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Abstract: With the rapid development of circular agriculture in China, balancing agricultural income
and environmental impact by adjusting the structure and scale of circular agriculture is becoming
increasingly important. Agriculture is a major source of greenhouse gas and income earned from
agriculture drives sustainable agricultural development. This paper built a multi-objective linear
programming model based on greenhouse gas emission and agricultural product income and then
optimized the structure and scale of circular agriculture using Beiqiu Farm as a case study. Results
showed that greenhouse gas emission was mainly from manure management in livestock industry.
While the agriculture income increased by 64% after optimization, GHG emission increased by only
12.3%. The optimization made full use of straw, manure and fodder, but also minimized soil nitrogen
loss. The results laid a generalized guide for adjusting the structure and scale of the planting and
raising industry. Measures for optimizing the management of manure were critical in achieving low
agricultural carbon emissions in future agricultural development efforts.

Keywords: structure optimization; carbon footprint; multi-objective linear programming; circu-
lar agriculture

1. Introduction

Circular agriculture is the inevitable drive towards sustainable development of agricul-
tural production [1]. The combination of planting and breeding is one good way to realize
resource utilization, prevent pollution and reduce application of fertilizers in farmlands.
This effort contributes to reducing agricultural non-point source pollution and increasing
income from agriculture. In China, circular agriculture is promoted as a top-down national
political drive [2]. China has explored several new modes of agricultural production such
as recycling wastes via biogas digesters and compost. This has been possible through the
combination of planting and breeding during small-scale peasant economy. Based on local
conditions, farmers have promoted ecological circular agricultural models, such as rice-fish
symbiosis, pig-biogas fruits, and forest economies [3]. Scholars have focused on making
circular agricultural systems workable and able to generate more income, ignoring the
appropriate size and variety between farming and breeding. As a result, there is still the
issue of excessive agricultural waste in circular agriculture that is leading to environmen-
tal pollution. Therefore, the optimization of agricultural development by adjusting the
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structure and scale of planting and breeding for increased agricultural economic benefits
remains challenging.

The mathematical model and programming techniques, such as linear program-
ming, dynamic programming, genetic algorithms, particle swarm optimization and multi-
objective planning have been widely used in solving the problem of agricultural structure
and scale of adjustment [4]. Most of these studies adjust the structure and scale of agricul-
ture based on resource consumption. An agricultural water-energy-food sustainable man-
agement (AWEFSM) model which incorporates multi-objective programming, nonlinear
programming and intuitionistic fuzzy numbers into a general framework, was developed
for sustainable management of limited water-energy-food resource by identifying tradeoffs
of water, energy and land resources across various sub-areas and crops [5]. Some studies
consider the relationship between food and energy, others focus on the balance across
nutritional needs of animals and feed supplies, and yet others analyze labor and water
requirements and income [6,7]. Not many studies link agricultural greenhouse gas emis-
sion to agricultural economic benefit and agricultural waste disposal. A multi-objective
regional optimization model was therefore built to identify optimum land management
adaptations to climate change [8]. It is not difficult to find that Pareto-based multi-objective
optimization methods are well-suited for explorations of trade-offs and synergies [9].

As a major agricultural country, agricultural development in China has its own
problems. The environmental problems caused by the rapid agricultural development
and the low agricultural income continue to attract increasing attention. In particular,
the growing demand for food will compete with the effort to mitigate Greenhouse Gas
(GHG) emissions and adapt to climate change. The Food and Agriculture Organization
(FAO) of the United Nations pointed out in its report that the global agricultural GHG
emission in 2014 was 5.442 billion tons of carbon dioxide equivalent [10]. Of this, China
emitted 708 million tons, accounting for 13.51% of the global agricultural GHG emission
and making it the country with the largest agricultural GHG emission in the world. Studies
show that the input of nitrogen and phosphorus fertilizers in plantation industry will
increase by 2.7–3.4 times in the future. The input of nitrogen fertilizer alone will result in an
annual emission of 3 billion tons of CO2 equivalent [11]. Compared with crop production,
the livestock sector contributes more to GHG emissions. As a country with the largest
livestock production in the world, China’s GHG emissions from the livestock industry was
increased from 137.423 million tons to 150.563 million tons from 2000 to 2014, of which
emissions from gastrointestinal fermentation of livestock and manure management systems
were the two key sources, accounting for 65.58–73.23% [12]. As the agricultural sector
is most affected by human activity, GHG emission from crop production and livestock
industry could be negligible or even negative under improved agricultural management
practices [13–16]. Hence, agriculture systems in China are becoming increasingly important
as a global solution to mitigating anthropogenic GHG emission [17,18].

