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Abstract: Over the past few decades, the supply of beef has increasingly become available with
the great improvement of the quality of life, especially in developing countries. However, along
with the demand for meat products of high quality and the transformation of dietary structure,
the impact of massive agricultural greenhouse gas emissions on the environmental load cannot be
ignored. Therefore, the objective of this study is to predict the annual greenhouse gas emissions
of 10 million heads of beef cattle under both the ecological cycle model (EC model) and the non-
ecological cycle model (non-EC model), respectively, in order to compare the differences between
these two production models in each process, and thus explore which one is more sustainable and
environmentally friendly. To this end, through the life cycle assessment (LCA), this paper performs
relevant calculations according to the methodology of 2019 Refinement to the 2006 IPCC Guidelines
for National Greenhouse Gas Inventories (2019 IPCC Inventories). The results have shown that the
total GHG emissions of the non-EC model were almost 4 times higher than those of the EC model, and
feed-grain cultivation and manure management were main emission sources in both models. The non-
EC model produced significantly more emissions than the EC model in each kind of GHG, especially
the largest gap between these two was in CO2 emissions that accounted for 68.01% and 56.17% of
the respective planting and breeding systems. This study demonstrates that the transformation of a
beef cattle breeding model has a significant direct impact on cutting agricultural GHG emissions, and
persuades other countries in the similar situation to vigorously advocate ecological cycling breeding
model instead of the traditional ones so that promotes coordinated development between planting
industry and beef cattle breeding industry.

Keywords: life cycle assessment; ecological cycle; beef cattle breeding; greenhouse gas emissions

1. Introduction

At present, greenhouse gas (GHG) emissions have been already accepted as a global
environmental issue and are widely considered a cause for concern by international society.
According to the latest GHG inventory guidelines of Intergovernmental Panel on Climate
Change (IPCC), the global net anthropogenic GHG emissions in 2019 were 59 ± 6.6 GtCO2-
eq, about 12% (6.5 GtCO2-eq) higher than in 2010 and 54% (21 GtCO2-eq) higher than in
1990. In particular, approximately 22% (13 GtCO2-eq) of total net anthropogenic GHG
emissions came from agriculture, which was the largest proportion after those of energy
supply sector (34%) and industry (24%) [1–3], and this will lead to climate change that has
consequences for oceans, weather, food sources and our physical health. However, although
the gradual growth of the livestock industry has indeed met people’s urgent demand for
high-quality meat to a large extent, it has also forced the environmental carrying capacity
to be under unprecedented pressure.

Global GHG emissions from livestock increased by 51% from 1961 to 2010 because of
increased demand for livestock products [4], and CH4 accounted for 50% of total emissions
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with 24% N2O and 26% CO2. In order to compare different animal products’ emission
intensities, FAO (2021) calculated that meat from buffalo presents the highest emission
intensity, with an average of 404 kg CO2-eq per kg of protein, followed by beef, with
an average of 295 kg CO2-eq per kg of protein, whereas pork has much lower emission
intensity, below 100 kg CO2-eq per kg of protein [5–7]. Moreover, beef and dairy cattle
are the largest source of livestock emissions, i.e., 74% of global livestock emissions [4]. In
2019, CH4 emissions due to enteric fermentation of beef cattle represented by 14.9% of
total GHG emissions from agriculture, whereas direct N2O emissions due to urine and
gung represented by 2% in certain areas [8]. Therefore, it is necessary to calculate the GHG
emissions in each process to explore a sustainable and environmentally friendly way to
integrate crop and livestock.

LCA is a state-of-the-art methodology that estimates potential environmental impacts
of products and totals, and evaluates the efficiency of resource use as well. It can be defined
as the assembly and estimation of resource inputs and outputs ‘from cradle to grave’,
including all up- and downstream activities over the entire life cycle [9–11]. According to
previous studies, assessing environmental sustainability of production systems through
life cycle assessment (LCA) to quantify GHG emissions has been a typical and extensively
used method [12], especially in beef cattle production [13].

Fiore et al. (2018) [14] used LCA methodology to divide the GHG produced by Italy’s
cattle farming into two major sources which were feed processing and production and
enteric fermentation, contributing 45% and 39% of total emissions, respectively. Casey
and Holden (2006) [15] focused on comparing typical Irish beef production system with
five other production options and assumed the system boundary of Irish beef production
includes four main processes, such as feed production, N fertilizer production, livestock
manure management and electricity and diesel for agricultural operations, and thus ob-
tained the range of GHG emissions from 7.17 to 11.26 kg CO2-eq per kg beef live weight
per year so that estimated the potential effects of changing management to attain reduction
in GHG emissions. However, estimation results are not exactly the same due to different
regions, different system boundaries and different calculation parameters, etc. [16–18].
Nguyen et al. (2010) [19] concluded the global warming potential (GWP) per kg beef pro-
duced in the EU ranged from 16.0 to 27.3 kg CO2-eq, whereas the figure of 22.3 kg CO2-eq
reported by Cederberg and Stading (2003) [20] and 20 kg CO2-eq by Adrian et al. (2006) [21].
Dramatically, the figure from Ogino et al. (2007) [22] seemed rather high compared to those
mentioned studies (36.4 kg CO2-eq), and the reason was that it defined the retail beef yield
percentage as 40% and included both the cow-calf and the fattening system.

