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Abstract

Addressing the sustainability challenges posed by the expanding livestock sector is cru-
cial for China’s green transition. With the transformation of national dietary structure
and increasing demand for livestock products, the associated resource consumption and
environmental impacts, particularly carbon emissions have intensified. Reducing car-
bon emissions from livestock is vital for mitigating global warming, enhancing resource
utilization efficiency, improving ecosystems and biodiversity, and ultimately achieving
sustainable development of the livestock industry. Against this backdrop, this study mea-
sures the carbon emissions from livestock sector employing the Life Cycle Assessment
(LCA) method, and applies the Generalized Divisia Index Method (GDIM) to analyze
the factors affecting the changes in carbon emissions, aiming to quantify and analyze the
carbon footprint of China’s livestock sector to inform sustainable practices. The findings
reveal that China’s total carbon emissions from the livestock sector fluctuated between
645.15 million tons and 812.99 million tons from 2000 to 2023. Since 2020, emissions have
entered a new phase of continuous growth, with a 5.40% increase in 2023 compared to 2020.
Significantly, a positive trend toward sustainability is observed in the substantial decline
of carbon emission intensity over the study period, with notable reductions in emission
intensity across provinces and a gradual convergence in inter-provincial disparities. Under-
standing the drivers is key for effective mitigation. The output level and total mechanical
power consumption level emerged as primary positive drivers of carbon emissions, while
output carbon intensity and mechanical power consumption carbon intensity served as
major negative drivers. Moving forward, to foster a sustainable and low-carbon livestock
sector, China’s livestock sector development should prioritize coordinated carbon reduc-
tion across the entire industrial chain, adjust the industrial structure, and enhance the
utilization efficiency of advanced low-carbon agricultural machinery while introducing
such equipment.

Keywords: livestock sector; carbon emissions; sustainability; Life Cycle Assessment;
driving factors

1. Introduction

As a pillar industry in China’s agricultural and rural development, the livestock sector
plays a critical role in optimizing the dietary structure of urban and rural residents and
promoting rural industrial revitalization. However, with the growth in demand for animal
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protein nutrition, the consumption of meat, eggs, and dairy products has surged, and
production scale has been expanding steadily. Consequently, the environmental pollution
issues associated with the livestock sector have become increasingly severe [1]. According
to the statistics of the Food and Agriculture Organization of the United Nations (FAO),
greenhouse gas (GHG) emissions from the livestock sector account for 12% of anthropogenic
GHG emissions globally [2].

LCA has been widely used to measure carbon emissions throughout livestock pro-
duction systems. Early studies predominantly focused on quantifying carbon emissions
at two stages: manure management and enteric fermentation [3—6]. These studies show
that the carbon emissions from China’s livestock husbandry decreased from 2000 to 2020,
primarily attributed to reductions in methane emissions from animal enteric fermentation.
As research has advanced, the scope of analysis has expanded from the breeding stage
to encompass the entire prenatal, production, and postnatal processes of the livestock
sector. This broader framework includes six key stages: feed grain planting, feed grain
transportation and processing, energy consumption in livestock and poultry breeding,
enteric fermentation, manure management, and energy consumption in livestock products’
slaughter and processing [7-10]. Among these, Dai et al. found that China shows a trend
characterized by “high fluctuation rise, precipitous fall, and slow rebound and fall back”
from 2000 to 2020 [9]. The results of Liang et al. show a sharp rise in carbon emissions from
China’s hog industry in 2021 [11].

The decomposition of the driving factors for carbon emissions has been a focal point
in the existing literature. Two primary methodologies are employed: the Logarithmic
Mean Divisia Index (LMDI) method [5,12-15] and the Generalized Divisia Index Method
(GDIM) [11,16-18]. For instance, Bai et al. utilized LMDI to decompose the drivers of
carbon emissions in China’s livestock, finding that economic growth and population
scale significantly increased emissions, while emission intensity reduction and industrial
structural adjustments exerted inhibitory effects [5]. Since the LMDI method can only
consider a single absolute factor during decomposition while neglecting other implicit
absolute variables, potentially leading to biased analytical results, Vaninsky optimized the
Kaya identity and proposed the GDIM, establishing a multi-dimensional decomposition
model that incorporates multiple absolute and relative factors [19]. Although GDIM has
been extensively applied in sectors such as transportation and manufacturing for carbon
emission factor decomposition, its application in the livestock sector remains limited.
Liang et al. employed GDIM to identify pork consumption as the primary factor driving
emission increases [11].