China’s development of low-carbon agriculture is aimed at energy saving, emission
reduction and waste disposal. The goal is to build a sustainable agricultural development,
achieved by adjusting the structure and scale of circular agriculture. Through this drive,
the full use of resources can be achieved at the input, operations and waste treatment stages
of agricultural production. This can give the level of carbon emission that is important
for the development of low-carbon agriculture across the country and improvement of
agricultural resource utilization. To take advantage of these measures and promote sus-
tainable agricultural development, it is critical that the concept of “carbon footprint” is
used to study GHG emission in the agriculture and animal husbandry [19]. The purpose of
this study was to: (1) calculate GHG emission in planting and breeding system modules
of a representative circular farm using carbon footprint and find the difference in GHG
emission; (2) study differences in economic benefits of agriculture on the basis of input,
output and actual conditions; and (3) determine the optimal structure and scale of different
industries in circular agriculture in relation to economic benefit, environmental impact and
farm waste utilization using a multi-objective linear programming model.
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2. Materials and Methods
2.1. Study Area

In this study, Beiqiu Farm was used as case study of combined crop and animal
husbandry. The farm is located in Beiqiu village at 37◦00′12.4” N and 116◦34′22.3” E in
Yucheng, Dezhou City, Shandong Province. This is at an alluvial plain in the middle and
lower reaches of the Yellow River.

Beiqiu Farm was selected in this study because it is a typical agricultural ecosystem
that combines planting and breeding industry in the North China Plain. The plain is one of
the main agricultural production areas in China, where 50% of the wheat and 30% of the
corn are produced in the country. The farm also has waste disposal and feed processing
facilities for making fodder and organic fertilizer. Thus, research on the production model
could provide a reference for a sustainable agriculture development model in the country.
Data were collected mainly on production in 2018 and the related statistics and literature.

An agricultural production anniversary was used to set the research boundary. Car-
bon emission from the crop industry subsystem mainly included GHG from agricultural
input as chemical fertilizers, pesticides, seeds and energy use, agricultural operations and
crop growth processes. There is scientific consensus that global warming is driven by the
increasing emission of GHG from human activities [20]. Studies show that the agriculture
system including the process from the production of agricultural materials to the agricul-
tural harvest is the main source of CO2, CH4 and N2O emission [21,22]. Carbon emission
from the agriculture subsystem comes mainly as GHG produced from agricultural inputs,
intestinal fermentation in poultry and manure making. GHG emission was analyzed for
each major stage of the combined crop and animal industry (Figure 1).

Figure 1. Major greenhouse gas emissions at each stage of the crop and animal production system.

2.2. Multi-Objective Linear Programming Model

The multi-objective linear programming model was the selected optimization method
in the study and the Lingo software was used for the calculation runs. Linear program-
ming is a mathematical method used to obtain the optimal solution to objective functions
under a set of constraint conditions. It organically combines qualitative and quantita-
tive analyses [23] and is a very effective and simple method for structural adjustment
and optimization.

2.3. GHG Emission Calculation

GHG emission is the direct and indirect greenhouse gas emission produced by the
products or services in a life cycle (or geographical space). It is an indicator used to measure
the carbon emission level and to identify carbon emissions of different functional units.
The common methods used in the study of carbon footprint is life cycle assessment. This
is a “cradle-to-grave” environmental evaluation approach that accounts for every link of
the product or service, including production of raw materials, product manufacturing or
processing, product use stages and evaluation processes. In this study, GHG produced via
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agricultural inputs is calculated using life cycle evaluation of agricultural operations as
defined by IPCC Guidelines for National Greenhouse Gas Inventories.