Concerning reducing GHG emissions from livestock, especially from beef cattle, dif-
ferent works provide targeted corresponding measures from various angles via the local
condition and general emission situation of each process, which can serve as references for
other regions with similar characteristics of beef cattle breeding. Johnson et al. (2003) [23]
confirmed that intensive grazing not only reduces GHG emissions by 16%, but also im-
proves profitability by 13%. A study by Mogensen et al. (2012) [24] considered that if
the individual reduced their consumption of meat to approximately 100 g, this would
reduce both the emission of greenhouse gases and the nutrient losses considerably (by,
respectively, 25 and 31%), so changing diets is potentially one of the most powerful ways
of mitigating GHG emissions. There are also scholars who concentrate on adjusting feed
ingredients to improve ruminant livestock weight gain with GHG emissions reduction.
For example, Ridoutt et al. (2022) [25] suggest that feed supplementation with Asparagop-
sis taxiformis has the potential to reduce the sector’s carbon footprint by 1~4% in 2030.
This finding is precisely based on the comparison of GHG emissions of those emission
reductions that make it possible to better identify which measures are more suitable for
specific regions, or even for achieving national goals of agricultural carbon-mitigation.
Ruviaro et al. (2015) [26] analyzed a case study of a farm in southern Brazil and found
production systems achieved the lowest CO2 emissions and the highest feed conversion
rate with dry matter intake digestibility (DMID) from 52 to 59%, generating lower CH4
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and N2O emissions per production system. Southern Brazil has committed to developing
beef cattle production with efficiency and sustainability. There are also the Low Carbon
Agriculture program and the cattle beef development program of Santa Catarina, which
encourage investments in sustainable technologies for GHG mitigation, such as biological
nitrogen fixation, integrated crop-livestock systems, and so on [27]. Furthermore, integrat-
ing dairy and beef production would enable the New Zealand beef sector to reduce annual
GHG emissions from beef production by almost 22% of the total sector’s emissions [28,29].
Indeed, virtuous cattle farms present a planned resource recycling system allowing for low
GHG emissions [14].

On the other hand, the idea of integrating planting and breeding systems has gradually
developed. Recycling crop residues and organic manure as feeds for livestock and soil
amendments, is a kind of resource-efficient benefit of crop-animal integration that might be
worth using for other countries [30]. Cerutti et al. [31] compared the differences between
three production practices (conventional, organic and integrated) in order to quantify the
climate change reduction potential of different production methods. Through LCA analysis,
they found that integrated production showed the best performance in reducing GHG
emissions per unit of product, mainly due to the increased productivity of the integrated
system, while conventional production practices had higher GHG emissions than both
organic and integrated production practices. Takacs et al. [12] conducted a systematic
review to examine the effectiveness of life cycle-based interventions in improving the
sustainability of production systems, concluding that integrated production systems should
be preferred instead of conventional high inputs and outputs systems. The ecological cycle
is oriented to the combination of planting and breeding, the cycle of agriculture and
animal husbandry and green development, while simultaneously realizing comprehensive
utilization of straws and transformation from manure to fertilizer [32]. Most importantly,
the integrated production is the core of this pattern. This kind of model is one of China’s
major measures to tackle carbon emissions through ensuring resources recycling between
planting industry and beef cattle breeding industry. Although the share of China’s livestock
sector in total agricultural GHG emissions significantly declined from 47.13% in 2009 to
43.61% in 2019, there has been a lot of room to improve [33,34]. In addition, as a potent tool
whose methodology will have a distinct effect on the selection of mitigation measures and
show the effect of these measures, the latest emission inventory reports with up-to-date
parameters and data should be selected and used [35].

This study takes Jilin Province in China as an example, thereby aiming to quantify
the GHG emissions of 10 million heads of beef cattle under the ecological cycle model (EC
model) and non-ecological cycle model (non-EC model) to show the effects of different
mitigation measures, according to the life cycle assessment (LCA). The second is to compare
the differences in each process of GHG emissions between both breeding models and
explore which one is more sustainable and environmentally friendly. Moreover, the results
can also provide theoretical reference for the ecological cycle of agriculture in other regions
with similar breeding characteristics worldwide.

