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Abstract: Diesel-powered agricultural machinery (AM) is a significant contributor to air pollutant
emissions, including nitrogen oxides (NOx) and particulate matter (PM). However, the fuel consump-
tion and pollutant emissions from AM remain poorly quantified in many countries due to a lack of
accurate activity data and emissions factors. In this study, the fuel consumption and air pollutant
emission from AM were estimated using a survey and emission factors from the literature. A case
study was conducted using data collected in Anhui, one of the agricultural provinces of China. The
annual active hours of AM in Anhui ranged 130 to 175 h. The estimated diesel fuel consumption by
AM was 1.45 Tg in 2013, approximately 25% of the total diesel consumption in the province. The
air pollutants emitted by AM were 57 Gg of carbon monoxide, 14 Gg of hydrocarbon, 74 Gg of NOx
and 5.7 Gg of PM in 2013. The NOy and PM emissions from AM were equivalent to 17% and 22% of
total on-road traffic emissions in Anhui. Among nine types of AM considered, rural vehicles are the
largest contributors to fuel consumption (31%) and air emissions (33-45%).

Keywords: agricultural machinery; fuel consumption; gas pollutant; non-road; active time

1. Introduction

The transportation sector, including on-road and off-road vehicles, is one of the largest
contributors to fuel consumption and air pollution, including greenhouse gases [1,2]. It
was estimated that in 2016 vehicular emissions contributed 10% of primary PM (particulate
matter), 19% of CO (carbon monoxide) and 30% of NOx (nitrogen oxides) emissions in
European Union (EU) Member States [3]. In the past three decades, aggressive measures for
on-road vehicles have been carried out to save fuel and control emissions [4-6], while efforts
to conserve energy and reduce emissions from non-road vehicles have been limited [7,8].

Agricultural machinery (AM) is a major emission source, especially in some devel-
oping countries, such as China and India, where AM has become an essential tool for
transportation, planting and harvesting, most of which were fueled with diesel and have
been poorly maintained [9]. Regulatory bodies, such as the EU and US Environmental
Protection Agency (US EPA), have introduced standards to regulate the exhaust emissions
from non-road vehicles including AM [10,11]. The European legislation standards refer
to Emission Stages, while in the US they are identified as Tiers [12]. In China, several
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National Emission Standards for diesel engines of non-road mobile machinery have been
implemented since 2007. The most recent emission standard was the National Emission
Standards III, implemented on 1 October 2014 [13], while the National Emission Standards
IV will be carried out at the end of 2022 [14].

Studies focusing on air emissions from non-road mobile sources including AM have
been carried out in some developed countries since 1990. One of the methods employed
is the use of engine population, rated power, annual active hours and emission factors
to estimate emissions. The method was used to calculate annual exhaust emissions from
off-road mobile sources (agriculture, forestry, industry, household, railway and inland
waterways) in Europe in 1990 [15] and in the USA for off-road diesel equipment used for
agriculture, construction, logging and mining in 1996 [16].

In China, the estimation of non-road mobile source emissions has gained more atten-
tion during the past decade. Zhang et al. [17] estimated the total emissions from non-road
mobile sources (plane, agriculture, construction equipment, railway and inland waterways)
in the Pearl River Delta region in 2006. A nationwide estimate of AM emissions in 2014
indicates that PM; 5, THC and NOx were approximately equal to 83%, 36% and 35% of the
emissions from the on-road vehicles [18]. With advancement in technical and regulations,
AM emissions have been declining. A study of pollutant emissions of AM in Beijing, China
found that the total emissions decreased over 60% during the 11-year study period of 2006
to 2016 [9]. However, there were large uncertainties in the estimation of AM emissions.

Errors in AM population, emission factor and activity data may hinder the accuracy
of emission estimates. Due to logistical difficulty in collecting data from a large number of
farmers scattered over rural areas, data (e.g., activity hours) from technical guidelines or
statistical yearbooks have been used [18,19]. Another alternative is questionnaire surveys.
Jin et al. [20] estimated the emissions of AM in Tianjin in 2010 by using questionnaires.
The survey method has also been used in other fields. For example, a bottom-up Chinese
rural residential energy consumption database was developed with questionnaire survey
data [21,22].

