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ARTICLE INFO ABSTRACT
Editor: Pavlos Kassomenos Despite the significant reduction in atmospheric pollutant levels during the COVID-19 lockdown, the presence of
haze in the North China Plain remained a frequent occurrence owing to the enhanced formation of secondary
Keywords: inorganic aerosols under ammonia-rich conditions. Quantifying the increase or decrease in atmospheric
COVID-19

ammonia (NHs) emissions is a key step in exploring the causes of the COVID-19 haze. Historic activity levels of
anthropogenic NH3 emissions were collected through various yearbooks and studies, an anthropogenic NHs
emission inventory for Henan Province for 2020 was established, and the variations in NH3 emissions from
different sources between COVID-19 and non-COVID-19 years were investigated. The validity of the NHjs
emission inventory was further evaluated through comparison with previous studies and uncertainty analysis
from Monte Carlo simulations. Results showed that the total NHg emissions gradually increased from north-west
to south-east, totalling 751.80 kt in 2020. Compared to the non-COVID-19 year of 2019, the total NH3 emissions
were reduced by approximately 4 %, with traffic sources, waste disposal and biomass burning serving as the
sources with the top three largest reductions, approximately 33 %, 9.97 % and 6.19 %, respectively. Emissions
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from humans and fuel combustion slightly increased. Meanwhile, livestock waste emissions decreased by only
3.72 %, and other agricultural emissions experienced insignificant change. Non-agricultural sources were more
severely influenced by the COVID-19 lockdown than agricultural sources; nevertheless, agricultural activities
contributed 84.35 % of the total NH3 emissions in 2020. These results show that haze treatment should be
focused on reducing NHjs, particularly controlling agricultural NH3 emissions.

1. Introduction

The COVID-19 epidemic swept the world in early 2020 (Wang et al.,
2020), and precise lockdowns were implemented in China to effectively
curb the epidemic. Some communities, towns and urban areas were
defined as medium- and high-risk regions based on infections and close
contacts, and movement of people and road traffic was restricted (Tian
et al., 2020), significantly decreasing the possibility of virus spread.
Although economic development was severely hampered owing to a
reduction in human activity, air pollutants levels significantly declined.
The average decrease in SOy, PMy 5, PM;o and NO; levels in 44 cities in
northern China was 6.76 %, 5.93 %, 13.66 % and 24.67 %, respectively
(Bao and Zhang, 2020). This phenomenon occurred throughout the
world, such as in India (Sekar et al., 2023); Rio de Janeiro, the second
largest industrial city of Brazil (Dantas et al., 2020); and Almaty, the
capital of Kazakhstan (Kerimray et al., 2020). Despite the significant
drop in atmospheric pollutants levels, severe haze remained in the North
China Plain and East China during the COVID-19 lockdown (Huang
et al., 2021; Peng et al., 2021), and the rapid production of secondary
inorganic aerosols under ammonia-rich conditions was considered to be
the dominant factor (Ren et al., 2021).

Atmospheric ammonia (NHgs), the principal alkaline gas in the at-
mosphere (Krupa, 2003), easily reacts with acidic gases such as SOz and
NOyx (Goebes et al., 2003). The reaction produces [(NH4)2SO4l,
(NH4HSO4) and (NH4NOs3), which are the major components of PM; 5
(Battye et al., 2003; Xu et al., 2016), frequently inducing severe haze
events and decreased urban visibility (Pan et al., 2018; Wang et al.,
2022). Ammonium salts (NH;) were the main component involved in
the formation of the COVID-19 lockdown haze, accounting for 41 %-72
% of PM3 5, and the contribution of ammonium salts to PMj 5 rises with
haze production (Chang et al., 2020; Yang et al., 2022). Moreover, NH3
aggravates the greenhouse effect (Hellsten et al., 2008), and excessive
NH;3 deposits can cause serious environmental problems such as
decreased photo-biodiversity (Chen et al., 2020), soil acidification and
water eutrophication (Timmer et al., 2005).

To investigate the contribution of NHg3 to regional haze and its in-
fluence mechanism, many studies have established NH3 emission in-
ventories in recent years (Battye et al., 2003; Olivier et al., 1998; Zhao
and Wang, 1994). The USA has conducted detailed studies on forest and
non-industrial sources of NH3 (Sarwar et al., 2005), finding that more
than 50 % originates from natural soil and vegetation. The UK has
established an NH3 emission inventory from agricultural sources using
the latest survey data and accurate emission factors (Pain et al., 1998),
indicating that approximately 50 % of the total NH3 emissions come
from cattle. Asia accounts for approximately half of the global NHj3
emissions (Bouwman et al., 1997) and approximately 70 % from agri-
culture. China is the largest emitter of air pollutants (Streets et al.,
2003), as compared with 64 study regions in Asia. China has also
established NH3 emission inventories at different scales. In fact, the four
major municipalities directly under the central government—Shanghai
(Wang et al., 2015), Chongqing (Yang et al., 2011), Beijing and Tianjin
(Zhou et al., 2015)—have performed studies of industrial, combustion
and anthropogenic sources, respectively. Provincial-scale studies of NHg
emissions have focused on the North China Plain (Cao et al., 2021; Huo
et al., 2015; Wang et al., 2018a; Zhang et al., 2010a) and Yangtze River
Delta (Huang et al., 2011; Yu et al., 2020), where livestock waste and
nitrogen fertiliser-based agriculture account for over 70 % of anthro-
pogenic sources. Kang et al. (2016), Huang et al. (2012) and Zhang et al.