A review of the literature reveals that existing studies on China’s livestock sector car-
bon emissions only extend to 2020, leaving a gap in analyzing post-2020 trends. Influenced
by the African Swine Fever (ASF) outbreak, pork production declined, resulting in relatively
low meat output in China during 2019 and 2020. However, following the recovery of pork
production capacity post-2020, meat production has rapidly increased, reaching a 20-year
historical high in 2023. Previous research indicates that China’s livestock sector carbon
emissions declined from 2015 to 2019, with a slight rebound in 2020 compared to 2019 [9].
Whether this upward trend will persist post-2020 is a critical issue requiring attention.
This study first employs the Life Cycle Assessment framework to categorize the livestock
sector’s carbon emission processes into three systems and six stages, comprehensively
measuring China’s total livestock sector carbon emissions from 2000 to 2023. Subsequently,
the GDIM is applied to analyze the driving factors behind changes in carbon emissions.
The objective is to elucidate the evolutionary characteristics of China’s livestock sector
carbon emissions from 2000 to 2023, evaluate the intrinsic mechanisms driving emission



Sustainability 2025, 17, 6537 30f 19

fluctuations, and provide a reference for formulating and implementing effective carbon
reduction policies in China.

2. Materials and Methods
2.1. Life Cycle Assessment (LCA)

The LCA method was first proposed in the 1960s [20], and focuses on analyzing
the whole process of the study object from the initial collection of raw materials to the
final return to the environment, i.e., from “cradle to grave” [21,22]. The essence of low-
carbon livestock is to minimize GHG emissions throughout the production, processing and
transport of livestock products. GHG emissions occur throughout the prenatal, production,
and postnatal processes of livestock systems. Thus, focusing solely on a single phase
of livestock production is insufficient and this needs to be based on the whole process
of livestock production [12]. This paper divides the carbon emissions accounting in the
livestock sector into three systems; the system boundary is from “cradle to slaughterhouse”,
which include six segments, as shown in Figure 1, covering livestock species such as pigs,
dairy cows, beef cattle, poultry, sheep, rabbit, horse, donkey, mule, camel, etc.
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Figure 1. Livestock carbon emission system.

The calculation of average annual feeding amount (AAF) requires adjustments based
on different feeding cycles of species. Daysy;ye is used to represent the livestock feeding
cycle. For Daysy;ye shorter than one year, the AAF should be adjusted using slaughter
volume data. For those Daysy;ye exceeding one year, the AAF is determined by taking the
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mean value of year-end inventories from two consecutive years. The specific calculation
formulas are as follows:

AAF Herds, Daysy;,, > 365 )
Dayslive X (N3A61;A)’ Dayslive <365

where Herds is the average of the year-end inventory quantities of two adjacent years and

NAPA is the annual slaughter numbers. The Daysy;y of pigs, poultry, and rabbits are 200,

55, and 105 days, respectively, with rearing cycles of less than one year [12].

2.1.1. Feed Grain Consumption System

Livestock and poultry concentrate feed is composed of corn, wheat, soybean meal,
etc. The proportion of corn, wheat, and soybean in the feed is as follows: corn in swine
feed accounted for 56.6%, the soybean cake category accounted for 10.2%; corn in cattle
feed accounted for 37%, the soybean cake category accounted for 26%; and corn in sheep
feed accounted for 62.61%, and the soybean cake category accounted for 12.89%. The
proportion of corn, wheat, and soybean cake type in meat poultry feed is 57%, 5%, and 17%,
respectively; the proportion of corn and soybean cake in egg poultry feed is 63.28% and
13.98%, respectively; the proportion of corn in dairy cattle feed is 46.793%, and of soybean
cake 28.564% [23]. The calculation formula for carbon emissions is as follows:

n
TCe, = Y Qu X Su x i X &1 )
u=1
n
TCCy = Z Qu X Su X qu] X ejz (3)
u=1

where TC, denotes the carbon emissions resulting from feed grain planting; TCy signi-
fies the carbon emissions associated with feed grain transportation and processing; Qy
represents the annual output of livestock and poultry products species of category u; S, rep-
resents the grain consumption coefficient of livestock species of category u; qy; represents
the proportion of the j-type kind of grain for livestock species of category u; ej; represents
the carbon emission coefficient of feed grain planting of category j; and ej, represents the
carbon emission coefficient of grain transportation and processing of category j.

2.1.2. Energy Consumption System

The energy consumption system comprises two stages: livestock and poultry breeding,
and slaughtering and processing of livestock products, and the carbon emission calculation
formula is as follows:

n t. n t
TCo = Y AAF; X i e+ ) AAF X —C e 4)
i=1 e i=1 price,
n
M
TCo = ). Qux " ey ©)
u=1

where TC;, stands for the carbon emissions generated by the livestock and poultry breeding;
TCsg stands for the carbon emissions generated by the livestock and poultry slaughtering
and processing; AAF; represents the average annual feeding amount of category i; cost;e
and cost;. represent the unit cost of electric power consumption and the unit cost of coal
consumption of livestock breeds of category i, respectively; price. and price. represent the
unit price of electric power and the unit price of coal, respectively; e stands for the carbon
emission coefficient of electricity consumption; e, stands for the carbon emission coefficient
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of coal consumption; MJ, represents the energy consumption coefficient of slaughtering
and processing of livestock breeds of category u; v represents the calorific value produced
by the unit of electricity consumption.

