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Abstract: Life cycle assessment was used to study the following six major stages of animal husbandry:
feed grain planting, feed grain transportation and processing, livestock and poultry breeding, live-
stock and poultry gastrointestinal fermentation, manure management, and livestock and poultry
product slaughter and processing. The greenhouse gas emissions from animal husbandry in Shan-
dong Province were quantified for the entire 20-year period spanning from 2002 to 2021. This study
also analyzed the emission patterns and characteristics associated with this life cycle assessment.
The results show that over the past 20 years, the greenhouse gas emissions from animal husbandry
in Shandong Province increased continuously, the greenhouse gas emission intensity decreased
continuously, and both of these trends tended to be stable. From a life cycle standpoint, the primary
sources of greenhouse gas emissions were gastrointestinal fermentation and the management of
livestock and poultry manure. In terms of the structure of livestock and poultry breeding, poultry
was the primary source of greenhouse gas emissions. The emission characteristics of the greenhouse
gases produced by animal husbandry varied among different cities in Shandong Province. The main
source of greenhouse gas discharged due to animal husbandry in Zibo and Binzhou was E_,e; in
Dongying, it was Egpeep; and in the remaining cities, it was mainly Epqypiry-
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1. Introduction

Agricultural production is recognized as a substantial source of anthropogenic green-
house gas emissions. It is responsible for approximately 23% of total global anthropogenic
greenhouse gas emissions, with CH, accounting for 44%, N,O for 81%, and CO, for 13% [1].
According to the statistics of the World Resources Institute (WRI) and the Food and Agricul-
ture Organization of the United Nations (FAO), the carbon emissions of animal husbandry
account for approximately 15% of total global emissions [2]. Livestock and poultry excreta,
feed production, fertilizer production, and conventional agricultural production practices
were the main sources of animal husbandry carbon emissions. Animal husbandry in Shan-
dong Province, which is a major province for livestock and poultry breeding, has developed
rapidly with the continuous development of the economy and an increase in market de-
mand. Shandong Province produces the most meat, poultry, and eggs in the country. It has
established four national animal husbandry parks, leading to the construction of large-scale
industrial clusters, and more than 5000 standardized animal husbandry demonstration
farms. According to data from the “Shandong Statistical Yearbook”, animal husbandry in
Shandong Province mainly includes pigs, cattle, sheep, and poultry. From 2008 to 2020, the
number of pigs in Shandong Province decreased by 14.60%, the number of cattle decreased
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by 39.83%, and the number of sheep decreased by 19.60%. However, the number of poultry
animals grew, with a growth rate of 65.26% [3].

In 2021, the total output value of animal husbandry in Shandong Province reached
CNY 290.424 billion and accounted for 25.3% of China’s total agricultural output value [3].
However, due to the improved economic benefits of animal husbandry, the resulting
pollution continuously impacted the environment. In 2022, “Central Document No. 1”
stressed the need to promote the green development of agriculture and rural areas while
minimizing the environmental pollution caused by the livestock and poultry industry,
taking into account both the environmental benefits and ensuring the expansion of the
livestock and poultry industries [4]. Therefore, “The 14th Five-Years Plan for National
Economic and Social Development and the Outline of the Long-term Goals for 2035 in
Shandong Province” clearly states that it is necessary to scientifically prevent and control
the environmental pollution caused by livestock and poultry breeding, turn waste into
treasure, and realize the transformation of the harmless treatment of livestock manure
into resource utilization according to the principles of “source reduction, process control
and end use” in order to improve the quality of rural human settlements [5]. “The 14th
Five-Years Plan for Prevention and Control of Livestock and Poultry Breeding Pollution
in Shandong Province” requires improvements in the mechanisms for utilizing livestock
and poultry manure, strengthening of the supervision of pollution prevention and control
during livestock and poultry breeding processes, and the laying of a solid foundation for
building a model of rural revitalization [6]. Therefore, it is of important theoretical and
practical significance to study the greenhouse gas emissions produced by animal husbandry
in Shandong Province.

