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Abstract

China has promoted renewable energy development to adjust its energy structure and
improve energy security. The decision-makers consider manure-to-energy a feasible pos-
sibility because manure contains a substantial amount of organic materials that are po-
tentially useful for generating power, and its use would also alleviate environmental
pressures. Southern China, including Anhui, Fujian, Guangdong, and Zhejiang provinces,
has launched policies to support manure facilities and energy sales. This study employs a
lifecycle analysis and techno-economic assessment to evaluate whether manure application
could be an economically feasible alternative. The results indicate that the thermophilic
system has greater energy potential, and the mesophilic mode can yield greater agronomic
benefits with digestate application. Hog manure can generate biopower ranging from
5599 to 5683 GWh, and it is 653 to 1887 GWh for cattle, 2481 to 2963 GWh for poultry
manure, and 1109 to 1536 GWh for sheep manure. The aggregate emission offset could
also be substantial. If all manures are properly utilized, the net emission offset could be
up to 12.07 million metric tons of CO, equivalent, with an aggregate energy revenue of
approximately USD 1086 million annually. In addition to the aggregate result, this study
also indicates that manure application would yield a profit ranging from USD 8.36 to USD
34.3, and the benefit from biofertilizer would be roughly between USD 27.72 and USD 43.49.
Nevertheless, regional characteristics, such as temperature, precipitation, and soil quality,
generally influence agricultural systems, and the benefits associated with agrarian feedback
would involve a higher uncertainty. On the contrary, energy sales could be considered a
more reliable and stable source of income, even without government subsidies.

Keywords: climate change; emission offset; lifecycle analysis; manure application;
techno-economic assessment

1. Introduction

China has experienced unprecedented economic growth during the past two decades;
however, its energy consumption has released substantial CO, emissions that have possibly
intensified climate change. According to McCarl [1], the average world temperature will
likely increase by more than 5 °C by the end of the century. Such a massive climate shift
would also result in disastrous consequences, including rising sea levels, desertification,
and an increased possibility of heat waves and hurricanes [2], all degrading environmental
quality and decreasing economic growth. Nevertheless, energy is also the key factor moving
societal development forward, and countries are unlikely to keep growing without using
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energy. Thus, exploiting clean and sustainable energy sources is the only approach to
secure the energy supply while maintaining social development [3,4].

Many countries and regions, such as the US, Japan, and the European Union,
have made great efforts in renewable energy development since the beginning of the
21st century [5,6]. In recent years, China, the largest energy consumption country, has also
pointed out that the development and employment of renewable energy would become its
primary energy policy in the next five-year plan. The economy of southeastern China is
prosperous. Guangdong, Fujian, and Zhejiang are the provinces that contribute more than
20% of the total GDP. However, their rapid economic growth indicates that these provinces
consume the most fossil energy. Under the considerations of energy security and energy
sustainability, the central government has forced these provinces to adjust their energy
structure by increasing the share of renewable energy supply. Among all alternatives,
bioresources have gained extraordinary attention.

Bioresources have been a key force stabilizing renewable energy production because
they contain substantial organic matter that can quickly be converted into hydrogen en-
ergy [7-9]. Kamshybayeva et al. [10] show that rice paddies and hot springs have isolated
nitrogen-fixing cyanobacterial strains that efficiently produce hydrogen energy. Kalan-
tarifard et al. [11] further identify that water splitting could be valuable for increasing
renewable energy production under a specific catalyst process. The decomposition of
bioresources also produces non-solid materials, such as biogas, which are beneficial for
generating heat and electricity [12]. For example, Kim et al. [13] demonstrate that biogas
utilization can improve operational efficiency and increase energy demand by enhancing
the burner distribution ratio. However, the energy conversion ratio of biogas is some-
times unsatisfactory because it may decline when the reformer distribution ratio is low.
Nevertheless, Sekar et al. [14] indicate that when solid and non-solid bioresources are
simultaneously employed, the internal combustion process is more efficient and greater
biofuel production results.