2.1.3. Enteric Fermentation and Manure Management System

The enteric fermentation and manure management system carbon emission calculation
formula is as follows:

n
TCeow = ) AAF; X eciy (6)
i=1
n
TCme = ) AAF; x ecpp 7)
i=1
n
TCma = ) AAF; X eci3 (8)
i=1

where TCg,, represents CH, emissions from enteric fermentation; TCy represents CHy
emissions from manure management; TC,,,q represents N,O emissions from manure man-
agement; ecj; represents the CHy emission coefficients of enteric fermentation of livestock
breeds of category i; ecj, represents the CHy emission coefficient of manure management
of livestock breeds of category i; ecj3 represents the N,O emission coefficient of manure
management of livestock species of category i (Table 1).

Table 1. Carbon emission coefficient of each livestock species (kg/(head-a)).

Category Fer:ir:etrftr;ion Manure Management Reference
CHj (ecjq) CHy (ecjp) N>O (ecj3) Source
Pig 1 3.5 0.53 3]
Dairy Cattle 68 16 1

Beef cattle 51.4 1.50 1.37 [9]
Poultry 0 0.02 0.02
Sheep 5 0.16 0.33
Rabbit 0.254 0.08 0.02

Horse 18 1.64 1.39 [3]
Donkey 10 0.90 1.39
Mule 10 0.90 1.39
Camel 46 1.92 1.39

2.1.4. Total Carbon Emissions

The total carbon emissions is the sum of the three systems mentioned above:

TCiotal = TCqz +TCCy + (TCSW X GWHCH4) + (TCmC X C)‘/VI—ICH4

9
+TCpg X GWHNZO) + TCsc + Tng ®)

where TC,, represents the total carbon emission; GWHcy, and GWHy,0 represent the
global warming potential of CHy and the global warming potential of N,O respectively.
The carbon emission coefficients of the above systems are shown in Table 2.
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Table 2. Carbon emission coefficient.
Sign Carbon Emission Coefficient Value Reference Source
. . ! Wheat (t/t) 1.22
e
Feed grain planting i1 Corn (t/t) 15
. . Wheat (t/t) 0.0319 (8]
Feed grain transportation Comn (t/1 00102
P 5 Soybean (t/t) 0.1013
pricee Unit price of electricity 0.4275
. (CNY/kWh) [9]
Livestock and . o
. pricec Unit price of coal (CNY/t) 800
poultry breeding . .
o electricity consumption 0.8803 [24]
f (tCO,/MWh) '
€c coal consumption (t/t) 1.98 [9]
beef (M] /kg) 4.37
pork (MJ/kg) 3.76
. , Mutton (MJ/kg) 10.4
leeSto;li c};r(;(ilclec;zi slaughter MJy Poultry (MJ,/kg) 259
P & poultry egg (MJ/kg) 8.16 [8]
Milk (M]/kg) 1.12
the calorific value of
\Y one degree 3.6
Electricity (M])
GWH - 27
Other conversion coefficients GWH;I:S ) 273 [25]

2.2. Generalized Divisia Index Method (GDIM)

GDIM is an extension and expansion of the LMDI method. The LMDI method de-
composes variables using a multiplication method, where the proportions of each factor
are multiplied to determine the overall change, thus it can only handle a single absolute
quantity indicator. In contrast, GDIM enables the quantitative analysis of the influence
contributions from multiple factors (such as structural effects, intensity effects, technolog-
ical effects, scale effects, etc.) on changes in multiple target indicators (e.g., total energy
consumption, total carbon emissions, total pollutant emissions). Crucially, GDIM accom-
modates more complex functional relationships both between the factors themselves and
between the factors and the multiple dependent variables.

This paper, based on the GDIM, decomposes the driving factors of carbon emission
changes, selecting livestock sector output value (GDP), total mechanical power level in the
livestock sector (TMP), and population size (Pop) to construct a multi-dimensional factor
decomposition model. The decomposition formula is as follows:

CA = GDP x (%) = TMP x (%) = Pop x (Q)

Pop (10)

= GDP x GCI = TMP x TCI = Pop x PCI
GDP/Pop = (CA /Pop)/(CA /GDP) = PCI/GCI (11)
TMP/GDP = (CA/GDP)/(CA/TMP) = GCI/TCI (12)

