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Abstract: Facility agriculture can increase production efficiency and alleviate resource constraints. Its 

developmental level has become one of the most important indicators of the level of agricultural 

modernization worldwide. The Chinese government has attached great importance to the 

development of facility agriculture in recent years. Since 2020, the "No.1 Document" has continuously 

emphasized and deployed the development of facility agriculture. Global climate change has greatly 

impacted the traditional agricultural production that is vulnerable to weather changes, while the 

development of facility agriculture can to some extent alleviate the limitations of climate conditions 

on agricultural production. However, it is unclear whether facility agriculture can help alleviate the 

adverse effects of global climate change, i.e., reducing greenhouse gas emissions. In view of this, in 

this research, based on the data from the latest National Compilation of Cost and Benefit Data on 

Agricultural Products in 2022, the greenhouse gas emissions and carbon emission indicators of open-

field and greenhouse cucumber productions in China were measured using the life cycle assessment 

method (the full cycle of agricultural ecosystems). Besides, the differences in greenhouse gas 

emissions between different cultivation patterns and provinces were explored, providing industry-

level empirical evidence on how to vigorously develop facility agriculture while addressing global 

climate change. Finally, further discussions were made on how to reduce carbon emissions from 

facility agriculture based on the measurement results and conclusions. This research will provide 

reliable empirical basis for policy making and implementation and relevant academic research. 

Keywords: facility agriculture; greenhouse gas emissions; cucumber industry; carbon assessment; 

spatial heterogeneity 

 

1. Introduction 

Facility agriculture uses agricultural equipment and engineering technology to realize efficient 

agricultural production under controlled crop growth conditions. Its developmental level has become 

one of the most important indicators of the level of agricultural modernization [1,2]. Glass 

greenhouses appeared in the UK and the Netherlands as early as the 18th century, and modern 

facility agriculture was generally believed to have originated in the United States, Canada, and 

Germany in the 1950s. Initially, this technology was used in the planting of value-added vegetables, 

fruits, and flowers [3]. With the rapid development of globalization and agricultural science and 

technology, facility agriculture gradually emerges in all parts of the world, including Asia, Africa, 

and South America. Traditional Chinese facility agriculture can be traced to the Qin Dynasty, more 

than 2,200 years ago. At that time, the ancestors of the Chinese achieved the winter planting of melons 
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by using the hot springs in the Lishan valley. China's modern facility agriculture begun to rapidly 

develop in the past 40 years. In view of the general conditions of "large quantities of small farmers, 

small farmland area per farmer" in China, the government has attached importance to facility 

agriculture in recent years. From 2020 to the present, the "No. 1 Document" has emphasized and 

deployed the development of facility agriculture. In 2023, the four major ministries/commissions of 

the State Council jointly issued the first National Modern Facility agriculture Construction Plan 

(2023–2030), aiming to standardize all departments and regions in the development of facility 

agriculture. To sum up, the importance of facility agriculture is continuing to increase globally, and 

the transformation and upgrading of China's facility agriculture face a good policy opportunity. 

However, global climate change cannot be ignored in the development of facility agriculture. As is 

well known, climate change poses a dual challenge to agricultural production, i.e., agriculture is an 

important source of greenhouse gases [4], but also the most vulnerable industry to climate change. This 

forces policy makers and farmers to constantly adjust agricultural practices [5]. Chinese government puts 

forward the "dual carbon" goal at the 75th United Nations General Assembly, demonstrating the 

responsibility of China to promote global climate governance. In theory, facility agriculture has 

outstanding economic and ecological value [6]. Advanced greenhouses such as solar greenhouses and 

plastic greenhouses can achieve efficient utilization of land resources, improve ecological functions of 

agriculture [7], and promote energy conservation, emission reduction, and pollution mitigation [8]. For 

China with limited arable lands, facility agriculture may help ensure the supply of key agricultural 

products, but also has become a necessary path to realize agricultural modernization. As of 2023, the area 

of facility agriculture in China has reached over 2.85 million hm2, accounting for more than 80% of the 

world's total facility agriculture area. Therefore, the issue of greenhouse gas emissions from facility 

agriculture in China has been attracted much attention, and there is an urgent need for China's empirical 

evidence to answer how to vigorously develop facility agriculture while addressing climate change. 

Theoretical deduction and practical performance are often difficult to fully match, and there is 

currently no consistent research conclusion on how facility agriculture affects greenhouse gas 

emissions. Some scholars have found that the concentration of carbon dioxide inside greenhouses is 

significantly higher than that outside greenhouses, especially in winter when greenhouses are like 

machines that produce greenhouse gases [9]. There are also studies that have found themulching can 

disrupt the energy balance on crop surfaces and the balance of soil respiration, damaging soil quality 

[7]. Besides, rapid expansion of facility agriculture also poses sustained challenges to land 

management [10]. However, some scholars have found that facility agriculture has a significantly 

positive effect on carbon emission efficiency in the eastern region of China [2]. Meanwhile, scholars 

have conducted research based on panel data from nearly 2000 counties in China (2013 – 2017), and 

found that the rapid development of facility agriculture has a significant effect on carbon emission 

reduction, although the carbon sequestration effect is not excellent [11]. 

