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Emissions of agricultural machines during tillage processes played an important

role in severe seasonal pollution events in agricultural areas in China and cannot be

ignored. In this study, the CO, NOX, HC and PM2.5 emissions of agricultural

machines during real-world tillage processes were tested using a portable

emission measurement system (PEMS), and their fuel-based and tillage area-

based emission factors were calculated. The CO, NOX, HC and PM2.5 emissions

were influenced by emission standards, engine rated power, tillage processes and

crops. Only the CO, HC and PM2.5 fuel-based emission factors were reduced from

China 0 to China II. For China III agricultural machines, the fuel-based emission

factors were higher during plowing and tilling than during harvesting. The tillage

area-based CO, NOX, HC and PM2.5 emission factors of corn tillage process were

11.85 ± 8.30, 53.21 ± 48.80, 3.46 ± 3.14 and 1.64 ± 1.33 kg/km2, respectively. The

tillage area-basedCO,NOX, HC and PM2.5 emission factors ofwheat tillage process

were 19.69±21.50, 79.98±63.22, 3.90±2.96 and 1.61 ± 2.43 kg/km2, respectively.

The tillage area-based emission factors of China III agricultural machines during

plowing and tillingwere higher than those during harvesting. The fuel consumption

per unit tillage area can be used to provide a reference for the interconversion of

the two emission factors in future studies. By comparing the fuel-based emission

factors in this studywith those in theGuidelines andother studies, weobserved that

the CO, HC and PM2.5 emissions of agricultural machines with corresponding

emission standards may be overestimated and the NOX emissions may be

underestimated in areas where wheat and corn are mainly grown. Moreover,

the pollutant emissions of agricultural machines were regionally different. These

results could help elucidate the pollution contribution of agricultural machines in

China.
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1 Introduction

With the development of agricultural mechanization,

agricultural machinery gradually replaced traditional animal

and human tillage processes and played an irreplaceable role

in crop transportation, planting and harvesting (Ganesh et al.,

2019; Hou et al., 2019; Zhang et al., 2020). Agricultural

mechanization in China has improved year by year, combined

mechanization rates of 97.19% and 89.76% for wheat and corn in

2020, respectively (MOA, 2021; NBSC, 2021). While agricultural

machinery has been rapidly developed and popularized, its

emissions during tillage processes have played an important

role in severe seasonal pollution events in intensive

agricultural areas of China (Li et al., 2019; Ning et al., 2020).

The emissions of hydrocarbons (HC), nitrogen oxide (NOX) and

particulate matter (PM) from agricultural machines in

2021 accounting for 48.0%, 34.9% and 38.8% of non-road

mobile source emissions, respectively (MEE, 2021). Although

the pollutant emissions from agricultural machines were lower

than those from vehicles, they were not evenly distributed

throughout the year and could be very large during the tillage

season (Zhang et al., 2020), which indicates that the pollutant

emissions from agricultural machines cannot be ignored.

In addition, the characteristics of agricultural machines, such

as low technology level, long service life, high fuel consumption,

low maintenance and high emissions from individual machines,

increase the difficulty of regulation (Kean et al., 2000;Wang et al.,

2020). The European Union and the United States

Environmental Protection Agency have adopted legislation to

limit emissions of NOX, carbon monoxide (CO), PM and HC

from nonroad mobile sources, including agricultural machinery.

The European legislation involved Emission Stages (i.e., I, II,

IIIA, IIIB, IV final), and the American legislation involved Tiers

(i.e., 1, 2, 3, 4, 5) (Lovarelli and Bacenetti, 2019; Ai et al., 2021).

The regulatory system for agricultural machinery in China was

adopted late, and the national emission standard for diesel

engines of nonroad mobile machinery was established in

2007. The currently implemented emission standard is China

III (GB 20891-2014), while China IV will be implemented in

December 2022 (MEE, 2014a; Tan et al., 2018). The updating of

emission standards has prompted machine manufacturers to

continuously improve the waste treatment technology of their

machines to meet the limits of increasingly stringent emission

standards and curb pollutant emissions at the source (Rhys-Tyler

et al., 2011). Shen et al. (2021a) demonstrated that the number of

agricultural machines in 2017 was 12, 7 and 13 million units for

China 0, China I and China II, respectively. In addition, CO

emissions were 532, 47 and 312 Gg, NOX emissions were 859,

74 and 367 Gg, HC emissions were 106, 9 and 64 Gg, and PM2.5

emissions were 92, 7 and 41 Gg for China 0, China I and China II

agricultural machines, respectively (Shen et al., 2021a).

In recent years, emission studies of agricultural machinery

have focused on testing emission factors and establishing

emission inventories. Some studies have tested time-based,

fuel-based and power-based emission factors in three modes:

idling, moving and working (Fu et al., 2013; Ge et al., 2013;

Zavala et al., 2017; Hou et al., 2019). Then, some studies focused

on the time-based and fuel-based emission factors of agricultural

machines during different tillage processes and works at

headlands (Janulevičius et al., 2013; Pang et al., 2020; Wang

et al., 2020). In addition, several studies have established

agricultural machinery emission inventories at the national,

regional and city levels based on fuel consumption by using

fuel-based emission factors (Fan et al., 2011; Wang et al., 2016;

Huang et al., 2018; Pang et al., 2021). The fuel-based emission

factors were acquired using the NONROAD model, the Non-

Road Mobile Source Emissions Inventory Compiled Technical

Guidelines (MEE, 2014b) or empirical measurements. Moreover,

several studies built national-, regional- and city-level emission

inventories of agricultural machinery using the power-based

emission factors recommended in the Guidelines (MEE,

2014b) or field tests (Lang et al., 2018; Hou et al., 2019; Guo

et al., 2020). There is still a very large gap between the current

emissions of agricultural machinery inventoried using the above

methods and the real-world emissions of in-use agricultural

machines.

