These 
studies show that exergy analysis has been improved to maintain its 
advantages in ecological evaluation (Tan et al., 2019). 

The social system exergy accounting assesses resource consumption 
in a single social system by the approach of Wall (Chen et al., 2006) or 
extended exergy accounting (EEA) (Chen et al., 2014). Cumulative 
exergy method extends exergy analysis beyond a single process to deal 
with all processes from natural resources to final production. It is the 
sum of the exergy contained in all resources entering the product or 
process, providing insights into potential improvements (Szargut et al., 
2002). Extended exergy accounting (EEA) is an extension of exergy 
analysis, including labor and capital in terms of joules. EEA includes 
energy carriers, materials, labor, capital, and environmental remedia
tion. It is easier and more meaningful to compare different investments 
and productions by EEA expressed in joules based on the second law of 
thermodynamics (Sciubba, 2011). Furthermore, this assessment of 
natural-social-environmental impacts may be reflected as the ‘‘ecolog
ical cost’’ of different resources containing material, energy, human 
labor, capital, and environmental costs related to one system. The EEA is 
a tool to bridge the thermodynamic, economic and ecological costs and 
measure resource exergy consumption (Chen et al., 2014; Dai et al., 
2012). 

Low-productivity agriculture did not meet the new demand resulting 
from incremental population and upgraded dietary structure. China has 
achieved great success in feeding a huge population with 7% of the 
arable land worldwide (Piao et al., 2010), and Hebei Province hosted 
5.3% of the Chinese population and 4.9% of the sown land in China in 
2018. The population density in Hebei Province is much higher than that 
in China. Hebei Province, located in North-Central China and as a water- 
scarce area, surrounds one of China’s most economically developed re
gions, Beijing and Tianjin, being the main supplier of agricultural 
products for the area (Li et al., 2021). The land-cover types in the 
province include plateaus, mountains, hills, basins, and plains covering 

an area of 18.88 million ha. As one of the main grain production zones in 
China, agriculture is significant for Hebei Province (Deng et al., 2017). 

Researchers have examined Chinese society, thereby covering the 
agricultural sector from the perspective of exergy (Chen and Chen, 2006; 
Zhang et al., 2018). In particular, Chen executed analysis of agricultural 
products from 1980 to 2002 based on exergy (Chen and Chen, 2007a; 
Chen and Chen, 2007b). Exergetic assessment showed that Chinese 
agriculture experienced a transition from renewable resource depen
dence to increasing non-renewable resource depletion from 1980 to 
2000 (Chen et al., 2009). Then Zhang analyzed Chinese agriculture from 
an exergy perspective (Zhang et al., 2019). However, these studies did 
not assess the situation of agricultural sector in Hebei Province by 
extended exergy accounting. Its physical sustainability remains to be 
comprehensively revealed. 

To fill this gap, EEA was performed to capture the usefulness of re
sources and the sustainable development of the agricultural sector in 
Hebei Province from a thermodynamics perspective from 2000 to 2018. 
Resource investment, production, environmental emissions, exergy 
input/output structure and assessment indicators were calculated by 
accounting for major exergy fluxes with the agricultural sector of Hebei 
Province from the thermodynamics point. The EEA may facilitate the 
optimization of resource utilization and the reduction in environmental 
impacts for future sustainable development of the agricultural sector in 
not only Hebei Province but also in other areas or industries. 

2. Methodology and data sources 

Based on previous research (Chen et al., 2009; Zhang et al., 2019), 
the exergy inputs were grouped into four classes: free renewable re
sources (FR) including sunlight, geothermal heat, rain and wind; free 
non-renewable resources (FN) containing soil erosion and topsoil loss; 
purchased renewable resources (PR) incorporating irrigation water 
(Iwater), seeds and labors; and purchased non-renewable resource (PN) 
encompassing fossil fuels, electricity, chemical fertilizers, machinery, 
pesticides and plastic mulch. The yield (Y) comprises products of crop
ping, stockbreeding, forestry, fisheries and straws being by-products. 
Exergy equivalent of the remediation cost (ER) includes animal wastes, 
residues of the fertilizer, pesticide waste, and plastic mulch. In this 
paper, we supplemented the greenhouse gases (GHGs) in agricultural 
production. The GHGs comprising CO2, CH4 and N2O, the corresponding 
exergetic values are 0.45, 51.98 and 2.4 PJ/Mt, respectively (Zhang and 
Chen, 2010). 

In EEA tool, different energy and material resources, capital, labor 
and waste emissions are all unified into joules (Chen et al., 2014; Dai 
et al., 2014), 

which are formulated as follows: 

EE = CEC + EK +EL +ER (1) 

where CEC indicates the cumulative resource exergy consumption, 
including EE and EM. EE means the energy resource investment, 
including FR and energy inputs of PN. EM represents the kinds of ma
terial investment, comprising FN, PR excepting labor and PN except 
energy inputs. EK, EL and ER are the exergy equivalents of the capital 
flows, human labor, and remediation costs, respectively. 