The utilization of biogas is crucial because it is the primary output of livestock manure
and agricultural residuals. During anaerobic digestion, organic sources release a substantial
amount of methane (CHy), which is considered a valuable energy source. Since livestock
manure is constantly and stably distributed in many regions, anaerobic digestion is widely
applied [15]. Manure recycling and reuse have multiple benefits. Barragan-Escandén
et al. [16] point out that appropriate manure treatment can improve the environment and
society. Chen et al. [17] show that a manure plant with an 80-thousand-tons capacity can
produce a benefit of up to USD 1.2 million annually. Generally, anaerobic digestion can be
classified into mesophilic and thermophilic modules [18]. Because mesophilic digestion is
more robust with changes in operating parameters, it is widely deployed in many large
biogas plants [19,20].

Nevertheless, robustness does not mean efficiency. Murillo-Roos et al. [21] indicate
that thermophilic digestion can efficiently degrade feedstocks and improve the output
ratio. Still, Dalpaz et al. [22] further argue that the thermophilic process consumes more
energy to maintain the optimal fermenter temperature and stable operation. Biogas can
be utilized not only for power generation but also for environmental protection [23].
Pasternak [24] shows that purifying and refining biogas can produce several value-added
chemicals. Song et al. [25] also point out that even the waste from anaerobic digestion can
be a supplemental cropland fertilizer that can improve agricultural and environmental sus-
tainability [26]. Based on these considerations and the widely available manure resources in
southeastern China, investigating the manure-based power potential could provide helpful
information to improve regional energy security, adjust energy structures, and enhance
energy sustainability [15].
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The study bridges the gap between economic growth, energy consumption, and
environmental protection by comparing the development possibilities of alternative manure
sources and processes. The fulfillment of this concern is crucial for two reasons. First,
since bioenergy development involves long-term investment and the payback period is
generally longer than 10 years [27], it is necessary to determine whether a specific technique
is economically feasible; otherwise, no investment can be made, and no economic and
environmental gains can be achieved. Second, the analysis helps identify the capability
of a regional renewable energy strategy under carbon neutrality. Thus, investigating the
carbon offset potential of various manure utilization possibilities is crucial for China’s
energy sustainability, social development, and environmental management.

Various manure applications exist, and each of them focuses on different aspects. For
example, compositing is a general approach that converts manure into biofertilizer that
improves crop yields. This method is a valuable technology; however, if we focus on the
aspect of energy security, then compositing can only bring environmental benefits, not
energy outputs. Thus, it is necessary to evaluate different manure application possibilities.
The analysis of manure application aims to explore the potential of renewable energy and
its emission offset consequences in southeastern China. Hog, cattle, sheep, and poultry
manures are selected as the inputs because they are the primary livestock in this region,
and thus, the biomass supply can be considered stable. The mesophilic and thermophilic
processes are used to identify the differences between the production possibilities. This
study applies a techno-economic analysis (TEA) and lifecycle assessment (LCA) to evaluate
the economic and environmental components associated with the production routes. Given
the specified system boundary, the LCA stage calculates the carbon footprints attached
to transportation, the release of agricultural inputs, and the replacement of fossil energy.
In contrast, the TEA stage evaluates the economic factors, such as energy sales, plant
construction, and the value of biofertilizers.

Several contributions derive from the results. First, manure application should focus
not only on energy potential but also on economic feasibility. While O-thong et al. [28] and
Zhang et al. [29] investigated the financial and environmental effects of mesophilic and
thermophilic anaerobic digestion, their results are incomparable because the study regions,
feedstock types, and process methods were different. On the contrary, this study investi-
gates the economic and environmental consequences of competitive anaerobic digestion
methods in a properly defined region with the same biomass, making the comparisons more
valid. Therefore, this study offers a more reasonable basis for the decision-makers to allocate
capital and physical resources to optimize technology determination and improve regional
renewable energy development. Second, studies have shown the energy output ratio of
technologies; however, they have generally focused on the conversion efficiency rather than
on the economic feasibility of a technology [30,31]. Thus, the results of this study provide
an applicable basis for southeastern China to develop and apply the most capital-efficient
manure strategies and make the overall renewable energy development effective.