(2018) have studied the NHjs sources and spatial-temporal variations in
China with high precision respectively and concluded that agriculture
was the major emissions source. Before the COVID-19 pandemic, NH3
emissions studies were performed in various regions of the world (Battye
et al., 2003; Kang et al., 2016; Olivier et al., 1998; Pain et al., 1998;
Zhang et al., 2018); however, studies on the NH3 emission inventory and
NHj emissions characteristics during the pandemic have been lacking.
Uncertainty analysis of the poor air quality that was present during the
COVID-19 in the North China Plain demonstrate that the timely updat-
ing of NH3 emission inventories helps to clarify secondary aerosol for-
mation and emission influences (Li et al., 2021). Haze still occurred
during the COVID-19 lockdown, despite the extremely low levels of
human activity that were present. Therefore, a timely NH3 emission
inventory is a key to tackling atmospheric pollution.

The North China Plain, China, has been one of the worst haze-
polluting regions throughout the years (Hu et al., 2014; Song et al.,
2022), in which agricultural NHg is the primary source of anthropogenic
emissions. Therefore, the emission factors method was adopted to esti-
mate NH3 emissions in Henan Province, a large agricultural province in
the southern part of the North China Plain, from 2019 to 2020. An
anthropogenic NH3 emission inventory for Henan Province in 2020 was
established and compared with NH3 emissions from different sources
before the lockdown. Then, the causes of changes in the NH3 emissions
were analysed, providing a powerful, scientific reference to explore the
causes of haze during the COVID-19 lockdown.

2. Methodology and data
2.1. Study area and source categorisation

The 17 prefecture-level cities and 1 directly administered city,
Jiyuan in Henan Province, served as the study area as shown in Fig. 1.
We classified the estimated emission sources into eight categories, as
follows: livestock waste management, farmland ecosystem, biomass
burning, chemical industry, human being, fuel combustion, waste
disposal and traffic sources.

2.2. Emission estimate method

As shown in Eq. (1),
EiJ:ZA;J-xEFiJXy 6h)

where i is the local city; j is source type; E is total NHs emissions; A is
activity level; EF is emission factor and vy is conversion factor of N-NHg
emissions, 1.214 for livestock and 1.0 for others. The emission factors
were selected mainly based on three guidelines (MEP, 2014a, 2014b,
2014c) and applied in various domestic and international research
studies(Battye et al., 2003; Huang et al., 2012; Wang et al., 2018a,
2018b; Zheng et al., 2014).

2.2.1. Livestock waste management

Based on Huang et al. (2012), breeding methods were classified into
three categories: free-range, intensive and grazing. The manure man-
agement phase consisted of four stages: outdoor, housing, manure
storage and treatment and subsequent fertilisation (Webb and Mis-
selbrook, 2004), and the total ammoniacal nitrogen for each stage was
calculated based on the literature (MEP, 2014a), split into solid and
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liquid forms. The contribution of free-range and grazing livestock
excreta was 50 % indoors and 50 % outdoors, whereas the contribution
of intensive farming was 100 % indoors and 0 % outdoors (MEP, 2014a;
Wang et al., 2018a, 2018b; Zhang et al., 2010a, 2010b). In this study,
the livestock waste management sources were classified into 10 cate-
gories: beef cattle, dairy cattle, goats, sheep, meat pigs, sows, laying
hens, laying ducks, broilers and meat ducks. The activity level data were
obtained from China Statistical Yearbooks, Henan Provincial Statistical
Yearbooks and various local yearbooks of Henan Province. For livestock
with a breeding cycle of less than one year, year-end slaughter figures
were used as estimates. For livestock and poultry with a breeding cycle
greater than one year, year-end stock numbers were used as estimates
(information supplemented in Tables S1, S2 and Texts S1, S2). Referring
to previous research results, Eq. (2) can be used to calculate the number
of poultry and egg stocks at the end of the year,

A=y Z"M_ « 10°, @

where A is the number of poultry stocks at the end of the year, pcs.; i
refers to laying hens or ducks; O is the total egg production; M is the
average individual egg mass, g unit ’; and N is the average annual
number of eggs laid by poultry, pcs.

2.2.2. Farmland ecosystem
(1) Nitrogen fertiliser application

Studies have shown that 10 %-30 % of the applied N was lost
through NHj volatilisation (Ju et al., 2009), and the degree of NHj3
volatilisation depends on the type of fertiliser applied. Here, according
to Huang et al. (2012) and Zhang et al. (2011), nitrogen fertilisers were
classified into five categories: urea, ammonium bicarbonate, ammonium
nitrate, ammonium sulfate and other nitrogen-containing fertilisers.
Ammonia volatilisation is influenced by the type of nitrogen fertiliser
used, ambient temperature, rainfall, pH level and fertiliser application
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method (Bouwman et al., 1997; Zhang et al., 2011). From Zhang et al.
(2011), the share of application of different types of N fertilisers was
obtained, as shown in Table S4. According to MEP (2014a), the NH3
emission factor for nitrogen fertiliser application was calculated by Eq.

(3),
EF = EF s X a X b, 3)

where EFy;; is the baseline emission factor, a is the correction factor for
the fertiliser application rate and b is the fertiliser application mode
correction factor. EFyqgs is determined by the average soil surface tem-
perature and soil type (Bouwman et al., 1997), whereby most of the soils
are neutral and slightly alkaline while a few in Henan Province are
acidic (Wang et al., 2018a). The correction factor a is 1.18 if the area is
fertilised above 13 kg N per acre and 1 if it is fertilised below 13 kg N.
For correction factor b, 0.32 is taken for base fertiliser application and
1.0 for topdressing fertiliser application. Considering that the main
crops in Henan Province are wheat, rice and maize, the average value of
the different base/topdressing ratios for each crop was taken to be
1:0.48 for the ammonium bicarbonate base/topdressing ratios and
1:3.46 for the base/topdressing ratios of urea and other nitrogen
fertilisers.