2. Materials and Methods
2.1. Study Subject Profile and Data Source

Jilin Province, located in the central part of northeast China, is a main corn-producing
area in China, spanning 40 52′~46 18′ north latitude, which is in the same one as both the U.S.
Corn Belt and the Ukrainian Corn Belt, and together they are known as “Three Golden Corn
Belts” [36,37]. The characteristics of the popularity of the corn cultivation in these regions
are attributed to favorable climatic conditions [38]. However, since the beginning of ancient
agricultural civilization in Jilin Province, the long-term use of traditional agricultural
technology and processing techniques has been unable to include reuse and recycling of
resources between planting and breeding systems, which has resulted in problems such
as the disconnect between agriculture and livestock, the surplus of straw, agricultural
pollution from non-point, and so on.
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This paper assumes that the breeding stock of beef cattle in the province includes
10 million heads and the average weight of beef cattle is 319 kg (IPCC default weight) with
365 days of fattening period, via an intensive fattening method. According to the field
investigation and related information, the amount of mixed concentrate feed required for
beef cattle fattening has been determined by the fattening degree and farmer’s seasonal
harvest and income level, etc., while it is approximately 2.5~6.5 kg·head−1·d−1 in general.
There is no significant difference in the basic ingredients of the concentrate feed and the
proportion of each ingredient over time, so this article did not compare differences of
concentrate feed under these two models. Based on the survey of Jilin Province, the vast
majority of beef cattle farmers have still continued to separate planting and breeding
systems and regard the straw of common corn as coarse fodder after crushing by machines,
even feeding directly without any processing.

Additionally, the input amount of coarse fodder is usually about 8~10 kg·head−1·d−1,
while alfalfa, dry rice straw, wine lees, wheat straw, peanut stalks, etc., can be mixed in
the feed at the same time, although there are very few large-scale farms which will add
a certain proportion of ensile corn. For the sake of facilitating the calculation, we only
consider the consumption of different corn as the difference between EC model and non-EC
model in terms of roughage, namely, beef cattle need 20 kg·head−1·d−1 of silage corn under
EC model and 9 kg·head−1·d−1 of common corn under another model. Therefore, it can be
calculated that annual feed consumptions of 10 million heads of beef cattle in two models
are 7.30 × 107 t and 3.29 × 107 t for silage corn and common corn, respectively.

The structure of corn straw utilization in Jilin Province consists of 9.88% for feed pro-
duction, 61.60% for household burning and 24.15% for waste and incineration [39,40]. We
combine the latter two into a single because both of them are essentially direct combustion,
i.e., straw burning accounts for 85.75%, and other proportions of straw utilization are ne-
glected because of their small percentage. In this case, this paper supposes feed production
of beef cattle is equal to food consumption, and the amount of feed production and straw
burning include total corn straw consumption required for non-EC model (31.80 × 1010 kg).
Depending on interviews with locals, we found that fresh whole silage corn per acre could
produce 0.9 t straw, in comparison with common corn (0.5 t), thus obtaining planting areas
of both models: 9.01 × 105 hm2 for silage corn and 70.66 × 105 hm2 for common corn.
Manure per beef cattle, including dung and urine, was set to 22.67 kg·d−1, consequently
obtaining 8030.00 kg of manure excreted by each beef cattle annually [4,41,42].

Furthermore, this study assumes that the rate of manure returned to the field is 100%
in the EC model, which indicates manure completely consumed and locally utilized. In con-
trast, in the non-EC model, composting is the usual way of manure management for most
farmers in Jilin Province, and some of it even discharged directly without any processing,
despite just 45% entering the planting system as fertilizer [43]. The methodology of emis-
sion evaluation and various emission factors in this paper referred to 2019 IPCC Inventories,
and other data are derived from two different yearbooks except other scholars’ scientific
works: the China Statistical Yearbook and the Jilin Province Statistical Yearbook [44,45].

2.2. System Boundary

The system boundary of this study included entire processes of the two models from
the planting system to breeding system, involving emission activities associated with the
production processes of the complicated system. Additionally, because of differences among
different regions, in order to be convenient for computation and comparison, the system
boundary was defined by several key processes which could be properly representative of
local characteristics as much as possible, since site-specific data are necessary to precisely
describe each process in specific region [46]. Thus, there are two system boundaries, one is
for the EC model and another is for the non-EC model.

For the purpose of simplifying operation, irrigation, transportation, and energy con-
sumption, etc., are not appropriate indicators of environmental impacts in several in-
stances [47–49], they have to be considered outside the system boundary of this study.
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Hence, in terms of the system boundary of the EC model, it includes corn planting,
N-fertilizers application, manure application, feed production, enteric fermentation and
manure management. The counterpart (non-EC model) also has six processes which
are corn planting, N-fertilizers application, manure application, straw burning, enteric
fermentation and manure management. The system boundaries of the two models are as
follows (Figure 1):
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2.3. GHG Emission Calculation

CO2, CH4 and N2O are three primary GHG in agriculture [50], and they are converted
to carbon dioxide equivalent (CO2-eq) using the global warming potential (GWP).