Life cycle assessment (LCA) is widely used for the quantitative evaluation of indus-
trial products [7,8]. LCA was introduced in the field of agriculture to conduct research
for agricultural products and farmland management measures [9,10]. Ji used LCA to
evaluate the carbon emissions from cattle manure treatment processes [11]. Cheng’s work,
which integrated literature, data analysis, and model simulations, was based on LCA, and
calculated and compared the differences in nitrogen and greenhouse gas emissions from
ruminants and monogastric animals during feed production and livestock breeding. This
work further proposed an optimized livestock structure according to the natural resource
conditions of various countries and explored the contribution of livestock and poultry man-
agement to land resources and food security [12]. Wang used LCA to study and evaluate
the greenhouse gas emissions of regional planting and breeding cycles [13]. Zhou used LCA
to divide the life cycles of livestock and poultry production into six stages, using 1 kg of
meat, eggs, and milk as functional units. This study focused on four types of environmental
impacts: global warming, acidification, water eutrophication, and photochemical oxide
formation [14]. Ying comprehensively evaluated a large-scale breeding model of livestock
and poultry using LCA and summarized the advantages of this model by analyzing the
amount of environmental pollution it produces [15]. Arca et al. used LCA to conclude that
the amount of greenhouse gas emissions from an extensive animal husbandry system was
higher than that from an intensive animal husbandry system due to the low productivity
of the extensive animal husbandry system [16]. Mostert et al. used LCA to estimate the
greenhouse gas emissions of each process in a broiler production chain [17].

However, most existing studies on greenhouse gas emissions produced from animal
husbandry have focused on the assessment of livestock, poultry products, and farms, and
there are few studies evaluating the amount of the greenhouse gas emissions produced
throughout the whole life cycle of animal husbandry. This study comprehensively con-
sidered the direct production steps and the upstream and downstream industrial chain
steps of animal husbandry and calculated and analyzed the total amounts and emission
characteristics of the greenhouse gases produced throughout the whole life cycle of ani-
mal husbandry in Shandong Province, providing a reference to inform the formulation of
policies aimed at reducing greenhouse gas emissions from animal husbandry.



Sustainability 2024, 16, 1375

30f15

2. Materials and Methods
2.1. Data Sources

The basic data were taken from the “Shandong Statistical Yearbook” from 2002 to 2021 [3],
“China Rural Statistical Yearbook” in 2021 [18], “Compilation of China Agricultural Product
Cost-benefit Data” in 2022 [19], “IPCC Guidelines for China Greenhouse Gas Inventories” in
2006 [20], and some related studies [21-23]. Utilizing LCA, the total amount of greenhouse
gas emissions produced by animal husbandry in Shandong Province between 2002 and
2021, as well as that produced in different regions of Shandong Province in 2021, was
calculated using the relevant data. Moreover, the greenhouse gas emission characteristics
of animal husbandry in Shandong Province were analyzed.

2.2. Research Methods

Life cycle assessment (LCA) was first proposed by the International Society of Envi-
ronmental Toxicology and Chemistry (SETAC) in 1990, and it began with the Resource and
Environmental Condition Analysis (REPA) in the United States in the late 1960s [24]. LCA
involves a quantitative calculation technique, which is the best method for the quantitative
analysis of environmental impact and the key to the development of low-carbon envi-
ronmental protection economy, and it has gained widespread application across diverse
fields [25]. As an environmental management tool that can quantify environmental infor-
mation, LCA has played an important role in developing low-carbon economies, reducing
greenhouse gas emissions, and mitigating climate change.

In this study, the life cycle assessment was divided into four steps. Firstly, the goal
was to determine the emission characteristics of greenhouse gas emissions from animal
husbandry in Shandong Province. The scope of this study is shown in Figure 1; we selected
six major stages in animal husbandry, including feed grain planting, feed grain transporta-
tion and processing, livestock and poultry breeding, livestock and poultry gastrointestinal
fermentation, manure management, and livestock and poultry product slaughter and pro-
cessing, and calculated the total amount of greenhouse gas emissions produced by animal
husbandry in Shandong Province from direct (livestock and poultry breeding) and indirect
(feed production and livestock products) sources [26]. Secondly, in the inventory analysis
process, the formulas for calculating greenhouse gas production, the emission coefficient,
and related basic data were analyzed and confirmed. Then, in the environmental impact
assessment stage, various environmental data regarding the life cycle of livestock and
poultry breeding were classified and indexed before re-evaluation. Finally, we analyzed
the results, conducted a discussion, examined the limitations, made recommendations, and
reported the results of the life cycle interpretation in the interpretation stage.
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Figure 1. The greenhouse gases produced throughout the animal husbandry system.
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2.3. Calculation of Greenhouse Gas Emission Amount in Animal Husbandry
2.3.1. Average Annual Feeding Amount

During the breeding process, the reproduction and production of livestock and poultry
cause changes in livestock and poultry stock. According to the growth cycle, year-end
stock, and annual output of different kinds of livestock and poultry, the average annual
feeding amount for different kinds of livestock and poultry was estimated accurately. The
formula for this is as follows [23]:

Herdse,g, if : Days > 365 d

Daysy,. e, if : Days < 365d’

APP; = { 1
In the formula, APP; is the average annual feeding amount of livestock and poultry;
Herdsepq is the year-end stock of livestock and poultry; NAPA,; is the annual output of

livestock and poultry; and Daysy;ye is the average feeding cycle of livestock and poultry.