According to former studies (Dai et al., 2012; Sciubba, 2011), 
EL and EK are quantified as follows: 

EL = α × Ein (2)  

EK = β × EL (3) 

Ein represents the exergy flow into the Chinese society. The α and β 
are exergo-economic coefficients describing the relationship with other 
parameters. They are expressed as 

α =
f × esurv × Nh

Ein
(4) 
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β =
M2

s×Nw × W
(5)  

where f means the correction factor associated with the level of life in 
different countries or regions (f = HDI/HDI0, HDI indicates the Human 
Development Index released by the United Nations); esurv implies the 
essential exergy consumption, 107 J/(person × day); Nh is the popula
tion of China; M2 signifies the money stock in one year (in China, 
different with the Western banking systems, a large part of M2 is de
posits. Thus, we prefer to adopt the gross domestic product (GDP) of 
China as the monetary circulation indicator); s and Nw are the average 
wage and the number of workers, respectively; W is the average work
load and a value of 2000 h is chosen (Chen et al., 2014; Chen and Chen, 
2009). In this research, the accounting boundary of EEA includes only 
the area of Hebei Province. The scopes of capital exergy and labor exergy 
were determined in the Hebei Province and data were retrieved from the 
China Labor Statistical Yearbook (CLSY, 2001-2019). We calculated the 
EL in China, and we obtained the EL of agricultural production in Hebei 
Province according to the working population and average wage (Chen 
et al., 2014). Next we got the EK of the agricultural sector in Hebei 
Province. 

Since exergy unifies various resources from the perspective of sus
tainable development, we can evaluate the structure of the agricultural 
ecological economic system in Hebei Province using indices and ratios 
applied in previous studies (Chen et al., 2009; Zhang et al., 2019). 

Renewability index (RI) is the ratio of renewable resources to 
nonrenewable resources. A higher value means lower resource stress on 
the environment. 

Renewability index (RI) = (FR + PR)/(FN + PN) (6) 

Purchased resource yield ratio (PRYR) is the agricultural yield (Y) 
divided by the purchased resources. The higher the ratio is, the high
erthe return per unit invested. 

Purchased resource yield ratio(PRYR) = Y/(PR + PN) (7) 

Economic investment ratio (EIR) is defined as the economic input 
divided by the free natural resource cost. A larger index value illustrates 
a greater burden of economic investment. 

Economic investment ratio(EIR) = (PR + PN)/(FR + FN) (8) 

Environmental resource yield ratio (ERYR) represents the yield 
divided by the free environmental resource input. This index expresses 
the contribution of the environmental resource in the production sys
tem. A larger value suggests that fewer environmental resources are 
required for one unit of production. 

Environmental resource yield ratio(ERYR) = Y/(ER + FR + FN) (9) 

Environmental stress index (ESI) is the environmental resource input 
comprising irrigation water divided by the purchased investment 
excluding irrigation water, thus reflecting the direct stress on the 
environment. 

Environmental stress index (ESI) = (FR + FN + ER

+ Iwater)/(PR − Iwater + PN) (10) 

System transformity (STr) is the ratio of yield to the total ecological 
inputs. This index implies system transformity of the agricultural sector. 

System transformity (STr) = Y/(FR + FN + ER + PR + PN) (11) 

Considering the exergy accounting at the provincial and country 
levels, it is reasonable to select the ecosystem environment of the Earth 
as the reference (Meng et al., 2022; Zhang and Chen, 2010). The exergy 
coefficients of resources were retrieved from previous studies (Zhang 
and Chen, 2010; Zhang et al., 2018) as listed in Table S. In regard to 
unavailable data, we chose the studied period from 2000 to 2018. The 
resource data originated from the official statistical yearbooks, Hebei 

Economic Yearbook (HEY, 2001-2019), China Statistical Yearbook 
(CSY, 2001-2019), China Energy Statistical Yearbook (CESY, 2001- 
2019), China Agriculture Yearbook (CAY, 2001–2019), China Labor 
Statistical Yearbook (CLSY, 2001-2019) and China Forestry Yearbook 
(CFY, 2001-2019). 

3. Results 

3.1. Structural changes of extended exergy 

Fig. 1 displays the changes in the five extended exergy components 
(energy, material, capital, labor and environmental remediation) in the 
agricultural sector of Hebei Province from 2000 to 2018. The whole 
extended exergy decreased slowly during the 19 years considered. The 
growth rate of the sector increased in six years (2003, 2005, 2008, 2012, 
2015 and 2016), and it reached 0.98% and 13.53% in 2008 and 2012, 
respectively. First, the material exergy and energy exergy investments 
declined from 964.53 PJ and 4129.95 PJ, respectively, in 2000 to 
739.33 PJ and 3437.72 PJ, respectively, in 2018 decreasing to 76.65% 
and 83.24%, of the initial levels. The proportion of these two factors in 
the total extended exergy increased from 88.94% to 91.80% during the 
study period. Second, the labor, capital and the environment exergetic 
values decreased from 18.43 PJ, 13.19 TJ and 615.27 PJ, respectively, in 
2000 to 2.95 PJ, 1.99 TJ and 369.98 PJ, respectively, in 2018, thus 
accounting for 15.98%, 15.09% and 60.13% of their values in 2000. For 
the improvement of the social and economic levels in Hebei Province 
and the conversion to intensive growth, agricultural production did not 
demand much labor. Facing resource shortages relatively and an 
expanding demand, the government of Hebei Province should continu
ously reduce emissions and improve the efficiency of different resources. 
In conclusion, the energy exergy and material exergy inputs played a key 
role in agricultural sector development. Most of the energy exergy 
originating from the natural environment remained stable relatively. 
Therefore, more attention should be focused on the quantity and kinds of 
material investments. The proportion of the materials exergy in the total 
extended exergy remained at approximately 16.63% throughout the 
study period, with irrigation water accounting for the majority. 

3.2. Inter-annual variation in the extended exergy 

The PN was the only growing factor during this period. Overall, the 
resource input was dominated by renewable input, reflecting the actual 
influence of natural environment to agriculture. 