In this study, the questionnaire survey approach was employed. In a case study
conducted in Anhui, China, fuel consumption by and air emissions from diesel AM in 2013
were estimated using data collected in a survey. The objectives of this study were (1) to
investigate fuel consumption rate and annual active time of AM; (2) to calculate annul
fuel consumption of AM by category; and (3) to estimate annual CO, HC, NOy, and PM
emissions of AM.

Anhui, located in the center-east of China, covers an area of approximately 140 thou-
sand square kilometers with a population of 60 million in 2013, whose GDP in 2013 was
303 billion USD. Anhui is a large agricultural province with a wide use of AM, mainly for
growing grain, use in oil plants and in the cotton sector. As shown in Figure S1, there is
a steady increase in the total power and diesel power of AM in the province from 2002
to 2015 [23]. In 2013, Anhui ranked fourth in China in terms of total power of AM, after
Shandong, Hebei and Henan [24]. Table 1 shows the population and diesel power of nine
types of AM in Anhui in 2013.
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Table 1. Population and power of diesel agricultural machinery (AM) in Anhui in 2013 [23].
T Population Total Power Effective Power Average Power
ype (10 Unit) (106 kW) (106 kW) (KW/Unit)

Large and middle tractor 0.18 7.56 6.40 42.0

Small tractor 2.25 18.23 5.93 8.1

Rural vehicle 0.84 13.21 8.66 15.7

Planting equipment 1.23 11.15 8.37 9.1

Raw agricultural products equipment 0.13 1.28 0.36 9.8
Animal husbandry equipment 0.076 0.46 0.23 6.1
Aquaculture equipment 0.079 0.26 0.14 3.3
Forestry equipment 0.029 0.074 0.066 2.6
Farmland construction equipment 0.015 0.80 0.55 53.2
Total 4.83 53.0 30.7 11.0

2. Method
2.1. Survey Questionnaire

The contents of the questionnaire include type, rated power, average volume of
every refueling, average working time for every refueling and the total fuel consumption
(busy and slack season) of each AM (Table S1). The questionnaires were distributed by
undergraduate students of Anging Normal University. Students whose home towns were
in rural area of Anhui distributed the questionnaires in their villages at the beginning of
their winter school break in early 2013 and collected the filled questionnaires at the end of
the break.

A total of 350 questionnaires were distributed to 16 different towns in Anhui (Figure 1).
Among those, 166 filled questionnaires from 13 towns were deemed valid (Table S2). The
evaluation criteria were the fuel consumption rates (FR) calculated using rated power and
hourly fuel consumption (Equation (1)) from the questionnaire should be in the range of
200 to 500 g/kWh [25]. Tao et al. [22] quantified the rural residential energy transition
in China through a national survey, whose average sample size was 97 for individual
municipalities.

1:5000000

3
luaibef Suzhou
Y S

N S8\
JBozhou (L5 ~—~
A { Bengbu

Fuyang \ X N
yang X =
LW

)3 \ N
\,1\,?,“.”"@';1., Chuzhou

- W’
Huangshan

Figure 1. Location of 16 sampling sites in Anhui, China.

2.2. Fuel Consumption

In this study, FR (fuel consumption rate, g/kWh) of each type (i) of AM was calculated
using Equation (1):

FR; — CPixpr 1000 1)
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where p = density of diesel (0.85 kg/L), P = rated power (kw) of the engine, CP = hourly
fuel consumption (L/h).

For small tractors, rural vehicles and planting equipment, the CP values were calcu-
lated using the average volume of every refueling (L) divided by the average working
time of refueling (h) from the questionnaire. For the other six types, the CP values were
estimated as follows: (1) to obtain a relationship between rated power and hourly fuel rate
data collected in the questionnaire: one each for small tractors, planting equipment, and ru-
ral vehicles, respectively; (2) as seen, the slopes that reflect the relationship between hourly
fuel consumption rates and power are 0.35, 0.27, 0.29 from the three datasets (Figure 2),
which are fairly close; (3) based on the three regression equations and the average power
(Table 2), the hourly fuel consumption was calculated for each of the other six types of AM,
in consideration of the similarity of activity levels.
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Figure 2. The relationship between power and hourly fuel consumption for three kinds of agricultural
machinery.