Zhang et al. (2020) developed an agricultural machinery

emission inventory based on the tillage process and crop type

using a grid-based methodology in 2015 with power-based

emission factors, which were obtained from the Guidelines

and emission tests. The results indicated that there were some

differences in pollutant emissions from agricultural machinery in

different tillage process. Constructing an agricultural machinery

emission inventory using a grid-based methodology can

effectively reduce the uncertainty related to the real usage rate

of machines and the difference in working hours and enable the

calculation of emissions that are closer to the emissions during

real tillage processes. Fuel-based and tillage area-based emission

factors can be applied to establish agricultural machinery

emission inventories by using them in combination with fuel

consumption and the grid-based methodology, respectively,

improving the understanding of agricultural machinery

pollutant emissions. Emission inventories built with tillage

area-based emission factors have a higher spatial and

temporal resolution than those built with fuel-based emission

factors. Moreover, both emission factors can be used to explore

emission characteristics of agricultural machines. Lovarelli and

Bacenetti (2017) conducted a comparative Life cycle assessment

of rotary harrowing operations using different data sources,

testing the tractor using Controller Area Network-bus, Global

Positioning System (GPS) and exhaust gases analyser to obtain

the tillage area-based carbon dioxide (CO2), CO and NOX

emission factors. However, there are few tillage area-based

emission factors obtained through field tests in China.

In this study, we measured the CO, NOX, HC and PM2.5

emissions of 20 agricultural machines used for different tillage
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processes for planting wheat and corn using a portable emission

measurement system (PEMS) in China. Fuel-based and tillage

area-based emission factors were calculated to analyze the

emission characteristics of agricultural machines. The fuel

consumption per unit tillage area that could be used to

interconvert the two emission factors were calculated and

analyzed. Finally, the fuel-based emission factors were

compared with those from the Guidelines and other studies.

The results could help elucidate the pollution contribution of

agricultural machinery, improve the accuracy of agricultural

machinery emission inventories, and develop more effective

tailpipe emission control measures to improve air quality.

2 Materials and methods

2.1 Sampling system and methods

A self-developed PEMS was used to evaluate the CO, NOX,

HC and PM2.5 emissions of agricultural machines during tillage

processes, as shown in Figure 1. The PEMS mainly included four

parts: a SEMTECH-LDV (Light-Duty Vehicle, LDV) (Sensors,

Ann Arbor, MI, United States), a SEMTECH-EFM (exhaust flow

meter, EFM) (Sensors, Ann Arbor, MI, United States), a fine

particulate matter (FPM) constant-velocity sampling dilution

system (CTM-039, Environmental Supply Company, Durham,

North Carolina, United States) and an online particulate matter

measurement system. The sampling process of the emission test

system was as follows. The exhaust gases emitted from the

exhaust tailpipes of agricultural machines were transported

into the SEMTECH-EFM duct through a sealed exhaust gas

connection pipe. After passing through the EFM pipeline, part of

the exhaust gas was expelled into the air, and the other part was

divided into two channels for analysis. One channel of exhaust

gas entered the SEMTECH-LDV system directly through a

heated tube, and then the exhaust gas entered three

submodules for measurement and analysis. The HC emission

was measured by the SEMTECH-FID (flame ionization detector,

FID) submodule. The CO, CO2 and NOX emissions were

measured by the SEMTECH-GAS submodule through

nondispersive ultraviolet spectroscopy and nondispersive

infrared spectroscopy. Eventually, the measurement data from

each submodule, combined with the external GPS data, were

collected into the SEMTECH-SCS (Sample Conditioning System,

SCS) submodule for recording and saving. The collected data

were transferred to a laptop terminal through a wireless

connection, and the measurement results could be monitored

in real time during the experiment.

Another channel of exhaust gas entered the FPM dilution

system, and the pitot tube measured the exhaust gas flow rate at

the EFM outlet and automatically adjusted the voltage of the air

pump to control the sampling rate and achieve equal sampling

speed. The exhaust gas was diluted with clean and dry air

obtained from a high-efficiency particulate air filter and color-

changing silica gel after continuous heating of the fume gun and

hot box, precluding the problem of water condensation while

diluting and causing the dilution ratio to be relatively stable by

automatically adjusting the voltage of the air pump. After exhaust

FIGURE 1
Schematic diagram of the portable emission measurement system for sampling CO, NOX, HC and PM2.5 emitted by agricultural machines.
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gases passed through the FPM dilution system, they were passed

through an online particulate matter measurement system in

which the DustTrak aerosol monitor (TSI Inc., U.S.A.) measured

PM2.5 mass concentrations and recorded data. A gasoline

generator set (EF6600, Yamaha Inc., Japan) provided power

for the entire test system with a rated power of 5 kW.