(2) Nitrogen-fixing plants

The primary nitrogen-fixing plants in Henan Province are soybean
and peanut, and the activity level data were obtained from plant sown
areas, yielding emission factors of 1.05 kg (hm a)_1 and 1.2 kg (hm a)_l,
respectively (MEP, 2014a).

(3) Soil cultivation
Activity level data were taken from the area of arable land in the

municipalities, yielding a soil ammonia volatilisation factor of 1.8 kg
(hm a)~! (MEP, 2014a).
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Fig. 1. Regional distribution map of cities in Henan Province.
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(4) Straw composting

The amount of straw produced was obtained based on Eq. (4).
Considering that the proportion of straw composted in Henan Province
was 15.6 % (Ministry Of Finance, 2011), the emission factor (in terms of
straw) was calculated as 0.32 kg t~1 from

A=P;xN;xY 4)

where A is the amount of straw burned; j is the crop type, P is the crop
production of j; N is the cereal-to-grass ratio of crop j; Y is the proportion
of crop waste straw composted of j.

2.2.3. Biomass burning

Biomass burning was characterised into four main forms: domestic
burning of firewood, domestic burning of straw, open burning of straw
and forest-fire burning. The open burning of straw calculation was based
on the different crop yields in each city according to MEP (2014b) as in
Eq. (5),

Aj =Y PixNjxRxD;xY, 5)

where A is the amount of straw burned; j is the crop type; P is the crop
yield; N is the cereal-to-grass ratio; R is the percentage of straw burned,
generally taken as 20 % and Y is the burning efficiency, generally taken
as 90 %. Other parameters were selected as shown in the supplemental
Table S5.

The forest-fire burn consumption was calculated by Eq. (6),

A=ARXDXY, (6)

where AR is the fire damage area, mz; D is the dry forest biomass, 5.5 kg
m~2 in the warm temperate zone and Y is the burning rate, generally
taken as 50 %. To obtain the total area of fire damage in Henan Province,
emissions were ultimately assigned to each city based on the percentage
of forested land area in each city, considering the different areas of
damage in each city according to Statistical Yearbook of Henan
Province.

2.2.4. Chemical industry

NHj emissions from chemical production are mainly derived from
ammonia and fertiliser production, with activity level data taken from
the Statistical Yearbook of Henan Province for each municipality
(emission factors are shown in Table S6).

2.2.5. Waste disposal

NH; emissions from wastewater treatment processes originate
mainly from the absorption and digestion of wastewater nutrient
treatment processes by activated sludge microorganisms, and waste
disposal forms are classified as landfills and incineration (Zhang et al.,
2010a, 2010b). In Henan Province in 2020, the sanitary landfill disposal
volume of domestic waste was 607.8 million t and the incineration
disposal volume was 117.6 million t (HNBSB, 2021), accounting for
83.8 % and 16.2 % of the waste disposal volume, respectively. The total
volume was distributed to municipalities with this proportion, using a
top-down approach (emission factors are shown in Table S6).

2.2.6. Human being

Human-generated NH3 emissions are derived mainly from faecal and
urinary excretion volatilisation. Considering the low penetration of
toilets in rural areas, faecal and urinary NHs emissions from rural areas
were estimated, and the emission factor was taken as 0.787 kg (person
a)~! (MEP, 2014a).

2.2.7. Traffic sources
Three-way catalysts (TWCs) have been used in vehicles since the
1980s to greatly reduce pollution emissions from vehicle exhausts (Frey
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and Zheng, 2002); however, NH3 is an unintended emission conse-
quence of the use of TWCs for NOx reduction. There are two major traffic
sources of NH3 emissions, catalyst-equipped gasoline vehicles and light-
and heavy-duty diesel vehicles that rely on selective catalytic reduction
(SCR) (Farren et al., 2020). In recent years, with the rapid growth of
motor vehicle ownership in China, traffic sources have been recognised
as a major source of urban NHj3 emissions (Wang et al., 2015).

NHj emission factors were classified into five categories, namely,
light gasoline, light diesel, heavy gasoline, heavy diesel and motorcycle,
based on vehicle type and fuel type. NH3 emissions were estimated
based on sub-vehicle ownership, average annual mileage and emission
factors (Zheng et al., 2014), following Eq. (7). The holdings were ob-
tained from the Henan Provincial Statistical Yearbook for each city and
further subdivided with the fleet-fuel-type allocation ratio to obtain the
sub-fuel-type holdings. Furthermore, the sub-model mileage data refer
to the literature (MEP, 2014c) for local research data. The emission
factors are shown in Table S7, and the average annual mileage of the
vehicle type is shown in Table S8.

E = 10" x P;x M; x ef}, )

where E is the emissions, t; i is the region; j is the vehicle type; P is the
vehicle ownership by vehicle type, units; M is the average annual
mileage by vehicle type, km and ef is the emission factor by car type, g
(km unit)’l.

2.2.8. Fuel combustion

Fuel combustion was divided into industrial and domestic coal
combustion, fuel oil and natural gas combustion, according to the fuel
types and department used. Civil fuel combustion was estimated based
on the statistical yearbook to obtain the annual per capita domestic
energy consumption in Henan Province, combining with the resident
populations in each city. Industrial fuel combustion was calculated from
the total energy consumption of Henan Province subtracted from the
total domestic energy consumption (Wang et al., 2018a), which was
distributed top-down to the city-scale level according to the total value
of the secondary industry in each city (emission factors are shown in
Table S9).