2.3.1. CO2 Emissions from Corn Planting

In this subsection, we only calculate CO2 emissions generated during corn planting of
silage corn by comparison with common corn required in roughage, as shown in Equation (1):

E f arm,i = Qi × e f f arm−corn (1)

E f arm,i is the amount of CO2 emissions from planting corn in EC model or non-EC
model, kg·a−1 (“a” is equal to “year”); i = 1, 2 indicates EC model and non-EC model
respectively; Qi is the annual feed consumption of 10 million beef cattle in each model,
kg·a−1; e f f arm−corn is the CO2 emission factor that represents growing corn-based feed
grain crops, t·t−1.

2.3.2. N2O Emissions from N-Fertilizers Application

N2O emissions from N-fertilizers application consist of direct emissions and indirect
emissions, and the indirect ones specifically from volatilization of NH3-N and NOx-N and
leaching or run-off from N-fertilizers. The formula is as follows:

ENF,i = TNF,i × (e fND + e fNH × FGAS + e fNL × FL)×
44
28
× GWPN2O (2)

ENF,i is the amount of N2O emissions (in CO2-eq) from N-fertilizers application in the
i model, kg·a−1; TNF,i is the annual N-fertilizers application for corn planting in the i model,
kg·a−1; e fND is the direct N2O emission factor from N-fertilizers application, t·t−1; e fNH
is the indirect N2O emission factor from atmospheric deposition of nitrogen on soils and
water surfaces, t·t−1; e fNL is the indirect N2O emission factor from nitrogen leaching and
runoff, t·t−1; FGAS is the fraction that is lost by volatilization in N-fertilizers application as
NH3-N and NOx-N, t·t−1; FL is the fraction that is lost by leaching or run-off in N-fertilizers
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application, t·t−1; 44/28 is the conversion of N2O-N emissions to N2O emissions; GWPN2O
means 1 ton of N2O equals 265 tons of carbon dioxide (100a) [51].

2.3.3. N2O Emissions from Manure Application

Detailed information can be seen in Equation (3).

ENM,i = TNM,i × (e fNDM + e fNH × FGASM + e fNL × FLM)× 44
28
× GWPN2O (3)

ENM,i is the amount of N2O emissions (in CO2-eq) from manure application in the i
model, kg·a−1; TNM,i is the annual manure application for corn planting in the i model,
kg·a−1; e fNDM is the direct N2O emission factor from manure application, t·t−1; FGASM is
the fraction that is lost by volatilization in manure application as NH3-N and NOx-N, t·t−1;
FLM is the fraction that is lost by leaching or run-off in manure application, t·t−1.

2.3.4. CO2 Emissions from Feed Production

Generally, it is common to use conventional techniques and have nothing to process
grain into feed in non-EC model, which leads to failure to become self-sufficient and mainly
purchasing feeds from outside. Therefore, this process is only included in the EC model.

E f eed = Qs × e f f eed−corn (4)

E f eed is the amount of CO2 emissions from silage feed production, kg·a−1; Qs is the
annual feed consumption of silage corn to breed 10 million beef cattle, kg·a−1; e f f eed−corn is
the CO2 emission factor from silage feed production, t·t−1.

2.3.5. GHG Emissions from Straw Burning

In the EC model, one of the objectives is to use the corn straw as resources and the
utilization rate is up to 100%, which means that open burning of corn straw is thoroughly
avoided. On the other hand, around 85.75% of corn straw is attributed to direct burning
as household burning and waste incineration for lack of the reutilization techniques. As a
result, this process only applies to the non-EC model.

Eburn = Eburn−CO2 + Eburn−CH4 + Eburn−N2O (5)

Eburn−CO2 = Qstraw × Rburn × G× e fburn−CO2 (6)

Eburn−CH4 = Qstraw × Rburn × G× e fburn−CH4 × GWPCH4 (7)

Eburn−N2O = Qstraw × Rburn × G× e fburn−N2O × GWPN2O (8)

Eburn is the amount of GHG emissions (in CO2-eq) from straw burning, kg·a−1;
Eburn−CO2 is the amount of CO2 emissions from straw burning, kg·a−1; Eburn−CH4 is the
amount of CH4 emissions (in CO2-eq) from straw burning, kg·a−1; Eburn−N2O is the amount
of N2O emissions (in CO2-eq) from straw burning, kg·a−1; Qstraw is the annual amount
of straw required in the non-EC model, kg·a−1; Rburn is the straw burning rate, taken
as 85.75% [39]; G is the straw burning emission factor, taken as 0.1 [5]; e fburn−CO2 is the
CO2 emission factor of straw burning, kg·kg−1; e fburn−CH4 is the CH4 emission factor of
straw burning, kg·kg−1; e fburn−N2O is the N2O emission factor of straw burning, kg·kg−1;
GWPCH4 means 1 ton of CH4 equals 28 tons of carbon dioxide (100a) [51].

2.3.6. CH4 Emissions from Enteric Fermentation

Detailed information can be seen in Equation (9).

EEF = Na × e fEF × GWPCH4 (9)
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EEF is the amount of CH4 emissions (in CO2-eq) from enteric fermentation of beef
cattle, kg·a−1; e fEF is the CH4 emission factor from enteric fermentation of beef cattle,
kg·head−1·a−1; Na is the annual number of head of beef cattle, head·a−1.