2.3.1. Agriculture GHG Emission Calculation

The input of agricultural resources for the Beiqiu Farm production process in 2018
is listed in Table 1 GHG emission from the agricultural subsystem is driven mainly by
agricultural production materials, such as pesticides, fertilizers, electric power and planting
processes. According to the data in Table 2, GHG emission factors for agricultural resources
are in Table 2.

Table 1. Inputs for crops in farm production.

Item Unit Wheat Maize Unit Unheated
Greenhouse Greenhouse

Seeds kg·ha−1 120 20 Seedings/each 3000 6000
N kg·ha−1 45 25 kg/each 225 345

P2O5 kg·ha−1 37.5 37.5 kg/each 225 345
K2O kg·ha−1 37.5 37.5 kg/each 225 345

Manure Compost N kg·ha−1 15 15 N Kg/each 90 90
Herbicide kg·ha−1 0.22 0.2 - - -

Diesel L·ha−1 40 40 - - -
Electricity Kwh·ha−1 - - K·wh/each 500 900

GHG Emissions CO2-eq kg·ha−1 323.583 292.78 CO2-eq kg/each 1138.75 1806.75

Table 2. Greenhouse gas emission factors for different crops and livestock.

Item Emission Factor Unit Reference

Maize seed 1.93 kg CO2-eq/kg Ecoinvent 2.2 [24]
Wheat seed 0.58 kg CO2-eq/kg Ecoinvent 2.2

Corn (fodder) 0.79 kg CO2-eq/kg CLCD 0.7 [25]
Bean (fodder) 0.84 kg CO2-eq/kg CLCD 0.7
Bran (fodder) 0.01 kg CO2-eq/kg CLCD 0.7

Pesticide 10.15 kg CO2-eq/kg Ecoinvent 2.2
N from fertilizer 1.53 kg CO2-eq/kg CLCD 0.7

Manure Compost 0.20 kg CO2-eq/kg (Li et al. 2016) [26]
P2O5 1.63 kg CO2-eq/kg CLCD 0.7
K2O 0.65 kg CO2-eq/kg CLCD 0.7

Electricity 0.527 kg CO2-eq/K·wh National Development & Reform Commission [27]
Diesel 4.10 kg CO2-eq/kg CLCD 0.7

2.3.2. Agricultural Operation Inventory

The list of the farming subsystem is divided into two parts—one is GHG emission
from farm crops and the other from livestock. This also includes GHG emissions during
farming and manure management operations. GHG emissions from the soil during farm
operations such as nitrogen and organic fertilizer management are both direct and indirect.
Direct emission of N2O was calculated using Equation (1) as follows:

DFN2O = FSN × EF1 ×
44
28

(1)

where DF{N2O} is the direct emission of soil N2O expressed as equivalent CO2 emission
(kg CO2-eq/hm2); FSN is the annual application rate of soil nitrogen fertilizer; EF1 is the
emission factor (kg CO2-eq/hm2) of soil N2O emission from nitrogen input and 44/28 is
the conversion coefficient between nitrogen element and nitrous oxide.
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The carbon footprint generated by indirect emission of soil N2O is calculated using
Equation (2) as follows:

IDFN2O = FSN × FracGASF×EF4 ×
44
28

(2)

where IDF{N2O} is the soil N2O indirect emission expressed as CO2 emission equivalent
(kg CO2-eq/hm2); Frac{GASF} is the ratio of nitrogen volatized as NH3 and NOX (kg volatile
nitrogen/kg nitrogen); EF4 is the N2O emission factor (kg N2O-n/kg (NH3-n +NOX-N)) of
nitrogen in atmospheric deposition on soil and water surface.

Therefore, the carbon footprint for soil N2O emission is calculated using Equation (3)
as follows:

CFN2O= DFN2O+IDFN2O (3)

The calculated GHG emission from soil management (Table 3) was added to the GHG
emission from farming. Then, the GHG emission from the other sub-system was calculated
in the same way as the GHG emission from farming (Table 4).

Table 3. Data for soil N2O emission from wheat-maize field in the study area.