Based on the existing research results, scholars have presented diverse analytical paradigms and 

research conclusions regarding technological advantages, ecological effects, and economic benefits of 

facility agriculture. However, limited by their differentiated policy backgrounds and research 

perspectives, there is currently a lack of in-depth exploration on whether protective agriculture 

intensifies or reduces greenhouse gas emissions. In view of this, this study selects China's vegetable 

industry, and uses the life cycle assessment (LCA) method [12,13] to measure the greenhouse gas 

emissions and carbon emission indicators of two production patterns: open field and greenhouse 

production. Then, this study further explores the differences in greenhouse gas emissions between 

different production patterns and provinces, and proposes emission reduction measures and 

development strategies based on the analysis results. The aim is to provide a reference for relevant 

policy making and implementation. 

The remaining parts of this article are as follows: The second part systematically explains the 

reason for selecting the cucumber industry as a representative research object, data source, analysis 

methods, and calculation steps. The third part calculates the difference in greenhouse gas emissions 

between open-field and greenhouse production patterns based on dimensions such as carbon 
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sequestration, net greenhouse gas emissions, and carbon emission evaluation, as well as different 

provinces of China. The fourth part compares the greenhouse gas emissions of open-field and 

greenhouse productions based on the calculation results, and explores the main contributing factors 

of carbon emissions and carbon sequestration, to propose corresponding emission reduction 

measures. The fifth part summarizes the research conclusions and prospects. 

2. Data and Research Methods 

2.1. Data Source  

This study focuses on the vegetable industry and is based on the fact that facility vegetables 

account for more than 81% of the sown area of facility horticulture in China. At the same time, 

vegetables are the most widely cultivated and economically important crops other than basic food 

crops, and China is also the world's largest vegetable producer. In 2021, the sown area of vegetables 

was about 21,872,210 hm2, and the output reached 775,490,000 tons 1. Categorical statistics show that 

cucumbers have the highest unit yield of all facility vegetable varieties. Cucumber, as a typical 

shallow root crop, has a weak nutrient absorption capacity and is more dependent on nutrient inputs 

[14]. In summary, the quantitative measurement of greenhouse gas emissions in China's cucumber 

industry is highly typical and representative. 

The data of greenhouse gases related indicators, including yield, output, cost, profit, labor input, 

fertilization, manure application, pesticide input, plastic film mulching, and diesel consumption in 

the open-field and greenhouse cucumber productions, are sourced from the National Compilation of 

Cost and Benefit Data on Agricultural Products in 2022 [13]. Among them, the diesel cost is calculated 

using the following formula [15]:  

Diesel cost = (mechanical cost + irrigation cost – water cost) × 21% + fuel cost. The diesel price 

data is sourced from the China Oil Price Network database of 2020, covering 23 cucumber producing 

provinces and 21 greenhouse cucumber producing provinces in China. 

2.2. Research Methods 

The greenhouse gas emissions are calculated based on LCA, according to the following steps: 

2.2.1. Determination of System Boundary and Greenhouse Gases 

The cucumber production system is set as the system boundary of this study, including the 

process from sowing to harvesting of open-field and greenhouse cucumber production. According 

to the greenhouse gas definition of Liu et al. [16], the net greenhouse gas balance of cucumber 

production system is calculated according to the following formula: 

GHG = GWPNPP + (–) GWPSOC – GWPSOILEXPORT – GWPINPUT 

where GHG is the increase or decrease of greenhouse gases in the air, GWPNPP is the warming 

potential of net primary productivity (including grain, straw residues, and roots), GWPSOC is the 

warming potential of soil organic carbon (negligible in this short-term experiment), GWPSOILEXPORT is 

the warming potential of soil CO2 emissions (mainly determined by straw incorporation, negligible 

in this experiment), N2O (mainly determined by nitrogen application), and CH4 (negligible for non 

paddy fields), GWPINPUT is the warming potential of indirect inputs including machinery, diesel, 

electricity, fertilizers, pesticides, manure, human and animal power. 

According to the above formula and explanation, this study does not consider the warming 

potential of soil organic carbon, CO2 and CH4 emissions from soil, but mainly focuses on direct carbon 

emissions from diesel combustion, direct carbon emissions from labor force and natural manure 

stacking, indirect carbon emissions from fertilizers, pesticides, and plastic film production, soil N2O 

emissions caused by nitrogen application, and carbon sequestration of net primary productivity of 

cucumber. Hectare is selected as the evaluation unit. 

 
1 Data from the National Bureau of Statistics 
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2.2.2. Calculation Methods 

Greenhouse gas emissions (GHGE) from cucumber production systems are calculated according 

to the following formulas Liu et al. [16]: 

GHGE = CO2 input + N2Ototal × (44/28) × 265  (1) 

where GHGE (kg·hm-2, measured in CO2-eq) is the greenhouse gas emissions of 1 hm2 of 

cucumber, CO2input is the greenhouse gas emissions generated by resource input in the planting of 1 

hm2 of cucumber, N2Ototal (kg·hm-2, measured in N2O-N) is the total amount of N2O emissions caused 

by the application of nitrogen fertilizer during the growth season, which can be divided into direct 

and indirect emissions of N2O, 44/28 is the coefficient of converting N2O-N into N2O, and 265 is the 

global warming potential of N2O in 100 years [17]. 

CO2 input = Σ (AIi × EFi)          (2) 

where AIi is the input amount of resource i (labor force, diesel, fertilizers, pesticides, plastic 

films), and EFi is the greenhouse gas emission parameters of resource i (Table 1). 

Table 1. Greenhouse gas emission parameters of different inputs. 