In the above calculation process, CA represents the total carbon emissions. The
formula includes three absolute quantity factors and five relative quantity factors. The
three absolute quantity factors are GDP, TMP, and Pop, where GDP represents the livestock
sector output level, indicated by the livestock sector output value; TMP represents the
total mechanical power consumption level in the livestock sector (since the data on the
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total mechanical power level in the livestock sector is not publicly available, we refer to
the method of Yang et al. [26], using the product of the total mechanical power level in
agriculture, forestry, animal husbandry, and fishery and the proportion of the total livestock
industry output value to the total output value of agriculture, forestry, animal husbandry;,
and fishery to represent the total mechanical power level in China’s livestock sector); Pop
represents the population scale, indicated by the year-end population number. The five
relative quantity factors are GCI, TCI, PCI, PG, and GTI, where GCI = CA/GDP represents
the output carbon intensity; TCI = CA/TMP represents the mechanical power consumption
carbon intensity; PCI = CA /Pop represents the per capita carbon emissions; PG = GDP/Pop
represents the per capita livestock sector output value; GTI = TMP/GDP represents the
mechanical power consumption intensity. To eliminate the effects of inflation, the livestock
sector output value has been deflated using a price index with the base year of 2000.

For further application of GDIM, Equations (10)-(12) are converted into the follow-
ing form:

CA = GDP x (CA/GDP) (13)
GDP x GCI— TMP x TCI = 0 (14)
GDP x GCI — Pop x PCI = 0 (15)

GDP — Pop x PG = 0 (16)
TMP — GDP x GTI = 0 (17)

The contribution of factor X to the change in carbon emissions is denoted as CA(X).
The vector differential calculation and Jacobian matrix formulation for CA(X) are defined
as follows:

VCA = (GCI,GDP,0,0,0,0,0,0)" (18)
GCI GDP -TCI —-TMP 0 0 0 0o\
o _ | GC GoP 0 0 ~PCI —Pop 0 0 1)
1 0 0 0 “PG 0 —Pop 0
~GTI 0 1 0 0 0 0 —GDP

The total carbon emission variation ACA can be decomposed into the summation of
contributions from the eight factors, expressed as follows:

ACA[X/®] = /L VCAT (I - @, @7 )dx 20)

where L is the time span, I denotes the unit matrix, and the superscript “+” represents the
generalized inverse matrix. If the Jacobian matrix (®x) has linearly independent columns,
then &} = (@chx) T,

The changes in ACA are broken down into the combination of eight factors, i.e., three
absolute quantitative factors, including impact of changes in the scale of livestock sector out-
put (AGDP), impact of changes in the total mechanical power level in livestock production
(ATMP), and impact of changes in population size (APop). Five relative quantitative indica-
tors are AGCI, ATCI, APCI, APG, AGTI, representing the changes of livestock sector carbon
emissions caused by carbon intensity of livestock output, carbon intensity of mechanical
power, per capita carbon emissions, per capita livestock output, and machinery utilization
efficiency, respectively. The economic development of the livestock sector inevitably drives
output expansion and increased livestock mechanization, which leads to an increase in
carbon emissions from the livestock sector. However, focusing solely on absolute quantita-
tive factors (e.g., GDP, TMP, Pop) may yield incomplete conclusions, Previous studies have
demonstrated that output carbon intensity is a critical factor influencing China’s carbon
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emissions [27,28]. Therefore, analyzing the aforementioned five relative indicators holds
significant research value.

3. Results

3.1. Livestock Sector Carbon Emission Measurement Results
3.1.1. Evolutionary Trends in Total Carbon Emissions from Livestock Sector

Using the above-mentioned carbon emission measurement method, the total carbon
emissions from the livestock sector in China and each province (municipalities directly
under the central government and autonomous regions) were calculated from 2000 to 2023.
The measurement results are presented in Figure 2.

AN O FH L ODNWDODNOD A <H IO ODNOWO O — A on
O O O O O O O O ™ M ™ ™ ™ ™ = = = = o &N o
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Year

B Manure management

m Enteric fermentation

B Livestock products slaughter and processing

Livestock and poultry breeding

m Feed grain transportation and processing

m Feed grain planting

Figure 2. Carbon emissions from each livestock stage in 2000-2023.

From 2000 to 2023, carbon emissions showed a trend of “rapid increase-significant
decline followed by slow increase-slow decline-rapid increase”. It can be roughly divided
into four stages.

The first stage (2000 to 2006): Carbon emissions increased significantly, with an annual
growth rate of 3.66%. This stage coincided with the period of adjustment of China’s
agricultural industrial structure. In 2001, the Ministry of Agriculture issued its Opinions
on Accelerating the Development of Livestock and Poultry Industry, which emphasized
the need to rapidly develop the livestock sector, effectively converting grain and other
by-products, and promoting strategic adjustments to the agricultural structure. This trend
is mainly about the rapid growth of the livestock sector, leading to a significant increase in
the number of livestock raised.
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The second stage (2007 to 2015): In 2007, the global food crisis broke out, leading
to a sharp decline in global grain reserves. As a result, the number of grain-consuming
livestock species decreased dramatically, and the corresponding livestock product output
also declined significantly, leading to a sharp decline in livestock sector carbon emissions in
2007. After 2007, the emissions showed a small fluctuation and a slight upward trend, with
an annual growth rate of 1.00% from 2007 to 2015. During this stage, the number of pigs
raised recovered and increased, driving the growth of livestock sector carbon emissions.

