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Abstract: Diesel irrigation pumps are a source of air pollution in the Indo-Gangetic Plain (IGP).
The environmental implications of these pumps are often overlooked and very rarely addressed in
the IGP. Few studies in the past have estimated the amount of diesel consumed by irrigation pumps
in the IGP or other proxy variables to estimate the amount of emissions. A considerable amount of
uncertainty remains in calculating emission factors (EF) using real-time measurements. We measured
pollutants from nine diesel irrigation pumps in the southern ‘Terai’ belt of Nepal. Fuel-based EF were
then estimated using the carbon mass balance method. The average EF for fine particulate matter
(PM2.5), CO2, CO and black carbon (BC) were found to be 22.11 ± 3.71, 2218.10 ± 26.8, 275 ± 17.18
and 2.54 ± 0.71 g/L, respectively. Depending upon the pump characteristics (age, design, make,
hours used, etc.) and fuel mixtures, the EF of PM2.5, BC and CO had larger inter-variability. This study
provides estimates for an under-represented source of ambient air pollution which will assist in the
development of better emission inventories and informed policy making.
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1. Introduction

Groundwater irrigation for agricultural activities prevails in the lowland regions of the world.
Previous studies report that ~38% of total cultivable lands (301 million ha) are irrigated by groundwater,
globally. This is equivalent to approximately 545 km3 y−1 of consumed water use [1]. Based on the
area of irrigated land, India, China and the United States of America head the list of countries
using irrigation (on approximately 39, 19 and 17 million ha of land, respectively) from both surface
and groundwater sources [1]. Groundwater is extracted manually or using either electricity or
diesel-powered pumps [2]. In much of the developing world, diesel-powered pumps are used rather
than those powered by electricity, because of the poor supply of electricity and load-shedding issues [3].

In Iran, groundwater extraction requires 2.05 billion kWh of electricity and 2 million tonnes of
fuel each year [4]. In Myanmar, 77% of total irrigation is achieved by use of diesel-powered pumps [2].
In India, 2.04 million tonnes of diesel was used in 2011 for irrigation pumps [5]; in 2013, 2.98 million
tonnes of diesel was used to operate irrigation pumps in Pakistan [2,6]. Across the Indo-Gangetic
Plains (IGP), an estimated 10 million diesel pumps are now in operation [7,8], with a majority of pumps
being operated in India, Pakistan, Bangladesh and Nepal [3,9].

Although a substantial number of diesel pumps are operational in the IGP, their environmental
impact has barely been addressed [10,11]. Some of the prior research conducted in this region
has focused primarily on the socio-economic aspects of groundwater extraction from the irrigation
pumps [3,6,7,12]. A few of these studies discussed aspects related to the use of diesel-based irrigation
pumps and its relation to food production and livelihoods of the local people. Meanwhile, the rest
of them looked into the climate impacts due to greenhouse gas emissions from this particulate
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source [8,13]. However, there is a dearth of knowledge of the air pollution aspect related to this
source. Incomplete combustion of diesel from these less efficient pumps [14] results in the emission of
black carbon (BC), particulate matter (PM), CO2, CO and an array of other pollutants [15]. Previous
literature has highlighted the impacts of diesel-based emissions of PM and BC on human health and
the environment [16–19]. However, there is still considerable uncertainty about the quantification of
emission factors (EF) from this particular source [20]. Most regional and global emission inventories
include the overall emissions from the agricultural sectors, but emissions from individual sources
in this sector (pumps, tractors, residual combustion and other transporting and non-transporting
equipment) have not been estimated in detail. This leads to significant uncertainty about overall
emissions in the region, leading to improper representation in the regional and global models [21].
In the recent past, different studies based on model simulations of the South Asian region have
indicated a strong requirement for improving the existing emissions inventories by adding different
under-sampled sources and updating the existing emission estimates [22,23]. To date, the available EF
of different pollutants from the diesel irrigation source have mostly been determined using empirical
equations based on surrogate variables such as the amount of energy required, depth of water table,
age of pumps, volume of water extracted and/or area of land irrigated [6,24–28]. Most of these studies
have focused on CO2 emissions, and do not consider pollutants such as BC or fine PM (PM2.5). To the
best of our knowledge, emissions from only two diesel pumps in the IGP have been characterized
recently during the NAMaSTE campaign [10,11]. There were large variations in the EF of PM2.5 and
BC reported for these two pumps; this might have been due to the small sample size. A study with a
large sample size and with several varieties of pumps is needed to better understand pump emissions.