Parameter value Data source 

Nitrogen fertilizer 1.526 kgCE/kg CLCD 0.7 

Phosphate fertilizer 1.631 kgCE/kg CLCD 0.7 

Potassium fertilizer 0.6545 kgCE/kg CLCD 0.7 

Compound fertilizer 1.772 kgCE/kg CLCD 0.7 

Farmyard manure 0.027 kgCE/kg Lal (2004) [18]  

Plastic film 6.91 kgCE/kg CLCD 0.7 

Pesticides 6.58 kgCE/kg Liu et al. (2013) [16] 

Diesel oil 3.32 kgCE/kg Liu et al. (2013) [16] 

Labor force 0.86 kgCE/d Liu et al. (2013) [16] 

N2Ototal = N2Odirect + N2Oindirect = N2Odirect + 1.0% × NH3volatilization + 2.5% × NO3- leaching (3) 

N2Odirect = 0. 0073 × nitrogen application rate + 0.75     (4) 

NH3volatilization = 0.084 × nitrogen application rate + 0.50    (5) 

NO3- leaching = 0.22 × nitrogen application rate + 0.60      (6) 

Formulas (3) – (6) are the constructed nitrogen loss models for open-field vegetable production 

system in China based on meta-analysis according to Wang et al. [15,19,20]. N2Odirect is direct N2O 

emissions, NH3volatilization is the NH3 volatilization in indirect N2O emissions, NO3-leaching is 

the NO3- leaching in indirect N2O emissions, and 1.0% and 2.5% are the coefficients of NH3 

volatilization and NO3- leaching, respectively [21]. 

Carbon sequestration (CS) is calculated according to the following formula Liu et al. [16]: 

CS = CSNPP = Cf × Yw × (1 - W)/H    (7) 

where CS (kg·hm-2, measured in CO2-eq) is the carbon sequestrated by 1 hm2 of cucumber plants, 

CSNPP (kg·hm-2) is the carbon sequestrated by cucumbers through net primary productivity, Yw 

(kg·hm-2, fresh weight) is the economic output, and Cf, W, and H are the carbon absorption rate (0.45 

kgCE·kg), moisture content (98.3%), and economic coefficient (0.55) of cucumbers, respectively [22]. 

Net greenhouse gas emission (NGHGE) is calculated according to the following formula Liu et 

al. [16]: 

NGHGE = GHGE – CS        (8) 
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where NGHGE (kg·hm-2, measured in CO2–eq) is the net greenhouse gas emissions of 1 hm2 of 

cucumber plants. When it is a positive value, it means that this system is a source of greenhouse 

gases, otherwise it is a sink. 

2.2.3. Carbon footprint 

In this study, the following four indicators were selected to evaluate the carbon footprint of the 

cucumber production systems. 

Land carbon emission intensity (ρ, kgCE·m-2) represents the carbon emissions generated per unit 

crop planting area. The calculation formula is as follows: 

ρ = GHGE/H    (9) 

where H is the land area (m2), and GHGE is the net greenhouse gas emissions from 1 hm2 of 

cucumber plants. The larger the ρ, the more carbon emissions from the production system. 

Carbon ecological efficiency (ℓC), one of the indicators to evaluate the sustainability of 

agricultural production [23], refers to the ratio of photosynthesis-induced carbon sinks in crops to 

total carbon emissions. The calculation formula is as follows: 

ℓC = CS/GHGE   (10) 

where CS and GHGE are as described above. If 0 ≤ ℓC < 1, the carbon emissions from cucumber 

production are greater than the photosynthesis-induced carbon sink. The closer the value is to 0, the 

lower the sustainability of the production system. If ℓC = 1, the carbon emissions from cucumber 

production are equal to the photosynthesis-induced carbon sink, and the production system is 

neutral to the environment. If ℓC > 1, the carbon emissions from cucumber production are less than 

the photosynthesis-induced carbon sink, and the production system has a positive effect on the 

environment. The larger the value, the higher the sustainability of the production system. 

Carbon production efficiency (ℓY, kg·kgCE-1) refers to the ratio of economic output to carbon 

emissions. It indicates the economic output generated by per unit of carbon emissions from the crop 

production system. The calculation formula is as follows: 

ℓY = Y/GHGE    (11) 

where Y and GHGE are as described above. The larger the ℓY, the higher the economic output 

generated by per unit of carbon emissions of the production system.  

Carbon economic efficiency refers to the ratio of total output value to carbon emissions, 

measuring the economic benefits brought by every unit of carbon emissions from the crop production 

system. The calculation formula is as follows: 

ℓI = I/GHGE    (12) 

where ℓI is the carbon economic efficiency (CNY kgCE-1), I is the total output value (CNY), and 

GHGE is as described above. The larger the ℓI, the higher the economic benefits generated by per unit 

of carbon emissions from the production system. 

3. Results 

3.1. Comparison of Greenhouse Gas Emissions by Open-Field and Greenhouse Productions  

In the open-field cucumber production, the total carbon emissions per hectare are 4572.67 

kgCE·hm-2. Among the components, soil N2O emissions account for the highest proportion (35.93%), 

followed by fertilizers, plastic films, labor force, diesel, manure, and pesticides. Greenhouse gas 

emissions generated by chemical fertilizers (soil N2O emissions caused by nitrogen fertilization) account 

for 64.37%, and greenhouse gas emissions generated by fertilizers (chemical fertilizers and manure) 

account for 71.21%. This indicates that fertilizers are the main source of greenhouse gas emissions from 

open-field cucumber production. Greenhouse gas emissions generated by plastic films, labor force, 

diesel, and pesticides account for 28.79% in total. The photosynthesis-induced carbon sink is 810.48 
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kgCE·hm-2, which is less than the total greenhouse gas emissions. The net greenhouse gas emissions 

are 3762.20 kgCE·hm-2, and the carbon ecological efficiency is 0.18. This indicates that for every unit of 

greenhouse gas emissions generated by open-field cucumber production system, the photosynthesis-

induced carbon sink is 0.18 units. The net greenhouse gas emissions are positive and the carbon 

ecological efficiency is less than 1. This indicates that the open-field cucumber production has negative 

effects on the natural environment. The land carbon intensity is 0.46 kgCE·m-2, indicating that the 

greenhouse gas emissions generated by 1 m2 of planting area in the open-field cucumber production 

system is 0.46 kgCE. The carbon production efficiency is 12.74 kg, indicating that an economic output 

is 12.74 kg for every 1 kgCE greenhouse gas emission in the open-field cucumber production system. 