Items N from Fertilizer (kg
N2O-N/kg N)

N from Manure Compost (kg
N2O-N/kg N)

Managed soil 60.00 30.00
Direct emission 1.41 -

Indirect emission - 0.19
Total - 1.60

Table 4. Greenhouse gas emissions from different farming systems.

Item Wheat Maize Unheated Greenhouse Greenhouse

Unit CO2-eq kg·ha−1 CO2-eq kg·ha−1 CO2-eq kg/per CO2-eq kg/per
Value 907.91 706.19 2804.86 4090.00

2.3.3. Livestock GHG Emissions Calculation

Based on IPCC research, the calculation of GHG emissions from livestock mainly
considers fodder input, methane (CH4) emission from enteric fermentation and methane
and nitrous oxide emissions in manure management (direct and indirect).

CH4 emission from enteric fermentation of livestock is calculated as follows:

TCH4−Enteric = ∑
i

EFi ×Ni (4)

where TCH4Enteric is the total methane emission from enteric fermentation (Gg CH4 yr−1);
EFi is the emission factor (kg CH4 animal−1 yr −1); Ni is the number of head of livestock
category i; i is the species of livestock.

The CH4 emission from manure management is next calculated as follows:

TCH4−M = ∑
i

EFj × Ni (5)

where TCH4-M is the total CH4 emission from manure management (kg CH4 yr−1); EFj is
the emission factor (kg CH4 animal−1 yr −1); Ni is the number of head of livestock category
i; i is the species of livestock.

Direct N2O emission occurs via combined nitrification and denitrification of nitrogen
contained in manure. The emission of N2O from manure during storage and treatment
depends on nitrogen and carbon content of manure, and on the duration of storage and type
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of treatment. Nitrification does not occur under anaerobic conditions. Indirect emission
results from volatile nitrogen loss that occurs primarily in the form of ammonia and NOX.

Therefore, the N2O emission from manure management is calculated as follows:

N2OD(mm) =

[
∑
S

[
∑
T
(Ni × Nexi × MSi)

]
× EF3(S)

]
× 44

28
(6)

where N2OD(mm) is the direct N2O emission from manure management (kg N2O yr−1); Ni
is the number of head of livestock category i; Nex(i) is the annual average N excretion per
head of livestock species i (kg N animal−1 yr−1); MSi is the fraction of total annual nitrogen
excretion for each livestock category i; EF3s is the emission factor for direct N2O emission
from manure management (kg N2O-N/kg N); S is the manure management system; 44/28
is the conversion of N2O-N(mm) emission to N2O(mm) emission.

The N loss due to volatilization from manure management is calculated as follows:

N2OG(mm)= (Nvolatilisation−MMS×EF4)×
44
28

(7)

where, Nvolatilisation-MMS is the amount of manure nitrogen lost due to volatilization of NH3
and NOX; EF4 is the emission factor for N2O emission from atmospheric deposition of
nitrogen on soil and water surfaces (kg N2O-N(kg NH3-N+NOX-N volatilised)−1).

The carbon footprint of the entire production farm system is finally calculated as follows:

Ci= [CF N2Osoil+N2OD(mm)+N2OG(mm)]× 298 + [TCH 4−Enetric+TCH4(mm)]× 21 (8)

where CT is the total greenhouse gas emission from livestock category i; a constant factor of
21 is the coefficient of conversion from CH4 to CO2; a constant factor of 298 is the coefficient
of conversion from N2O to CO2.

Then, GHG emissions from different species on the farm (Table 5) are calculated using
the equations above.

Table 5. Greenhouse gas emissions from different livestock industries.

Species CH4-Enetric CH4-M N2OD (mm) N2OG (mm) Bean Total

Units kg/head kg/head kg/head kg/head kg CO2-eq/head kg CO2-eq/head

Pig 0.33 1.50 3.10 7.75 × 10−2 6.51 × 10−2 985.00
Sheep 5.00 0.17 2.19 2.62 × 10−2 2.20 × 10−2 768.00
Goose - 0.02 0.04 1.77 × 10−3 1.48 × 10−3 14.10
Layer - 0.03 0.09 3.46 × 10−3 2.90 × 10−3 27.40
Broiler - 0.02 1.46 × 10−3 5.85 × 10−5 4.91 × 10−5 0.87