3.2.1. Free natural resource input 
The free renewable resources (FR) inputs contain sunlight, rain, wind 

and geothermal heat. Since the natural environment of the agricultural 
sector remained relatively stable, the exergy of FR always remained at 
approximately 3.69 EJ from 2000 to 2018, as shown in Fig. 2(a). In 
reality, the sown areas of crops, orchards and pastures decreased from 
9.02, 1.04 and 0.56 million ha, respectively, to 8.20, 0.53 and 0.28 
million ha, reducing 9.17%, 49.04% and 50%, respectively. The forest 
land area increased from 4.33 to 5.03 million ha during the study period. 
In China, the pasture area declined 33.88% while the area of forest 
increased 59.05% and the area of crops kept stable around 130 million 
ha during the same period (CSY, 2001-2019). Located in northern China, 
Hebei Province is influenced by public affairs. Lack of vegetation pro
tection on the surface of the land is one of the causes of sand and dust 
storms. To improve the atmospheric environment of Beijing and 
northern China, Hebei Province increased the forestland area, although 
the forest might generate no economic benefit in the short term. The 
fishery area experienced a process of first increasing and then 
decreasing, with a prominent decline reaching − 36.51% in 2007. The 
ratio of the sea water breeding area in the fishery area expanded from 
45.18% to 73.34%. Photosynthetic exergy was the largest contributor to 
the input of FR;In 2018, it accounted for 53.48% of the FR input, 
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followed by rain (32.10%), wind (13.08%), and geothermal heat 
(1.34%). Referencing the previous paper (Zhang et al., 2019), we found 
that the annual exergy of topsoil loss in Hebei Province was stable 
relatively, at 10.01 PJ in 2000 and 9.53 PJ in 2018, corresponding to 
0.28% of the free resource input. Although the exergy of topsoil loss was 
lower than that of the other categories, it was not ignored in agricultural 
production. 

3.2.2. Purchased economic investments 
The purchased renewable investments in the agricultural sector of 

Hebei Province contained irrigation water, human labor and seeds. The 
exergy value of PR decreased with fluctuations from 875.79 PJ in 2000 
to 612.06 PJ in 2018. Irrigation water dominated PR, accounting for 
97% in 2000 and 2002, and 99% from 2012 to 2018. Water consumption 
in agriculture was the largest water expenditure in Hebei Province, 
occupying 83.2% and 69.4% of the total water consumption in 2000 and 
2018, respectively. Located in the North China Plain, Hebei Province 
contains no large rivers and few external water resources, mainly relying 
on natural precipitation. As one of the grain-producing provinces, efforts 
were made to reduce water consumption and ensure grain production 
with less water resource. First, the provincial government adjusted the 
planting structure and expanded the planting of drought-tolerant crops. 

Second, it attempted to greatly promote water-saving irrigation. Third, 
the province selected and cultivated drought-tolerant plant species. 

The exergy equivalent of human labor exhibited a remarkable 
reduction. It decreased from 18.43 PJ in 2000 to 2.95 PJ in 2018, ac
counting for only 2.10% and 0.48%, respectively, of the purchased 
renewable investment. Chinese human labor in the agricultural sector 
decreased from 1.21 EJ in 2000 to 0.35 EJ in 2018, declining 71.07% 
less than that in Hebei Province (83.99%). The rural labor force may 
continue to decline in the future. Since the shrinking of the sown area, 
the exergetic value of seeds declined also from 4.01 PJ to 3.61 PJ in the 
period. 

The purchased nonrenewable resources (PN) comprising energy, 
agricultural machinery, fertilizers, plastic mulch and pesticides are 
necessary in modern agriculture to ensure the yield. Fig. 2(b) displays 
that it increased from 148.93 PJ in 2000 to 280.36 PJ in 2012 and then 
declined to 198.63 PJ in 2018, with an average annual growth rate of 
1.98%. The average annual growth rates of energy, agricultural ma
chinery, fertilizers, pesticides and plastic mulch were 3.61%, 2.42%, 
0.36%, − 0.76%, and 3.46%, respectively. Nitrogen, phosphate, potash 
and compound fertilizer were applied in Hebei Province with a slight 
increase in exergy and decrease from 49.37 PJ in 2000 to 52.45 PJ in 
2018. The exergy consumption of phosphate and potash remained 

Fig. 1. Structural changes of extended exergy.  

Fig. 2. Free renewable resources and purchased nonrenewable resources.  
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relatively stable in the study period. The exergy consumption of nitrogen 
decreased from 35.55 PJ in 2000 to 27.50 PJ in 2018;At the same time, 
that of compound fertilizer expanded from 8.58 PJ to 20.76 PJ. In 2000, 
Hebei Province consumed 7.20 GJ exergy of fertilizers per hectare of 
arable land, compared to approximately 5.68 GJ in the whole country 
(CSY, 2001–2019). The ratio of the unit area of fertilizer investment 
between Hebei Province and the entire country grew from 1.27 in 2000 
to 1.33 in 2005, and then declined to 1.14 in 2018. That is, the fertilizer 
consumption per hectare of arable land in Hebei Province was always 
much higher than the Chinese average level. Since the manufacture of 
fertilizer produced lots of GHGs, China began to reduce fertilizer use, so 
did the Hebei Province (Xie et al., 2019). Moreover, the Hebei govern
ment tried to supply the necessary nutrient elements of the cultivated 
crops according to the investigation results of the nutrient element 
status in different cultivated land areas and promoted the replacement 
of chemical fertilizer with organic fertilizer. 