2.3.7. CH4 Emissions from Manure Management

Detailed information can be seen in Equations (10) and (11).

EMMC,i = Na ×VSi ×MSi × e fMMC,i × GWPCH4 (10)

VSi = VSrate,i ×
Wde f ault

1000
× 365 (11)

EMMC,i is the amount of CH4 emissions (in CO2-eq) from manure management of beef
cattle in the i model, kg·a−1; VSi is the annual average volatile solids (VS) excretion per
head of beef cattle in the i model, kg·head−1·a−1; VSrate,i is the default VS excretion rate
in the i model, kg·kg−1·d−1; MSi is the fraction of total annual VS for beef cattle that is
managed in the i model, %; e fMMC,i is the CH4 emission factor from manure management
in the i model, kg·kg−1; Wde f ault is the default average mass for beef cattle, kg.

2.3.8. N2O Emissions from Manure Management

Detailed information can be seen in Equations (12)–(18).

EMMN,i = EMMDN,i + EMMIDN−volatilize,i + EMMIDN−leach,i (12)

EMMDN,i = Na × Nex×MSi × e fMMDN,i ×
44
28
× GWPN2O (13)

Nex = Nrate ×
Wde f ault

1000
× 365 (14)

Nvolatilize,i = Na × Nex×MSi × FGAS,i (15)

EMMIDN−volatilize,i = Nvolatilize,i × e fMMIDN−volatilize ×
44
28
× GWPN2O (16)

Nleach,i = Na × Nex×MSi × FLEACH,i (17)

EMMIDN−leach,i = Nleach,i × e fMMIDN−leach ×
44
28
× GWPN2O (18)

EMMN,i is the amount of N2O emissions (in CO2-eq) from manure management in the i
model, kg·a−1; EMMDN,i is the amount of direct N2O emissions from manure management
in the i mode1, kg·a−1; EMMIDN−volatilize,i is the amount of indirect N2O emissions due to
volatilization of N from manure management in the i mode1, kg·a−1; EMMIDN−leach,i is the
amount of indirect N2O emissions due to leaching and runoff from manure management
in the i mode1, kg·a−1; Nex is the annual average N excretion per head of beef cattle,
kg·head−1·a−1; e fMMDN,i is the direct N2O emission factor from manure management in
the i model, kg·kg−1; Nrate is the default N excretion rate per 1000 kg of beef cattle mass„
kg·kg−1·d−1;Nvolatilize,i is the amount of manure nitrogen that is lost due to volatilization
of NH3 and NOX in the i model, kg·kg−1; Nleach,i is the amount of manure nitrogen that
is lost due to leaching in the i model, kg·a−1; FGAS,i is the fraction of managed manure
nitrogen for beef cattle that volatilizes as NH3 and NOX from the manure management in
the i model, %; FLEACH,i is the fraction of managed manure nitrogen for beef cattle that is
leached from the manure management in the i model, %; e fMMIDN−volatilize is the indirect
N2O emission factor from atmospheric deposition of nitrogen on soils and water surfaces
as NH3-N and NOX-N, kg·kg−1; e fMMIDN−leach is the indirect N2O emission factor from
nitrogen leaching and runoff, kg·kg−1.
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2.3.9. GHG Emissions from the System Integrated Planting and Breeding

Detailed information can be seen in Equations (19) and (20).

ET,i=1 = E f arm,i=1 + ENF,i=1 + ENM,i=1 + E f eed + EEF + EMMC,i=1 + EMMN,i=1 (19)

ET,i=2 = E f arm,i=2 + ENF,i=2 + ENM,i=2 + Eburn + EEF + EMMC,i=2 + EMMN,i=2 (20)

ET,i is the total amount of GHG emissions (in CO2-eq) from the system integrated
planting and breeding, kg·a−1.

2.4. Parameter Selection and Description

As different regions have different characteristics of the natural environment and
breeding patterns, it is necessary to use parameter indicators with local characteristics in
order to accurately predict local GHG emissions. In other words, we have to select some
parameters from local data in this paper. In this circumstance, despite the difficulty of
collecting data, we searched many studies and averaged a set of numbers if they represented
the same parameters in other papers. Detailed information can be seen in Table 1.

Table 1. List of parameters for estimating GHG emissions for the livestock and arable farming system.