The present study thus uses a bottom-up approach for estimating the fuel-based EFs of selected
particulate (PM2.5 and BC) and gaseous (CO2 and CO) pollutants. This will provide robust emission
estimates for inclusion in regional and global emission inventories, while also helping researchers
and practitioners, and guiding policy makers in reducing the negative impacts of the diesel pumps in
the region.

2. Materials and Methods

2.1. Site Description

A campaign to estimate the emissions from diesel-based irrigation pumps was conducted in
Saptari, Nepal, during summer 2017. This region is located in the ‘Terai’ region and is representative
of the Indo-Gangetic Plain in Nepal. This site is one of the agricultural hubs in the country that
follows a three-season cropping pattern. Paddy, wheat and mustard are the major crops cultivated.
Paddy production is a water-intensive agricultural practice that makes farmers dependent on different
water irrigation sources. According to the Central Bureau of Statistics [29], there are a total of 30,917
water-extracting units (diesel pumps and manual pumps) in the district; these irrigate approximately
16,760 ha of agricultural land. We conducted our study of measurements from diesel irrigation pump
emissions in the two wards of Surunga rural municipality in Saptari district (as shown in Figure 1).
Nine agricultural diesel pumps were randomly selected in these two wards and measurements were
made during the water-pumping period. The campaign was conducted during the monsoon season
in 2017.

2.2. Emissions Measurement

Ratnoze1 (Mountain Air Engineering, USA) portable sampling equipment was used to measure
the particulate and gaseous pollutants from the exhaust of the diesel-powered irrigation pumps.
This is a customized unit designed to measure concentration of pollutants from combustion sources.
More details about the Ratnoze1 equipment can be found in the publications of Mountain Air
Engineering [30]. The sampler uses a dilution system (particulate-free dry air passed through two
channels of silica gel) to bring exhaust emissions down within the measurable range of the sensors.
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Background and exhaust sensors measured the background concentrations of CO2, CO and SO2; these
were used for background correction of each gas from the exhaust sample. CO2 concentrations were
measured with a non-destructive infra-red (NDIR) sensor with a measurable range of 0–50000 PPM.
CO and SO2 concentrations were measured with electrochemical sensors having measurable ranges of
0–5000 PPM and 0–2000 PPM, respectively. The PM sensor used the optical technique to measure the
light scattering coefficient at 635 nm wavelength (a range of 0–500000 Mm−1). The sampling train of
the system contained a PM2.5 size selective inlet which was then divided into four channels (Figure 2).
Two channels were connected to two parallel 47 mm filter holders; these collected filter samples for
laboratory analysis and to calculate PM mass concentration using the gravimetric method. The third
channel was connected to a gaseous and PM sensor for measurement of real-time gaseous pollutants
(CO2, CO, SO2) and PM mass-scattering coefficient. The fourth channel was connected to a MicroAeth
model AE51 (AethLabs, San Francisco, CA, USA) for measuring real-time BC concentrations.Atmosphere 2018, 9, x FOR PEER REVIEW  3 of 13 
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The Ratnoze1 draws the exhaust sample mixed with dilution air at a flow rate of 1500 Standard
Cubic Centimeters per Minute (SCCM) at the tip of the cyclone. The flow is then distributed in
channels F1 and F2 at a flow rate of 400 SCCM. A flow rate of 50 SCCM is maintained for the third
channel, leading to the MicroAeth. Finally, the flow rate in the fourth channel, used to measure
gaseous and particulate pollutants, is regulated in such a way that the overall flow rate is maintained
at 1500 SCCM. The dilution ratio (the ratio of dilution gas by sample flow) for all measurements was
maintained within the range of 4–6 to keep all parameters within the measurable range. The Ratnoze1
was kept near the exhaust pipe of the pumps when measurements were being taken (Figure 3). Each
measurement cycle lasted for 60–120 min depending on the approximate PM2.5 mass deposited on the
filter paper, and based on field experience. This procedure was followed in order to attain detectable
levels of deposition on the filter paper. PM samples were collected on Teflo and Quartz fiber filter
membranes (Pall Corporation, Hampshire, UK) of 47 mm diameter, placed in the filter holders. Strict
precautions were maintained for proper handling, storage and transportation of the filter samples
during and after the experiment [31]. Prior to use in the field, the Quartz filter papers were baked
at 450 ◦C for 8 h to remove volatiles [32] and were then kept in a desiccator for 24 h to maintain
their moisture conditions before measuring the initial weights. The Teflo filter membranes were also
desiccated for 24 h prior to measuring initial weights. Before measuring the final weights, the filter
papers and membranes were also desiccated for 24 h. The concentrations were then determined
gravimetrically by subtracting the initial weights from the final weights measured by an HPBG-2285Di
micro-balance (BEL Engineering, Monza (MB), ITALIA) with a resolution of 0.01 mg. To strengthen
quality control measures, field blanks were also collected.Atmosphere 2018, 9, x FOR PEER REVIEW  5 of 13 
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To maintain strict quality protocols, the sensors were either factory calibrated or calibrated using
calibration gas mixtures immediately before sampling. The PM sensor was factory calibrated; hence,
only onsite zero calibration was performed using a high-efficiency particulate air (HEPA) filter before
measuring began. A factory-calibrated MicroAeth was used to measure BC. The CO gas sensors were
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calibrated at 0 ppm using a zero-air gas (Specialty Gases Ltd., West Bromwich, UK), and at 81 ppm
using a CO calibration gas mixture (Alchemic Gases and Chemical Pvt. Ltd., Mumbai, India). The SO2