The increase in the level of mechanization in agriculture could 
compensate for the reduction in rural labor to a certain extent. The input 
of mechanical equipment in the agricultural production process was 
estimated at 64.49 PJ in 2017, the highest value, and 58.49 PJ in 2018, 
which is much higher than the value of 38.44 PJ in 2000. The exergy 
proportion of machinery was outweighed by that of energy and fertilizer 
from 2000 to 2011, and it became the second one from 2012 to 2018. 
The energy input always ranked first among the purchased non- 
renewable investments, with the proportion ranging from 34.49% to 
54.34%. The exergy input was 51.78 PJ in 2000, increasing over the next 
few years, reached 152.36 PJ in 2012 and decreased to 77.94 PJ in 2018. 
Electricity accounted for the largest part from 2000 to 2010, followed by 
diesel. From 2011 to 2017, diesel consumption became the largest 
contributor and turned into the second one again in 2018. Most of the 
time, the exergy consumption of coal was higher than that of gasoline. 
The exergy depletion of coke was the lowest overall. The input of pes
ticides increased from 7.31 PJ in 2000 to 8.71 PJ in 2013 and then 
decreased to 6.18 PJ in 2018. The exergy value of plastic mulch 
increased from 2.03 PJ in 2000 to 4.50 PJ in 2016 and decreased to 3.57 
PJ in 2018, accounting for only 1.80% of the purchased non-renewable 
input (PN). 

3.2.3. Labor and capital 
The equivalent exergetic values of the labor input into the five sec

tors cropping, stockbreeding, forestry, fishery and services of agriculture 
were calculated. From 2000 to 2007, the services of agriculture 
exhibited the largest EL input, with an average share of 46.89%, and 
declined slowly, followed by cropping at 33.07%, forestry at 12.54%, 
stockbreeding at 5.0% and fishery at 2.50%. In 2008, the largest 
contributor to EL was cropping accounting for 40.11%, and the service 
was the second largest contributor, accounting for 39.95%. The shares of 
forestry, stockbreeding and fishery were 13.26%, 4.50% and 2.17%, 
respectively. Over the next years, the EL shares of cropping, services and 
fishery declined, while those of forestry and stockbreeding increased 
overall. Female labors accounted for 34.96% on average of the total 
labor force in the agricultural sector in Hebei Province in the study 
period. The proportion of cropping, forestry, stockbreeding, fishery and 
services were 37.09%, 24.80%, 38.16%, 18.38% and 34.13%, respec
tively, indicating that forestry and fishery were more dependent on male 
labor with fewer machines. 

The role of EK in the industry in Hebei Province declined to 15.09% 
of the initial level, from 13.19 TJ in 2000 to 1.99 TJ in 2018, with slight 
fluctuations. Similar to EK, the role of EL in agriculture declined to 
15.98% from 18.43 PJ in 2000 to 2.95 PJ in 2018. EK was much lower 
than EL in the study period. Meanwhile, the exergy values and the per
centages of EK and EL declined, reflecting that capital and labor were not 
as crucial as before. The traditional mode of agricultural production, 
which depends on the labor force, was transformed into a modern pro
duction mode relying on fertilizers, pesticides, agricultural machines 
and other elements. Table 1 shows the exergy values of free 

nonrenewable resources, purchased renewable investments and capital. 

3.2.4. Waste emissions 
The large amount of resources invested in agriculture led to envi

ronmental emissions. Fig. 3 shows the main waste emissions resulting 
from agriculture in Hebei Province from 2000 to 2018. Animal wastes 
were the largest part, although shares decreased slightly from 88.41% in 
2000 to82.01% in 2018, while the exergy value decreased from 543.96 
PJ to 303.41 PJ significantly. The shares of GHGs and fertilizers ranked 
the second and the third place, increasing from 8.20% and 2.81% in 
2000 to 12.01% and 4.96%, respectively, in 2018. Compared to those in 
2000, the residues of pesticide decreased to 84.48% in 2018, while that 
of plastic mulch increased 75.68%, although their shares were much 
smaller than those of the other categories. A clean environment is one of 
indices of national development level. Surrounding the Beijing munici
pality, Hebei Province attempted to reduce kinds of waste emissions in 
agricultural production in the study period, especially in 2007, when the 
growth rate of waste emissions declined 30.6%. 

Animal wastes from large animals, hogs, sheep and poultry expanded 
from 543.96 PJ in 2000 to 600.37 PJ in 2005.Thereafter, the growth rate 
of animal wastes fell suddenly to –32.67% in 2007, and the wastes 
amount decreased slightly in the next years. It is noted that the amount 
of animal wastes originating from large animals, hogs and sheep 
decreased 37.95%, 36.75% and 34.71%, respectively, in 2007; however, 
that of poultry increased 4.30%. Waste from large animals, including 
cattle, horses, donkeys and mules, accounted for largest part, showing a 
downward trend from 52.17% in 2000 to 36.75% in 2018. Waste from 
hogs ranked the second, with increased shares of 24.57% in 2000 and 
33.20% in 2018. The poultry waste emissions took the third place with 
the share greatly increasing from 14.02% to 21.24%, while that of sheep 
was stable, at approximately 9.0% in the period. Improper disposal of 
these animal wastes could cause environmental problems. Therefore, 
the reasonable application of livestock waste may be an option to reduce 
waste emissions. 