2. Materials and Methods
2.1. Background to Anaerobic Digestion

Sakar et al. [32] demonstrated that anaerobic digestion, which breaks down microor-
ganisms, can effectively manage pollution and waste. During digestion, microorganisms
play a key role in material decomposition. Still, Varjani et al. [33] indicated that other
factors, such as the pH level, nutrient environment, humidity, and temperature, also affect
the reaction rate and output ratio. The primary output from anaerobic digestion is biogas
and digestate [34]; biogas contains various gases, such as methane (CHy), hydrogen (Hj),
carbon dioxide (CO;), and nitrous oxide (N;O), and digestate is known as the biogas
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residual that can be used as biofertilizer to increase crop yields [26]. In addition, since
methane is the primary feedstock that is collected and utilized to provide energy in many
manure applications, this study will focus only on methane [35].

Among all the impacting factors, temperature is crucial because it directly influences
the output rates. Depending on the level of processing temperature, anaerobic digestion
can be classified into mesophilic and thermophilic modes, of which the former requires
a temperature between 30 and 40 °C. In contrast, the latter requires a temperature range
between 40 and 60 °C. The higher the processing temperature, the more biogas output
is expected due to active microorganism activities [36]. Table 1 shows the biogas output
of alternative biomasses and digestion processes. There is merit to discussing the data
further. While a thermophilic process generally produces more biogas per ton of manure,
it also requires more energy input to sustain the optimal temperature of a system [37].
Thus, a mesophilic process that yields lower biogas does not necessarily mean that it is
outperformed by the thermophilic mode. It is necessary to analyze the profitability of each
process and biomass feedstock.

Table 1. Biogas production of digestion modes (m3/ton feedstock).

Manure Mesophilic Thermophilic

Source (30-40 °O) (40-60 °Q)

Hog 83.45 84.5

Cattle 57.26 170

Sheep 110.75 157.59

Poultry 44 54
Source: [38].

2.2. System Boundary

To complete the economic and environmental assessments of manure application, the
system boundary should be carefully determined so that the influencing factors can be well
estimated, and the insightful results are appropriately obtained. A techno-economic analy-
sis (TEA) is widely used to evaluate the impacts of alternative economic components [39],
and a lifecycle analysis (LCA) is often used to estimate the environmental contributions
of factors during their lifetime [40]. For example, Kung et al. [23] employed a TEA to
analyze whether biochar application to cropland can increase farmers’ income, and to what
extent agricultural sustainability can be achieved. Additionally, Zhang et al. [20] adopted
an LCA to estimate the emission consequences of a biogas-to-energy conversion system.
Cao et al. [3] combined a TEA and LCA to construct an optimal bioenergy development
strategy. In this study, hog, sheep, cattle, and poultry manures are the primary feedstocks
used to examine the mesophilic and thermophilic digestion processes. Thus, the system
boundary is delineated in Figure 1, which identifies the flow of the raw materials to the
final use of outputs.

The system boundary indicates that anaerobic digestion applications may involve
multiple stages. First, the manure resources must be classified, collected, and packed.
Second, the transport and storage of the packed materials to the processing plant are
involved. Subsequently, the factors involved in the construction and operation of the
processing plant should be determined and estimated. The final stage is using biogas for
bioenergy production or as agricultural amendments. For each stage, the economic and
environmental factors should be identified and calculated, and they will be displayed in the
following subsections. We convert the results into a ton of manure as a basis for comparison.
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1. Manure collection and packing 1. Fuelused in manure collection
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4. Bioenergy production and sales 4. Offset from biopower
5. Biochar transportation and utilization 5. Offset from reduced input uses
6. Biochar-induced agronomicbenefits 6. Offset from biochar storage

Figure 1. Lifecycle assessment of anaerobic digestion.

2.3. Manure Distribution

This study investigates the potential use of manure in southeastern China under
two competing digestion systems, and we illustrate that the economic feasibility of the
technology depends not only on the conversion ratio but also on the production costs. Since
one of the most critical factors impacting the production costs is the acquisition cost of
the raw materials [23], the distribution of manure resources should be explicitly expressed
to estimate the collection and transportation costs associated with manure recycling and
reutilization. Table 2 displays the results.

Table 2. Production of animal manure (million tons).