The third stage (2016 to 2019): Livestock sector carbon emissions continued to decline.
This stage was characterized by a shift towards green development, with a focus on solving
the problem of livestock manure pollution. Many small-scale breeding farms were forced
to close due to environmental pressures, and the impact of the ASF outbreak in 2018 led to
significant fluctuations in pig farming. As a result, the decline in livestock sector carbon
emissions was more pronounced.

The fourth stage (2020 to 2023): Livestock sector carbon emissions entered a new phase
of rapid increase. In this stage, the production of meat increased significantly, leading to an
increase in carbon emissions, with an annual growth rate of 5.40%.

3.1.2. Spatial Characteristics of Livestock Sector Carbon Emissions

From a spatial perspective, the top 10 provinces with the highest average annual carbon
emissions from 2000 to 2023 were Henan, Shandong, Sichuan, Hebei, Inner Mongolia,
Hunan, Yunnan, Liaoning, Hubei, and Heilongjiang. The bottom 10 provinces were
Shanghai, Beijing, Tianjin, Hainan, Ningxia, Zhejiang, Fujian, Shanxi, Chongqing, and
Shaanxi. By comparing the rankings of carbon emissions from each province from 2000 to
2023, it was found that Henan, Shandong, Sichuan, and Hebei consistently ranked among
the top four. In 2020, Shandong surpassed Henan to become the province with the highest
carbon emissions from the livestock sector. In terms of the trend in carbon emissions for
each province from 2000 to 2023, Beijing, Shanghai, Zhejiang, Henan, and Hainan showed
a decline, while the remaining provinces showed an upward trend. Beijing and Shanghai
had the largest decline, with Beijing dropping by 74.31% and Shanghai falling by 68.87%.
The significant decline in carbon emissions from Beijing and Shanghai is related to the
process of urbanization. Ningxia, Inner Mongolia, Liaoning, Gansu, and Xinjiang showed
a significant increase in carbon emissions, with an increase of 236.46% in Ningxia and an
increase of 105.97% in Inner Mongolia.

In addition to analyzing the carbon emissions from each province, it is also beneficial
to examine the carbon emissions per unit of livestock sector output value (hereinafter
referred to as carbon intensity), which can help reveal the low-carbon level of livestock
development more clearly. The calculation formula for provincial carbon emission intensity
is defined as the total carbon emissions of each province divided by its gross output
value for animal husbandry. A lower carbon intensity indicates a higher level of low-
carbon development. From the perspective of carbon intensity, the carbon intensity of
each province in China showed a downward trend from 2000 to 2023, indicating that the
resource utilization efficiency has been significantly improved, and the level of low-carbon
development in China’s livestock sector has been improved over the past two decades. In
2023, the provinces with the highest carbon intensity were Tibet, Qinghai, Gansu, Ningxia,
and Xinjiang, which are mainly grassland pastoral regions; the provinces with the lowest
carbon intensity were Hainan, Fujian, Guangdong, Shaanxi, and Hubei. From 2000 to 2023,
Tibet and Qinghai showed a relatively fast decline in carbon intensity, the rough grazing
mode in the pastoral areas has been significantly improved, and the control of China’s
grazing policy has been effectively implemented.
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To ensure the comparability of carbon intensity among provinces, this paper refers
to the method of Yao et al. [8] and divides the carbon intensity into four categories: low,
relatively low, medium, and high carbon intensity regions, using 0.5, 1.0, and 1.5 times the
average carbon intensity of each province as the dividing standard. The results show that,
in 2023, the regional differences in carbon intensity are small; except for Tibet and Qinghai,
which are high-carbon intensity regions, most regions are relatively low-carbon intensity
regions (Figure 3).

Heilongjiang

Inner Mongolia
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0 155 310 620 930 1240
Miles

Xinjiang
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Figure 3. Cont.
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Figure 3. Carbon Intensity by Region in 2000, 2010, and 2023 ((a—c) represent 2000, 2010, 2023,
respectively). The small map in the lower right corner of each main panel shows the location of the
South China Sea Islands.

3.1.3. Comparative Analysis of Carbon Emissions from Different System Boundaries

From the perspective of different systems, the carbon emissions from the enteric
fermentation and manure management system have been gradually decreasing from 2000 to
2023, with an annual growth rate of —0.07%, while those from feed consumption and energy
consumption systems have been increasing, with the growth rate of feed consumption
system being the largest, with feed consumption systems at 2.53% per year and energy
consumption systems at 2.25% per year.