2.3.2. Calculation of Greenhouse Gas Emission Amount

The greenhouse gases produced in animal husbandry mainly include carbon dioxide,
methane, and nitrous oxide. The amount of greenhouse gas emissions produced during the
whole life cycle of animal husbandry can be divided into three processes: feed production,
livestock and poultry breeding, and livestock production, including feed grain planting,
feed grain transportation and processing, livestock and poultry breeding, livestock and
poultry gastrointestinal fermentation, manure management and livestock, and poultry
product slaughter and processing. The calculation formula for greenhouse gas emission
amount in each stage is shown in Table 1.

Table 1. The calculation formula for greenhouse gas emission amount during the whole life cycle of
animal husbandry [23,27].

Major Stages Formula Explanation
Q; is the annual output of livestock and poultry
products; t; is the grain consumption coefficient of unit
Feed grain planti n 5 livestock and poultry products; g; is the proportion of
cec grain planting Epe = ;1 Qi-ti-gy-efyy @ j-type grain in the formula of i-type livestock and
= poultry feed; efj; is the CO, equivalent emission
coefficient of j-type grain.
Q; is the annual output of livestock and poultry
Feed erain products; t; is the grain consumption coefficient of unit
s gortation and n 3) livestock and poultry products; g; is the proportion of
POl Egp = ¥ Qi-ti-gjefp j-type grain in the formula of i-type livestock and
processing i=1

poultry feed; efj, is the CO; equivalent emission
coefficient of j-type grain.

Livestock and
poultry breeding

Eyip = Y NAPA; e of, + 3 NAPA; Geef. ()
i=1 ¢ i=1 €

NAPA,; is the annual production of livestock and
poultry; Cie is the electricity expenditure per head of
livestock and poultry; Pe is the unit price of electricity
for livestock and poultry breeding; efe is the CO,
emission coefficient of power consumption; Cj. is the
expenditure on coal consumption per head of livestock
and poultry; P, is the unit price of coal for livestock
and poultry breeding; ef. is the CO, emission
coefficient of coal consumption.

Gastrointestinal
fermentation

APP; is the average feeding amount of livestock; efj; is
the CHy4 emission coefficient of gastrointestinal
fermentation; GWPcy is the global warming potential

n
EGT = Z APPi~efil-GWPCH4 (5)
= of CH4

Manure management

APP; is the average feeding amount of livestock and
poultry; efj is the CHy emission coefficient of the
Ecp = manure management system; efiz is the NoO emission

6
(APPI 'efiz -GWPCH4+APP1 -efi3 'GWPN20) ( )

i1

coefficient of the manure management system;
GWPcpy is the global warming potential of CHy;
GWPnp0 is the global warming potential value of N,O.
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Table 1. Cont.

Major Stages

Formula Explanation

Product slaughter

and processing

Q; is the annual output of livestock and poultry
products; MJ; is the energy consumption of slaughter
and processing per unit of livestock and poultry
products; ey, is the calorific value of one degree
electricity; efe is the CO, emission coefficient of power
consumption.

n
Esp = '21 Q- efe @)
i=

Total emissions

Er = Erg + Egp + Eme + Egr + Ecp + Esp (8

Er is total emissions; Egg, is feed grain planting; Egp is
feed grain transportation and processing; Eyg is
livestock and poultry breeding; Egr is gastrointestinal
fermentation; Ecp is manure management; Egp is
product slaughter and processing.

2.3.3. Greenhouse Gas Emission Coefficient

”

With reference to the “Compilation of China Agricultural Product Cost-benefit Data
in 2022 [19], “Notice on Adjusting the Electricity Price of North China Power Grid” in
2011 [28], “Emission Factor of China Regional Power Grid Baseline for Emission Reduction
Projects” in 2019 [29], “Notice on Implementing the Development and Reform Price [2022]
No. 303 Document to Improve the Price Formation Mechanism of the Coal Market” [30],
“China Energy Statistics Yearbook” in 2008 [31], “China Rural Statistical Yearbook” in 2021 [18],
and some relevant studies [21-23,27], the greenhouse gas emission coefficients of animal
husbandry in Shandong Province were determined. The specific coefficients are shown in
Table 2.