Region Hog Cattle Poultry Sheep
Eastern Fujian 1.63 0.17 0.93 0.17
Southern Fujian 1.77 0.40 1.64 0.09
Northern Fujian 3.34 0.47 2.05 0.17
Pearl River Delta 3.60 0.51 2.89 0.18
Eastern Guangdong 1.37 0.17 0.56 0.02
Western Guangdong 6.07 0.50 2.99 0.16
Northern Guangdong 3.20 0.31 1.69 0.13
Northern Zhejiang 1.84 0.17 0.17 0.17
Southern Zhejiang 0.17 0.17 0.17 0.17
Northern Anhui 6.42 2.09 4.27 3.49
Central Anhui 3.28 0.61 3.57 0.58

Southern Anhui 2.25 0.48 3.85 0.15
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The data for Table 2 can be found in Table A6. Specifically, the data table contains three
kinds of data. (1) The raw data for livestock and poultry was collected from the statistical
yearbooks on the corresponding prefecture-level municipal government websites. The
specific URLs are provided in Appendix A. (2) The weight of manure is estimated based on
the number of livestock. The lifecycle of marketed pigs is calculated as 350 kg of manure.
That for breeding pigs is calculated as three times the weight of a pig. That for broilers
and laying hens is computed as 0.1 kg per day, with a life span of 55 days. Beef cattle
manure is calculated as an average of 10 kg per day, with a life span of 365 days. Dairy
cow manure is calculated as 20 kg per day. Sheep manure is calculated as an average of
1.5 kg per day, with a life span of 180 days. (3) The table provides data for 57 cities across
four southeastern provinces of China.

The specific cities in the study region and the data source are also identified. Fujian
Province (9 cities) is divided into eastern Fujian, southern Fujian, and northern Fujian.
Eastern Fujian includes Fuzhou, Ningde, and Putian; southern Fujian includes Xiamen,
Quanzhou, and Zhangzhou; and northern Fujian includes Longyan, Sanming, and Nan-
ping. Guangdong Province (21 cities) is divided into the Pearl River Delta, eastern Guang-
dong, western Guangdong, and northern Guangdong. The Pearl River Delta includes
Guangzhou, Shenzhen, Foshan, Dongguan, Zhongshan, Zhuhai, Zhaoqing, Jiangmen, and
Huizhou; eastern Guangdong includes Shantou, Chaozhou, Jieyang, and Shanwei; western
Guangdong includes Zhanjiang, Maoming, Yangjiang, and Yunfu; and northern Guang-
dong includes Shaoguan, Qingyuan, Heyuan, and Meizhou. Zhejiang Province (11 cities)
is divided into northern Zhejiang and southern Zhejiang. Northern Zhejiang includes
Hangzhou, Jiaxing, Huzhou, Shaoxing, Ningbo, and Zhoushan; southern Zhejiang includes
Wenzhou, Taizhou, Jinhua, Lishui, and Quzhou. Anhui Province (16 cities) is divided into
northern Anhui, central Anhui, and southern Anhui. Northern Anhui includes Fuyang,
Bozhou, Huaibei, Suzhou, and Bengbu; central Anhui includes Hefei, Lu’an, Huainan,
and Chuzhou; and southern Anhui includes Xuancheng, Huangshan, Chizhou, Tongling,
Wuhu, Anging, and Ma’anshan.

2.4. Identification of Cost and Benefit Components

To determine the alternative digestion modes’ overall profitability and emission offset
capability, it is necessary to classify the cost and benefit factors and estimate them with the
appropriate analysis. The following sections show the definitions of energy output, the
assumptions made for transportation, and the cost allocation of project investment.

2.4.1. Estimates of Biopower and Energy Sales

To evaluate the biopower production and subsequent economic and environmental
factors, it is necessary to define the capacity of the manure processing plant. In this study;,
the digester capacity is assumed to be 100,000 tons per year, and this plant can preprocess
the raw materials, digest the manures, separate the biogas and slurry, and convert the
biogas into biopower [39]. Based on Ji et al. [41], the removal rate of chemical oxygen
demand (COD) is approximately 85% and the gas yield is 2.23 m?®/day. Thus, we can
estimate the city-level biopower production (Power;;;) using Equation (1), shown below:

Powerj, = Z?Zl(biogas ij X manure;,) X Energy Coef (1)

where i stands for the types of manure resources, j denotes the mode of anaerobic digestion,
and z identifies the city. The variable biogas;; is the net biogas production from the ith
manure under the jth processing mode, which is expressed in cubic meters. manure;, is the
supply of jth manure resource in city z, and Energy Coef shows the energy conversion rate
of biogas to biopower, estimated at 2 kWh per m? of biogas [35].
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Nevertheless, a loss of methane is likely to occur during the production stage. For
example, Scheutz and Fredenslund [42] surveyed 23 biogas plants and showed that the
methane loss rate generally ranges from 0.4% to 14.9%, and it is significantly higher in
thermophilic processes. They also pointed out that, on average, the loss rate of methane
for all the processing stages is around 7.5%. Following their study, this study will take off
7.5% from the biogas production, and the net biopower potential will be estimated based
on 92.5% of the collected biogas.

2.4.2. Estimates of Production Profits
Production Costs

Their profitability must be carefully estimated to determine whether manure appli-
cations can be employed on a large scale. The cost components of manure recycling and
reuse involve biomass collection and packing, transportation, storage and preprocessing,
and anaerobic digestion [43]. The China Ministry of Agriculture [44] points out that the
collection and compaction cost for a ton of manure is around USD 10, and the Institute
of Agricultural Research [35] shows that the collection and compaction cost for poultry
manure is generally 10-20% higher. Thus, this study assumes that the per ton collection
cost is USD 27 for hog, USD 25 for cattle and sheep, and USD 30 for poultry manure. The
packing cost for mammals is USD 10 per ton, and it is USD 12 for poultry manure. Because
manure is processed constantly and a substantial portion must be stored and preprocessed
before it is eventually conveyed to an operating facility, the storage and the preprocessing
costs must be determined. OYM logistics [45] indicates that the storage cost for common
manufacturers is generally between USD 6 and 20 per cubic meter. Since manure is consid-
ered an environmental waste, its storage cost is substantially higher. This study assumes it
to be 15 USD/m?3.

Hauling efforts are required to convey manure to a processing facility. To investigate
the transportation costs, we used French [46] to estimate the hauling distance and hauling
expenses, expressed as Equations (2) and (3). This approach assumes that square-grid roads
surround the facility, and thus, the capacity of the processing plant and the distribution of
biomass significantly affect the results.

. . [ Demand
Hauling Distance = 0.4714 100 XY < den x 1.6 (2)

Hauling Cost = (bg + by x Distance) x Demand <+ Load 3

In Equation (1), by multiplying by a factor of 1.6, the Hauling Distance is converted
from miles to kilometers, and it shows the average kilometers between the collection sites
and the facility; Demand is the capacity of the processing facility; Y identifies the per-hectare
production of biomass; and den shows the distribution of the ranch. In Equation (2), by is
the fixed loading expense irrelevant of the capacity, which is assumed to be USD 110 per
truckload. by is the hauling cost, which includes the truck’s labor, fuel, and maintenance
costs, which are about USD 2.5 per kilometer. Load is the truckload, commonly assumed to
be 30 tons in China.

The costs of the processing plant should also be annualized. According to Aftab
et al. [47], the framework should include estimates, overhead, utility, labor, operation, and
maintenance costs, and Tang [48] illustrates how these factors can be calculated. Based
on this method, the annualized facility per ton of manure can be determined, as shown in
Equation (4).

Investment x (1 — Salvage)

Amortization =
mortization Useful life

x 100% (4)
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where Amortization is the total amount of facility costs to be allocated in each year; Investment
is the present value of assets, such as reactors and buildings; and Salvage is the residual
value of the facility at the end of its lifetime. Useful life determines the facility’s service life,
which is assumed to be 15 years in this study.

Income = Biogas (m®) x Energy Conversion x Energy Price ®)

Equation (5) further identifies the process of converting energy production into rev-
enues. Income is defined as USD/kWh; Biogas is the methane collected, with a unit of m3;
Energy Conversion is the power conversion ratio per ton of manure, with a unit of kWh/m?,
and Energy Price is the prevailing energy price, with a unit of USD/kWh. Additionally, the
GWh used in this study is equivalent to 10® kWh.