The waste emissions from fertilizers application were steady, and 
they slightly increased from 17.28 PJ in 2000 to 20.27 PJ in 2014 and 
then fell to 18.36 PJ in 2018. Nitrogen fertilizer use symbolized the 
largest emission component. Its share in fertilizer residues declined from 
72.01% to 52.43%; however, that of compound fertilizer rose to 39.58% 
in 2018 from 17.38% in 2000. Excessive use of fertilizer could generate 
environmental consequences, such as soil compaction and arable land 
productivity decrease. Pesticides and plastic mulch are essential sub
stances widely used in agricultural production. The excessive con
sumption of these two materials could lead to environmental pollution 
and other public problems. The exergy of pesticide residues increased 

Table 1 
Comparison of FN PR and EK in agriculture of Hebei Province Unit PJ.   

FN Irrigating water Seeds Labor Capital 

2000  10.01  853.35  4.01  18.43 1.32E-02 
2001  10.01  830.10  3.93  16.92 1.15E-02 
2002  9.77  806.85  3.91  18.36 1.18E-02 
2003  9.47  747.78  3.76  15.27 9.76E-03 
2004  9.41  735.35  3.81  14.21 9.29E-03 
2005  9.34  751.10  3.87  13.63 8.89E-03 
2006  9.22  762.85  3.88  12.72 8.43E-03 
2007  9.22  757.95  3.85  11.92 8.15E-03 
2008  9.25  716.15  3.87  12.22 8.38E-03 
2009  9.58  719.57  3.85  12.02 8.20E-03 
2010  9.57  718.85  3.87  10.75 7.54E-03 
2011  9.59  716.77  3.90  7.71 5.55E-03 
2012  9.58  714.70  3.90  6.82 4.80E-03 
2013  9.57  688.18  3.88  5.09 3.55E-03 
2014  9.55  696.00  3.86  4.60 3.26E-03 
2015  9.53  676.50  3.87  4.97 3.42E-03 
2016  9.52  640.00  3.80  4.85 3.28E-03 
2017  9.52  630.50  3.66  4.29 2.93E-03 
2018  9.53  605.50  3.61  2.95 1.99E-03  
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from 2.70 PJ in 2000 to 3.22 PJ in 2013 and then fell to 2.29 PJ in 2018. 
Similar to pesticide residues, the exergy of plastic mulch residues grew 
from 0.85 PJ to 1.89 PJ from 2000 to 2016 and decreased to 1.50 PJ in 
2018. 

Considering previous studies (Zhang and Chen, 2010; Zhang et al., 
2019), we calculated the exergy of greenhouse gases (GHGs), mainly 
including CO2, N2O and CH4, in agricultural production in Hebei Prov
ince. Methane emissions were from livestock and poultry, energy con
sumption (coal, oil and natural gas), and grain production. Carbon 
dioxide emissions were produced in the process of energy depletion. 
Nitrous oxide emissions came from three categories: use of energy, 
application of fertilizer and livestock and poultry. GHG emissions grew 
from 50.48 PJ in 2000 to 55.85 PJ in 2005 and decreased with some 
fluctuations to 44.42 PJ in 2018. Methane emissions dominated all GHG 
emissions, maintaining a proportion of approximately 96.10%. They 
mainly came from two classifications: grain production and livestock 
and poultry, accounting for 37.53% and 62.25%, respectively, of the 
total emissions in 2000. In the period, the methane emissions from grain 
production increased and those from livestock and poultry declined. In 
2008, the methane emissions produced during grain production occu
pied 50.02% of the total emissions, compared with those of livestock and 
poultry accounted for 49.77%, and they became 62.88% and 36.64% in 
2018, respectively. It is worth noting that the exergy emissions of nitrous 
oxide and methane decreased to 68.47% and 86.58% in 2018 compared 
to 2000, respectively. However, that of carbon dioxide increased 1.65 
times during the same period, with oil as the largest contributor, 
although the share was small in the GHG emissions. 

3.2.5. Yield of agricultural products 
Agricultural yield increased over the past 19 years with fluctuations 

at the growth rate. It encompassed four sub industries: cropping, 
forestry, stockbreeding and fishery, as shown in Fig. 4(a). The cropping 
occupied the dominant position, with a yield increase of 35.05% be
tween 2000 and 2018, from 0.93 EJ (89.12% of the total yield) to 1.25 
EJ (89.12%), with some changes. Forestry was the fastest growing in
dustry, with the yield increasing from 5.67 PJ in 2000 to 15.47 PJ in 
2018. The growth rate of stockbreeding was the slowest, increasing 
27.45% from 102.97 PJ to 131.24 PJ. Aquatic production increased 
from 4.70 PJ to 6.36 PJ, although its shares were small. 

Hebei Province is an important cotton and grain producer in China. 
Its cereal yield (rice, wheat and corn) was 35.25 million tons, accounting 
for 5.78% of the total cereal yield of China, and its cotton production 

was only less than that in Xinjiang Province in 2018. The grain yields in 
exergy had a 41.42% increase from 2000 to 2018, as shown in Fig. 4(b). 
Wheat and maize were the major grain crops, accounting for 93.61% in 
2000 and 96.27% in 2018 of the grain production. The exergy propor
tion of wheat declined slowly from 62.02% to 52.67% compared to that 
of maize, which grew from 31.59% to 43.60% over these years. The 
yields of wheat, maize and tubers in 2018 were 1.20, 1.95 and 1.22 
times those in 2000, respectively. In contrast, the outputs of rice and 
soybean declined over this period. Rice and soybean in exergy were 8.29 
PJ and 1.10 PJ, respectively, in 2018, accounting for 79.76% and 
37.74%, respectively, of their exergetic values in 2000. 