sensor was calibrated at 0 ppm using a zero-air gas (Specialty Gases Ltd.), and 21 at ppm SO2 calibration
gas mixture supplied by Alchemic Gases and Chemical Pvt. Ltd. The CO2 sensor was calibrated at
350 PPM and 1250 PPM with a CO2 calibration gas mixture (Specialty Gases Ltd.). Similar protocols
have been followed in the past to calibrate various trace gas analyzers for ambient measurements [33].
CO2 data were collocated with Licor (Li-820, Lincoln, Nebraska, USA) for cross-checking purposes
during pre- and post-field studies.

2.3. EF Calculations

The carbon mass balance method was used to compute the EF of the pollutants in the
study [10,11,34]. The prime assumption for this method was that all carbon contents in the fuel
were emitted as carbon-rich gases, i.e., CO2, CO and total volatile organic compounds (TVOCs), along
with carbon-containing particulates such as BC and hydrocarbon. Based on the above assumption,
an empirical equilibrium equation was prepared between carbon content in the diesel fuel and the flue
gas emitted from the tailpipe of the pump. For calculating the EF of PM2.5, the PM mass concentration
was first determined by the gravimetric method. The mass-scattering efficiency (MSE) (m2/g) was
then calculated by taking the ratio of average mass-scattering coefficient and PM mass concentrations.

The total carbon (TC) in the exhaust gas was determined by summation of carbon content in CO2

(cCO2), carbon content in CO (cCO), BC. The EF of CO (EFco) was then computed as in Equation (1):

EFCO

(
gkg−1

)
=

cCO
TC

× Fc × mCO × 1000 (1)

where Fc is the carbon weight fraction taken as 0.87 [35] and mCO is the carbon fraction in CO.
The computed EF was expressed in grams of pollutant emitted per unit kg of diesel combusted.

Similarly, the EF for CO2 was computed as in Equation (2):

EFCO

(
gkg−1

)
=

cCO2

TC
× Fc × mCO × 1000 (2)

The EF for particulate pollutants such as PM2.5 and BC were measured relative to EFCO following
Equation (3):

EFx =
Mx
cCO

× EFco (3)

where Mx is the mass concentration in µg/m3 of particulate pollutants such as PM2.5 and BC.
The EF of the pollutants were then converted to per liter diesel consumption using Equation (4):

EFx

(
gL−1

)
= EFx × Fuel Density (4)

Similarly, EF per unit of electricity generation were converted on the basis of pump rating power
following Equation (5):

EFx

(
gkW−1

)
= EFx × Pump Power Rating (5)