Economic Gains

The gains from manure applications are two-fold. First, biopower and emission
reduction can be sold to the market. We can estimate the energy sales revenues using the
prevailing electricity price of 0.09 USD/kWh. The emission reduction value is somewhat
arbitrary because the international emission price has been approximately USD 90-130 in
the United States and the European Union in recent years [49], but it is a mere USD 10-20
in China. Because China is an importing country and most of its products sold to the EU
must satisfy international standards, we use the emission price listed on the European
Climate Exchange to estimate the benefits of emission offset. Second, gains of biofertilizer
(i.e., digestate) should be calculated. Biofertilizer blended with chemical fertilizers can
improve soil fertility, reducing the seed needs, fertilizer use, and irrigation by approximately
17-36% [50-52], and increasing crop yields by approximately 9% [48]. Thus, the gains from
agricultural systems due to biofertilizer application should be counted.

3. Results and Discussion
3.1. Results of Power Generation

Table 3 shows the biopower production under different anaerobic modes and feed-
stocks. Hog manure generally yields the most biopower in all regions because it is the
primary livestock grown in China. Thus, hog manure can be a reliable input relative to
other sources. Additionally, because the biogas produced from hog manure is close by,
a 5% higher loss in the thermophilic mode would result in lower biopower. However,
hog manure can be considered a special case since the significant difference in biogas
production between the two processing modes is explored for the other manure sources.
Therefore, energy production in the thermophilic mode is still higher for cattle, poultry,
and sheep manure.

Poultry manure is another vital source that yields large amounts of biopower. In
most regions of Fujian, Guangdong, Anhui, and the Pearl River Delta, the use of poultry
manure can produce significant amounts of biopower. For example, in northern Fujian,
recycled hog manure has a power potential of up to 508-515 GWh, and poultry manure
can supply 432 to 516 GWh per year, depending on the anaerobic methods used. In Anhui
province (which aggregates the northern, central, and southern regions), poultry manure
can produce biopower of 952 GWh under a mesophilic system and 1137 GWh under a
thermophilic system. Thus, poultry manure should be appropriately managed due to its
excellent energy potential. If we only look at the net biopower production, cattle and sheep
manure are relatively unattractive; nevertheless, a conclusion cannot be obtained based on
this simple observation, and more issues should be considered.
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Table 3. Power potential under mesophilic and thermophilic modes (GWh).
Hog Cattle Poultry Sheep

Region

Meso Thermo Meso Thermo Meso Thermo Meso Thermo
Eastern Fujian 252.26 248.53 17.84 51.52 75.81 90.53 34.86 48.27
Southern Fujian 273.99 269.94 42.6 123.06 133.13 158.98 18.97 26.26
Northern Fujian 515.77 508.13 50.29 145.28 432.71 516.7 35.19 48.72
Pearl River Delta 545.98 537.89 35.77 103.3 217.82 260.1 13.98 19.36
Eastern Guangdong 193.21 190.35 27.46 79.33 49.46 59.05 3.69 5.11
Western Guangdong 899.05 885.77 53.2 153.65 277.35 331.19 28.83 39.92
Northern Guangdong 584.12 575.48 37.8 109.15 166.03 198.26 28.13 38.95
Northern Zhejiang 251.65 247.94 15.03 43.42 89.75 107.17 62.32 86.29
Southern Zhejiang 323.19 318.41 37.05 107.04 87.8 104.86 18.41 25.47
Northern Anhui 991.69 977.04 221.31 639.32 347.71 415.21 715.38 990.43
Central Anhui 505.97 498.49 64.53 186.41 290.68 347.11 119.02 164.78
Southern Anhui 347.11 341.99 50.4 145.64 313.37 374.19 30.66 42.45

By aggregating the results, hog manure can generate biopower ranging from 5599 to
5683 GWh; it is 653 to 1887 GWh for cattle, 2481 to 2963 GWh for poultry manure, and
1109 to 1536 GWh for sheep manure. The aggregate emission offset can also be substantial.
If all manures are properly utilized, the net emission offset can be up to 12.07 million
metric tons of CO, equivalent. If the biopower can be sold at the prevailing market price,
approximately USD 1086 million of energy sales can be expected.