Table 2. The greenhouse gas emission coefficients of animal husbandry in Shandong Province.

Cattle for Poultry for Poultry for

Coefficient Pig Beef Dairy Cattle  Sheep Meat Egg Unit

t 1.60 38.07 18.04 2.04 0.02 0.16 t/t

efjl Corn: 1.50; wheat: 1.22; alfalfa: 0.27 t/t

esz Corn: 0.0102; wheat: 0.0319; alfalfa: 0.002; soybean: 0.1013 t/t

Cie 3.51 10.30 353.47 2.55 0.18 7.57 CNY/head
Cic 0.35 0.00 4.58 1.76 0.62 0.00 CNY /head
Pe 0.62 CNY/(kW-h)
P. 655.00 CNY/t

efe 0.94 t/(MW-h)
efc 1.98 t/t

efyq 1.00 51.40 68.00 56.00 0.00 0.00 kg/(head-a)
efip 3.54 1.50 16.00 0.16 0.02 0.02 kg/(head-a)
efi3 0.53 1.37 1.00 0.33 0.02 0.02 kg/(head-a)
GWPciy 21.00 /

GWPN20 310.00 /

MJ; 3.76 4.37 1.12 10.40 2.59 8.16 MJ/kg

en 3.60 MJ/(kW-h)

2.4. Calculation of Greenhouse Gas Emission Intensity in Animal Husbandry

Greenhouse gas emission intensity refers to the greenhouse gas generated by unit of
production value. The calculation of greenhouse gas emission intensity can reduce the error
of greenhouse gas emission in comparative analysis caused by an economic gap, and it is
an important index for evaluating greenhouse gas emission production [32]. The formula
is as follows:

Greenhouse gas emission intensity = total greenhouse gas emission amount of
animal husbandry/total output value of animal husbandry

©)
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2.5. Statistical Analysis

Excel 2019 (Microsoft, Albuquerque, NM, USA) was used for data processing, Origin
2021 (OriginLab, Northampton, MA, USA) was used to draw the line chart and histogram,
and Personalbio Genes Cloud (Personalbio, Shanghai, China) was used to draw the pie
chart and histogram.

3. Results
3.1. Variation in Greenhouse Gas Emission Amount and Emission Intensity

The total amount of greenhouse gas emissions of animal husbandry in Shandong
Province from 2002 to 2021 and each stage of the life cycle are shown in Table 3. In
the past 20 years, the total greenhouse gas emissions of animal husbandry in Shandong
Province fluctuated within 1792.99 x 10* to 2228.4 x 10* tons. Egt and Ecp were the main
greenhouse gas emission stages and had the same trend as Ert, both of which were higher
than 5 x 10* tons and had average annual growth rates of —0.71% and 1.20%, respectively.
Additionally, the average annual growth rates of Eng, Epg, Egp, and Esp were 2.45%, 3.01%,
3.01%, and 1.79%, respectively.

Table 3. Total amount of greenhouse gas emissions of animal husbandry in Shandong Province from
2002 to 2021 (unit: x10* tons).

Time EgT Ecp EmE Erg Egp Egp Et

2002 601.79 890.40 294.08 5.13 0.25 1.34 1792.99
2003 630.50 938.55 313.98 5.92 0.28 1.43 1890.65
2004 664.14 994.87 325.49 6.60 0.32 1.49 1992.89
2005 690.94 1051.44 339.97 7.14 0.34 1.55 2091.38
2006 708.70 1072.70 337.76 7.70 0.37 1.56 2128.80
2007 705.61 1000.73 335.37 7.17 0.34 1.44 2050.66
2008 704.78 1038.91 344.88 7.47 0.36 1.49 2097.89
2009 687.36 1061.08 355.82 7.57 0.36 1.53 2113.73
2010 669.72 1075.50 364.63 7.85 0.38 1.57 2119.65
2011 637.79 1069.48 379.09 8.04 0.39 1.61 2096.39
2012 635.09 1118.66 387.27 8.38 0.40 1.67 2151.47
2013 631.10 1132.75 382.88 8.22 0.39 1.66 2157.02
2014 627.16 1136.57 375.09 8.34 0.40 1.65 2149.21
2015 623.36 1149.20 401.58 8.31 0.40 1.73 2184.58
2016 613.12 1165.21 418.44 8.13 0.39 1.77 2207.06
2017 613.85 1183.29 421.31 7.73 0.37 1.84 2228.39
2018 618.49 1176.57 421.77 7.77 0.37 1.84 2226.81
2019 586.62 1006.77 417.58 7.44 0.36 1.69 2020.45
2020 504.35 1009.84 444.78 7.19 0.34 1.77 1968.27
2021 516.56 1104.52 438.14 8.22 0.39 1.82 2069.65