There are a series of measures to ensure data quality during

the experiment. Firstly, the air line of PEMS was cleaned and

confirmed to not be blocked or broken before each experiment.

Secondly, the SEMTECH-LDV system and DustTrak aerosol

monitor were preheated before the experiment, and the dilution

ratio of the FPM dilution system was adjusted to 8-10 for meeting

the sampling requirements. Thirdly, the preheated SEMTECH-

LDV system was zeroed using nitrogen (N2, 99.9%) and

calibrated using standard gases containing CO, CO2, nitric

oxide (NO) before the experiment. The DustTrak aerosol

monitor using zeroed clean air before the experiment.

The measured experimental data needed to be corrected after

the experiment due to the different response times of the

SEMTECH-LDV system and the DustTrak aerosol monitor.

The instantaneous PM2.5 concentration curves were adjusted

to match the trend of the exhaust gas flow curve according to the

exhaust gas flow rate and the PM2.5 concentrations during the

experiment. The agricultural machines collected two samples

during each tillage process except return process for AM07. More

details about the PEMS can be found in previous studies (Yao

et al., 2011, 2015; Huo et al., 2012; Wu et al., 2015, 2022; Shen

et al., 2018, 2021b, 2021c; Yu et al., 2023).

2.2 Typical agricultural machines and
operating modes

Based on the field research results regarding the agricultural

activities, large tillage area of wheat and corn in Jining and large

number of agricultural machines used, this study investigated

the CO, NOX, HC and PM2.5 emission factors of agricultural

machines used during wheat and corn tillage processes. To

ensure the relevance of the experiments, the agricultural

machines selected for the experiments were, as far as

possible, the types of agricultural machines used in actual

tillage processes and the establishment of emission

standards. Twenty agricultural machines, including

14 tractors and 6 combine harvesters, used in the plowing,

tilling, sowing, pesticide spraying, harvesting and return

processes of planting wheat and corn were selected for

testing. The plowing, tilling and harvesting processes of

agricultural machines with China I emission standards have

almost all been scrapped and are rarely used in actual tillage

processes, so they were not selected for this study. The sowing

process has fewer requirements regarding the use of agricultural

machines, and most farmers still choose China 0 agricultural

machines for sowing, so China 0 agricultural machines were

selected in this study for sowing. Detailed information on the

agricultural machines tested is shown in Table 1. The testing

agricultural machines were rented from private owners or large

agricultural machine service centers and tested during real-

world tillage processes. The tested agricultural machineries

were common and widely used. None of these machines

were equipped with exhaust gas treatment, and each used

diesel fuel, which is the main fuel of agricultural machines

(MEE, 2021).

The experimental site was selected in Jining City, Shandong

Province, China. This area has a large tillage area, mainly for

planting wheat and corn. During the experiment, all the PEMS

instruments were placed on a platform, the SEMTECH-LDV

system and DustTrak aerosol monitor continuously recorded the

experimental data, and the measurement results were monitored

in real time. The agricultural machines were tested in August and

September 2020 when they were used in tillage processes.

2.3 CO, NOX, HC and PM2.5 emission factor
calculations

The fuel-based CO, NOX, HC and PM2.5 emission factors

have units of g/(kg-fuel) and were calculated according to Eq. 1:

EFia � Mi

Mf
� ∫t

0
(Ci × V)dt
∫t

0
Rdt

(1)

where EFia is the fuel-based emission factor of pollutant i, g/(kg-

fuel); Mi is the total discharged mass of pollutant i, g; Mf is the

fuel consumption quality during the driving time, kg; Ci is the

instantaneous concentration of pollutant i in the exhaust gas

during the tillage process, g/m3; V is the instantaneous exhaust

gas flow rate during the tillage process, m3/h; t is the time from

the beginning to end of the sampling, h; and R is the fuel

consumption rate during the tillage process, kg/h.

The tillage area-based CO, NOX, HC and PM2.5 emission

factors of agricultural machines were calculated according to

Eq. 2:

EFib � Mi

S
× 10−3 � ∫

t

0
(Ci × V)dt

S
× 10−3 (2)

where EFib is the tillage area-based emission factor of pollutant i,

kg/km2; Mi is the total discharged mass of pollutant i, g; and S is

the tillage area, km2. All other parameters are consistent with

those in Eq. 1.

2.4 Fuel consumption per unit tillage area
calculation

The fuel consumption per unit tillage area was calculated

according to Eq. 3:

Frontiers in Environmental Science frontiersin.org04

Shen et al. 10.3389/fenvs.2022.1031647

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1031647


Fi � EFib

EFia
× 103 (3)

where F is the fuel consumption per unit tillage area of pollutant

i, (kg-fuel)/km2; EFib is the tillage area-based emission factor of

pollutant i, kg/km2; EFia is the fuel-based emission factor of

pollutant i, g/(kg-fuel).

2.5 Calculation of uncertainty analysis

The 95% confidence interval (CI) was calculated using Eq. 4,

and the coefficient of variation (CV) was calculated using Eq. 5

(Wang et al., 2016):

CIx � μx ± 1.96
σx�
n

√ (4)

CVx � σx
μx

(5)

where CIX is the confidence interval of emission factor x, CVX is

the coefficient of variation of emission factor x, μx is the

arithmetic average of emission factor x, σx is the standard

deviation of emission factor x, and n is the number of

emission factor x.