2.3. Spatial distribution

To visually display the estimated NH3 emissions and NH3 emission
intensity, we mapped the spatial distribution of NH3 emissions and NHs
emission intensity in each city of Henan Province using ArcGIS software
version 10.8. Kriging interpolation was used, which interpolates based
on a statistical method by calculating the spatial correlation between
data points (Tadic et al., 2015). Geographic information and the areas of
cities in Henan Province were obtained from the National Earth System
Science Data Centre (Science, 2015) and Henan Provincial Statistical
Yearbooks, respectively.

2.4. Uncertainty analysis

2.4.1. Checking for random annual variations in the data

To exclude the possibility that the estimated results are due to
random inter-annual variations, allowing the estimates to accurately
reflect the changes resulting from the COVID-19 lockdown, we add an
analysis of the changes in the emissions of each ammonia source in
Henan Province from 2011 to 2018.

2.4.2. Comparison with previous studies

The estimated results of this study were compared with those of
previous studies and used to analyse the variability of each ammonia
source among regions with different industrial structures to ensure the
accuracy of the estimation results.
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2.4.3. Monte Carlo simulation

Quantitative analysis is highly important for emission inventories,
which are used to analyse the uncertainty of each emission source, such
that the inventory can provide effective help for future environmental
protection and policy resolutions. Based on domestic and international
research results (Streets et al., 2003; Wang et al., 2018a), we estimated
the range of NH3 emissions by using Monte Carlo simulation under the
assumption that the input activity level data and emission factors fol-
lowed a normal distribution. To ensure the accuracy of the simulation
results, 10,000 Monte Carlo simulations with a 95 % confidence interval
were performed to estimate the uncertainty in NHs emissions from each
source.

3. Results and discussion
3.1. Anthropogenic NH3 emission inventory

An anthropogenic NH3 emission inventory for Henan Province in
2020 was established, based on the above study methods and activity
levels, as shown in Table 1, and the contribution of different NH3
emission sources to the total anthropogenic NH3 emissions is shown in
Fig. 2. Total NH3 emissions were approximately 751.80 kt, comprising
agricultural and non-agricultural sources of 634.10 kt and 117.69 kt,
respectively, which accounts for 84.35 % and 18.60 % of the total
emissions. Livestock waste management NH3 emissions were the largest
contribution from agricultural sources, accounting for 53.5 %, followed
by farmland ecosystems at 30.9 %. Owing to the fact that Henan Prov-
ince is a large agricultural province mainly focused on livestock and
farming, its total production of pigs, cattle, sheep and poultry meat in
2020 was 5.441 million tonnes, the third largest in China, and the area of
grain fields sown was 10,738.80 thousand hectares, accounting for
approximately 9.2 % of the total area sown with grain crops in China
(NBS, 2021). Compared with non-agricultural sources, livestock waste
management has a larger breeding population, greater emission factors
and longer breeding cycles. In addition, agricultural ecosystems in
Henan Province are largely based on growing wheat and maize, which
require much nitrogen fertiliser to provide nutrients; thus, more NH3
emissions originate from agricultural sources. Among non-agricultural
sources, biomass burning, human being and fuel combustion sources
produce the most emissions, at 44.07 kt, 40.43 kt and 12.71 kt,
respectively. These sources are associated with the burning of large
amounts of straw fuelwood, a large rural population base and

Table 1
NHj; emission inventory from different urban sources.
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M Livestock waste

[ Farmland ecosystem
@ Biomass burning

B Chemical industry
I Waste disposal

B Human being

@ Traffic sources

B Fuel combustion

5.86%
1.22%

63%
5.38%

.87%
1.69%

30.85%

15.65%

53.49%

Fig. 2. Contribution of different NH; emission sources to total anthropogenic
NH3 emissions in 2020.

population consumption. At the urban level, Zhengzhou, as the capital
city of Henan Province, has the highest NH3 emissions from waste
disposal, traffic and fuel combustion sources, which is closely related to
being ranked number one in the province in terms of Gross Domestic
Product (GDP) and urbanisation rate (HNBSB, 2021).

3.2. Changes in ammonia emissions

Differences in NHg emissions from 2019 to 2020 for a variety of
sources are shown in Fig. 3. Total NH3 emissions in 2020 were reduced
by approximately 4 % compared with pre-COVID 2019 (NH3 emissions
in 2019 are shown in Table S11). The largest decrease was in traffic
sources, from 9.72 kt to 6.55 kt at approximately 33 %, owing to the
COVID-19 lockdown severely affecting the annual average mileage of
private cars and minibuses (Li et al., 2020; Verma and Prakash, 2020).
Livestock waste decreased by 15.52 kt, approximately 3.72 %, owing to
road closures and shortages in feed supply to some farms and resulting in
a decrease in the amount of food fed to livestock (Cao et al., 2020; Hafez
and Attia, 2020). Nitrogen fertiliser application was slightly affected by
the lockdown; however, owing to the short-term nature of the lockdown,
fertilisation applications continued to be performed. Therefore there