Cash crops mainly include vegetables, oil crops, fruits, sugar crops, 
fiber crops, cotton and tobacco. In total, the cash crops first increased 
and decreased in recent years. Hebei Province is the main vegetable 
supplier in the Jing-Jin region (Beijing, and Tianjin). The vegetables 
produced in Hebei Province ranked the second from 2000 to 2016, ac
counting for more than 10% of the total vegetable production in China. 
Vegetable production in Hebei Province ranked fourth in 2017 and 
2018, with its production accounting for 7.3% of the total vegetable 
production of China. The vegetable in exergy was 84.26 PJ in 2000, 
reaching 155.67 PJ, 96.11 PJ and 97.94 PJ in 2016, 2017 and 2018, 
respectively. Oil crops include rape seed, peanut, sunflower seed, ses
ame seed, and flaxseed. The exergy of oil crops was 30.70 PJ in 2018, 
accounting for 84.0% of that in 2000. In Hebei Province, the exergy of 
peanut dominated the oil crops, and the ratio in oil crops declined with 
fluctuations, accounting for 89.25% of the total oil crops in 2000 and 
78.94% in 2018. Although the production of rape seed, sunflower seed 
and flaxseed increased 1.45, 2.03 and 2.46 times in 2018, respectively, 
their influence was still limited. The production of sesame shrank to 
9.84% from 2000 to 2018, accounting for 0.19% of the exergetic value of 
oil crops in 2018. Much more than the exergy of cotton and fiber (3.92 
PJ), sugar crops (4.71 PJ) and tobacco (0.03 PJ) in 2018, that of the 
fruits increased to 1.99 times over 2000 levels with fluctuations, 
reaching 40.63 PJ, 25.94 PJ and 25.61 PJ in 2016, 2017 and 2018, 
respectively, as shown in Fig. 4(c). 

Crop residues are the inevitable by-products of the cropping. The 
crop/ crop residues ratios for cotton, peanut, rice, wheat, maize, soy
bean, tubers, rapeseed, sesame, beet, and vegetables were estimated to 
be 9.2, 0.8, 0.9, 1.1, 1.2, 1.6, 0.5, 1.5, 2.2, 0.08 and 0.1, respectively 
(Zhang et al., 2019). The straw yield amounted to 707.78 PJ in 2018, 
accounting for 57.87% of the total yield of the cropping subsystem, and 
the proportion was relatively stable keeping around 55.94% in these 

Fig. 3. Waste emissions.  
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years. The crop straws from maize and wheat accounted for 70.11% and 
79.80% of the total amount, respectively, in 2000 and 2018. 

Livestock production was relatively stable during this time. Stock
breeding products mainly include meat, milk, eggs and wool. Meat 
(pork, mutton, poultry meat and beef) dominated the stockbreeding 
products in the period, increasing by 15.98% from 2000 to 2018, with 
the growth rate abruptly declining 35.25% in 2007, as shown in Fig. 4 
(d). The highest yields of pork, mutton, poultry meat and beef were 
91.43 PJ, 4.99 PJ, 6.45 PJ and 7.91 PJ, respectively, all of which 
appeared in 2006. After 2006, the yield of meats was not as high as 
before. Pork accounted for approximately 83% of the total meat yield. 
Beef occupied the second position, accounting for 7.46% of the total 

meat yield in 2000 to 6.19% in 2011, and occupied the third position, 
accounting for 5.96% and 5.57% of the total meat yield in 2012 and 
2018, respectively. Poultry meat kept the third position from 2000 to 
2011 and became the second one in the rest period. Mutton ranked last, 
keeping around the ratio of 4.5%. Milk yield steeply increased from 
2000 to 2007, the growth rate reaching 44.56% in 2003, and the pro
duction reached 24.72 PJ in 2008 from 4.13 PJ in 2000. However, the 
milk yield did not expand after 2008 due to the consequences of a 
scandal over problem milk. Confidence in dairy products was more 
negatively influenced. Egg production was stable and kept approxi
mately 22PJ in these 19 years in Hebei Province. 

Main forest products in Hebei Province contain wood, chestnut and 

Fig. 4. Yield of agricultural products.  
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walnut, as shown in Fig. 4(e). The results showed a marked development 
of chestnut and walnut, increasing 10.83 and 5.26 times, respectively. 
Wood had the largest exergetic amount, except in 2017, accounting for 
77.67% in 2000 and 45.20% in 2018 of the total forest yield. The shares 
of chestnut and walnut grew from 5.71% and 16.61% in 2000to 22.71% 
and 32.09%, respectively, in 2018. 

Similar to meat production, the growth rate of aquatic production 
declined 16.07% in 2007 also in Hebei Province, as shown in Fig. 4(f). 
Fishery production became dependent on artificial farming, and the 
ratio of artificially cultured products to naturally grown products 
increased to 2.43 in 2018 from 1.03 in 2000. The products from 
seawater aquaculture maintained the leading position, with its share in 
the total products increasing from 59.55% to 70.07%. The production of 
marine aquiculture in exergy increased from 4.70 PJ in 2000 to 6.36 PJ 
in 2018. Naturally grown products from freshwater were the least 
among the four fisheries productions. Meanwhile, the yields from sea 
fishing were more stable than those from freshwater fishing, although 
sea fishing had less production. 