Parameters Data Unit Sources

Wde f ault 319 kg [52]
QSN 679.33 kg·hm−2·a−1 [45]
RNF 31.05% - [45]
RCF 53.63% - [45]
wc 28.41% - [53]
QF 22.67 kg·d−1 [41]

e f f arm−corn 1.50 t·t−1 [54]
e fND 0.0105 t·t−1 [55]

e fNDM 0.0105 t·t−1 [55]
e fNH 0.01 t·t−1 [52]
e fNL 0.0075 t·t−1 [52]
FGAS 0.1 t·t−1 [52]

FGASM 0.2 t·t−1 [52]
FL 0.25 t·t−1 [56]

FLM 0.25 t·t−1 [56]
e f f eed−corn 0.0102 t·t−1 [57,58]

Rburn 85.75% - [39]
R f eed 9.88% - [39]

G 0.1 - [5]
e fburn−CO2 1.39 kg·kg−1 [59–61]
e fburn−CH4 2.19 × 10−3 kg·kg−1 [59–61]
e fburn−N2O 7 × 10−5 kg·kg−1 [59–61]
VSrate,i=1 6.8 kg·(1000 kg)−1·d−1 [52]
VSrate,i=2 10.8 kg·(1000 kg)−1·d−1 [52]

MSi=1 28% - [52]
MSi=2 29% - [52]

e fMMC,i=1 1.05 kg·kg−1 [52]
e fMMC,i=2 2.05 kg·kg−1 [52]

e fMMDN,i=1 0.005 kg·kg−1 [52]
e fMMDN,i=2 0.01 kg·kg−1 [52]

Nrate 0.41 kg·d−1 [52]
e fMMIDN−volatilize 0.010 kg·kg−1 [52]

e fMMIDN−leach 0.011 kg·kg−1 [52]
FGAS,i=1 0.30 - [52]
FGAS,i=2 0.45 - [52]

FLEACH,i=1 0.035 - [52]
FLEACH,i=2 0.02 - [52]

e fEF 65 kg·head−1·a−1 [52]
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3. Results
3.1. Estimation Results of Each Process in Different Models

Through calculation (Table 2), the total GHG emissions (in CO2-eq) of the EC model
and the non-EC model were 19.62 × 107 t·a−1 and 75.95 × 107 t·a−1, respectively, whereas
there was about 56.33 × 107 t·a−1 difference between them and the latter’s emissions were
nearly four times higher than those of the former.

Apart from this, the total GHG emissions from the planting industry were 11.23 × 107 t·a−1

(57.24%) and 48.93 × 107 t·a−1 (64.42%), with the total GHG emissions from the breeding
industry of beef cattle being 8.39 t·a−1 (42.76%) and 22.83 t·a−1 (30.06%). 5.52% of GHG
emissions came from straw burning in non-EC model, which indicates that the EC model
can significantly limit GHG emissions compared with the non-EC model in both planting
and breeding industries.

It was reckoned that the process of corn planting was the major source of GHG
emissions in both models, 10.95 × 107 t·a−1 and 47.69 × 107 t·a−1, respectively, and they
were responsible for 55.81% and 62.79%. Moreover, the gap between these two models
remained significant in manure management that non-EC model created 14.44 × 107 t·a−1

more GHG emissions than the EC model. The proportions of N-fertilizers application
from both two models were extremely small and N2O emissions from non-EC model were
1.03 × 107 t·a−1 higher than those of EC model. On the other hand, only in the processes of
feed production and manure application, the GHG emissions produced by the EC model
were higher than its counterparts. Owing to feed processing equipment, the EC model
emitted 0.07 × 107 t·a−1 of CO2, while the difference in manure application was quite small
(27.24 t of N2O). The differences between these two models are shown in Figure 2.

Table 2. GHG emissions and proportions of each process.

Processes Emission
Sources

EC Model
(CO2-eq, t·a−1)

Non-EC Model
(CO2-eq, t·a−1)

Emission
Reductions

(t·a−1)

Planting industry

Corn planting CO2 10.95 × 107 (55.81%) 47.69 × 107 (62.79%) 36.74 × 107

N-fertilizers application N2O 0.21 × 107 (1.07%) 1.24 × 107 (1.63%) 1.03 × 107

Manure application N2O 49.53 (-) 22.29 (-) −27.24
Feed production CO2 0.07 × 107 (0.36%) - −0.07 × 107

Straw burning
CO2 - 3.96 × 107 (5.21%) 3.96 × 107

CH4 - 0.18 × 107 (0.24%) 0.18 × 107

N2O - 0.05 × 107 (0.07%) 0.05 × 107

Breeding industry
Enteric fermentation CH4 1.82 × 107 (9.28%) 1.82 × 107 (2.39%) 0

Manure management CH4 6.52 × 107 (33.23%) 20.93 × 107 (27.56%) 14.41 × 107

N2O 0.05 × 107 (0.25%) 0.08 × 107 (0.11%) 0.03 × 107

Total emissions 19.62 × 107 (100%) 75.95 × 107 (100%) 56.33 × 107

Note: (1) The values in parentheses indicate the percentages of total emissions; (2) “(-)” represents extremely
small values that should be negligible in this paper; (3) “-” indicates that the process does not exist in the industry;
(4) The emission reductions imply GHG emissions of the non-EC model minus the ones of the EC model (same in
the below table).