Cities Agricultural sources Non-agricultural sources

Total regional

emissions kt

Livestock Farmland Biomass Chemical Waste Human Traffic Fuel
waste kt ecosystem kt burning kt industry kt disposal kt being kt sources kt combustion kt
Zhengzhou 6.97 6.07 1.30 0.23 1.42 2.49 1.42 2.64 22.54
Kaifeng 28.84 13.70 2.34 0.56 0.23 2.12 0.25 0.50 48.54
Luoyang 16.40 10.40 2.01 0.32 0.38 2.25 0.47 1.28 33.51
Pingdingshan 18.36 8.77 1.92 0.45 0.18 2.13 0.26 0.62 32.67
Anyang 15.81 11.34 2.39 0.56 0.18 2.35 0.38 0.56 33.57
Hebi 9.83 2.98 0.65 0.11 0.12 0.56 0.13 0.31 14.68
Xinxiang 20.59 13.89 2.70 0.79 0.28 2.43 0.46 0.75 41.88
Jiaozuo 8.24 5.56 1.13 0.24 0.19 1.19 0.29 0.50 17.32
Puyang 26.44 8.16 1.69 0.44 0.19 1.71 0.31 0.32 39.27
Xuchang 13.81 9.09 1.69 0.25 0.19 1.85 0.28 1.01 28.17
Luohe 12.88 5.81 0.98 0.16 0.20 0.98 0.17 0.37 21.56
Sanmenxia 7.45 4.04 0.71 0.10 0.09 0.79 0.13 0.38 13.70
Nanyang 48.11 31.92 5.56 1.09 0.30 4.39 0.45 0.70 92.51
Shangqiu 47.61 22.81 4.51 0.69 0.22 3.84 0.50 0.62 80.79
Xinyang 26.22 18.83 3.66 1.05 0.22 2.84 0.25 0.56 53.62
Zhoukou 48.84 28.93 5.43 1.36 0.11 4.73 0.43 0.75 90.57
Zhumadian 43.71 28.82 5.24 0.72 0.17 3.58 0.30 0.61 83.16
Jiyuan 2.03 0.85 0.18 0.04 0.10 0.22 0.08 0.23 3.73
Total emission 402.15 231.96 44.07 9.16 4.77 40.43 6.55 12.71 751.80
sources kt 634.10 117.69




S. Yang et al.

Science of the Total Environment 904 (2023) 166857

800 |- [ 2019
_ H 2020
700 - .
600 [~ Wl
R
%’ 500 |- %30 I
g 400 | Sl
% E
300 - L
200 .
[ z\s‘e“’\’&\& .0&_“\6&@ &6\%@ = ¥ 6\09_0\\“’@ 006\\005\'\0‘\
100 = ‘3“0(9 e %5 W G Qoe\
0 |:-_=—_=__
S & > w0 D " 5 "
'xs%@“ o\&\ﬂ‘bﬁ’ 0@3‘3"6 ‘0&&\ .\Q@g\d &%Qos w‘o@o ) < ‘00%“0
0’(&\ s \46 Y \%S\ el > 6\‘&&’ .\0‘6 @@%‘ Qy\)& (‘{g&\o 6\00 <
» @
& 2 v e
N <
2
o

Fig. 3. NH; emissions from various sources in Henan Province from 2019 to 2020.

were no significant NH3 changes in emissions. Biomass burning NH3
emissions were reduced, and owing to the increased popularisation of
natural gas, most rural villages used the wood-fired boiler once a day on
average, greatly reducing the use of household fuelwood and straw.
Waste disposal and chemical industry NH3 emissions decreased by 0.53
kt and 0.39 kt, respectively, owing to the reduced operation of some
waste disposal stations and plants (Filonchyk and Peterson, 2020).
Contrary to the above-mentioned emission sources, human being
emissions increased by 0.10 kt, owing to the increased use of dry latrines
in rural areas as rural workers failed to return to urban work during the
Spring Festival lockdown (Li et al., 2020). Fuel combustion also showed
an increasing trend, by approximately 0.03 kt, owing to the reduction in

Total

38.1% B Outdoor

@ Housing
M Storage

W Fertilise
55.6%

7.9%

21.1%

Sheep

Chicken

17%

2.8%

B Outdoor
@ Housing
M Storage
W Fertilise

13.3%

58.8% 22.2%

10.9%

outside gatherings and increased use of fuel as people stayed home (Du
et al., 2021). There is an uncertainty in the discussion. In terms of time
span, the previous study was based on a period of one to four months
during the COVID-19 pandemic; however, considering that the span of
the NH3 emission inventory is typically a year and the epidemic did not
cease during 2020, the changes in NH3 emissions reflected this phe-
nomenon to some extent in this study.

3.3. Livestock waste management analysis

Ammonia volatilisation reduces the N content of faeces, which af-
fects the fertilisation efficiency and causes soil acidification and
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Fig. 4. Percentage of NH; emissions from different livestock at each stage.
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problems in the eutrophication environment (Van der Stelt et al., 2007).
As livestock waste was the primary emissions source, further analysis of
livestock waste was conducted. To better provide targeted NH3 emis-
sions reduction measures for livestock breeding sources, this study
classified livestock NH3 emissions into four detailed stages: outdoor,
housing, faeces storage and treatment and subsequent fertilisation. The
percentage of NHs emissions for each stage is shown in Fig. 4. The faeces
used in the fertilisation stage released the most NH3 out of all the stages
for all livestock except for chickens and ducks, accounting for 38.1 % of
the total NHj3 for all stages. Ammonia volatilisation was affected by
various factors such as wind speed, temperature, soil and rainfall in the
faeces application phase. For instance, evening application reduces
ammonia volatilisation by approximately 30 % compared to the early
morning application (Gordon et al., 2001), with lower temperatures
being the major reason in the evening. NHj losses can be decreased if
fertiliser is applied during rain, as rain allows NHs from the soil surface
to penetrate into the ground (Malgeryd, 1998), or by irrigating after
fertiliser application. Deep burial of the soil decreases NHgz losses further
than surface spreading, by approximately 42 % (Huijsmans and de Mol,
1999). If a variety of conditions such as weather temperature, rainfall
and soil are simultaneously considered, NH3 losses can be significantly
reduced (Smith et al., 2009). There are also measures that can be taken
to reduce NHj3 losses during the NHj faeces management phase,
including the outdoor, housing, faeces storage and faeces treatment
phases, in which the faeces pass through a pre-management phase to be
ultimately used for fertiliser application. Chickens and ducks release
more NH3 while in the outdoors; therefore, outdoor faeces should be
transferred in time, or the soil should be covered on the faeces to reduce
the loss of NHs. In addition, NHs volatilisation can be decreased by
mixing chemicals into the manure. For example, the addition of phos-
phoric acid or alum decreases NH3 by 44 % and 62 %, respectively
(Delaune et al., 2004). The percentages of NH3 emissions from various
livestock categories to the total NH3 emissions from livestock farming
are shown in Fig. S1. Laying hens, goats and pigs were the top three
largest types of NHg emissions, with emissions of 131.48 kt, 69.74 kt and
64.97 kt, accounting for 32.69 %, 17.34 % and 16.16 % of the total NH3
emissions, respectively. Laying hens accounted for the largest propor-
tion of NH3 emissions, owing to the high demand for eggs and egg
products in human daily lives. Goats and meat pigs accounted for a
larger proportion of the livestock population, owing to the high level of
rearing and, thus, higher NH3 emission factors. The contribution of dairy
cows, sows and sheep was lower, owing to low farming numbers. Also
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affected by road closures (Hafez and Attia, 2020), feed supplies on farms
were reduced, resulting in decreased NH3 emissions.