The changes in greenhouse gas emission intensity of animal husbandry in Shandong
Province are shown in Figure 2. From 2002 to 2021, it showed a downward trend, fluctuating
between 0.71 x 10~* and 2.57 x 10~ tons/CNY. In the past 20 years, the average annual
rate of decrease was —3.61%. The decrease rate varied significantly in the first 9 years, with
a decrease rate of —6.00%, and became relatively stable in the last 11 years, with a decrease
rate of —2.27%.



Sustainability 2024, 16, 1375

7 of 15

2500 13

Emission load —@®— Emission intensity

2000

1500 |

1000

Emission load of CO, (x107* tons)

500 F

Emission intensity of CO,(x10* tons/yuan)

U

Q
\
»

=

¥
N 3
N D S

v
3\
"\9 v

R R
Time (year)

Figure 2. Changes in total amount of greenhouse gas emissions and emission intensity of animal

husbandry in Shandong Province from 2002 to 2021.

3.2. Variation in Greenhouse Gas Emission Structure

The ratio of the total amount of greenhouse gas emissions in each stage of animal
husbandry in Shandong Province to the total greenhouse gas emissions of the entire animal
husbandry life cycle is shown in Figure 3. For each stage in the animal husbandry life cycle,
the total amount of emissions produced, from high to low, was Ecp > Egr > Emp > Epg
> Esp > Egp, where Ecp is the highest, ranging from 890.40 x 10* to 1183.30 x 10* tons,
and Egp is the lowest, ranging from 0.25 x 10% to 0.41 x 10* tons (Table 3). At each stage
of the animal husbandry life cycle, the proportion of Egt showed a downward trend, the
proportions of Ecp, Emp, and Epg showed an upward trend, and the proportions of Egp
and Egp were relatively stable. In the past 20 years, the average proportions of greenhouse
gas emissions for each category were 30.42% (Egrt), 51.17% (Ecp), 17.96% (EmE), 0.36%
(Erg), 0.02% (Egp), and 0.08% (Esp), respectively.
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Figure 3. Changes in greenhouse gas emission amounts and emission intensity of animal husbandry
in Shandong Province from 2002 to 2021.

A comparison of the greenhouse gas emission proportions in different livestock and
poultry life cycles in Shandong Province and the total greenhouse gas emission amounts
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of animal husbandry is shown in Figure 4. This study mainly analyzed the greenhouse
gas emission amounts of four major categories of livestock and poultry, namely pig, cat-
tle, sheep, and poultry. From 2002 to 2021, the order of greenhouse gas emissions in
different livestock and poultry life cycles in Shandong Province, from high to low, was
Epoultry > Ecattle > Epig > Esheep, With average total amounts of annual greenhouse gas emis-
sions of 633.67 x 10*,632.96 x 10%, 465.08 x 10*, and 355.19 x 10* tons, respectively. It was
found that the proportion of E¢at1e and Egpeep showed a downward trend, the proportion
of Epoultry sShowed an upward trend, and the proportion of Ep;s fluctuated greatly. In the
past 20 years, the average greenhouse gas emission proportions of different livestock and
poultry life cycles were 22.21% (Epig), 30.38% (Ecattle), 17.08% (Esheep), and 30.34% (Epouttry),
respectively. In 2021, the proportions of greenhouse gas emissions from different livestock
and poultry life cycles were 22.66% (Epig), 24.02% (Ecatie), 15.16% (Egpeep), and 38.15%
(Epoultry), respectively. Poultry was the main source of greenhouse gas emissions in animal
husbandry.
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Figure 4. The proportion of greenhouse gas emissions in different livestock and poultry life cycles in
Shandong Province compared with the total emission amounts.