3. Model Building

The multi-objective linear programming model is generally composed of more than
two objective functions and a number of constraints. The construction of the model in
this paper is to achieve the best economic and ecological benefits, keep the agricultural
system a virtuous cycle, and promote the sustainable development of agriculture produc-
tion. Reconfiguration of farming systems to reach various productive and environmental
objectives while meeting farm and policy constraints is complicated by the large array of
farm components involved and the multitude of interrelations among the components [7].
In this study, two goals were primarily set up in the model—one was the economic benefit
target and the other was the ecological benefit target. Nine kinds of agricultural and
livestock products were selected in Beiqiu Farm as decision variables of the model and the
corresponding data (Table 6) were all from the actual production process on the farm.
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Table 6. Parameters for different crops and livestock species.

Items Variable Unit Profit/(¥·Unit−1) Land/m2 Fodder/(kg·Unit−1)
Corn Bran Ensiling Bean

Wheat X1 Ha 5505 10000 - 1050.00 - -
Maize X2 Ha 3780 10000 6990 - 30000 -

Unheated greenhouse X3 Each 16,100 667.67 - - - -
Greenhouse X4 Each 23,490 1335.34 - - - -

Pig X5 Head 300 0.67 −69.70 −19.92 −76.21 −33.32
Sheep X6 Head 200 1.50 −63.88 - −146.00 −41.96
Goose X7 Head 40 0.10 −3.60 −1.80 −3.60 −3.00
Layer X8 Head 30 0.25 −28.47 −4.38 - −10.95
Broiler X9 Head 15 0.05 −4.84 −0.74 - −1.86

Objective function: The objective function is set according to the needs of agricultural
decision-makers as follows:

Y =
n

∑
i=1

ai × Xi i = 1, 2 n (9)

where ai is the objective function value of variable Xi which, in this study, is unit profit and
greenhouse gas emissions in unit variable; Xi is the scale of production activity, namely the
scale of planting and breeding industries.

Specifically, agricultural income is an important factor in promoting sustainable
development of agriculture. Thus, the objective function was set as the highest agricultural
net profit as follows:

Max f1 (xi) = ∑9
i=1 ai× xi (10)

Max f1 = 5505 × x1-3780 × x2 + 16,100 × x3 + 23,100 × x4 + 300 × x5 + 200 × x6
+ 40 × x7 + 30 × x8 + 15 × x9;

Whereas agriculture maintains high profits, the impact of agricultural production on
the environment, especially GHG emission, cannot be ignored. Therefore, the objective
function was set as the minimum GHG emission as follows:

Min f2 (xi) = ∑9
i=1 bi× xi (11)

Min f2 = 907.91 × x1 + 706.19 × x2 + 2804.86 × x3 + 4090.00 × x4 + 985 × x5
+ 768 × x6 + 27.4 × x7 + 0.873 × x8 + 14.1 × x9

Since economic and ecological benefits have different dimensions, the extreme value
of a single objective function is first calculated and used to construct a new dimensionless
objective function by linear weighting as a single objective function; thereby eliminating
the impact of the dimensions [28].

MaxF(xi) = w1 ×
f1

f∗1
−w2 ×

f2

f∗2
(12)

where wi is the weight of the economic and ecological benefit; in this research, we give them
a weight of 0.5 each. The f1

× was calculated as 617,391.8 ¥ and f2
× as 503,542.7 kg CO2-eq.

Currently in the process of production, a planting industry system provides feed
and a raising system provides manure as organic fertilizer. However, the problem is the
imbalance of the scale of livestock and plant. The soil bearing capacity was too high
because of large poultry manure emission and the planting industry provided less feed.
The objective of the study was to control the growth of chemical fertilizers, animal manure
and GHG emission on the one hand, and to keep planting and breeding industries in a
dynamic balance on the other. The adjustment of planting structure proportion in order to
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make livestock and poultry dung digestible by the internal system needed to be set in the
following constraint equations:

Land resource: Beiqiu Farm covers an area of 15 ha; thus, land resource was one of
the reasons for limiting the scale of agricultural development. The scale of planting and
breeding industry did not exceed 15 ha as:

10,000x1 + 10,000x3 + 1335.34x4 + 0.667x5 + 1.5x6+0.1x7 + 0.25x8 + 0.05x9 = 133,400

Otherwise, wheat and corn were rotated in the planting industry so that the area of
wheat and that of corn were set equal in the model. At the same time, corn feed came from
corn planting and so the area of corn feed was set less than that of corn planting as:

x1 = x2; x2 = x21 + x22

where x21 is the area of corn silage and x22 is the area of corn stalk
Feed resource: The planting industry provides feed for the livestock industry to ensure

the quality of meat and reduce the cost. In the case of Beiqiu Farm, it was mainly corn,
wheat bran and ensiling. The demand for fodder for the breeding industry in Beiqiu Farm
is given in Table 5. Therefore, the constraint was set such that it was less than the supply of
farming industry as follows:

Corn feed: 6990 × x2 = 69.7 × x4 + 63.88 × x5 + 3.6 × x6 + 4.84 × x9 + 28.47 × x8;
Wheat bran feed: 1050 × x1 = 19.92 × x5 + 1.8 × x7 + 0.74 × x9 + 4.38 × x8;
Ensiling feed: 30,000 × x21 = 76.21 × x5 + 146 × x6 + 3.6 × x7;

Straw and Manure: Agricultural wastes produced in farm production are mainly
straw and dung. Resource utilization was achieved through composting. Therefore, the
amount of straw and manure produced matched. Studies show that in the process of
composting, the effect is best when the ratio of carbon to nitrogen is 27 [29,30]. The straw
demand of different animal manures is given in Table 7.

11,250 × x1 + 30,000 × x22 = 398.6 × x5 + 213 × x6 + 7.03 × x7 + 0.98 × x9 + 24.98 × x8;

Table 7. The straw demand of different livestock.

Species Straw Demand N from Manure Compost

kg/head kg/head

Pig 398.59 25.68
Sheep 7.03 16.96
Goose 213.01 0.9
Layer 24.98 0.38
Broiler 0.98 0.02

Amount of organic fertilizer: The amount of organic fertilizer made from straw and
manure should meet the daily needs of the farm. These data were derived from the actual
production process on Beiqiu Farm.

11,250 × x1 + 30,000 × x2 + 398.6 × x5 + 213 × x6 + 7.03 × x7 + 0.98 × x9 + 24.98 × x8
≥ 3000 × x3 + 3000 × x4 + 1000 × x1;

Land bearing capacity: Straw and manure returned to the field via composting to
make organic fertilizer, replacing part of potential chemical fertilizer use. In the planting
system, the total demand for crop N is fixed, so the total amount of N input from organic
fertilizer and chemical fertilizer should be balanced with the demand for crop N as:

85.2 × x1+64.5 × x2 = 25.68 × x4+16.96 × x5 + 0.9 × x6 + 0.38 × x7 + 0.02 × x8;
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Input cost constraints: Currently, the farm has 3 plastic houses and 2 greenhouses.
The number of plastic houses and greenhouses are restricted as follows:

X4 ≥ 2; X3, X4 ≤ 10; X3 ≥ 3;

4. Results and Discussions
4.1. Optimized Planting/Breeding Structure

The optimal solution for the farm structure optimization was obtained using the Lingo
software calculation. Based on the model optimization results (Table 8), the planting area
of wheat and maize on the farm are reduced, and the numbers of greenhouse and unheated
greenhouse increase because of high economic benefits. For the breeding industry, the scale
of geese is reduced, that of sheep and broiler have increased. However, industries of pigs
and layers have completely disappeared. In terms of the rate of change, greenhouses and
unheated greenhouses had the highest change. There were mainly two reasons for this high
change. The first was that the two structures consumed a lot of organic fertilizer which
were from manure compost in the system. The next reason was that income from them
was much higher than that from food crops. However, GHG emission from the structures
was much higher than that from the wheat-maize system. Given the initial input cost, the
expansion of greenhouses and unheated greenhouses was restricted. The scale of winter
wheat/summer maize cropping pattern was little changed. This was because winter wheat
and summer maize rotation can expend compost and supply fodder, straw and silage to
livestock industries. In addition, straw can be used with the manure from the breeding
system to dispose excrement and urine, both of which promote a circular economy.