3.4. N fertiliser NHs emissions in different cities

Farmland ecosystems were the second largest emission source in
Henan Province, of which N fertiliser application of NH3 emissions
amounted to 209.78 kt, accounting for 90.44 % of the total emissions
from farmland ecosystem. Therefore, NH3 emissions from N fertiliser
application were further analysed in this study. Fig. 5 shows the
contribution from N fertiliser application to NH3 emissions in each
urban area. Nanyang, Zhoukou and Zhumadian were the top three cities
in NH3 emissions, which were 28.76 kt, 26.23 kt and 25.87 kt, respec-
tively, mainly related to the sown area of crops. The sown areas were
2020.56, 1842.62 and 1816.93 thousand hectares (NBS, 2021), ranking
as the top three largest areas in Henan Province. Meanwhile, the N
fertiliser was mainly urea in each region, accounting for 81.77 % of the
total emissions from N fertiliser application sources. The fertiliser was
mostly spread; therefore, more NH3 was volatilised during the applica-
tion process. Zhoukou City had the highest NH3 emission intensity at
2.19 t km~2. Sanmenxia City has the lowest NHz emission intensity at
0.35 t km 2. To a certain extent, the NHz emission intensity of N fer-
tiliser reflected the pollution level of NH3 production when N fertiliser
was applied in each city. NH3 losses during N fertiliser application were
affected by the same conditions as faeces application such as weather
temperature, soil and precipitation, mentioned in the faeces application
discussion above. New high-efficiency urea can replace traditional urea,
using high N fertiliser and organic fertiliser instead of chemical fertiliser
to reduce NH3 losses and improve yield and resource utilisation (Yang
et al., 2019). Improved fertilisers are being used, such as NBPT (N-(n-
butyl) phosphorothioic triamide) added to UAN (urea ammonium ni-
trate solution) fertiliser, which reduces NHs emissions by 50 %
(Klimezyk et al., 2021). Reducing unnecessary fertiliser application and
using high-protein animal feed can provide up to 30 % of the NHg
reduction potential without increasing abatement costs or reducing
agricultural productivity (Zhang et al., 2020). Meanwhile, enhancing
agricultural production, updating technologies in a timely fashion and
taking measures to control NH3 production in livestock waste and N
fertiliser application can be the path towards gradually achieving agri-
cultural NH3 reduction.
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3.5. Spatial distribution characteristics

ArcGIS was used to obtain information regarding the geographic
boundaries of Henan Province to map the spatial distribution and in-
tensity of NH3 emissions in Henan Province in 2020. NH3 emissions were
characterised by a clear hierarchical distribution in space. As can be seen
in Fig. 6a (left), there was a gradual increase in NHg emissions from
north-west to south-east in Henan Province. NH3 emissions were low in
the north-west, such as the cities of Sanmenxia, Jiyuan and Jiaozuo, of
which Jiyuan exhibited the smallest emissions at 3.73 kt. NHg emissions
were high in the south-eastern part, for example in Nanyang City,
Zhoukou City and Shangqiu City, of which Nanyang City had the largest
emissions at 92.51 kt, accounting for 12.31 % of NH3 emissions in the
entire Henan Province. The above distribution of NH3 emissions is
mainly related to the area of crops sown and livestock produced in each
city, starting from the north-west to the south-east from which the level
of agricultural activity gradually increased; thus, the above changes
occurred. As can be seen in Fig. 6(b) (right), the intensity of NHj
emissions gradually increased from west to east. The emission intensity
was low in Sanmenxia, Luoyang and Jiaozuo, of which Sanmenxia had
the lowest intensity at 1.31 t km™2. The emission intensity was high in
Puyang, Luohe and Kaifeng, of which Puyang exhibited the highest in-
tensity, at 9.19 t km™2. The intensity of NH3 emissions is mainly
determined by a combination of urban area and level of agricultural
activity.