From 2000 to 2023, the proportion of carbon emissions from enteric fermentation
and manure management system has been decreasing, while that from feed consumption
and energy consumption systems has been increasing. In 2000, the proportion of enteric
fermentation and manure management system was the largest, accounting for 62.70%.
Before 2018, the proportion for this system remained above 50%, but after 2018 it gradually
decreased to below 50%, reaching 48.97% in 2023. In contrast, from 2000 to 2023, the
proportion for the feed consumption and energy consumption systems increased from
19.29% and 18.01% to 27.21% and 23.82%, respectively (Figure 2).

3.1.4. Comparative Analysis from Different Livestock Species

The carbon emission from pigs, sheep, and dairy cows have been showing a signifi-
cantly increasing trend from 2000 to 2023, while those from beef cattle have been decreasing.
From 2000 to 2007, beef cattle were the largest source of carbon emissions in China’s live-
stock sector. However, from 2008 onwards, pigs surpassed beef cattle as the largest source
of carbon emissions. Until the outbreak of ASF in 2018, which led to a significant decrease in
pig meat production, the carbon emissions of pig decreased significantly in 2019, and poul-
try became the largest source. From 2021 to 2023, pork supply recovered, and pig carbon
emissions increased, making pig the largest source. In 2023, carbon emissions from pigs,
poultry, and beef cattle accounted for 32.43%, 25.47%, and 22.25% of the total, respectively,
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Carbon emissions

2000
2001

W Pig
B Horse

while emissions from horses, donkeys, mules, camels, and rabbits were relatively minimal,
accounting for less than 1% (Figure 4). The main consumption of meat in China is of pork
and poultry, which determines that pigs and poultry produce large carbon emissions. First,
pigs and poultry are grain-consuming species, which produces a large amount of carbon in
the feed consumption phase. Second, pigs belong to the category of monogastric animals,
which produces a large amount of carbon emissions in the manure management phase,
accounting for 50% of the total carbon emissions from manure management. Cattle and
sheep are ruminant livestock, which produce a large amount of methane in the enteric
fermentation stage, accounting for 90% from enteric fermentation, with cattle accounting
for more than 60%. Poultry has zero carbon emissions in the enteric fermentation phase,
but produces a large amount in the poultry egg processing and transportation phase.
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Figure 4. Carbon emissions for each livestock species from 2000 to 2023.

3.2. Factor Decomposition of Livestock Sector Carbon Emissions

Factor decomposition is performed in R (4.3.3). The accumulated contributions of the
factors to livestock sector carbon emissions during 2000-2023 are reported in Figure 5 The
contribution rates are reported in Figure 6. The results show that GDP, TMP, Pop, and PCI
are the positive driving factors of carbon emissions from China’s livestock sector, while
GCI, TCI, PG, and GTI are the negative driving factors.

Among the factors leading to increased carbon emissions, GDP has the highest accu-
mulated contribution, with a value of 290.69 million tons and a contribution rate of 173.17%
from 2000 to 2023. Within this period, the contribution value of GDP increased the fastest
from 2000 to 2008, with a total increase of 205.62 million tons of carbon emissions during
this period; the rapid expansion of livestock production was the main reason for the growth
of carbon emissions. However, from 2020 to 2023, the accumulated contribution of GDP
to carbon emissions began to decrease as the livestock sector output decreased. Secondly,
TMP has an accumulated contribution value of 132.82 million tons and a contribution
rate of 79.12%. The driving effect of TMP on carbon emissions varies similarly to that of
GDP. During the rapid development of the livestock sector, mechanization is an impor-
tant production element in modern farming. The equipment mainly includes ventilation
devices, temperature control devices, feed processing equipment, drinking water devices,
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and manure processing devices. The level of livestock mechanization represents the level
of technology development in China’s livestock sector, and the improvement of livestock
technology has brought about an increase in production value, but also led to a significant
increase in carbon emissions [29]. The accumulated contribution values of Pop and PCI to
carbon emissions are 25.29 and 27.59 million tons, respectively, with contribution rates of
15.07% and 16.44%. From 2000 to 2006, the contribution value of PCI increased the most
rapidly, with a cumulative contribution of 43.98 million tons. This indicates that, during
this period, there was a phenomenon of over-consumption of livestock products, and the
consumption structure was unreasonable. From 2020 to 2023, the accumulated contribution
value of PCI began to increase significantly, possibly due to the increase in dining out after
the COVID-19 pandemic, which exacerbated the waste of livestock products.
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Figure 5. Cumulative contribution values from 2000 to 2023.