3.3. Regional Characteristics of Greenhouse Gas Emissions
3.3.1. Characteristics of Greenhouse Gas Emission Amount and Emission Intensity in
Each City

The amount of greenhouse gas emissions and emission intensity of animal husbandry
in Shandong Province in 2021 are shown in Figure 5. From the perspective of total emis-
sions, the cities accounting for the largest amount of greenhouse gas emissions from the
animal husbandry life cycle, from high to low, were Linyi, Heze, Dezhou, Weifang, Binzhou,
Liaocheng, Jining, Yantai, Jinan, Qingdao, Dongying, Taian, Zibo, Rizhao, Zaozhuang, and
Weihai, with emissions ranging from 45.05 x 10~* to 244.91 x 10* tons. From the perspec-
tive of emission intensity, from high to low, the cities accounting for the highest intensity
were Binzhou, Heze, Liaocheng, Linyi, Dongying, Zibo, Dezhou, Weihai, Zaozhuang,
Jinan, Yantai, Weifang, Qingdao, Rizhao, Jining, and Taian, with intensity ranging from
0.46 x 107* t0 1.06 x 10~* tons/CNY.
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Figure 5. Greenhouse gas emission amount and emission intensity of animal husbandry in cities of
Shandong Province in 2021.

3.3.2. Structural Characteristics of Greenhouse Gas Emission in Each City

The proportion of greenhouse gas emissions in 2021 in each stage of the animal
husbandry life cycle in each city of Shandong Province compared with the total greenhouse
gas emission amounts of animal husbandry is shown in Figure 6. In terms of the greenhouse
gas emission amounts in each stage of the animal husbandry life cycle, Qingdao, Yantai,
Weifang, Weihai, Rizhao, and Liaocheng, from high to low, followed the order Ecp > Eypg
> Egt > Epg > Esp > Egp, while Jinan, Zibo, Zaozhuang, Dongying, Jining, Taian, Linyi,
Dezhou, Binzhou, and Heze had the same order for greenhouse gas emission amounts in
each stage of the animal husbandry life cycle as Shandong Province.
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Figure 6. The proportion of greenhouse gas emissions in each stage of the life cycle of animal
husbandry in each city of Shandong Province compared with the total emission amount of animal
husbandry in each city in 2021.

The proportion of greenhouse gas emissions in livestock and poultry life cycles in
the total greenhouse gas emission amount of animal husbandry in each city of Shandong
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Province in 2021 is shown in Figure 7. Among the four major categories of livestock and
poultry greenhouse gas emissions in each city, Zibo and Binzhou had the highest proportion
of Ecattle, Dongying had the highest proportion of Egpeep, and the remaining cities had the
highest proportion of E,ouitry- In addition, it is worth noting that the proportion of Ecatye in
Binzhou was as high as 50.40%, and the proportion of E,ouitry in Liaocheng, Weihai, and
Qingdao was higher than 50%, at 60.63%, 59.74%, and 50.77%, respectively.
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Figure 7. The proportion of greenhouse gas emissions in livestock and poultry life cycles in the total
emission amounts of animal husbandry in each city of Shandong Province in 2021.

3.3.3. Regional Characteristics of Greenhouse Gas Emission

The regional characteristics of greenhouse gas emissions produced in the livestock
and poultry life cycle in Shandong Province in 2021 are shown in Figure 8. The proportions
of greenhouse gas emissions from pig breeding in Shandong Province were higher in
Linyi, Heze, Weifang, and Dezhou, accounting for 12.07%, 11.55%, 11.20%, and 10.42%,
respectively. Zibo had the lowest proportion, at just 1.57%. Binzhou, Dezhou, and Linyi
had the highest greenhouse gas emission proportions of cattle breeding, accounting for
17.85%, 12.18%, and 10.89%, respectively. Weihai had the lowest proportion, at only 1.05%.
Heze, Linyi, and Dongying had higher greenhouse gas emission proportions from sheep
breeding, accounting for 17.69%, 13.13%, and 11.51%, respectively, whereas Weihai had the
lowest proportion, at only 0.31%. Weifang, Liaocheng, and Linyi had higher greenhouse gas
emission proportions from poultry breeding, accounting for 12.34%, 11.89%, and 11.77%,
respectively, and Zaozhuang had the lowest proportion, at only 1.89%.
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Figure 8. Regional characteristics of greenhouse gas emissions throughout life cycle of pigs (a), cattle
(b), sheep (c), and poultry (d) in Shandong Province in 2021.