Table 2. Hourly fuel consumption estimates.

Types Average Power ? (Upto1l4kw) (Upto80kw)c  (Up to22kw) Average

(kw) b (L/h) (L/h) 4 (L/h) (L/h)

Large and medium tractors 42.0 - 12.0 - 12.0

Raw agricultural products equipment 9.8 3.4 3.2 3.0 32
Animal husbandry equipment 6.1 2.1 2.2 1.9 2.1
Aquaculture equipment 3.3 1.1 15 1.1 12
Forestry equipment 2.6 0.8 1.2 0.8 0.9
Farmland construction equipment 53.2 - 15.0 - 15.0

a: Table 1; ®: Figure 2a, ©: Figure 2b; 4: Figure 2c.

Annual fuel consumptions (D, ton) of each type of AM (i) were calculated as follows:
D; =P;x FR; x T; x LEF x 107 ()

where P; is the diesel power of each type of AM (kW), LF is the load factor of 0.65 (working
power being 65% of the rated power) [8], T; is the average annual active time (h), FR; is fuel
consumption rate (g/kWh). For small tractors, rural vehicles and planting machineries,
data collected in the questionnaire were used (Table 3); for the other six types of AM, data
from MEEPRC [8] and Fan et al. [26] were used (Table 4).
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Table 3. Annual active time and fuel consumptions of three types of AM in Anhui, China.

Sample Average Power Annual Active Hourly Fuel Fuel Consumption
Size (kW/unit) Time (h) Consumption (L/h) Rate (g/kWh)
Small tractor 64 81+29 276 £ 217 2.79 +1.39 295 £ 89
Rural vehicle 25 103 £ 44 303 £ 293 311+1.44 261 £ 42
Planting equipment 77 19.1£169 225 £ 200 572 +4.74 270 £ 66

Table 4. Total fuel consumption of diesel AM in Anhui in 2013.

Effective Diesel Fuel Consumption Annual Activity Annual Fuel
Power (GW) Rate (g/kW-h) Time (h) Consumption (G g)

Small tractors 593 295 276 314

Rural vehicles 8.66 261 303 445

Planting equipment 8.37 270 225 330
Raw agricultural products equipment 0.36 277 380 24
Large and medium tractors 6.40 264 2522 277
Animal husbandry equipment 0.23 289 7228 31
Aquaculture equipment 0.14 309 732 2.0
Forestry equipment 0.065 323 1032 1.4
Farmland construction equipment 0.55 264 2402 20

Total 30.70 1445

a; Fan et al. [26]; P: MEEPRGC, [8]

2.3. Effective Powers

Only the AMs in service were considered in this study. Pang et al. [27] assumed a
useful life of 15 years for AMs. In view of stricter standards, the useful life of agricultural
machineries was assumed to be 10 or 12 years [28]. The effective diesel powers of the nine
categories of AM in Anhui in 2013 were estimated by using the following equation:

Poi = Pipo13 — R X Pi2003 3)

where P,; is the effective diesel power of ith type of AM (kW), P; 513 is the statistical diesel
power of ith type (kW) in 2013, P; 993 is the statistical diesel power of ith type of (kW) in
2003 [23]. R is the ratio of machinery in idle to total, which is usually more than 0.5, and
the value of R is 0.8 in this paper.

2.4. Pollutant Emission Estimates

Annual air emissions (E;, tons) were estimated as follows:

Ej=)Y D;jx EF;; x107° (4)
i

where j is type of pollutants, NOy, HC, CO, or PM; i is type of AM; D is the fuel consumption
(kg); EF is the emission factor (g/kg fuel, hereafter referred as g/kg) listed in Table 5. The
emission factors of large and medium tractors, rural vehicles, and planting equipment
were obtained from previous studies [29-32], while those of the other six categories were
based on the regulations of MEEPRC [13].
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Table 5. Fuel-based emission factors of AM used in this study (g/kg).