Among the factors responsible for a drop in carbon emissions, GCI played a key role,
with a cumulative emission reduction contribution of 199.13 million tons and a contribution
rate of —118.63%, demonstrating that rational improvement of resource utilization efficiency
makes a significant contribution. Secondly, the TCI contributed to a cumulative reduction
of 74.15 million tons, accounting for a contribution rate of —44.17%. The reduction in
carbon intensity of machinery mainly reflects the promotion of green and energy-saving
technologies, which has led to a continuous shift of livestock machinery towards green
and energy-saving directions. GTI functioned as an inhibiting factor with relatively weak
effects, cumulatively reducing by 435.06 million tons of carbon emissions, and with a
contribution rate of —2.59%. GTI reflects the utilization efficiency of livestock machinery
and, since 2015, under increasingly severe ecological environment pressure, the Chinese
government has issued a series of policies and policy tools to promote the application
and promotion of livestock manure resource utilization machinery [30]. Policies paper on
accelerating the development of livestock mechanization have been successively issued.
However, the contribution of GTI remains limited, indicating that the current efficiency
of machinery utilization in China’s livestock sector is still relatively low. The promotion
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of such technologies has yet to achieve its intended effect, but it also suggests significant
potential for future emission reductions.
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Figure 6. The total contribution rate of carbon emission in livestock sector in China from 2000 to 2023.

The results of factor decomposition in different stages are shown in Figure 7. During
the periods 2000-2010 and 2010-2023, GDP has consistently been the factor increasing
carbon emissions, but its effect has gradually weakened. During the period 2000-2010,
China was in a high-speed economic development stage, and the livestock sector total
output value grew rapidly, becoming the factor that contributed the most to the growth
of livestock sector carbon emissions. This indicates that the expansion of livestock sector
output scale led to a large amount of energy consumption and corresponding carbon
emissions during this period. However, as the livestock sector developed to a certain extent,
the livestock sector total output value’s promotional effect on carbon missions gradually
weakened. GCI has consistently made a negative contribution to the carbon emissions, but
its negative effect has weakened. During the period 2000-2010, GCI had a strong negative
driving effect on carbon emissions, indicating that livestock sector production activities
achieved relatively good energy-saving and emission-reducing effects. However, with
the recent decline in livestock sector resource utilization efficiency, these energy-saving
and emission-reducing effects have weakened. TMP had a relatively strong promoting
effect during the period 2000-2010, but became a weak inhibiting effect during the period
2010-2023, mainly due to the recent decline in livestock sector mechanical power level.
During the period 2000-2010, TCI had a strong inhibiting effect on carbon emissions, but
began to exhibit a promoting effect during the period 20102023, indicating that, since
2010, the livestock sector mechanical low-carbonization level has not improved, and most
livestock sector machinery still relies heavily on high energy consumption. PG and GTI
have consistently exhibited an inhibiting effect on carbon emissions, but GTI’s effect has
been insignificant, indicating that the current efficiency of livestock sector machinery
utilization is relatively low.
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Figure 7. Contributions of each factor influencing livestock sector carbon emissions in different stages.

4. Discussion

(1) This study aims to measure the evolution of livestock sector carbon emissions and
carbon emission intensity in China and its provinces from 2000 to 2023, and to identify
the driving factors behind these changes. The goal is to provide references for the rational
formulation and implementation of future carbon reduction policies in China’s livestock
sector. Most existing studies on the evolution of carbon emissions from China’s livestock
sector focus on the period from 2000 to 2020. Due to data limitations, few scholars have
examined the post-2020 trends in carbon emissions from this sector. Many studies indicate a
declining trend in livestock sector carbon emissions from 2000 to 2020. However, it is worth
noting that 2020 marked a critical turning point in China’s economic development, during
which the ASF and the COVID-19 pandemic severely impacted the livestock economy,
leading to a significant decline in meat production. The subsequent recovery in meat
output after 2020 raises important questions about its impact on carbon emissions, which
is a key concern of this study. Therefore, in our analysis of national carbon emissions,
we focus particularly on the post-2020 period and assess emissions by system boundary
and livestock species. The results measured in this study are generally consistent with
those of [15]; however, their analysis only extends to 2020. The findings reveal a significant
upward trend in total carbon emissions from 2020 to 2023, with emissions in 2023 reaching
the highest level since 2000. Carbon emission intensity also increased during 2020 to 2023,
although the overall trend since 2000 has seen a decline, and the current carbon reduction
situation in livestock remains challenging.

Building on the measurement of carbon emissions, this study further investigates the
driving factors behind carbon emissions from 2000 to 2023. Most existing analyses of carbon
emission drivers in the livestock sector adopt the LMDI method. Studies have shown that
the intensity effect has the most significantly inhibitory effect on carbon emissions, while the
economic effect is the most significant positive driver [5], which aligns with our findings.
This study applies the GDIM and innovatively introduces the total power of livestock
machinery as a variable. It examines the impact of the scale of machinery input, the
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degree of low-carbon development, and the utilization efficiency of machinery on carbon
emissions. The results confirm that the scale of mechanical power input is the second
strongest positive driving factor after output scale, while the low-carbon level of livestock
sector machinery is the second strongest negative driver after carbon intensity per unit
of output.