3.6. Checking for random annual variations in the data

There is a large magnitude of random variation that occurs annually
in the area of forest fires in the biomass burning ammonia emission
sources. For instance, the area of forest fires in 2014 was 33,400,000 m>
and 30,000 m? in 2015, corresponding to NH3 emissions of 32.88 kt and
0.25 kt, respectively. This led to random variations in the trend of total
NHj; emissions, preventing a reliable analysis of the variations. We have
placed the trends of biomass burning in the supplementary material
Fig. S2, and the trends of total NHg emissions excluding biomass burning
and other sources of NH3 emissions are shown in Fig. 7 (right b is an
unfolding of some sources from left a). Total NHs emissions fluctuated
before 2015 and began to decrease steadily after 2015, with the largest
decrease occurring in 2020. Livestock waste management gradually
increased before 2015 and significantly decreased by 2016. Then, it
gradually increased after 2016 and was decreasing by 2020. The farm-
land ecosystem has not changed significantly, maintaining a steady
decrease. Human being and fuel combustion decreased gradually from
2011 to 2019 and increased slightly in 2020. Chemical industry

112° 114° 116°
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maintained a steady decrease from 2012. Waste disposal kept increasing
steadily from 2011 to 2019 and decreased slightly in 2020. Traffic
sources kept a steady increase from 2011 to 2019 and decreased
significantly in 2020. The above changes show that the ammonia
emission sources more significantly changed by the COVID-19 epidemic
lockdown were waste disposal, fuel combustion, human being, biomass
burning, traffic sources and livestock waste management, and the most
insignificant changes were in chemical industry and farmland
ecosystem.

3.7. Comparison with previous studies

As Fig. 3 shows, the total NH3 emissions during the 2020 COVID-19
lockdown were approximately 4 % lower than in 2019, before the
lockdown. Considering that the total NH3 emissions were slightly
affected by the lockdown, this study remains comparable to NH3 emis-
sion inventory studies performed before the onset of COVID-19, with the
results shown in Table S13. Livestock waste and nitrogen fertiliser
application both significantly contributed to NH3 emissions in different
provinces, with the sum of their contributions ranging from 55.19 % to
95.60 %. Compared with the NH3 emissions of Jiangsu Province in 2017
estimated by Hou et al. (2019), Guangdong Province in 2010 estimated
by Shen et al. (2014) and Zhejiang Province in 2017 estimated by Zhao
et al. (2020), this study showed high emissions, mainly due to the
different industrial structures of the provinces. Henan Province is one of
the largest agricultural provinces in China, whose total grain production
approaches one-tenth of the national total, and its cattle, pig and poultry
rearing and poultry, egg and meat production rank among the top four in
the country. Jiangsu Province has the largest manufacturing cluster and
the highest GDP per capita continuously since 2019, ranking it as one of
the most economically active provinces in China. Guangdong Province
has ranked at the top in GDP in China continuously since 1989 as China's
largest economic province and representing 1/8 of the total economic
output of the country. Zhejiang Province contains abundant marine re-
sources and a wide variety of organisms, renowned as the ‘fish ware-
house of China’, with a coastline of total length 6486.24 km, 20.3 % of
the total coastline in China and ranked first in China. Compared with the
NHj3 emissions estimated by Zhou et al. (2021) for Shandong Province in
2017 and Feng et al. (2015) for Sichuan Province in 2012, the NHj3
emissions estimated results in this study are lower, mainly due to the
variability in activity levels and crop cultivation structures among the
large agricultural provinces. Shandong Province had the highest rate of
arable land and is China's largest agricultural province, consistently
leading all provinces in China in terms of value added in agriculture.
Sichuan Province was also a major agricultural province with a tradition
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Fig. 7. Analysis of the change trend of each source from 2011 to 2020.

of intensive farming and a three-season per year farming system. Among
the food crops, rice, wheat and corn have clear species advantages,
especially rice, whose yield contributes over 40 % of the total grain
production. Compared with the study of Henan Province by Wang et al.
(2018b), these results are lower. First, the Wang et al. study considered a
certain time span, and the NH3 emission factors, NH3 emission reduction
measures and efficiencies adopted by various emission sources at that
time were different. Furthermore, this study does not account for live-
stock with lower breeding numbers, such as donkeys and mules, for
which there was some variability in activity level data (information
sources for various regions are shown in Table S10).

3.8. Monte Carlo simulation

Uncertainty in the NH3 emission inventory is mainly due to the lack
of activity level data and choice of emission factors. The uncertainties of
the different sources are shown in Table S14. Uncertainty was higher in
the traffic sources and chemical industry, at [—25.34 %, 25.66 %] and
[—24.09 %, 23.93 %], respectively. Based on the months affected by the
2020 COVID-19 lockdown, the annual average distance travelled by
both private cars and minibuses from traffic sources decreased to some
extent and differed from the actual distance travelled. The production of
some chemical industries was affected by COVID-19, and the collected
data deviated from the actual situation. Uncertainty is low for human
being and biomass burning as the activity level data for human
beingemissions were based on rural population figures from the statis-
tical yearbook, and the activity level data of household straw and
household firewood in biomass burning were obtained from rural visits
and surveys, resulting in low uncertainty. Farmed donkeys, horses and
mules were not included in the livestock waste farming calculations
owing to their small numbers. Nevertheless, the breeding considered in
the calculation was categorised into three methods: free-range, intensive
and grazing. Meanwhile, the calculation of excrement and urine NHj
emissions was classified into four stages: outdoor, housing, manure
storage and treatment and subsequent fertilisation. The data and factors
were taken from the statistical yearbooks and guidelines; thus, the un-
certainty was low. In calculating the N fertiliser application, the average
temperature of Henan Province was considered to be the annual tem-
perature. Soil pH was calculated by considering its soil acidity and
alkalinity ratio, which has some uncertainty. However, N fertilisers were
calculated on a species basis, reducing the uncertainty in NHg emissions.
Uncertainties in waste disposal and fuel combustion emission sources
were mainly derived from the choice of emission factors, and the
reference standards were based on the selection of materials. The total

NH; emissions estimated in this study were 671.65 kt to 851.94 kt, and
the uncertainty range was [—10.66 %,13.32 %]. Therefore, this NH3
emission inventory generally contained high accuracy (information of
Monte Carlo simulation is shown in Table S9).