The carbon economic efficiency is 31.78 yuan·kgCE-1, indicating that the economic benefit is 31.78 yuan 

for every 1 kgCE greenhouse gas emission (Table 2). 

In the greenhouse cucumber production, the total carbon emissions per hectare are 8712.86 

kgCE·hm-2. Among the components, plastic films account for the highest proportion (38.78%), 

followed by soil N2O emissions. The greenhouse gas emissions generated by chemical fertilizers 

(fertilization and soil N2O emissions caused by nitrogen fertilization) account for 38.25%, which is 

nearly equivalent to the proportion of plastic films. This indicates that plastic films and fertilizers are 

the main sources of greenhouse gas emissions from greenhouse cucumber production. The 

photosynthesis-induced carbon sink is 1234.37 kgCE·hm-2, which is less than the total carbon 

emissions. The net greenhouse gas emissions are 7478.49 kgCE·hm-2, and the carbon ecological 

efficiency is 0.14. These results indicate that the carbon sink formed by photosynthesis is 0.14 units 

for every unit of greenhouse gas emissions from the greenhouse cucumber production system. The 

net carbon emission is positive and the carbon ecological efficiency is less than 1, indicating that the 

greenhouse cucumber production has negative effects on the natural environment, with a low-level 

sustainability. The land carbon intensity is 0.87 kgCE·m-2, indicating that 0.87 kgCE of greenhouse 

gas emissions are generated by every 1 m2 of planting area of the greenhouse cucumber production 

system. The carbon production efficiency is 10.19 kg, indicating that the greenhouse cucumber 

production system can achieve an economic yield of 10.19 kg for every 1 kg of greenhouse gas 

emissions. The carbon economic efficiency is 30.14 CNY·kgCE-1, indicating that the greenhouse 

cucumber production system can achieve an economic benefit of 30.14 CNY for every 1 kg of 

greenhouse gas emissions. 

Comparing the carbon emission characteristics and carbon emission indicators of open-field and 

greenhouse cucumber productions, it is found that the total greenhouse gas emissions of greenhouse 

cucumber production are 90.54% higher than those of open-field cucumber production. The main 

source of greenhouse gas emissions for open-field cucumber production is chemical fertilizers, while 

the main sources of greenhouse cucumber production are plastic films and fertilizers. Since the 

output of greenhouse cucumber production is higher than that of open-field cucumber production, 

the carbon sequestration of greenhouse cucumber production is 52.30% higher than that of open-field 

cucumber production. However, because greenhouse gas emissions of greenhouse cucumber 

production are significantly greater than that of open-field cucumber production, its net greenhouse 

gas emissions are 98.78% higher than that of open-field cucumber production. From the differences 

in carbon emission indicators including net greenhouse gas emissions, land carbon intensity, carbon 

ecological efficiency, carbon production efficiency, and carbon economic efficiency, it can be seen that 

the sustainability of greenhouse cucumber production is lower than that of open-field cucumber 

production. 
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Table 2. Greenhouse gas emissions and evaluation of open-field and greenhouse cucumber productions. 

Cultivation mode 

Labor force Diesel Barnyard manure Chemical fertilizer Pesticides Agricultural film Soil N2O 
Total GHG

emissions/

kg CO2-eq 

ha-1 

GHG 

emissions/kg 

CO2-eq ha-1 

Proportion/

% 

GHG 

emissions/k

g CO2-eq 

ha-1 

Proportion

/% 

GHG 

emissions/

kg CO2-eq 

ha-1 

Proportion

/% 

GHG 

emissions/k

g CO2-eq ha-

1 

Proportion

/% 

GHG 

emissions/k

g CO2-eq 

ha-1 

Proportion/

% 

GHG 

emissions/k

g CO2-eq ha-

1 

Proportion

/% 

GHG 

emissions/kg 

CO2-eq ha-1 

Proportion

/% 

Open-field 

Facility 

Increase rate of facility to 

open-field 

456.79 

739.30 

61.85% 

9.99% 

8.49% 

-15.06% 

348.67 

708.44103.1

9% 

 

7.63% 

8.13% 

6.64% 

312.73 

519.62 

66.16%  

6.84% 

5.96% 

-12.80% 

1300.31 

1399.45 

7.63% 

28.44% 

16.06% 

-43.52% 

33.39 

33.89 

1.50% 

0.73% 

0.39% 

-46.73% 

477.83 

3378.99 

607.16% 

10.45% 

38.78% 

271.13% 

1642.971933.1717.