Table 8. Model simulated results under circular agriculture optimization.

Item Variable Unit Result Actual Scale Rate %

Wheat X1 ha 5.67 7.33 −22.73
Maize X2 ha 5.67 7.33 −22.73

Unheated
greenhouse X3 each 10 3 233.33

Greenhouse X4 each 9 2 350.00
Pig X5 head 0 55 −100.00

Sheep X6 head 628 50 1156.00
Goose X7 head 183 1000 −81.70
Layer X8 head 0 5500 −100.00
Broiler X9 head 7635 1000 663.50

However, the results were for specific conditions. Due to large fluctuations of prices of
agricultural products, price changes affected the farm optimization effort. There was there-
fore need to discuss the change of scale under specific circumstances [31]. The optimization
models were relevant in assisting cropping and management of agricultural production. It
was also applicable in estimating potential gains from the use of integrated systems [32].
The optimization results obtained in this study were according to the conditions of Beiqiu
farm and could be used for referrals only.

4.2. Post-Optimization Benefits/Effects

Farmers usually adjust their farming systems evolutionarily for various reasons. It
could be for change in market price that farmers adjust the type and size of their farm
products. It could also be for policy change that farmers adjust the structure of cropping
and animal husbandry. The understanding of farmers about the impact of agricultural
production on the environment is relatively weak. Bio-economic farm models have the
potential to support information structuring for more insight into the consequences of
adjustments of farming systems [33].

Based on the model optimization, GHG emission from the farm was 36,833.39 kg
CO2–eq ha−1 for an estimated profit of 44,831.3 ¥ ha−1. That is the equivalent of 0.82 kg
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CO2-eq for one ¥ generated. The GHG emission was normalized by the benefit to get eco-
logical efficiency (Figure 2). Sheep industry had the highest ecological efficiency, meaning
that sheep industry created one ¥ of profit for a unit release of GHG. Broiler industry was
the reverse. In the breeding subsystem, optimization greatly increased the scale of sheep
and broilers for a balance to be maintained. This was because sheep which can consume
straw and broilers which can consume wheat bran and corn, are indispensable in the
circular agriculture system. The main source of GHG emissions was the livestock industry
(Figure 3), especially manure management activities (Figure 4). Specifically, CH4 emission
from enteric fermentation of sheep excreta was over 10%, while geese and broilers can be
ignored. CH4 emission from broiler manure management was over 45% (Figure 5), almost
the same as direct N2O emissions from manure management (N2OD (mm)). Direct N2O
emissions, which occur via combined nitrification and denitrification of nitrogen contained
in the manure, was the main source of GHG emission from sheep and geese industries
(Figure 6). The emission of N2O from manure during storage and treatment depends on
the nitrogen and carbon content of manure, and on the duration of the storage and type of
treatment. Indirect N2O emissions due to volatilization of N from manure management
(N2OG (mm)) can be ignored. Thus, the focus of reducing GHG emissions from circular
agriculture was on improving measures for manure management and adjusting the feed
structure. There was also need to reform livestock and poultry breeding technologies and
management and to change the livestock pattern [34]. Sustainable livestock intensifica-
tion can be key in reducing GHG emission. It provides synergy across productivity and
increases income. The mitigation of climate change was another benefit due to future
development of low-carbon agriculture [35].

Figure 2. Ecological efficiency for different categories of the farm activities.

Figure 3. Plot of difference between the economy and environment due to cropping and
raising animals.
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Figure 4. Different sources of GHG emission (CO2-eq) from sheep industry.

Figure 5. Different sources of GHG emission (CO2-eq) from goose broiler industry.

Figure 6. Different sources of GHG emission (CO2-eq) from goose industry.