Types co HC NOx PM
Large and middle tractor 4842 1252 55.84 2.082
Small tractor 26.0° 52P 420°b 4.00°
Rural vehicle 57.7 ¢ 12.1¢ 55.3 ¢ 4204
Planting equipment 24.1°¢ 8.69 € 52.6 ¢ 5.07 ¢
Raw agricultural products equipment 26.0°P 52b 420P 4.00°
Animal husbandry equipment 26.0° 52b 420° 4.00°
Aquaculture equipment 26.0° 52P 420°b 4.00°
Forestry equipment 26.0° 52b 42.0° 4.00°
Farmland construction equipment 282 5.65P 399b 3.69P

a: Fu et al. [29]; b: MEEPRC [13]; ©: Shen [30]; 9: Yao et al. [31]; ¢: Ge et al. [32].

3. Results
3.1. Total and Effective Power

The total diesel power of AM in Anhui was estimated to be 53 GW in 2013 with small
tractors having the largest total power and forestry equipment having the least (Table 1).
Small tractors, rural vehicles for transportation, planting equipment (mainly harvester and
irrigation equipment) and large and middle tractors accounted for approximately 95% of
the total power [23]. The average power can be calculated according to the total power
and population of every category of AM, and the results showed that the average power
of farmland construction equipment and large and middle tractors reached more than
40 kW per unit, while the average power of raw agricultural products equipment, planting
equipment and small tractors were about 10 kW per unit. The total effective diesel power
of AM in 2013 in Anhui was 30.7 GW (Table 1), which meant the effective power ratio
was 0.58.

3.2. Fuel Consumption Rate and Annual Active Time

Using data from the questionnaires, the average annual active times of small tractors,
rural vehicles and planting equipment were calculated as 276, 303 and 225 h, respectively
(Table 3). The fuel consumption rates calculated using Equation (1) had a narrow range
which was between 261 and 295 (Table 3).

The hourly fuel consumption rates of small tractors, planting equipment and rural
vehicles could be obtained from the equations in Figure 2. Table 2 presents estimated fuel
consumption rates of the other six types of AM which were not covered in the survey
responses. Thus, an average value was obtained for each type of AM (Table 1) and used in
the calculation of annul fuel consumption (Table 4).

Our results were in broad agreement with and Fu et al. [29] and Ge et al. [32], who re-
ported that the annual active time of harvesters and large tractors were 150 h and 400430 h,
respectively. There are many kinds of AM in China, and different usage frequencies cause
different annual active times. Some hired harvesters were used for different customs during
busy time (usually from June to October), so their annual active time was likely to be much
higher, e.g., more than 1000 h. On the other hand, the active time of idle AM was almost
zero. This will inevitably cause uncertainty in the estimation. Considering that 42% of the
AM is idle (the effective power ratio was 0.58), the effective average annual active time of
AM in Anhui was estimated to be from 130 to 175 h (the results of our questionnaire were
from 225 to 303 h).

3.3. Annual Fuel Consumption

The annual fuel consumptions of AM in Anhui in 2013 are in Table 4. Among the nine
types of AM, rural vehicles such as low-speed vehicles [33] accounted for 31% of the total
fuel consumption, followed by planting equipment (23%), small tractors (22%) and large
and medium tractors (19%), while the other five types combined contributed 6%.
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The estimated total diesel consumption by all AM was 1.45 Tg in 2013. This value is
greater than that in 2014 China Agricultural Statistical Yearbook (0.73 Tg) [24] but close to
that in Anhui Agricultural Mechanization Network (1.46 Tg) [23]. Our AM diesel consump-
tion was one-fourth of diesel consumption by all sectors in Anhui in 2013 (5.76 Tg) [24].

Fuel consumption was also closely related to annual active time. As the effective
power was 30.7 GW and fuel consumption rates were about 290 g/kwh (our survey data
were from 261 to 323), 1.45 Tg of fuel consumption corresponded to 163 h of annual
active time in total, while 0.73 Tg [24] of fuel consumption corresponded to 82 h of annual
active time.

3.4. Air Pollutant Emissions

Based on the annual fuel consumption (Table 4) and corresponding emission factors
(Table 5), the estimated air emissions for 2013 from AM were 57 Gg of CO, 14 Gg of HC,
74 Gg of NOy and 5.7 Gg of PM in Anhui. As shown in Figure 3, the vast majority (94%) of
total emissions were from four AM types: large and medium tractors, small tractors, rural
vehicles and planting machineries. Among these four AMs, rural vehicles ranked first in
all four pollutants, and accounted for at least 33% of total emissions.