66% 

35.93% 

22.19% 

-38.25% 

4572.67 

8712.86 

90.54% 

Cultivation mode 
Carbon fixation/kg CO2-

eq ha-1  

Net GHG emissions/ 

Kg CO2-eq ha-1 

Land carbon 

intensity/ 

Kg CO2-eq ha-1 

Carbon ecological 

efficiency 

Carbon production 

efficiency/ 

kg kg CO2-eq-1 

Carbon economic 

efficiency/ 

Yuan kg CO2-eq-1 

  

Open-field 

Facility 

Increase rate of facility to 

open-field 

810.48 

1234.37 

52.30% 

3762.20 

7478.49 

98.78% 

0.46 

0.87 

90.54% 

0.18 

0.14 

-20.07% 

12.74 

10.19 

-20.07% 

31.78 

30.14 

-5.14% 
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3.2. Spatial Characteristics of Greenhouse Gas Emissions and Evaluation of Open-Field and Greenhouse 

Cucumber Production 

3.2.1. Spatial Characteristics of Greenhouse Gas Emissions 

China has a vast land. The economic status and resource endowment of different provinces are 

different, and the methods, technologies, inputs, etc. for cucumber planting are also different. 

Therefore, there are significant spatial differences in greenhouse gas emissions. At the same time, 

there are also significant differences between open-field and greenhouse production. 

The greenhouse gas emissions per hectare of open-field cucumber production systems in 23 

provinces in China (Figure 1 (a)) are between 2706.14 and 6953.93 kgCE·hm-2. Henan Province has 

the highest greenhouse gas emissions, 2.57 times that of the Beijing, the province with the lowest 

greenhouse gas emissions. The greenhouse gas emissions of 11 provinces are above the national 

average level. These provinces can be divided into four levels. The first level includes Beijing, Hubei, 

and Shandong, with greenhouse gas emissions of less than 3,000 kgCE·hm-2. The second level 

includes Heilongjiang, Anhui, Guangdong, Jilin, Ningxia, Chongqing, Liaoning, Jiangxi, and Hebei, 

with greenhouse gas emissions of 3,000 – 4,000 kgCE·hm-2. The third level includes Gansu, Guangxi, 

Shanxi, Sichuan, Inner Mongolia, Yunnan, Hainan, and Fujian, with greenhouse gas emissions of 

4,000 – 6,000 kgCE·hm-2. The fourth level includes Xinjiang, Shaanxi, and Henan, with greenhouse 

gas emissions of more than 6,000 kgCE·hm-2. 

The greenhouse gas emissions per hectare of greenhouse cucumber production systems in 21 

provinces (Figure 1 (b)) range from 5795.20 to 13027.43 kgCE·hm-2, which are generally significantly 

higher than that of the open-field cucumber production system. Hebei has the highest greenhouse 

gas emissions, which is 2.25 times that of Tianjin, the province with the lowest greenhouse gas 

emissions. The greenhouse gas emissions of 7 provinces are above the national average. These 

provinces can be divided into four levels. The first level includes Tianjin, Inner Mongolia, Hubei, 

Qinghai, Anhui, Sichuan, Ningxia, Zhejiang, Jiangsu, and Shanghai, with greenhouse gas emissions 

of less than 7,000 kgCE·hm-2, which is nearly equivalent to the fourth level of open-field production. 

The second level includes 9 provinces such as Beijing, Jilin, Shaanxi, and Gansu, with greenhouse gas 

emissions of 7,000 – 9,000 kgCE·hm-2. The third level includes Henan and Liaoning, with greenhouse 

gas emissions of 10,000 – 11,000 kgCE·hm-2. The third level includes Shandong, Xinjiang, Shanxi, 

Heilongjiang, and Hebei, with greenhouse gas emissions of more than 11,000 kgCE·hm-2. 

(a) Open-field                       (b) Greenhouse 

 

Figure 1. Spatial variation of greenhouse gas emissions per hectare of open-field (a) and greenhouse (b) 

cucumber production in China. 
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3.2.2. Spatial Characteristics of Greenhouse Gas Emissions Components 

For open-field cucumber production in various provinces, the main greenhouse gas emissions 

are from chemical fertilizers (Figure 2), including fertilization and soil N2O emissions caused by 

nitrogen fertilization (1000.25 – 5848.69 kgCE·hm-2, accounting for 36.96% – 84.11%), with significant 

spatial differences (17 provinces have a proportion more than 60%). Next are labor force, diesel, 

plastic film, and manure. There are significant spatial differences in greenhouse gas emissions and 

their proportions among provinces. The contribution of pesticides is the lowest, with greenhouse gas 

emissions ranging from 8.69 to 89.96 kgCE·hm-2. However, due to the main vegetable producing areas 

in southern China such as Hainan and Fujian suffer from severe pests and diseases caused by high 

temperature and humidity, the application rate of pesticides is higher, resulting in a larger 

contribution of pesticides to the total greenhouse gas emissions. 

 

Figure 2. Greenhouse gas emissions and components of open-field cucumber production in the provinces of China. 

The components of greenhouse gas emissions from greenhouse cucumber production in each 

province (Figure 3) show that in terms of fertilizers, greenhouse gas emissions induced by 

fertilization and the soil N2O emissions caused by nitrogen fertilization are 1618.44 – 4481.63 

kgCE·hm-2, accounting for 18.83% – 66.51% of the total emissions, which is smaller than those of the 

open-field cucumber production. In terms of plastic films, due to the significant increase in the use of 

plastic films under greenhouse production, it shows a significant difference from open-field 

production, and the greenhouse gas emissions are generally higher, ranging from 984.68 to 6526.84 

kgCE·hm-2. Therefore, plastic films have become one of the main greenhouse gas emission sources of 

greenhouse cucumber production, with the highest proportion (53.76%) observing in Tianjin and the 

lowest proportion (14.31%) observing in Zhejiang. Next are labor force, diesel, and manure, showing 

significant spatial differences, which are similar to those of open-field production. Pesticides has the 

smallest contribution, with a proportion less than 1% for most provinces (19/21).There were 

significant inter-provincial differences in each component under both open-field and greenhouse 

cucumber production patterns. This suggests that there are significant differences in the inputs in 

cucumber production among provinces.  
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Figure 3. Greenhouse gas emissions and components of greenhouse cucumber production in the provinces of China. 