4. Discussion
4.1. Temporal Characteristics of Greenhouse Gas Emissions in Animal Husbandry in
Shandong Province

The amount of greenhouse gas emissions produced in China has shown a sustained
growth trend, accounting for 21.18% of the total global emissions [33]. The paper enti-
tled “Opinions on the complete, accurate and comprehensive implementation of the new
development concept in order to do well with regards to carbon peaking and carbon neu-
tralization” published in 2021 [34] sets out the goal of “carbon peak in 2030 and carbon
neutralization in 2060”. At present, the methods for calculating carbon emissions in animal
husbandry mainly include the OECD method, IPCC coefficient method, quality balance
method, input-output method, and LCA method. LCA can accurately assess the carbon
footprint and environmental impact of products and services, and it is increasingly applied
in animal husbandry [35]. Therefore, this paper selected LCA to study the greenhouse gas
emission characteristics of animal husbandry in Shandong Province. In the past 20 years,
the total amount of greenhouse gas emissions from livestock farming in Shandong Province
ranged from 1792.99 x 10* to 2228.40 x 10* tons, with an average annual growth rate of
0.77%. The average annual growth rates of Egt, Ecp, Emg, Erg, Egp, and Esp were —0.71%,
1.20%, 2.45%, 3.01%, 3.01%, and 1.79%, respectively. Meng et al. used LCA to study the
greenhouse gas emission characteristics of animal husbandry in China [23]. Their results
showed that the average annual growth rates of Et, Egt, Ecp, Emg, Erg, Egp, and Egp from
1990 to 2011 were 2.22%, 0.47%, 1.89%, 5.10%, 5.45%, 5.67%, and 5.67%, respectively, which
are higher than those found in this study. This shows that the average annual growth rate
of greenhouse gas emissions from animal husbandry has decreased, and both the total
emissions and individual emissions have gradually stabilized.

Skunca et al. conducted a life cycle assessment on the chicken meat production chain,

covering five subsystems: “chicken farm”, meat processing plant”,

VZa7i

slaughterhouse”,
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“retail”, and “household use”. They found that the global warming potential (GWP) of
“chicken farms” ranged from 1.71 to 2.36 kg CO; eq. The GWP was between 0.28 and
0.63 kg CO; eq for a “slaughterhouse”, between 0.1 and 0.95 kg CO, eq for a “meat
processing plant”, between 0.26 and 1.26 kg CO; eq for “retail”, and between 0.12 and
1.19 kg CO;, eq for “household use”. The GWP of a “chicken farm” was highest, and that of
a “meat processing plant” was the lowest. These results are consistent with this study [36].
Li used LCA to study carbon emissions and influencing factors of the Xinjiang dairy
industry, finding that gastrointestinal fermentation was the main source of greenhouse
gases, which also confirmed the results of this study [32]. It is worth noting that Meng
et al. also studied the amount of greenhouse gas emissions produced during the whole
life cycle of animal husbandry in China’s provinces in 2011 [23]. The results showed that
the amount of greenhouse gas emissions from animal husbandry in Shandong Province
was 4004.05 x 10* tons, which is significantly higher than the 2096.39 x 10 tons found
in this study. However, the amount of greenhouse gas emissions produced in Shandong
Province calculated by Meng et al. included all livestock and poultry in animal husbandry,
while this study only focused on the amount of greenhouse gas emissions produced by
husbandry of the four major categories of livestock and poultry. Furthermore, the LCA was
based on setting the boundaries and greenhouse gas emission coefficients of each stage.
The greenhouse gas emission coefficients selected in this study were derived from 2021 and
2022 data, so there may be contradictory conclusions.

In addition, this study also focused on the changes in the greenhouse gas emission
intensity of animal husbandry in Shandong Province from 2002 to 2021. The results show
that the average annual growth rate was —3.61% in the past 20 years. This shows that
with the continuous development of the aquaculture industry, the emission intensity of
greenhouse gas has continued to decrease, and breeding technology has become more
advanced. Further analysis found that the emission intensity of greenhouse gas changed
significantly in the first 9 years and was relatively stable in the last 11 years, indicating that
the greenhouse gas management system of animal husbandry has also been considerably
improved.