(2) The following policy recommendations are made:

First, the study found that the proportion of carbon emissions from the feed con-
sumption system and the energy consumption system has gradually increased, indicating
that attention should be paid to energy saving and emission reduction in feed and energy
consumption in the animal husbandry industry, and suggesting the strengthening of re-
search on new types of feed grain, emphasizing feed fermentation technologies, and the
continued exploration of nutritional regulation technologies that result in lower GHG emis-
sions [31,32]. Efforts should also be made to create environments more conducive to the
growth of livestock and poultry, utilize more energy-efficient equipment and transportation
tools, and adopt models such as “farming based on land capacity” to improve the treatment
efficiency of livestock and poultry manure [33].

Second, in terms of carbon emissions by different livestock species, carbon emissions
from China’s livestock sector are closely related to livestock structures. China’s meat
consumption is primarily composed of pork and poultry, and the production structure
aligned with consumer demand has led to pork and poultry being the main contributors to
emissions. Pigs produce a large amount of carbon emissions from manure management,
cattle and sheep produce a large amount of carbon emissions from enteric fermentation,
and poultry are among the livestock species with the most low-carbon attributes due
to their near-zero carbon emissions from enteric fermentation. The sharp increase in
carbon emissions from 2020 to 2023 is mainly attributable to the rise in pig farming. It is
recommended to reasonably adjust the proportion of meat types [34], moderately increase
the share of poultry, and further optimize the overall structure of the industry. Regional
differences and local livestock characteristics should also be fully considered to adapt
livestock structure adjustments accordingly.

Third, by analyzing the driving factors of carbon emissions from China’s livestock
industry, it was found that the level of livestock output and the level of total power of
livestock machinery were the most important factors contributing to carbon emissions, and
that the carbon intensity of output and the carbon intensity of the level of total power of
livestock machinery were the main factors contributing to the decline. Reducing carbon
emissions by cutting output or reducing the use of machinery is clearly inconsistent with
the long-term development goals of the livestock sector. Emissions reduction should
be achieved by enhancing resource use efficiency and the low-carbon performance of
machinery. It is recommended to promote low-carbon economic and consumption models
in the livestock sector and adopt low-carbon mechanized equipment to achieve effective
emission reduction. The promotion of advanced low-carbon mechanization technologies
can significantly reduce traditional energy consumption, lower carbon emissions, and
improve output levels simultaneously [35]. Currently, the utilization efficiency of livestock
machinery remains relatively low, indicating significant potential for improvement. While
pursuing advanced technologies, more attention should be paid to improving the efficiency
of machinery use and optimal allocation to better achieve emission reduction goals.

(3) As for limitations and future research directions, at present, there is no standard-
ized and unified accounting method for measuring carbon emissions in livestock sector.
Current estimations mainly rely on livestock and poultry breeding data, without consid-
ering factors such as farming methods, rearing stages, feed characteristics, and manure
management practices. In order to avoid errors, this paper adopts the fixed carbon emission
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factor to measure carbon emission. Furthermore, this study does not consider the carbon
sequestration in pastures, which could play a role in offsetting emissions. Future research
should focus on carbon emissions associated with different breeding characteristics and
production stages, incorporate the carbon sequestration potential of pastures, scientifically
calculate total carbon emissions, and further explore the impact of livestock structure on
carbon emissions.

5. Conclusions

This study conducts a comprehensive assessment of carbon emissions, and uses GDIM
to analyze the driving factors behind these emissions. In addition, innovative trends are
presented for the period from 2020 to 2023.

First, from 2000 to 2023, total carbon emissions from China’s livestock sector fluctuated
within the range of 645.15 to 812.99 million tons. Since 2020, emissions have entered a
new phase of continuous growth, increasing by 5.40% from 2020 to 2023. The proportion
of emissions from enteric fermentation and manure management systems has gradually
declined, while that from feed consumption and energy consumption systems have in-
creased. Coordinated carbon reduction across the entire supply chain, along with industrial
structure optimization, represents the future development trend.

Second, from 2000 to 2023, carbon emission intensity has shown a downward trend
nationwide and across all provinces. Resource utilization efficiency has improved, with
gradual convergence in inter-provincial disparities. The extensive grazing mode in pastoral
areas has been significantly improved, and grazing policy controls have been effectively im-
plemented. However, during the period from 2020 to 2023, carbon emission intensity began
to show a slight upward trend, accompanied by a decrease in resource utilization efficiency.

Third, the continuous growth in livestock sector output value and the total power of
machinery are the main factors promoting the growth of carbon emissions. Meanwhile, the
carbon intensity of output and the carbon intensity of machinery power have made signifi-
cant contributions to emission reductions. Therefore, in addition to introducing advanced
low-carbon machinery, improving machinery utilization efficiency is a key direction for the
future development of the sustainable livestock sector.
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Abbreviations
The following abbreviations are used in this manuscript:

GHG  Greenhouse Gas

LAC Life Cycle Assessment

LMDI  Logarithmic Mean Divisia Index
GDIM  Generalized Divisia Index Method
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