3.9. Impact of ammonia on haze pollution and reduction in emissions

As shown in Fig. 3, our estimates show that the total NH3 emissions
are only reduced by approximately 4 %, a slight reduction compared to
emissions of SO and NOy. Zheng et al. (2021) showed that SO, and NOy
during the lockdown were reduced by 27 % and 36 %, respectively, and
Bao and Zhang (2020) also confirmed the significant reduction in SO5
and NOy, revealing that ammonia was enriched during the lockdown
period. Previous studies have shown that under conditions of high at-
mospheric ammonia concentration, SO, and NOy are rapidly oxidised to
form particulate matter (Jiang and Xia, 2017), causing severe haze
events. Huang et al. (2021) indicated that the enhanced formation of
secondary particulate matter aggravated the haze pollution during the
COVID-19 lockdown. Therefore, to alleviate haze in China, the focus
should be on reducing NH3 emissions compared to air pollutants such as
SO, and NOy. Numerous previous studies have shown that SNA (S03%~,
NO3 and NHJ) concentrations can be significantly reduced only when
NH;j is reduced compared to SOy and NOy emissions (Erisman and
Schaap, 2004). PMs 5 can be reduced by more than 30 % if levels of NH3
and NOy emissions are reduced simultaneously (Bauer et al., 2016). Ti
et al. (2022) showed that agricultural ammonia in China could be
reduced by 74 % if highly efficient reduction techniques were applied in
combination, and it is possible to reduce PM; 5 pollution from 43 to 28
pg m 2. Some researchers believe that NH; reduction can be more
effective in mitigating PMg 5 pollution based on low-cost consumption
than the reduction of air pollutants such as SO, and NOy (Gu et al., 2021;
Pinder et al., 2007; Wu et al., 2016). Ammonia reduction is also a useful
complement to SO, and NOy emission reduction, reducing the cost of air
pollutant reduction and achieving the goal of air quality improvement.
Therefore, refining ammonia reduction is very crucial for alleviating
haze pollution. As can be seen in Fig. 7, NH3 emissions from the farm-
land ecosystem are steadily reducing annually, which is due to improved
technology mitigating ammonia from nitrogen fertilisation. Traffic
sources, although rising until 2020, should decrease in the future with
the rise of new energy vehicles (He et al., 2020). Human and fuel
combustion NH3 emissions will keep decreasing in the future as ur-
banisation rates and natural gas penetration increase. Unfortunately,
ammonia reductions are urgent, and we have learned that ammonia
reductions take place very slowly. Meanwhile, livestock waste
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management NH3 emission sources, which account for 51 %-55 % of the
total anthropogenic sources (percentage as shown in Fig. S3), may
continue to rise after the close of the pandemic. Therefore, it is necessary
to upgrade control measures and set specific targets for NH3 emission
reduction; only in this way can haze pollution be alleviated.

4. Conclusion

We established an anthropogenic NH3 emission inventory for Henan
Province during the 2020 COVID-19 lockdown based on detailed ac-
tivity level data and accurate emission factors. Total NH3 emissions were
751.80 kt, and agriculture was the major emission source in Henan
Province with 87.07 % of the total NH3 emissions. Total NH3 emissions
were slightly affected by the COVID-19 lockdown, approximately 4 %
lower than before the lockdown. The biggest reduction was in traffic
sources, from 9.72 kt to 6.55 kt, reduced by approximately 33 %. Next,
waste disposal and biomass burning were reduced by 9.97 % and 6.19
%, respectively. Human emissions and fuel combustion slightly
increased. Livestock waste emissions only decreased by 3.72 %, and
other agricultural emissions changed insignificantly. Non-agricultural
sources were more severely influenced by the COVID-19 lockdown
than agricultural sources.

Except for chickens and ducks, the release of NH3 was highest in the
fertilisation stage, accounting for 38.1 % of the total NH3 emissions in
each stage. The largest NH3 emissions were from laying hens, 131.48 kt,
accounting for 32.69 % of the total NH3 emissions from livestock waste.
N fertiliser application accounted for 90.44 % of the NH3 emissions from
farmland ecosystems, of which urea was the main N fertiliser and its NH3
emissions accounted for 81.77 % of the NH3 emissions from N fertiliser
application. Compared with previous studies, agriculture tends to be the
main source of emissions, and NHj3 emissions are higher in areas
dominated by agriculture. Uncertainty analysis showed that the uncer-
tainty range for total NH3 emissions was [—10.66 %,13.32 %], with
higher uncertainty for traffic sources and the chemical industry. The
spatial distribution characteristics showed that NH3 emissions in south-
east Henan Province were higher, of which Nanyang City had the largest
NH;3 emissions, 92.51 kt, accounting for 12.31 % of the total NHg
emissions. The NH3 emissions intensity gradually increased from west to
east, from which Puyang City had the highest emissions intensity, 9.19
t-km 2

Total NHg emissions were slightly affected during the COVID-19
lockdown, even though the level of human activity was very low.
Owing to agriculture remaining the main source of NH3 emissions dur-
ing the lockdown, agriculture was only slightly affected, and produc-
tivity recovered more quickly after the lockdown was lifted. Thus, NH3
emissions in Henan Province on the North China Plain remained high.
Corresponding to severe haze days, NH3 was one of the key factors in
inducing haze. In the next study, an NH3 emission inventory will be
established on a larger scale to analyse the corresponding change rela-
tionship between NH3 emission and PMj 5 so as to enhance the accuracy
and comprehensiveness of the discussion.
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