3.2. Estimation Results of Different Types of GHG Emissions

Regarding CO2 emissions, as shown in Table 3, the single biggest difference between
two models (40.63 × 107 t·a−1), 11.02 × 107 t·a−1 and 51.65 × 107 t·a−1 produced by the
EC model and the non-EC model, which accounted for 56.17% and 68.01%, respectively, of
each planting and breeding system. CH4 emissions were the second biggest source of GHG
emissions after CO2 emissions that non-EC model accumulated 14.59 × 107 t·a−1 higher
compared to EC model, with 42.51% and 30.19% of their respective total emissions. As for
N2O emissions, whether in the difference between emissions of different models or in the
proportion of corresponding systems, it seemed almost identical in these two models and
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both these values were small, for instance, the difference was only 1.11 × 107 t·a−1 in terms
of total emissions of N2O.
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Furthermore, CO2 emissions were mainly created in the process of corn production
in these two models, followed by straw burning, which was one of unique features of the
non-EC model and accounted for 5.21% of the total emissions in this model. Therefore, it is
crucial that adopting an appropriate irrigation system and using agricultural plastic films
and fossil fuel resources, etc., in a reasonable way during production activities to reduce
CO2 emissions instead of straw burning.

Most CH4 emissions generated from manure management, 33.23% of GHG emissions
in EC model, compared with 27.56% in non-EC model. Although methane emissions from
enteric fermentation of beef cattle in both models were 1.82 × 107 t·a−1, EC model and non-
EC model were responsible for 9.28% and 2.39%, respectively. From a different perspective,
it is possible to reduce CH4 emissions by means of improving manure management.

The processes of manure application, manure management and straw burning affected
the amount of GHG emissions, while nitrogen fertilizer application was the most important
determinant of N2O emissions, and the emissions produced by this process accounted
for 1.07% and 1.63% of total GHG emissions in each model. This implies that using
fertilizers appropriately in corn planting is a suitable alternative to curb N2O emissions to
some extent.

Table 3. Proportions of different types of GHG emissions.

Emission Sources EC Model
(CO2-eq, t·a−1)

Non-EC Model
(CO2-eq, t·a−1)

Emission
Reductions

(t·a−1)

CO2 11.02 × 107 (56.17%) 51.65 × 107 (68.01%) 40.63 × 107

CH4 8.34 × 107 (42.51%) 22.93 × 107 (30.19%) 14.59 × 107

N2O 0.26 × 107 (1.32%) 1.37 × 107 (1.80%) 1.11 × 107

Total emissions 19.62 × 107 (100%) 75.95 × 107 (100%) 56.33 × 107

3.3. Uncertainty Analysis of Estimation Results

Although there are so many complicated reasons leading to estimation results’ uncer-
tainties in various studies, the uncertainty is attributed to three major points in this study.

Firstly, the representativeness of the data involved in this paper was relatively limited
because comprehensive data on the crop–livestock system in Jilin Province was so lacking
and outdated that it required the expert consultation and field research to obtain. Moreover,
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we only chose those emission factors with high universality, which means those would be
suitable for other regions and weaken local characteristics at the same time. In particular,
the factors of transportation, processing, irrigation and energy consumption, etc., failed to
be considered, which would inevitably have an influence on the results to some extent. On
the other hand, the GWP values given in different years of IPCC reports were not exactly
the same, consequently reducing the certainty of estimation results.

4. Discussion
4.1. Corn Planting Process

CO2 emissions from feed grain production are the most significant source of GHG
emissions in the panting–breeding system.

In this process, the huge gap of GHG emissions between the two models (36.74 × 107 t)
is based on the fact that most farmers in Jilin Province have regarded traditional planting
techniques as the main method throughout the cultivation of feed grains. Local farmers fail
to have a full understanding of the advantages of whole plant corn silage, thus they are
engaging in planting common corn rather than silage corn, which can reduce the richness
and the diversity of the bacterial community and the protozoa number in the rumen of beef
cattle, leading to a decrease in CH4 emissions during the enteric fermentation process [62].
Additionally, by the above calculation, the planting area of common corn tends to be eight
times bigger than that of silage corn. It means it is enough for planting silage corn to use
much smaller planting areas and offer much higher yields to satisfy the same number
and heavyweight of beef cattle as common corn demanded, meanwhile generating lower
GHG emissions.

The conventional production uses a lot of energy, fertilizers and pesticides, etc., during
corn planting process, generating higher GHG emissions than the integrated system [31].
Moreover, Jilin Province has been depending on manpower and animal power, at the same
time, generally relying on farmers’ personal experience to determine the use and times of
plowing, fertilizers, pesticides, agricultural plastic films and agricultural machinery to a
certain extent. Therefore, the planting system in Jilin Province is a typical non-EC model.
Under this circumstance, it has to require a higher farmer quality. By contrast, in EC model,
large-scale farms generally maintain long-term communication and close cooperation with
agricultural universities and research institutions in order to keep pace with advanced
planting-breeding techniques and modern facilities. It is also a low input/output system
that use fewer resources and therefore generates lower GHG emissions [46,63]. In addition,
it tends to rotate a variety of crops, stagger the sowing and harvesting times of different
crops, greatly improve the efficiency of the use of agricultural machinery and increase
production, in particular, achieve energy saving and emission reduction [64].