3.3. Indicator assessment 

Six indicators representing the biophysical features and the temporal 
variations in the agricultural sector in Hebei Province based on the 
exergy flux are shown in Fig. 5 from a historical point. Since the growing 
depletion of nonrenewable resources and decreasing amount of irriga
tion water, the renewability index declined from 31.17 in 2000 to19.08 
in 2018 with some setbacks, as shown in Fig. 5(a), implying the 
enlarging dependence on the non-renewable resource input for the 
agriculture system. The PRYR meaning the yield of per unit purchase 
investment increased from 1.02 in 2000 to 1.74 in 2018, although it 
decreased in some years as shown in Fig. 5 (b). The purchased economic 
input was always less than the agricultural yield and the gap increased 
over the study period. The values of EIR fluctuated between 0.232 in 
2003 and 0.298 in 2011 over the period, indicating that the purchased 
inputs were always far lower than the environment resource inputs, as 
shown in Fig. 5 (c). As shown in Fig. 5 (d), the values of ERYR enhanced 
from 0.22 in 2000 to 0.38 in 2018. Both waste emissions and their shares 
in environmental resource inputs decreased in the evaluation period. 
The growth rate of the yield was faster than that of the environmental 

Fig. 5. Exergy-based indicators evaluation.  
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resource inputs. This result shows that the yield depended less on free 
environmental resources. The contribution of environmental resources 
greatly exceeded the purchased contribution. The ESI decreased from 
32.42 in 2000 to 21.17 in 2018, implying that agriculture was being 
transformed from traditional to modern modes, relying on economic 
investments, as shown in Fig. 5(e). The environmental impact per unit of 
the purchased economic input decreased. Notable changes occurred in 
the system transformity, from 0.18 in 2000 to 0.31 in 2018, and the 
agricultural sector became more ecologically efficient than before, as 
shown in Fig. 5(f). 

In 2000, to produce 100 units of yield, 96.61 units of purchased re
sources were needed, including 14.30 units of purchased nonrenewable 
resources, 391.55 units of free natural resources, 1.77 units of labor, 
0.0013 units of capital and 59.07 units of environmental impacts. In 
comparison, in 2018, to produce 100 units of yield, approximately 57.42 
units of purchased investment were needed, including 14.12 units of 
purchased nonrenewable resources into the sector, 238.86 units of free 
natural resource input, 0.21 units of labor, 0.00014 units of capital and 
26.30 units of environmental emissions. Clearly, the natural ecosystem 
made the greatest contribution to agriculture, much more than the other 
factors. Irrigation water occupying most of the purchased resources was 
significantly reduced over this time. In addition, the exergy of waste 
emissions was higher than that of the non-renewable resource input and 
the difference decreased. In summary, the agricultural resource con
version efficiency in Hebei Province improved over the study period. 

4. Discussion 

It is essential to comprehend the pattern and variation in agricultural 
production for sustainable and healthy development of the agricultural 
sector. Extended exergy accounting manifests the operation of agricul
ture in Hebei Province’ depends on renewable resource inputs from 
nature. Land resources are important factors in agricultural production. 
Hebei Province contains less than the average cultivated area per capita 
in China. The expansion of urbanization and infrastructure consumed 
considerable arable land. Given the shortage of arable land with other 
industries, the land supply became one of important constraints to 
improve agricultural production. The Hebei Province government has 
released a policy to protect arable land and develop intensive farms 
(DNRH, 2022). 

Supplying water is an essential factor in the process of agricultural 
production (Elliott et al., 2014). In Hebei Province, irrigation water 
contributed 98.11% of the purchased renewable investment on average 
from 2000 to 2018. In 2018, the per capita water resources in the 
province were only 11.01% of that in China; meanwhile, precipitation 
was concentrated during a short period of time. A few groundwater 
funnel areas have appeared in Hebei Province because of the over
exploitation of water resources. With fewer per capita water resources 
than China as a whole, Hebei Province adjusted the grain planting 
structure and reduced the production of high-water cost crops. In 2018, 
the yield proportions of rice, wheat, maize, soybean and tubers in Hebei 
Province were 2.2%, 52.7%, 43.6%, 0.3% and 1.3%, respectively, from 
the exergy view. The proportions were 44.3%, 24.2%, 29.3%, 1.0% and 
1.3%, respectively, in China. Regarding the shortage of water resources, 
the aquatic production from freshwater was keeping 1.90PJ from 2000 
to 2018 with some fluctuations, with the naturally from freshwater 
declining from 0.41PJ to 0.24PJ while the artificially from freshwater 
increasing slightly from 1.49PJ to 1.66PJ. The growth rate of freshwater 
production of naturally and artificially fell obviously 23.0% and 15.7% 
in 2007, and 52.4% and 33.9% in 2017, respectively. Clearly, water 
supply constrains the development of cropping and fishery in Hebei 
Province. Some effective measures have been proposed to save water 
resources, such as drip irrigation and pipeline irrigation techniques 
(Zhang et al., 2013). Moreover, the South-to-North Water Diversion 
Project greatly improved the situation of water resources in Hebei 
Province. 

Being an ecological economic system, the booming agriculture 
benefited from the investment of purchased nonrenewable resources, 
which were prime measure to ensure production yield and efficiency, 
reducing the labor force. The indicators also expressed that the agri
cultural yield depended on purchased resource inputs. Sustained in
vestment can guarantee agricultural production; However, it is difficult 
to increase productivity proportionally. Thereafter, changes in the 
transition to intensive agriculture are likely to focus on the increasing 
efficiencies of different resources. 