Crop production accounts for only 13% of GHG emissions in circular agriculture, and
it was mainly from the heavy fertilizer use. However, looking at the individual plates,
GHG emissions from crop in circular agriculture are far less than that from conventional
agriculture. This was because of the use of organic fertilizer from the recycle use of manure
and straw. Studies show that using organic fertilizer is a key way of reducing carbon
emission from chemical fertilizers [12,36]. China’s traditional energy consumption structure
has increased the carbon footprint in fertilizer production and agricultural machinery use.
Improving the energy efficiency and using cleaner energy can reduce the overall GHG
emission [14]. Therefore, reducing carbon emission from agricultural production and
maintaining the scales of planting and breeding remains is possible. This can be achieved
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by reducing inputs of chemical fertilizers and pesticides in cropping systems and utilizing
the resource as poultry manure in livestock production.

4.3. Balance in Economy and Environment

In circular agriculture, feed generated in the crop industry is fed to the livestock
industry and this helps reduce carbon emission as GHG along the food chain. Part of the
maize silage was used in place of concentrate to reduce cost in the livestock industry [37].
Most of the feed was from the agricultural system, which not only ensured quality of
agricultural products but also saved cost. This ecological efficiency of the circular agricul-
ture system increased from 0.7 to 0.82 after optimization. Here, part of the environment
was sacrificed in terms of GHG emission for economic benefits on the simulated circular
agriculture system. On the other hand, however, recycling agriculture waste solved the
issue of environmental pollution caused by straw burning and waste emissions.

In addition to economic gains, the use of integrated systems is beneficial to the
environment. This is especially so through reuse of resources and the related negative
environmental externalities [38]. China is one of the countries with the most abundant
straw and dung. Based on statistics, the annual crop straw in China is as high as 900 million
tons, and is increasing at a rate of 5-10% every year [39]. In 2016, the amounts of livestock
and poultry manure in China hit 3.16 × 109 t. However, the comprehensive utilization
rate of the resources was less than 60% [40]. Straw and feces returned to the field is a
carbon sequestration measure that can lead to sustainable agricultural development. After
optimization, we can make the full use of agricultural waste.

The comprehensive use of solid organic waste on the farmlands is an increasing
concern in agricultural production. Straw and livestock manure are rich in organic matter
and various nutrient elements, making it suitable for boosting soil fertility and soil organic
matter content when applied as organic fertilizer. The main drive for straw and manure
resource use is waste utilization, and the basis of it is a dynamic balance between the scale
of crop and livestock industries. Composting as a valuable technology, is also widely used
in recycling agricultural organic wastes. This converts organic matter into a relatively
stable humus-like substance through microbial transformation [41,42]. Soil quality can
be improved by using compost in place of chemical fertilizer, which is critical in the
development of circular agriculture.

The European Union (2012) encourages the use of bio-waste in agriculture as it im-
proves soil condition and provides valuable nutrients to plants [43]. Composting is one of
the most effective processes used in recycling organic waste, applicable to soils as organic
amendment [30]. The focus of this study was on the balance between GHG emission
and agriculture income, which has a far-reaching influence on agricultural development.
Issues such as soil N bearing capacity, agricultural waste disposal, food safety, food health
and cost input were considered under controlled conditions. Studies show that, although
farmers have more options in making practical decisions, the general focus is often on eco-
nomic maximization. For strategic decision-making, therefore, farmers account for options
that influence long-term performance and indicators associated with sustainability [44].
The model used in this study optimized the structure and scale of circular agriculture on
the basis of both economic and environmental outputs, laying the basis for agricultural
development [45]. It is difficult to balance economy with environment in terms of agricul-
tural operations. This study provided a feasible pathway for rational decision-making in
complex agricultural systems.

5. Conclusions

Building a management model for agricultural planting structure adjustment is a
complex engineering task that considers land, water and climate resources in a time-space
fabric. The challenge with on-farm research on models is to keep processes and output
functions transparent and relevant to farm management [46,47]. There is also concern for
market demand and social characteristics in relation to economic growth, environmental
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protection, etc. The objective of this study was to determine the economic benefit and GHG
emission in a typical agricultural farm using a multi-objective linear scale model, ant to
optimize the structure and scale of growing crops and raising animals on the farm. The
model-driven optimized farm was a strong scientific basis for the adjustment of agricultural
structure and the development of circular agriculture in the study area and beyond. The
model was strongly operable, flexible and adjustable to set targets or constraint conditions.
It therefore provided the needed guidance for the development of circular agriculture with
different needs in different social settings.
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