4.2. Manure Management Process

In the EC model, organic fertilizers and residues are produced through aerobic com-
posting after multiple processes that effectively reduce GHG emissions, and then these
substances can be locally absorbed into soil. However, in the non-EC model, as the opposite,
the technical means of manure management are more traditional and outdated. This means
that manure waste is often discharged directly to the farmland without processing and
the comprehensive utilization rate is less than 60%. This treatment method would be a
barrier to resource recycling in the planting–breeding system, meanwhile, it generates
more than three times GHG emissions compared to that of EC model. Inevitably, both
conventional and integrated systems produce a large proportion of GHG emissions in
manure management process. In this case, some specific approaches to reduce both CH4
and N2O emissions during this process, including anaerobic digestion of livestock manure
and optimal timing of manure application within the growing season [65].

Therefore, it proves that the way of manure management has a deep influence
on GHG emissions and farmland comprehensive productive capacity, whereas the EC
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model is a more effective method to promote planting–breeding combination and develop
circular agriculture.

4.3. Straw Burning Process

Straw burning is a relatively inefficient treatment method of corn stalk residues.
The reason that corn straws are burnt in fields after harvest is that farmers tend to

remove the straws from fields quickly and save the cost of transportation and the storage of
the straws [66]. As the main method of the non-EC model, open burning of corn straw has
caused serious environmental pollution, namely, more than 4.19 × 107 t GHG emissions
per year produced by the non-EC model compared to the EC model.

Jilin Province is the major agricultural province in China, especially corn straw re-
sources are extremely rich, such as straws of rice, wheat, corn, barley, millet, sorghum,
legume, cotton, sugarcane, and so on. Nevertheless, the contribution of emissions from
corn straw is almost the greatest (37–49%) [67]. Even though burning straw appropriately
can facilitate sowing seeds, leaching of abundant biotic potassium in the plant ash and
killing pests with its eggs and so on. It is not unrealistic that the large-scale uncontrolled
excessive direct open-air burning will not only cause fires and traffic accidents due to poor
visibility, but also damage soil structure and thus cause a huge waste of resources and
environmental pollution.

5. Conclusions

Taking the beef cattle breeding industry of Jilin Province in China as an example,
this paper draws upon the latest emission inventory reports and existing research results,
quantifying the GHG emissions of 10 million heads of beef cattle in the ecological cycle
model and non-ecological cycle model based on the life cycle assessment. By means of
the comparative analysis, we can precisely assess both the negative impact of traditional
farming practices and the environmental benefits of the modern beef cattle breeding model.

Firstly, the total GHG emissions from the non-ecological cycle model were approx-
imately four times higher than those from the ecological cycle model, while feed-grain
cultivation and manure management were the main emission sources with the most dif-
ferences in amounts of emissions in both models. In almost all processes of the life cycle
assessment, it showed that the GHG emissions of the ecological cycle model were signifi-
cantly lower than those of its counterpart has. Specially, for the sake of promoting waste
and resource recycling in the breeding system, it is worth noting that utilizing straw as
livestock feed and manure as fertilizers are core methods of the ecological cycle model.

Secondly, regardless of which kind of GHG emissions are produced in the non-
ecological cycle model, the amount of emissions is dramatically higher than that in the
ecological cycle model. In particular, the difference in CO2 emissions is the largest com-
pared with CH4 and N2O emissions, and the large proportions of CO2 emissions account
for 68.01% and 56.17% in their respective breeding systems as well. The ecological cycle
model focuses on the combination of farming and breeding, integration of crop and live-
stock, and green development of agriculture, etc., thus, it gives great prominence to the
comprehensive utilization of straw and manure so as to avoid open burning of agriculture
waste with much more positive environmental benefits.

Thirdly, in terms of the implementation of the EC model, it makes theoretical sense in
Jilin Province that it would have a significant effect on GHG emission reduction in both the
planting industry and beef cattle breeding industry; at the same time, it lays the foundation
for putting the theory into practice. Most importantly, it will have profound implications
for the development of low-carbon agriculture in China, even for other countries with the
same characteristics all over the world. Transforming the traditional beef cattle breeding
technology into cutting-edge technology of ecological cycle is essential to promoting coor-
dinated development between planting industry and beef cattle breeding industry. In order
to develop a sustainable agriculture, we are supposed to strengthen technical supports,
reinforce the management and enhance the reuse of straw and manure in the breeding sys-
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tem so as to use fewer resources and therefore generate lower GHG emissions, rather than
doing so at the cost of destroying the environment and depleting natural resources through
high inputs and outputs. Likewise, the top priority is to adopt the pattern of ecological
cycle so that we are able to ensure the improvement of comprehensive production capacity
of the beef cattle breeding industry in a resource-saving and environmentally friendly way.
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