3 Results and discussion

3.1 Influencing factors of fuel-based CO,
NOX, HC and PM2.5 emission factors

3.1.1 Emission standard and engine rated power
The continuous updating of emission standards for

agricultural machines has obvious effects on pollutant

emission control. Except for the fuel-based NOX emission

factors, the fuel-based CO, HC and PM2.5 emission factors

decreased with increasing emission standards, shown in Figure 2.

Compared with those of the China 0 agricultural machines,

the fuel-based CO, HC and PM2.5 emission factors of the China II

agricultural machines decreased by 48.67%, 46.34% and 34.62%,

respectively. This was related to the use of pressurized

intercooling systems in China II agricultural machines, which

led to more uniform combustion in the engine cylinders and

reduced pollutant emissions (Zhang et al., 2016). The fuel-based

CO, HC and PM2.5 emission factors were reduced by 47.30%,

24.31% and 59.30% from China II to China III agricultural

machines, respectively. This was because China III agricultural

machines use exhaust gas recirculation or electronically

controlled common rail systems based on pressurized

TABLE 1 Detailed information on the agricultural machines tested in this study.

Machine number Machine type Crop Tillage process Emission standard Engine rated
power (kW)

Machine brand

AM01 Tractor Wheat Pesticide spraying China 0 13.3 Xinhu

AM02 Tractor Wheat Sowing China 0 43 Lovol

AM03 Tractor Wheat Sowing China 0 51.5 Shanghai

AM04 Tractor Corn Sowing China 0 36 Shanghai

AM05 Tractor Wheat Tilling China Ⅱ 66.2 Dongfanghong

AM06 Tractor Wheat Plowing China Ⅱ 103 Shuhe

AM07 Tractor Wheat Sowing; Tilling; Plowing; Return China Ⅱ 73.5 Dongfanghong

AM08 Tractor Wheat Sowing China Ⅱ 29.4 Fubaotian

AM09 Tractor Corn Sowing China Ⅱ 29.4 Taishan

AM10 Tractor Corn Sowing China Ⅱ 59 Qingtuo

AM11 Combine harvester Corn Harvesting China Ⅱ 75 Chunyu

AM12 Combine harvester Wheat Harvesting China Ⅱ 92 Chery guwang

AM13 Combine harvester Wheat Harvesting China Ⅱ 107 Lovol

AM14 Tractor Wheat Tilling China Ⅲ 102.9 Lovol

AM15 Tractor Wheat Tilling China Ⅲ 103 Shuhe

AM16 Tractor Wheat Plowing China Ⅲ 110.3 Taishan

AM17 Tractor Wheat Plowing China Ⅲ 147 Changfa

AM18 Combine harvester Wheat Harvesting China Ⅲ 113 Chunyu

AM19 Combine harvester Corn Harvesting China Ⅲ 118 Chunyu

AM20 Combine harvester Corn Harvesting China Ⅲ 118 Golddafeng
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intercooling systems (Tan et al., 2018). However, the fuel-based

NOX emission factors were different. From China 0 to China II

agricultural machines, the fuel-based NOX emission factors

increased by 56.99%, which could be caused by an increase in

NOX generation due to the increased maximum combustion

temperature in the cylinder as a result of pressurization

(Zamboni et al., 2016). The method of pressurization plus

intercooling is usually used to reduce the inlet air temperature

to reduce NOX emissions (Tan et al., 2018), but in this study, the

intercooling method was not effective in reducing the NOX

generated due to pressurization. From China II to China III

agricultural machines, the fuel-based NOX emission factors were

reduced by 25.87%. However, China 0 agricultural machines had

the lowest fuel-based NOX emission factors. It may be because of

the long service time, poor maintenance conditions and low

cylinder temperature of China 0 agricultural machines, which

eventually leads to less NOX generation. Furthermore, the

phenomenon that NOX emissions increased with the

tightening of emission standards was also observed for diesel

vehicles (Huo et al., 2012; Shen et al., 2015).

In this study, agricultural machines were classified into four

categories based on engine rated power (<37 kW, 37–75 kW,

75–130 kW and ≥130 kW), according to the Guidelines (MEE,

2014b). Figure 2A indicates that for China 0 agricultural

machines, the fuel-based CO emission factors increased by

48.75% from <37 kW to 37–75 kW. For China II agricultural

machines, the fuel-based CO emission factors decreased by

74.63% from <37 kW to 37–75 kW and increased by 67.83%

FIGURE 2
Fuel-based (A)CO, (B)NOX, (C)HC and (D) PM2.5 emission factors of agricultural machines under different emission standards and engine rated
powers.
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from 37-75 kW to 75–130 kW. For China III agricultural

machines, the fuel-based CO emission factors decreased by

53.31% from 75–130 kW to ≥130 kW. Figures 2B,C illustrate

that the fuel-based NOX and HC emission factors for agricultural

machines decreased with increasing engine rated power under

these three emission standards. Figure 2D demonstrates that for

China 0 agricultural machines, the fuel-based PM2.5 emission

factors were highest in the 37–75 kW engine rated power range,

and for China II and China III agricultural machines, the fuel-

based PM2.5 emission factors declined with increasing engine

rated power.