4.2. Structural Characteristics of Greenhouse Gas Emissions in Animal Husbandry in
Shandong Province

In this study, six major components of animal husbandry, including feed grain planting,
feed grain transportation and processing, livestock and poultry breeding, livestock and
poultry gastrointestinal fermentation, manure management and livestock, and poultry
product slaughter and processing, were selected to calculate the greenhouse gas emissions
produced during the whole life cycle of animal husbandry in Shandong Province. The
emission amounts from high to low followed the order Ecp > Egt > Emg > Epg > Esp
> Egp. Gastrointestinal fermentation and livestock and poultry manure management
were the main sources of greenhouse gas emissions, accounting for 81.59% of the total
emission amount. Previous studies on greenhouse gas emissions of animal husbandry
were mostly limited to livestock gastrointestinal fermentation and livestock and poultry
manure management. In each stage of the animal husbandry life cycle, the proportion of
Ect showed a downward trend, the proportions of Ecp, Epg, and Epg showed an upward
trend, and the proportion of Egp and Egp remained relatively stable. This is because the
greenhouse gas produced by the rumen of ruminant livestock was the main source of
Egr. With the development of animal husbandry, the proportion of cattle breeding has
continuously decreased, which also led the proportion of E .. to decrease from 32.92%
to 24.02%. In the past 20 years, the proportion of Ecaitle and Egpeep showed a downward
trend, the proportion of E,q1iry showed an upward trend, and the proportion of Ep;g
fluctuated. In 2021, the proportions of greenhouse gas emissions in different livestock and
poultry life cycles were 22.66% (Epig), 24.02% (Ecatte), 15.16% (Esheep), and 38.15% (Epoultry),
respectively. The emissions of greenhouse gases from poultry became the main source of
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greenhouse gas emissions in animal husbandry. This is due to the increased proportion of
poultry breeding in the livestock and poultry breeding industry.

4.3. Regional Characteristics of Greenhouse Gas Emissions in Animal Husbandry in
Shandong Province

In 2021, the cities with the highest amounts of greenhouse gas emissions from an-
imal husbandry in Shandong Province were Linyi and Heze, with 244.91 x 10* and
215.41 x 10* tons, respectively, accounting for more than 10% of all emissions. The
cities with the highest greenhouse gas emission intensity were Binzhou and Heze, at
1.06 x 10~* and 1.03 x 10~* tons/CNY, respectively. The city with the lowest intensity was
Taian, at only 0.46 x 10~* tons/CNY. The greenhouse gas emission intensity of each city
in Shandong Province was quite different, indicating that the management of greenhouse
gas emissions and the development of animal husbandry differed significantly among
cities. In 2021, Ecp accounted for the largest share of greenhouse gas emissions in any
stage of animal husbandry in Shandong Province, indicating that reducing greenhouse
gas emissions during manure management is the most important goal at present, and the
technology for the treatment of livestock and poultry manure in animal husbandry needs to
be continuously improved. In addition, due to the differences in animal husbandry among
the cities of Shandong Province, the greenhouse gas emission amounts across different
livestock and poultry life cycles in different cities varied considerably. Zibo and Binzhou
were dominated by Ecaie, Dongying was dominated by Egpeep, and the remaining cities
were dominated by E,qyitry. Further analysis of the regional greenhouse gas emission
characteristics of animal husbandry showed that Linyi, Heze, Weifang, and Dezhou had
a higher greenhouse gas emission proportion from pig breeding; Binzhou, Dezhou, and
Linyi had a higher greenhouse gas emission proportion from cattle breeding; Heze, Linyi,
and Dongying had a higher greenhouse gas emission proportion from sheep breeding; and
Weifang, Liaocheng, and Linyi had a higher greenhouse gas emission proportion from
poultry breeding.

In summary, as a major province for animal husbandry, a detailed analysis of green-
house gas emissions from animal husbandry in Shandong Province is important for the
sustainable development and rapid economic development of this province. Therefore,
through the calculation and analysis of greenhouse gas emissions from animal husbandry,
we can reduce the greenhouse gas emissions from animal husbandry in Shandong Province
and also provide a reference for the Shandong Provincial Government in formulating
relevant carbon emission policies. Based on the research results, the following sugges-
tions are proposed. Firstly, accelerate the construction of the animal husbandry industry
system and realize its large-scale development; secondly, accelerate the progress of ani-
mal husbandry science and technology and promote low-carbon technology innovation;
thirdly, improve the carbon footprint of animal husbandry and improve the policy system;
and fourthly, scientifically treat livestock manure and implement rational development of
animal husbandry biogas resources.

5. Conclusions

(1) From 2002 to 2021, the total amount of greenhouse gas emissions from animal
husbandry in Shandong Province increased continuously, the intensity of greenhouse gas
emissions decreased continuously, and both tended to be stable.

(2) From the perspective of life cycle structure, gastrointestinal fermentation and
manure management were the main sources of greenhouse gas emissions; from the per-
spective of livestock and poultry breeding structure, poultry breeding was the main source
of greenhouse gas emission.

(3) The greenhouse gas emission characteristics of animal husbandry among cities in
Shandong Province differed. Zibo and Binzhou were dominated by E e, Dongying was
dominated by Egpeep, and the remaining cities were dominated by Epouliry-
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