= Large and
21 middle tractors
® Small tractors
® Rural vehicles
Planting
equipment
H Others

(a) CO (b) HC
(c) NO«x (d) PM

Figure 3. Contributions (%) of emission from different agricultural machinery types to total emissions
in Anhui in 2013.

Table 6 compares pollutant emissions in Anhui in this and other studies. Our emis-
sion estimates are much lower than those by Lang et al. [18], especially HC. The large
discrepancy could be attributable to many factors. One of them is different methodologies.
Another is the activity time. Annual active hours of tractor and planting equipment in
Lang et al. [18] were mainly from 380 to 500 h, while those in this study were less than
300 h.
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Table 6. Pollutant emissions from AM and on road traffic in Anhui (Gg).

Types co HC NO PM References

AM, 2013 57.30 13.77 73.90 5.68 This study
AM, 2014 90.84 70.33 138.21 16.4 [18]
On-road traffic, 2012 853 167 389 24 [34]
On-road traffic, 2014 849 167 493 27 [34]

The large discrepancy in HC emission between this study and Lang et al. [18] could
also be due to the apparently higher HC emission factor in the latter. This is evident by
a much higher nationwide HC emission in Lang et al. [18] than that in Wang et al. [19]
(Table 7), while the emissions of NOy, PM and CO are similar in those two studies. Taking
farm transport vehicles (called rural vehicles in this study) as an example, the ratios of HC
emission factors to NOy emission factors were 3 in Lang et al. [18], while the ratios were
much smaller in Wang et al. [19] (0.1) and in this study (0.12 to 0.22).

Table 7. Pollutant emissions from AM in China (Gg).

Year cO HC NOy PM References
2012 1212 294.8 1744 146.9 [19]
2014 1448 1210 2192 250 [18]

Based on our estimates, the ratios of emissions from AM to emissions from on-road
vehicles were 0.17 for NOy and 0.22 for PM, while they were 0.07 for CO and 0.08 for HC
in the study region (Table 6). This is consistent with another study that reported NOy and
PM emissions from AM (1.74 Tg and 0.15 Tg, respectively) were one-fourth of those from
road traffic (6.4 Tg and 0.62 Tg, respectively) in China in 2012 [19]. Our results indicate
that AM is a significant contributor to air emissions in Anhui, especially NOy and PM.

4. Conclusions and Suggestions

In this study, fuel consumption and air pollutant emissions, NOx, PM, HC and CO
from AM in Anhui in 2013 were estimated using data collected from questionnaires and
the literature. Our results showed that AM consumed 25% of provincial level diesel fuel
in 2013. AM is also a significant contributor to air pollutants emissions, with NOy and
PM emissions from AM being equivalent to 17% and 22% of provincial on-road traffic
emissions, respectively. Among the nine types of AM, large and medium tractors, small
tractors, rural vehicles and planting machineries accounted for the lion’s share of fuel
consumption and air emission (more than 94%).

Although provincial level total fuel consumption and emission by AM are available
in Chinese government reports, there is no breakdown by the type of AM. Our survey-
based analysis filled in data gaps in fuel consumption and air pollutant emissions by each
of the nine types of AM and the dominant contributors to emissions. The information
could aid the improvement of emission estimates and the development of emission control
strategies. The approach is low in cost and with acceptable accuracy. Therefore, it can
also be employed in developing countries where emission inventory is less advanced. The
limitations of our study include a relatively small sample size. Future studies may also
include more provinces to take into consideration regional characteristics, such as climate,
type of crops and degree of utilization of AM.

Our results are helpful for policy makers. In China, the emission limits lagged behind
USA and Europe for about eight years (NOx limits is 3.3 g/kwh for China in 2020 and
for Europe in 2012 with the power between 75 and 130 kw, respectively). The regulatory
framework would be more sound with more eco-friendly limits adopted in developed
countries. In addition, some policies regarding energy saving and emission reduction of
AMs should pay more attention to tractors and rural vehicles, since they account for the
lion’s share of fuel consumption and air emission from AMs.
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