In general, a lower engine rated power leads to lower power

output and lower fuel combustion efficiency (Luján et al., 2018).

This causes the CO, HC and PM2.5 emissions as incomplete

combustion products to vary with the engine rated power.

Variations in NOX emissions as the complete combustion

products of diesel engines are mainly influenced by changes

in engine temperature (Lee et al., 2013; Reşitoğlu et al., 2014;

Tan et al., 2018). When the engine rated power increased, the

agricultural machine load and combustion temperature

decreased; thus, NOX emissions decreased. Under the

premise of meeting the requirements of the tillage process,

agricultural machines with higher powers should be chosen,

which can not only improve tillage efficiency but also reduce

pollutant emission.

3.1.2 Tillage processes and crops
The fuel-based CO, NOX, HC and PM2.5 emission factors

were compared and analyzed under different tillage processes

(Figure 3). For China 0 agricultural machines, the fuel-based

CO and PM2.5 emission factors were 1.23 and 1.35 times higher

during sowing process than pesticide spraying process,

FIGURE 3
Fuel-based (A) CO, (B) NOX, (C) HC and (D) PM2.5 emission factors of agricultural machines under different tillage processes of different crops.
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respectively. In contrast, the fuel-based NOX emission factors

were 0.63 times lower during sowing process than during

pesticide spraying process. This may be because pesticide

spraying is usually performed manually or by using small

tractors with low fuel consumption and low power output.

For China II agricultural machines, the highest fuel-based CO,

HC and PM2.5 emission factors were observed during the

sowing process. During the sowing process, the agricultural

machines hung the seeder and moved slowly in the field, which

suggests less resistance and incomplete fuel combustion,

leading to higher fuel-based CO, HC and PM2.5 emission

factors. The highest fuel-based NOX emission factors were

observed during the plowing process. During the plowing

process, the agricultural machine engines must provide

power not only for movement but also for the rotary plow,

and the engines are usually under high load conditions. These

high load conditions decreased the average air–fuel ratio of the

combustible mixture and increased the combustion pressure

and temperature, so the NOX generation rate increased (Fu

et al., 2013; Zamboni et al., 2016). For China III agricultural

machines, the highest fuel-based CO, NOX and PM2.5 emission

factors were observed during the plowing process. And the

highest fuel-based HC emission factors were observed during

the tilling process. The differences that occurred between the

plowing and tilling tractors may be due to differences in the

resistances of the two processes.

Furthermore, due to the influences of factors such as crop

maturity, planting conditions and production conditions, there

are significant differences in the pollutant emissions of

agricultural machines during the tillage processes of different

crops (Kong, 2021). As showcased in Figure 3, the fuel-based CO

andNOX emission factors were 1.48 and 1.26 times higher during

wheat tillage than corn tillage, respectively. And the fuel-based

HC and PM2.5 emission factors were slightly lower during wheat

tillage than during corn tillage. Generally, corn tillage rarely

involves plowing and tilling processes, which are only done once

a year after the corn harvesting and before the wheat sowing

(Kong, 2021). The higher pollutant emissions from these

processes caused the higher pollutant emissions from wheat

tillage than from corn tillage. The difference of HC and PM2.5

emissions in this study may be due to the difference of emissions

between the two crops during sowing and harvesting. For China

II agricultural machines during sowing process, the fuel-based

PM2.5 emission factors were 3.65 times higher for corn than those

for wheat, which may be due to the lower engine rated power of

agricultural machines used for corn than for wheat. And for

agricultural machines during harvesting, fuel consumption was

higher for corn harvesting than for wheat harvesting, which

resulted higher emissions of CO, HC and PM2.5 as incomplete

combustion products for corn than for wheat. Among them, the

fuel-based HC emission factors for the corn harvesting process of

China III agricultural machines were 2.78 times higher than

those of wheat.

3.2 Tillage area-based CO, NOX, HC and
PM2.5 emission factors

The tillage area-based emission factors were calculated for

the plowing, tilling, sowing and harvesting processes of wheat

and corn according to the methods described in Section 2.3. The

results are shown in Table 2. The tillage area-based CO, NOX, HC

and PM2.5 emission factors for the corn tillage process were

11.85 ± 8.30, 53.21 ± 48.80, 3.46 ± 3.14 and 1.64 ± 1.33 kg/km2,

respectively. The tillage area-based CO, NOX, HC and PM2.5

emission factors for the wheat tillage process were 19.69 ± 21.50,

79.98 ± 63.22, 3.90 ± 2.96 and 1.61 ± 2.43 kg/km2, respectively.

Except for the tillage area-based PM2.5 emission factors, the

tillage area-based CO, NOX and HC emission factors for the

wheat tillage process were higher than those for the corn tillage

process.