3. Results and Discussions

3.1. Pump Characteristics

While undertaking the emission measurements, the pump characteristics were also noted in
discussion with the pump operators/owners to better understand the EF estimates (Table 1). All the
pumps measured in the present study were used to draw groundwater for the purpose of irrigation.
The depth of water extraction for each pump sampled varied from ~30 to 35 m below the ground.
These pumps can be categorized as being of the shallow tube type, based on the aquifer depth (less than
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100 m) [13]. Most of the pumps operational in the region were built in India, and a few were from
China. However, at this stage, we did not examine what drives the preference for procuring pumps
from either India or China. The rated power of all the measured pumps varied from 2.24 kW to 4.1 kW.
Their diesel consumption was found to be in the range of ~0.5–1 L per hour. We also estimated the total
annual hours of run on the basis of annual fuel consumption and fuel consumption rate. The average
operational period was calculated to be ~195 h per year. The estimated average working hours of
the pumps was approximately three times lower than those studied by Bhandari and Pandey [12],
suggesting an average operating period of 624 h/year (mean pump power of 8 hp). A study by
Shah et al. [3] suggested comparable results, with average operational hours of 208 h for 20 districts
in the Terai region of Nepal. Another study by Shah et al. [9] in this region found that the average
operational hours of the irrigation pump was 400–500 h/year, and the average pump size was 6.5 hp.
These previous studies were based on pump characteristics from the 1990s and early 2000s, justifying
the changes found in our study in comparison. Advances in pump efficiency in recent years [36] and
the survey of only a smaller fraction of the pumps made in our study might be the prime cause for
lower pump power. From conversation with local farmers, we learned that most of the pumps were
less than 5 hp in size, as they had lower fuel consumption, and were portable and easy to operate.
However, the age of these pumps varied greatly from 1 to 10 years. Their life span was considered to be
10–20 years in some studies, which was largely a feature of changes to power rating, manufacturer or
usage pattern [12,36]. We found that two pumps were slightly older (more than 7 years); four pumps
were newer (less than 2 years); and three pumps were of intermediary age. This provided us with a
good representation of the pumps operational in the region.

Table 1. Characteristics of diesel irrigation pumps measured during our campaign.

Pump ID
Depth of
Boring

(m)

Sampling
Date

Pump
Manufacturer

Pump
Power
(kW)

Age of
Pump
(year)

Fuel
Consumption

Rate (L/h)

Hours of
Operation

Pump 1 32 6-Jul-17 CD Bharat No1 3.73 1 1.0 200
Pump 2 32 6-Jul-17 CD Bharat No1 3.73 1.5 1.0 150
Pump 3 34 7-Jul-17 Kirloskar 2.98 6 0.5 240
Pump 4 34 7-Jul-17 Kirloskar 3.73 >10 1.5 167
Pump 5 30 8-Jul-17 CD Bharat No1 3.73 2 1.0 150
Pump 6 30 8-Jul-17 Birla Power Supply 2.98 5 0.5 300
Pump 7 30 9-Jul-17 Krishiplus China 3.36 6 1.0 150
Pump 8 34 10-Jul-17 Usha Delux 4.10 9 1.0 100

Pump 9 32 11-Jul-17 Super Manokamana
Delux 2.24 2 0.5 300

3.2. PM2.5 and BC Emission Factors

The EF for BC (EFBC) and PM2.5 (EFPM2.5) for all nine pumps measured are shown in Figure 4 and
Table 2. The mean EFPM2.5 for all the pumps measured was estimated to be 22.11 ± 3.71 g/L, while
the mean EFBC was found to be 2.54 ± 0.71 g/L. EFPM2.5 was at least three times higher than that
estimated by Jayarathne et al. [10] (5.9 g/L), while the EFBC was approximately half of that estimated
by Stockwell et al. (4.7 g/L) [11]. Such observed variation may have been because of the lower sample
size (n = 2) in the studies by Jayarathne et al. and Stockwell et al. The individual characteristics of the
pumps, their maintenance and handling procedures might also have played a vital role in influencing
the EF, which has been discussed previously in Sections 3.2 and 3.3. The EFPM2.5 and EFBC for pumps
2, 4 and 9 were observed to be higher than for the other pumps; this led to an increase in the average
EF. The explicitly high EFPM2.5 for pump 4 may have been due to the age of the pump (> 10 years).
A visibly darker smoke was also seen in the exhaust from this pump during operation. Although the
other two high-emitting pumps (2, 9) were much newer than the oldest one, they were also observed
to emit visible black smoke. Personal communication with farmers using these pumps revealed that
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they were not serviced at the appropriate time and were improperly maintained, which may explain
why their emissions were higher than others during the measurement period.
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After excluding the EF of the three high-emitting pumps (2, 4 and 9), the average EF fell to
5.53 g/L and 1.13 g/L for PM2.5 and BC, respectively. In the NAMaSTE campaign, only two pumps
were sampled [10,11], but the average EF for PM2.5 were comparable to those observed in the present
study after excluding the three high-emitting pumps. The higher EF estimated from pumps 2, 4 and 9
provided a real picture of the different kinds of pumps that are operational in the sampling site and
contribute to the overall EF from this source. However, at that stage, it was difficult for the team to
quantify the total number of such high-emitting pumps in the study site to provide better clarity.