Environmental emissions in agricultural activities and carrying ca
pacity have been considered (Zhang and Chen, 2014a). Machinery and 
chemical products used in agriculture generate large amounts of envi
ronmental emissions, as shown in the exergy of waste emissions. The 
exergy of waste emissions was higher than that of non-renewable 
resource inputs, although the estimates in this study may underesti
mate the environmental emissions from agriculture in Hebei Province. 
Lots of GHG emissions come from agriculture in China (Zhang and Chen, 
2014b), and as an important agricultural producer, Hebei Province 
generates considerable amounts of GHGs. In addition, the production of 
agricultural necessities such as fertilizer, pesticide, and plastic mulch 
causes emissions also. 

The dietary habits and living standards of inhabitants also affect food 
production directly. The consumption of animal-based foods signifi
cantly increased in both urban and rural households. The per capita 
consumption of meat, poultry and related products increased from 27 kg 
and 8 kg in 2000 to 33.06 kg and 22.84 kg in 2018 in urban and rural 
households, respectively, with pork accounting for the largest share of 
meat consumed with its proportion declining. The per capita amount of 
milk and dairy products consumed by urban and rural residents also 
increased, from 11.87 kg and 0.22 kg to 21.51 kg and 7.47 kg, respec
tively. In contrast, the per capita grain consumption by residents 
reduced from 215.88 kg to 138.63 kg in rural areas compared to the 
expansion from 94.53 kg to 122.95 kg in urban areas during the study 
period. There were urban–rural differences in the consumption of 
animal-based foods. With the advancement of urbanization in Hebei 
Province, there is still room for improvement in the consumption of 
animal-based foods. Therefore, expanding demand for animal-based 
foods will consume more resources and generate more emissions (Yue 
et al., 2017). In Hebei Province, the contradiction between the supply 
and demand of agricultural products will continue to exist and become 
prominent in the background of promoted consumption. 

Obviously, there is still room to increase agricultural production, as 
well as to reduce resource consumption and types of emissions. In the 
future, as a water-scarce area, Hebei Province may shift the policy di
rection towards the planting of crops that consume less water under the 
premise of ensuring grain production. Large quantities of crop residues 
could be utilized as fertilizer, fodder or industrial raw materials (Sun 
et al., 2021). On this basis, the forage level was improved and more 
animal-based foods were produced. A balanced dietary structure and 
reduction in food waste could lead to less pollution (Yue et al., 2017). 

Table 2 lists the dynamic trends of agricultural indicators in China 
and Hebei Province from 2000 to 2015 at an interval of 5 years, 
considering the previous paper (Zhang et al., 2019). We found the same 
change trend between China and Hebei Province. The environmental 
stress index (ESI) and renewability index (RI) values decreased, and 
system transformity (STr), purchased resource yield ratio (PRYR), and 
environmental resource yield ratio (ERYR) increased to some extent; the 
economic investment ratio (EIR) was stable. Moreover, the indicators for 
China were inferior to those for Hebei Province. For example, the 
renewability index in China declined to 63.59% from 2000 to 2015, 
while that of Hebei Province reached 49.76%, showing that agriculture 
in Hebei Province is more modernized than that in China as a whole. 

5. Concluding remarks 

Extended exergy accounting (EEA) selects suitable parameters and 
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introduces capital and labor flows. Accounting has certain deficiencies 
in capital operation, labor expenditure, and environmental remediation. 
Different from former studies quantifying labor in monetary terms, this 
study defines the extended exergetic content of labor through the ex
change of labor and goods (Meng et al., 2022). Capital in reality is not 
just labor wages. The accounting method for capital and labor does not 
account for situations such as monetary overspending, which may lead 
to uncertainty for capital flows. The resources exergy analysis is based 
on the second law thermodynamics, while exergoeconomics is basically 
a “parallel” cost assignment process considering the supply chain of 
economy that is not following the thermodynamic rules (Rocco et al., 
2014).The emission accounting method could not estimate the toxicity 
of various pollutant discharges from a long-range time and space. 
Moever, the application of exergy has its weakness to uncover the real 
environmental impacts (Dewulf et al., 2008). 

It is not wise to increase agricultural yields at the expense of the 
environment. A reasonable approach is to produce sustainable agricul
tural products by improving resource efficiency and reducing emissions. 
As a water-scarce area in China and with a higher population density 
than China as a whole, Hebei Province faces the challenge to generate 
more agricultural products under the constraints of resource and envi
ronmental capacity. In this paper, extended exergy accounting and in
dicators were employed to evaluate the thermodynamic presentation of 
agriculture in Hebei Province from 2000 to 2018, including kinds of 
inputs and yields. In summary, agricultural system is shifting from self- 
reliance to a greater dependence on energy costs, with lower renew
ability and environmental stress, higher non-renewable resource con
sumption, economic investment ratio and environmental emissions, 
reflecting that it is more modernized than that of the country as a whole. 
The purchased resource yield ratio, environmental resource yield ratio 
and system transformity reflected the increased resource depletion ef
ficiency and agricultural production. Although the purchased non- 
renewable inputs were becoming essential, the sector depended on 
natural ecosystem resources still. Extended exergy accounting unifying 
different resources from the sustainability perspective proved to be a 
reliable tool to evaluate the resources, the environment and perfor
mance of agriculture in Hebei Province, which may provide a reference 
for conserving resources, reducing environmental impacts, and 
designing suitable agricultural practices in other areas or provinces. 
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