Figure 4 illustrate the tillage area-based PM2.5, CO, HC and

NOX emission factors of China II and China III agricultural

machines during different tillage processes. For China II

agricultural machines, the highest tillage area-based PM2.5

emission factors were observed during tilling process with

4.45 ± 4.52 kg/km2, and the highest tillage area-based HC, CO

and NOX emission factors were observed during plowing process

with 5.89 ± 1.97, 47.81 ± 41.81 and 190.43 ± 41.87 kg/km2,

respectively. For China III agricultural machines, the tillage area-

based PM2.5, CO and NOX emission factors decreased in the

order of plowing (2.05 ± 3.16, 22.29 ± 26.27 and 90.07 ± 59.97 kg/

km2, respectively), tilling and harvesting, and the tillage area-

based HC emission factors decreased in the order of tilling

(6.11 ± 3.99 kg/km2), plowing and harvesting. In general, the

tillage area-based HC, CO and NOX emission factors of China II

agricultural machines during plowing and tilling were higher

than those during sowing and harvesting. The tillage area-based

PM2.5, HC, CO and NOX emission factors of China III

agricultural machines during plowing and tilling were higher

than those during harvesting. The plowing and tilling processes

were performed by large and medium-sized tractor rotary tillers

or rotary plows. The operation processes of rotary tiller or rotary

plow rotation bring more resistance, and more power needs to be

output to complete the operation. The agricultural machines

used during the sowing process simply drag the seeder while

moving slowly. The harvesting process of the combine harvester’s

head rotation also yielded some resistance. Compared with the

plowing and tilling processes, the sowing and harvesting

processes result in less resistance and fuel consumption.

Moreover, combine harvesters were tested for a longer period

of time, and the diesel engines were more stable.

3.3 Fuel consumption per unit tillage area

We obtained the fuel consumption per unit tillage area by

dividing the tillage area-based emission factor by the fuel-based
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emission factor. The fuel consumption per unit tillage area can be

used for the interconversion of the two emission factors and to

provide a reference for future agricultural machine emission

studies. Figure 5A indicates the fuel consumption per unit

tillage area of agricultural machines during different tillage

processes with the same engine rated power under two

emission standards. The fuel consumption per unit tillage area

of China II agricultural machines with engine rated powers of

37–75 kW decreased in the order of plowing, tilling and sowing.

The fuel consumption per unit tillage area during plowing was

2.91 times higher than that during harvesting for agricultural

machines with engine rated powers of 75–130 kW. For China III

agricultural machines with engine rated powers of 75–130 kW,

the fuel consumption per unit tillage area decreased in the order

of tilling, plowing and harvesting. These results correlated to

different resistances during different tillage processes. Figure 5B

demonstrates the fuel consumption per unit tillage area of

agricultural machines with different engine rated powers

TABLE 2 Tillage area-based CO, NOX, HC and PM2.5 emission factors for different wheat and corn tillage processes.

Crop Emission standard Tillage process Tillage area-based emission factors ±standard deviation (kg/km2)

CO NOX HC PM2.5

Corn China 0 Sowing 23.21 ± 4.67 40.62 ± 1.27 8.79 ± 3.27 2.97 ± 0.90

China II Sowing 9.00 ± 2.07 36.93 ± 12.80 1.62 ± 0.69 2.55 ± 1.32

Return 25.84 213.86 8.47 1.24

Harvesting 13.40 ± 12.82 46.47 ± 31.12 1.73 ± 1.46 0.43

China III Harvesting 6.17 ± 3.35 41.85 ± 19.86 2.49 ± 1.39 0.70 ± 0.80

Mean value 11.85 ± 8.30 53.21 ± 48.80 3.46 ± 3.14 1.64 ± 1.33

Wheat China 0 Sowing 23.43 ± 3.81 25.37 ± 2.95 1.94 ± 1.29 1.77 ± 0.88

China II Sowing 17.94 ± 13.93 52.07 ± 9.12 2.72 ± 1.76 0.62 ± 0.56

Tilling 15.27 ± 3.31 122.62 ± 74.18 4.10 ± 1.17 4.45 ± 4.52

Plowing 47.81 ± 41.81 190.43 ± 41.87 5.89 ± 1.97 0.92 ± 0.31

Harvesting 4.63 ± 4.08 41.84 ± 10.49 5.21 ± 5.04 0.29 ± 0.11

China III Tilling 14.81 ± 12.68 56.61 ± 9.57 6.11 ± 3.99 0.93 ± 0.74

Plowing 22.29 ± 26.27 90.07 ± 59.97 2.87 ± 2.00 2.05 ± 3.16

Harvesting 2.95 ± 2.64 41.69 ± 0.09 0.78 ± 0.02 0.17

Mean value 19.69 ± 21.50 79.98 ± 63.22 3.90 ± 2.96 1.61 ± 2.43

FIGURE 4
Tillage area-based PM2.5, HC, CO and NOX emission factors of (A) China II and (B) China III agricultural machines under different tillage
processes.

Frontiers in Environmental Science frontiersin.org09

Shen et al. 10.3389/fenvs.2022.1031647

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1031647


during the same tillage process under three emission standards.

The fuel consumption per unit tillage area during sowing was

2.59 times higher for China 0 agricultural machines with engine

rated powers of <37 kW than for those with engine rated powers

of 37–75 kW, which may be due to the aging engines of the older

China 0 agricultural machines. For China II agricultural

machines, the fuel consumption per unit tillage area increased

with increasing engine rated power during the sowing and

plowing processes. The fuel consumption per unit tillage area

during the plowing process was 1.95 times higher for China III

FIGURE 5
Fuel consumption per unit tillage area of agricultural machines under different emission standards, tillage processes and engine rated powers.