3.2.3. Spatial Characteristics of Carbon Emission Indicators 

The carbon ecological efficiency of China's open-field cucumber production systems is between 

0.10 and 0.33, and that of greenhouse cucumber production systems is between 0.09 and 0.26. Both 

are less than 1, indicating negative effects on natural environment. This suggests that China's 

cucumber production systems are not conducive to realize environmental sustainability. In terms of 

spatial distribution, the carbon ecological efficiency of both open-field and greenhouse cucumber 

productions in China presents a certain geographical proximity, and the overall trend of carbon 

ecological efficiency of open-field production increases from south to north (Figure 4). 

(a) Open-field cultivation               (b) Facility cultivation 

 

Figure 4. Carbon ecological efficiency of open-field (a) and greenhouse (b) cucumber production in various 

provinces of China. 
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The spatial distribution differences and geographical proximity of carbon production efficiency 

tend to be consistent with those of carbon ecological efficiency (Figure 5). The carbon production 

efficiency of open-field cucumber production systems is 7.12 – 23.91 kg·kgCE-1, with the highest in 

Hubei and the lowest in Henan. The largest difference between provinces is more than 3 times. The 

carbon production efficiency of greenhouse cucumber production systems is 6.54 – 18.38 kg·kgCE-1, 

with the highest in Inner Mongolia and the lowest in Heilongjiang. The carbon production efficiency 

of greenhouse cucumber production in most provinces is significantly lower than that of open-field 

production. 

(a) Open field cultivation               (b) Facility cultivation 

 

Figure 5. Carbon production efficiency of open-field (a) and greenhouse (b) cucumber productions in various 

provinces of China. 

The carbon economic efficiency of China's open-field cucumber production systems is between 

16.11 and 70.05 CNY·kgCE-1, with significant spatial differences. Hubei, Guangdong, and Hebei rank 

in the top three, while Henan and Hainan rank in the bottom two. The carbon economic efficiency of 

greenhouse production in most provinces (except for Ningxia, Shaanxi, and Inner Mongolia) (19.57 – 

55.01 CNY kgCE-1) is generally lower than that of open-field cucumber production. Inner Mongolia 

has the highest carbon economic efficiency of greenhouse production, 2.81 times that of Heilongjiang, 

the province with the lowest carbon economic efficiency of greenhouse production (Figure 6). 

(a) Open field cultivation             (b) Facility cultivation 

 

Figure 6. Spatial distribution of carbon economic efficiency of open-field (a) and greenhouse (b) cucumber 

productions in various provinces of China. 
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4. Discussion 

4.1. Growing Patterns and Greenhouse Gas Emissions 

This study finds that the total greenhouse gas emissions per hectare of China's open-field 

cucumber production system are 4572.67 kgCE·hm-2, and the greenhouse gas emission production 

intensityis 78.47 kgCE·t-1. These results are comparable to the greenhouse gas emissions from open-

field organic vegetable production in Liuyang City [26], However, these results are lower than the 

weighted average greenhouse gas emissions (6,244 kgCE·hm-2) and production intensity (116 kgCE·t-

1) in China's vegetable production calculated by Zhang et al. [24], and the average greenhouse gas 

emissions (5,157 kgCE·hm-2) from open-field vegetable production in the Yangtze River Delta from 

2012 to 2016, but about 3.46 and 4.35 times that of Spanish open-field asparagus lettuce and lettuce 

productions, respectively [25]. This is mainly due to the longer growth period and the higher fertilizer 

inputs for fruit vegetables compared with those of leafy vegetables [26]. Besides, the net greenhouse 

gas emissions of open-field cucumber production (3,762.20 kgCE·hm-2) obtained in this study are 

similar to those of Zhang et al. [24] and the results under the organic cultivation pattern in Liuyang 

City [26] (3,678.03 kgCE·hm-2), but are lower than those in the pollution-free pattern in Liuyang City 

(4,700 kgCE·hm-2) [27]. This study finds that the total greenhouse gas emissions per hectare of China’s 

greenhouse cucumber production system is 8,712.86 kgCE·hm-2. It is equivalent to that of the 

greenhouse vegetable production system in the Yangtze River Delta in China (8,760 kgCE·hm-2) [28] 

and is 18.7% of the greenhouse gas emissions per hectare of Iran’s cucumber production system [29]. 

Besides, it is also far lower than the greenhouse gas emissions per hectare of greenhouse cucumber 

production in Shouguang, Shandong, China (34,800 kgCE·hm-2) [30] and the greenhouse vegetable 

production in Beijing (9,073.95 kgCE·hm-2) [31]. These differences are mainly due to the fact that the 

above studies includes greenhouse gas emissions from the greenhouse construction process into the 

total emissions. The greenhouse gas emissions from greenhouse cucumber production in this 

research are significantly higher than those of the greenhouse cucumber production in the suburbs 

of Nanjing City (1,093.4 kgCE·hm-2) [32]. This is mainly due to the fact that Chen et al. [32] does not 

consider the soil N2O emissions caused by nitrogen fertilization, while the study results show that 

soil N2O emissions caused by nitrogen fertilization accounts for 22.19% of the total emissions. The 

results of this study also show that the total greenhouse gas emissions of greenhouse cucumber 

production in China are 90.54% higher than those of open-field cucumber production. The net 

greenhouse gas emissions, carbon ecological efficiency, carbon production efficiency, and carbon 

economic efficiency are also lower than those of open-field cucumber production. Therefore, the 

sustainability of greenhouse cucumber production is lower than that of open-field cucumber 

production. This is consistent with the research results of greenhouse and open-field vegetable 

production in China [24], Yangtze River Delta [28], and Washington D.C., USA [33]. 