3.3. Gaseous EF and Modified Combustion Efficiency

In the present study, the EF for gaseous emissions were only calculated for CO and CO2 (Figure 5,
Table 2). The average EF for CO2 (EFCO2) and CO (EFCO) for all nine pumps were found to be
2218 ± 26.8 g/L and 274 ± 17.4 g/L, respectively. The EFCO2 were comparable with the estimate of
Stockwell et al. [11] (2206 g/L), whereas EFCO were observed to be approximately 13 times higher than
those of Stockwell et al. Of all measured pumps, pump 6 had lower EFCO2 (423 g/L) and higher EFCO
(1418 g/L) in comparison to the other pumps. This lowered the overall average EFCO2 and caused
the EFCO to rise. The reason for such variation may be the fuel mixture used in that particular pump.
In general, all pumps used diesel as a fuel, but the owner of pump 6 used diesel contaminated with
kerosene and gasoline. Earlier studies have also indicated that gasoline fuel is associated with higher
CO emissions [11], and this may explain the higher deviation in this particular pump in comparison to
the others. The exact ratio of fuel mixture for pump 6 was not determinable at this instance due to the
lack of the farmer’s knowledge regarding the same.

Previous studies on combustion efficiency and emissions [37–39] explained that modified
combustion efficiency (MCE) is the indicator of flaming or smoldering combustion. An MCE value
of more than 0.98 indicates flaming combustion; a value less than 0.85 indicates for smoldering
combustion. The MCE for all pumps measured varied from 52% to 99.6%. Efficient combustion of fuel
leads to less PM2.5 and BC emissions, and vice versa. Among the measured pumps, pump 6 had a
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very low MCE (52%) compared with other pumps, and a visible blue plume was observed during
its operation.
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Table 2. Summary of emission factors for all measured pumps.

Pump ID Fuel Used EFCO2 (g/L) EFCO (g/L) EFPM2.5 (g/L) EFBC (g/L) MCE (%)

Pump 1 Diesel 2592 39.1 3.72 0.46 99.6
Pump 2 Diesel 2359 183.0 58.51 4.46 98.7
Pump 3 Diesel 2462 121.4 5.06 0.96 98.6
Pump 4 Diesel 2145 317.4 80.33 5.86 97.2
Pump 5 Diesel 2506 93.1 4.09 1.05 99.2

Pump 6
Diesel mixed
with gasoline
and kerosene

424 1418.9 2.67 0.24 52.0

Pump 7 Diesel 2523 82.4 10.08 0.97 99.2
Pump 8 Diesel 2481 106.8 6.46 3.11 99.1
Pump 9 Diesel 2471 110.0 28.06 5.76 99.2

Note: EF, emission factors; EFPM2.5, emission factors particulate matter with less than 2.5 µm diameter; EFBC,
emission factors black carbon; EFCO2, emission factors CO2; MCE, modified combustion efficiency.

3.4. Comparison of EF for Diesel Pumps in Different Emission Inventories

Our estimations of EF for the different pollutants were converted according to different activity
rates related to the pumps (e.g., per kilogram of diesel use, per unit of electric power generation, etc.;
details in Section 3.3). Thereafter, the EF were compared with past literature and with different regional
and global emission inventories to determine the local and regional significance of the study (Table 3).
Most of the regional/global emission inventories have not defined the emission input data explicitly
from diesel pumps. Some inventories, however, have added this category into that of ‘diesel-based
vehicles’ used in the agricultural sector, or into that of ‘diesel engine emissions’.