FIGURE 6
Comparison of fuel consumption per unit tillage area obtained from the field research and the field tests.
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agricultural machines with engine rated powers of 75–130 kW

than for those with engine rated powers of ≥130 kW. This may be

due to the more complete combustion of diesel fuel when the

engine rated power exceeded 130 kW. Thus, the cost effectiveness

of using agricultural machines with an engine rated power of

75–130 kW during the plowing process is relatively low. More

detailed information on the fuel consumption per unit tillage area

is shown in Supplementary Table S1.

A comparison of the fuel consumption per unit tillage area

obtained from the field research and the field tests in this study is

shown in Figure 6. In general, for agricultural machines with

different emission standards and engine rated powers, the results

from the field research during corn and wheat planting were

higher than those from the field tests. For corn, the fuel

consumption per unit tillage area obtained from the field tests

during sowing and harvesting was 461.15-1,752.00 and 1,097.30-

1,390.29 (kg-fuel)/km2, respectively. The fuel consumption per

unit tillage area obtained from the field research during sowing

and harvesting was 1.82 and 3.07 times higher than those from

the field tests, respectively. For wheat, the fuel consumption per

unit tillage area obtained from the field tests during sowing and

harvesting was 644.69-928.71 and 774.51-888.87 (kg-fuel)/km2,

respectively. The fuel consumption per unit tillage area obtained

from the field research during sowing and harvesting was

2.11 and 4.06 times higher than those from the field tests,

respectively. In addition, the fuel consumption per unit tillage

area obtained from the field research during the plowing and

tilling processes was 1.68 times higher than those from the field

tests (1,013.00-2,853.52 (kg-fuel)/km2). Compared to that for the

sowing, plowing and tilling processes, the difference in fuel

consumption per unit tillage area between the field research

and field tests was higher for the harvesting process. Farmers in

the research area usually hire workers, tractors and combine

harvesters to farm their crops, and the fuel consumption per unit

tillage area obtained from the field research was extrapolated

from the workers’ charges; thus, this could lead to large degrees of

uncertainty for the fuel consumption per unit tillage area

obtained from the field research. This also indicated that the

field test results were representative of the real situation, and it is

recommended that the field test results be used as a reference in

future studies. If the field test results are not available, the field

research results could be corrected using the aforementioned

ratio of the field research results to the field test results.

3.4 Comparison with other research

We compared the fuel-based CO, NOX, HC and PM2.5

emission factors collected under different emission standards

and engine rated powers in this study with those from the

Guidelines and other research (MEE, 2014b; Pang et al., 2020;

Wang et al., 2020), as shown in Figure 7. The fuel-based CO,

NOX, HC and PM2.5 emission factors in the Guidelines were

determined by PEMS experiments on 37 typical tractors and

combine harvesters under real-world operating conditions

(MEE, 2014b; Guo et al., 2020). Pang et al. (2020) used a

PEMS to measure the fuel-based CO, HC, NO and PM2.5

emission factors of China II tractors during tilling, fertilizing

and returning in Sichuan Province, China. Wang et al. (2020)

examined the tailpipe emissions of tractors and combine

harvesters under real-world working conditions using a PEMS

in Beijing, China.

Figure 7A indicates that the fuel-based CO emission factors

of the China 0 and China II agricultural machines in this study

were close to those reported in previous research (MEE, 2014b;

Pang et al., 2020; Wang et al., 2020). The fuel-based CO

emission factors of the China III agricultural machines in

this study were lower than those measured by Wang et al.

(2020) and the Guidelines (MEE, 2014b). Figure 7B suggests

that the fuel-based NOX emission factors of the China

0 agricultural machines in this study were close to those in

the Guidelines (MEE, 2014b), the fuel-based NOX emission

factors of the China II agricultural machines in this study were

close to those of a China II combine harvester measured by

Wang et al. (2020) but were higher than those of tractors

estimated by Wang et al. (2020) and those in the Guidelines

(MEE, 2014b), and the fuel-based NOX emission factors of the

China III agricultural machines in this study were higher than

those of Wang et al. (2020) and those in the Guidelines (MEE,

2014b). Figure 7C reveals that the fuel-based HC emission

factors of the China 0 agricultural machines in this study

were close to those in the Guidelines (MEE, 2014b), the fuel-

based HC emission factors of the China II agricultural machines

in this study were close to those of Pang et al. (2020), and the

results of the China II and China III agricultural machines in

this study were lower than those in the Guidelines (MEE,

2014b) and those of Wang et al. (2020). Figure 7D

demonstrates that the fuel-based PM2.5 emission factors of

the China 0 and China II agricultural machines in this study

were lower than those in the Guidelines (MEE, 2014b) and those

of Pang et al. (2020), respectively, and the fuel-based PM2.5

emission factors of the China II and China III agricultural

machines in this study were close to those in the Guidelines

(MEE, 2014b).

Currently, most agricultural machinery emission inventories

in China are calculated by referring to the emission factors in the

Guidelines (MEE, 2014b). This may lead to the overestimation of

the CO, HC and PM2.5 emissions of agricultural machines with

corresponding emission standards in regions where wheat and

corn are mainly planted and the underestimation of the NOX

emissions of China II and China III agricultural machines.