4.2. Sources of Greenhouse Gas Emissions and the Measures to Reduce 

The results of this study show that the main source of greenhouse gas emissions from open-field 

cucumber production is chemical fertilizers (accounting for 64.37%), including fertilization 

(accounting for 28.44%) and soil N2O emissions (accounting for 35.93%) caused by nitrogen 

fertilization. This is consistent with the study results of Hu et al. [27] on the greenhouse gas emission 

components of open-field production of eight vegetables in Liuyang City, but it is different from the 

results of Zhang et al. [26] on the open-field production in China. The results also show that fertilizers 

are the main source of greenhouse gas emissions in China’s open-field cucumber production. This is 

mainly due to the higher emission coefficient of the selected nitrogen fertilizer (8.30 kgCE·kg-1). The 

standards in the China LCA Basic Database (CLCD0.7) were selected in this study (1.526 kgCE·kg-1), 

resulting in a smaller greenhouse gas emissions of chemical fertilizers in the agricultural input stage. 

In this study, the nitrogen application rate in open-field cucumber production in Inner Mongolia, 

Henan, Shaanxi, and Xinjiang is higher than that (363 kg·hm-2) recommended for cucumber by Wu 

[34], indicating that there is great potential in fertilizer and emission reductions for the four provinces. 
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In view of this, for open-field cucumber production, research should be strengthened in terms of 

optimizing the usage of nitrogen fertilizer and increasing the utilization rate to reduce greenhouse 

gas emissions. 

Among the greenhouse gas emission components of greenhouse cucumber production, plastic 

film and fertilizers are the main emission sources, accounting for 38.78% and 38.25%, respectively. 

The contribution rates of plastic films in Beijing, Tianjin, Hebei, Jiangsu, and Sichuan are more than 

50%. This result is different from relevant researches. The main source of greenhouse gas emissions 

from greenhouse cucumber production in Pakistan is diesel [35], while the main sources are fertilizers 

in Nanjing, China [32] and means of agricultural production in Shouguang, Shandong province, 

China [30]. Besides, Gao [36] found that the main greenhouse gas emission sources of China's chain 

greenhouses, bamboo and wood-based greenhouses, and plastic films-based greenhouses are 

temperature regulation, greenhouse construction, and fertilizers, respectively. The main reason for 

the difference is the difference in system boundaries between the study and other studies. Some 

studies include greenhouse construction, while the system boundary of this study is determined as 

the process from sowing to harvesting, and the greenhouse construction is not considered. The results 

of this study show that for greenhouse cucumber production, in addition to optimizing the use of 

chemical fertilizers, reducing the use of plastic films is also a major emission reduction measure. For 

example, increasing the use of environmentally friendly plastic films, recycling plastic films, and 

increasing the reuse rate of plastic films. 

4.3. Spatial Differences in Greenhouse Gas Emissions 

The regional-scale water, soil, and carbon footprints have significant spatial differences, due to 

regional differences in natural conditions, socio-economics, industrial structure, farming methods, 

and planting structures [37]. For example, the greenhouse gas emissions from Spanish’s greenhouse 

tomato production are 3.38 times that of Colombia’s [12,28]. The greenhouse gas emissions from 

vegetable production in northern China are 9.7% – 30.0% higher than those of southern China, due 

to the higher (about 18.2% – 58.2%) nitrogen fertilizer application rate in northern China [24]. The 

greenhouse gas emissions from greenhouse vegetable production in China increase with the increase 

of latitude, and the provincial differences in the vegetable production in bamboo and wood-based 

greenhouses and plastic films-based greenhouses are large, with no obvious regularity [36]. The 

potential value of greenhouse gas emissions from greenhouse tomato production in Beijing (33.3 

t·hm-2, 379 kgCE·t-1) is higher than that in Shouguang, Shandong Province (31.7 t·hm-2, 246 kgCE·t-1) 

[30]. The greenhouse gas emissions from vegetable production in western Chongqing are 29% – 35% 

higher than those in central, southeastern, and northeastern Chongqing. The results of this study are 

consistent with previous research results, that is, there are significant spatial differences in 

greenhouse gas emissions, emission components, and carbon emission indicators of open-field and 

greenhouse cucumber productions. Among them, carbon ecological efficiency and carbon production 

efficiency present a certain geographical proximity, and the carbon ecological and production 

efficiency of open-field cucumber production increase from south to north. This comparison of the 

spatial characteristics in greenhouse gas emissions and carbon emission indicators of open-field and 

greenhouse cucumber productions in China has certain reference significance for adjusting China's 

cucumber production patterns and optimizing the layout of the cucumber industry. For provinces 

with low carbon ecological efficiency and economic efficiency, adjusting industrial structure and 

production patterns can be focused. For provinces with low carbon ecological efficiency but high 

carbon economic efficiency, developing green production technologies and tapping the potential for 

emission reduction can be focused. For provinces with high carbon ecological efficiency but low 

carbon economic efficiency, brand building to enhance prices and benefits can be focused. For 

provinces with high carbon ecological efficiency and high carbon economic efficiency, supports can 

be increased to make these provinces become main cucumber producing areas. 
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4.4. Deficiencies and Prospects of the Research 