The Argonne National Laboratory used the United States Environment Protection Agency’s
(US EPA’s) NONROAD model, and estimated the EFPM2.5 for stationary sources to be 0.14 g/kWh
for the base year 2013 [40], and this was lower than our estimates of 6.58 g/kWh. The stationary
source in this case covered emissions from different agricultural activities. Bond et al. developed a
global emission inventory for BC and OC from different combustion sources [24] and also discussed
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the role of BC in climate systems [41]. They provided EFPM2.5 and EFBC as 4 g/kg (3.2 g/L) and
2.64 g/kg (2.1 g/L) for ‘off road engine’. In comparison to these data, the EF estimated in the present
study were approximately six times higher for PM2.5 and comparable for BC. In the Emission Database
for Global Atmospheric Research-Hemispheric Transport of Air Pollution (Edgar-HTAP) emission
inventory the EF of BC for Nepal were used from the Regional Emission Inventories in Asia (REAS)
model [42]. The REAS model combined the emissions from agricultural pumps into the combustion
sources for domestic sources under ‘other sources’. The emission data for REAS model were taken
from Streets et al. [43], for which the basis of emission estimates was Bond et al. [24]. ACCMIP
(the Emissions for Atmospheric Chemistry and Climate Model Inter comparison Project) also used
the emission inventory from Bond et al. [44]. However, the total BC emissions estimated from this
inventory were lower in comparison to the REAS model, as ACCMIP used only 50% of the industrial
fuel consumption scenario for the agro farming process. Monitoring Atmospheric Composition and
Climate-CityZen project (MACcity) being an extension of the ACCMIP emission data sets used the
same EF from ACCMIP. The Atmospheric Brown Cloud Emission Inventory for Asia [45] incorporated
diesel engines for the estimation of BC emissions, and the EF for BC was adopted from Bond et al. [7].
Hence, the majority of emission estimates for different agricultural practices were adopted from
studies of Bond et al. [24,41,44]. Furthermore, Zou et al. [16] used CO2 EF of 3300 g/kg in a study of
greenhouse gas emission estimations from irrigation in China [16]; this was approximately 1.2 times
higher than the present study. Their EFs were adopted from a 2008 UNFCCC report.

Hence, at large direct emission estimates from this particular source is lacking. Recently, through
the NAMaSTE campaign [10,11], EF estimates for different pollutants were estimated for the very
first time in Nepal, but was limited to a smaller sample size (n = 2). The present study provided a
better representation of the pumps (n = 9) operating in this region. It also considered the importance
of studying pump characteristics alongside real-time measurements to better understand EF from this
particular source on a regional basis. The study was, however, limited by not being able to perform
detailed chemical characterizations which could have provided emission estimates for an array of
other pollutants.

Table 3. Comparison of emission factors with previous studies.

Studies EFCO2
(g/L)

EF CO2
(g/kg)

EFCO
(g/L)

EFPM2.5
(g/L)

EFPM2.5
(g/kWh)

EFBC
(g/L)

MCE
(%)

CO2
(g/kW)

Present study 2218 2666 274 22.1 6.58 2.5 93.6 694
Jayarathne et al.

2017 - - - 5.9 - - - -

Kauret al. 2016 - - - - - - - 406
Stockwell et al. 2016 2606 - - - - 4.7 99.20 -
Cai and Wang, 2014

(EF used for
NONROAD model
for base year 2013)

- - - - 0.14 - - -

Zou et al. 2013 - 3300 - - - - - -
Ito and Penner, 2005 - - - - - 2.7 - -

Bond et al. 2004 - - - - - 3.3 - -

EF, emission factors; EFPM2.5, emission factors particulate matter; EFBC, emission factors black carbon; EFCO2,
emission factors CO2; MCE, modified combustion efficiency.

4. Conclusions

In the present study, we give EF estimates for PM2.5, BC, CO2 and CO for nine diesel pumps,
by performing real-time measurement. Some pump characteristics (age, size, maintenance and fuel
mixture use) and their impact on the emission estimates were also discussed in detail to provide better
analysis. The pumps sampled in the study had a range of lifespan (one year to more than 10 years).
While maintenance of the pumps also varied from farmer to farmer which can affect the EF estimates.
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Thus, such sampling conditions provided EF estimates considering a wide range of variables and
hence, represent the pumps working in the IGP region. The EF for pollutants varied in the range of
2.67–80.33 g/L (PM2.5), 0.24–5.86 g/L (BC); 424–2592 g/L (CO2); 39.1–1418.9 g/L (CO). Additionally,
the EF provided in the present study can be used, for incorporation into regional and global emission
inventories, to allow better representation of emissions at regional and global levels. The study also
provides a platform for researchers to conduct future studies, as well as informing decision makers
and so enabling better policy development. These results also suggest the need for in-depth chemical
characterizations to generate emission estimates for other air pollutants that could not be measured in
this study.
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