Additionally, the differences among the results of this study

and those of Pang et al. (2020) and Wang et al. (2020) revealed

that the pollutant emissions of agricultural machines during

tillage processes vary in different regions, and there is a

certain uncertainty in using a single emission factor to build
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agricultural machinery emission inventories. A database of

emission factors from agricultural machines in each region

based on field tests is needed to reduce the uncertainty of

emission inventories.

3.5 Uncertainty analysis

Inevitably, some uncertainties exist in evaluating the CO,

NOX, HC and PM2.5 emission factors of agricultural machines.

First, the agricultural machines tested were not comprehensive

enough. China I emission standard of agricultural machines were

applied for a short period, and relatively few agricultural

machines were produced during this period. Moreover, almost

all China I agricultural machines had been scrapped and rarely

used in actual tilling, plowing and harvesting processes through

field research (Kong, 2021). Therefore, China I agricultural

machines were not tested. Second, the pollutant emissions of

agricultural machines during transportation from storage to the

workplace were ignored. We calculated 95% confidence intervals

for the emission factors of the agricultural machines tested in this

study by the method described in Section 2.5, as shown in Tables

FIGURE 7
A comparison of the fuel-based (A)CO, (B)NOX, (C)HC and (D) PM2.5 emission factors of agricultural machines in this study with those reported
in other research.
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3, 4. The coefficients of variation for the fuel-based emission

factors and the tillage area-based emission factors were 0.12-

1.39 and 0.33-1.13, respectively, which indicated a large

uncertainty in the emission factors. More in-depth studies on

the CO, NOX, HC and PM2.5 emissions of agricultural machines

are still needed.

4 Conclusion

With the continuous updating of emission standards for

agricultural machines, the fuel-based CO, HC and PM2.5

emission factors have decreased, and the fuel-based NOX

emission factors have increased. From China 0 to China II

agricultural machines, the fuel-based CO, HC and PM2.5

emission factors decreased by 48.67%, 46.34% and 34.62%,

respectively, and the fuel-based NOX emission factors increased

by 56.99%. The fuel-based NOX, HC and PM2.5 emission factors of

China II and China III agricultural machines decreased with

increasing engine rated power. Furthermore, the fuel-based CO,

NOX, HC and PM2.5 emission factors were affected by tillage

processes and crops. And the highest fuel-based NOX emission

factors were observed during the plowing process. Tillage area-based

CO,NOX andHC emission factors for the wheat tillage process were

19.69 ± 21.50, 79.98 ± 63.22, 3.90 ± 2.96 kg/km2, respectively, and

were higher than for corn tillage.Moreover, for China III agricultural

machines, the highest tillage area-based PM2.5, CO and NOX

emission factors were observed during plowing with 2.05 ± 3.16,

22.29 ± 26.27 and 90.07 ± 59.97 kg/km2, respectively. The fuel

consumption per unit tillage area was higher during plowing and

tilling than during sowing and harvesting under the same emission

standards and engine rated powers. For China II agricultural

machines, the fuel consumption per unit tillage area during

sowing and plowing increased with increasing engine rated

power. Furthermore, fuel consumption per unit tillage area of

agricultural machines obtained from the field research during

sowing, harvesting, plowing and tilling was higher than that

obtained from the field tests when planting corn and wheat.

During harvesting process, the fuel consumption per unit tillage

area obtained from the field research for corn and wheat was

3.07 and 4.06 times higher than those from the field tests,

respectively.

Additionally, we revealed that the CO, HC and PM2.5

emissions of agricultural machines with corresponding

emission standards may be overestimated and the NOX

emissions may be underestimated in the regions where mainly

wheat and corn are planted. The pollutant emissions of

agricultural machines were regionally different during

different tillage processes. The uncertainty in the emission

factors is mainly due to the lack of comprehensiveness of the

agricultural machines tested, the lack of consideration of

influences, and the ignoring of the pollutant emissions of

agricultural machines during transportation from storage to

the workplace. More in-depth research is needed on the CO,

NOX, HC and PM2.5 emissions of agricultural machinery.
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TABLE 3 95% confidence intervals for fuel-based CO, NOX, HC and PM2.5 emission factors.

Emission standard 95% confidence interval for fuel-based emission factors (%)

CO NOX HC PM2.5

China 0 (-33.80, 25.26) (-23.31, 18.90) (-13.47, 11.87) (-46.96, 31.95)

China II (-62.06, 38.30) (-14.12, 12.37) (-57.79, 36.62) (-131.17, 56.74)

China III (-68.30, 40.58) (-26.69, 21.07) (-45.65, 31.34) (-194.07, 65.99)

TABLE 4 95% confidence intervals for tillage area-based CO, NOX, HC and PM2.5 emission factors.

Emission standard 95% confidence interval for tillage area-based emission factors (%)

CO NOX HC PM2.5

China 0 (-29.84, 22.98) (-68.75, 40.74) (-357.63, 78.15) (-182.17, 64.56)

China II (-74.48, 42.69) (-48.69, 32.75) (-34.29, 25.54) (-77.59, 43.69)

China III (-83.18, 45.41) (-30.72, 23.50) (-82.57, 45.23) (-55.87, 35.85)
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