This study analyzes the greenhouse gas emissions from open-field and greenhouse cucumber 

productions in China. The uncertainties in the analysis mainly come from the inputs selection, system 

boundary definition, and emission indicator selection. Based on the National Compilation of Cost 

and Benefit Data on Agricultural Products in 2022, the inputs such as fertilizers, pesticides, labor 

forces, and plastic films in each province are calculated and analyzed. However, there is no data on 

diesel and pesticide consumption in this compilation, so estimates based on previous researches are 

used in this study. The system boundary of this study includes the process from material and 

manpower inputs to harvesting in open-field and greenhouse cucumber productions. However, there 

are still some disputes, such as whether infrastructure construction, water consumption, soil carbon 

sequestration, etc. before planting shall be included, which has impacts on the research results. In 

terms of emission indicator selection, based on the principle of indicator localization, the emission 

indicators are selected based on the nitrogen loss model of open-field vegetable system in China 

established by Wang et al. [19,20]. However, due to the lack of relevant researches, the indicators 

cannot be further selected based on the characteristics of each province. In fact, there are differences 

in different regions, and the use of the same parameters may bring certain uncertainty. There are also 

differences in the emission coefficients of fertilizers, plastic films, and pesticides among different 

countries and studies. For example, the emission coefficients of plastic films are 22.72 kgCE·kg-1 in 

Coinvent 2.2, 6.91 kgCE·kg-1 in CLCD0.7, 0.68 kgCE·kg-1 in Chen et al. [32], and 0.1 kgCE·kg-1 in He 

et al. [38]. This difference can lead to different results. Although there are certain uncertainties, this 

study can still provide information for understanding the differences in cultivation patterns and 

spatial characteristics in greenhouse gas emissions in China's cucumber production systems, 

providing a certain reference for the selection of cucumber production patterns and optimization of 

industrial layout. 

5. Conclusion and Implications 

Based on the life cycle assessment method and using the statistical data of the National 

Compilation of Agricultural Product Cost and Benefit Data (2022), this study conducted a detailed 

measurement analysis and spatial difference comparison and greenhouse gas emissions and carbon 

evaluation indicators under the two cultivation modes of traditional open-field production and 

modern facility agriculture, and summarized the following main research conclusions based on the 

analysis results:  

(1) Taking the cucumber industry as a representative, the average overall greenhouse gas 

emission (4572.67 kgCE·hm-2) of China's facility agricultural production system was significantly 

higher than that of the traditional open-field production mode (8712.86 kgCE·hm-2). The main reason 

for this phenomenon is that the agricultural film and fertilizer used in the production of cucumbers 

in the facility emit large amounts of greenhouse gases. According to the measurement and 

comparison of net greenhouse gas emissions, the net greenhouse gas emissions from cucumber 

production in facilities are also significantly higher than those from open-field production. The 

underlying logic lies in the fact that although cucumbers can effectively increase carbon sequestration 

due to the surge in cucumber production under the facility production model, the increase in 

greenhouse gases caused by the use of agricultural film is even more significant. Finally, combined 

with the indicators of land carbon intensity and carbon production efficiency, it can be seen that both 

open-field and facility cucumber have negative environmental externalities, and the facility planting 

mode is facing more severe environmental sustainability problems. 

(2) By comparing the two different cucumber cultivation modes of open field and facility 

cultivation in each province (city, district), it was found that the greenhouse gas emissions of open 

field in each province were between 2706.14~6 953.93 kgCE·hm-2, while the greenhouse gas emissions 

of each province under the facility production system were in the range of 5795.20~13 027.43 

kgCE·hm-2. There are no significant regional or seasonal patterns in greenhouse gas emissions under 
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the two models, but there are significant inter-provincial spatial differences in carbon sequestration, 

carbon ecological efficiency, carbon production efficiency, and carbon economic efficiency under 

different models, which also provides an objective basis for optimizing the industrial layout 

according to local conditions. At the same time, in view of the differences in economic development 

status and resource endowment between different provinces (municipalities and regions), the carbon 

ecological efficiency and carbon production efficiency of cucumber production in open fields and 

facilities have certain spatial spillover effects. 

Based on the above conclusions, this paper provides the following policy implications: 

(1) The yield advantages and economic benefits of facility cultivation mode are obvious, but if 

we want to give full play to the positive environmental externalities of facility agriculture in the 

theoretical design, subsequent governments at all levels and relevant executive departments must 

make reasonable use of various subsidy means and institutional regulations, so as to give full play to 

the core advantages of facility planting with high yield and high carbon sequestration, and at the 

same time reasonably reduce the use of agricultural film, vigorously promote drip irrigation, water 

and fertilizer saving methods, so as to truly achieve advantages and avoid disadvantages, and 

comprehensively improve the comprehensive benefits of facility agriculture under the goal of Dual 

carbon strategy . 

(2) Facility agriculture is the developing trend of China's agricultural modernization, and the 

greenhouse gas emissions of facility agriculture show large regional differences in the provincial 

scale. Therefore, it is necessary for subsequent policymakers to adjust the location layout of facility 

agriculture differently, such as giving full play to the technical advantages of three-dimensional 

cultivation and multi-layer planting in coastal areas with obvious geographical advantages, and 

effectively optimizing the input structure of factors and achieving cost saving and consumption 

reduction in areas with abundant land resources such as the central and western regions, so as to 

greatly improve the carbon emission efficiency of facility agriculture in China and promote the 

sustainable development of facility agriculture. 
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