Table 3 shows the net biopower production of each region and demonstrates that
hog and poultry manure are crucial for generating biopower. Figure 2 illustrates the areas
of biopower distribution, and provides efficient information regarding capital and input
allocation. The results show that while hog and poultry manure are intensively distributed
across the regions, cattle and sheep manure are generally distributed in Anhui province
(i.e., the upper part of Figure 2). This result is interesting because while the total biopower
from sheep and cattle manure is less, it could be a valuable addition to regions where these
manures are intensively distributed. A lower transportation and processing cost would be
expected with a greater distribution density. Thus, Figure 2 further points out that Anhui
and central Fujian may still use sheep and cattle manure as production alternatives.

3.2. Economic Analysis Using Techno-Economic Analysis
3.2.1. Manure Collection, Compaction, and Hauling

The economics of manure applications are considered by a techno-economic analysis,
in which all the benefits and costs associated with every production and processing stage
are estimated appropriately. Based on the market price, this study assumes that the per-ton
collection cost is USD 27 for hog, USD 25 for cattle and sheep, and USD 30 for poultry
manure. Following the recommendations of Aftab et al. [47] and the China Ministry of
Agriculture [44], the cost per ton of manure packing is USD 10 for hog, cattle, and sheep,
and USD 12 for poultry manure due to the higher collection effort [35].

Once the manure is correctly collected and packed, it is loaded onto a truck and
transported to the storage plant. Thus, the transportation costs must be estimated. We
can obtain the average hauling distance and hauling costs using Equations (2) and (3)
and the manure distribution data in Table 2. Table 4 shows the results. Of all the manure
resources, sheep manure has the lowest transportation distance and hauling costs because
it is centrally distributed. Compared to sheep manure, poultry and cattle manures have
a long hauling distance and high transportation cost, implying a divergent distribution.
Such high costs decrease the profitability. Thus, even if we calculate the net biopower
potential from the total manure supply, it is still uncertain whether these resources can be
economically recycled and reused.



Sustainability 2025, 17, 9875

10 of 29
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Poultry Manure (Mesophilic) Sheep Manure (Mesophilic) Cattle Manure (Mesophilic)

(al)
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Hog Manure (Thermophilic)

Power
(W Year)
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Figure 2. Power generation potential under different anaerobic digestion modes: (a) shows the
mesophilic mode while (b) shows the thermophilic system. Subscript 1 indicates hog manure,
Subscript 2 indicates poultry manure, Subscript 3 identifies sheep manure, and Subscript 4 stands for
cattle manure.

Table 4. Transportation distances and costs of manure resources.

Hog Cattle Poultry Sheep
Region Distance Cost Distance Cost Distance Cost Distance Cost

(km) (USD/ton) (km) (USD/ton) (km) (USD/ton) (km) (USD/ton)

Eastern Fujian
Southern Fujian
Northern Fujian
Pearl River Delta
Eastern Guangdong
Western Guangdong
Northern Guangdong
Northern Zhejiang
Southern Zhejiang
Northern Anhui
Central Anhui
Southern Anhui

19.14 11.70 15.35 9.39 30.23 18.48 17.41 10.65
19.47 11.90 24.95 15.26 36.26 22.17 12.27 7.50
27.69 16.93 28.42 17.38 68.48 41.87 18.97 11.60
13.59 8.31 10.38 6.34 25.76 15.75 4.44 2.71
14.70 8.99 16.81 10.27 21.61 13.21 4.84 2.96
31.56 19.29 24.30 14.86 49.07 30.00 14.45 8.84
25.82 15.79 21.29 13.02 39.61 24.22 14.17 8.67
13.11 8.01 8.67 5.30 22.25 13.60 15.64 9.56
17.21 10.52 17.19 10.51 25.27 15.45 10.45 6.39
29.41 17.98 45.13 27.59 49.68 30.37 62.56 38.25
24.00 14.67 28.17 17.22 52.43 32.06 29.80 18.22

14.52 8.88 17.27 10.56 38.56 23.57 10.91 6.67
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The results indicate that the transportation distance and cost can vary significantly.
This is due to the distribution and availability of specific biomasses. If a biomass is concen-
tratedly distributed within a small area, like sheep manure, then the average transportation
distance is low and yields a low transportation cost.

3.2.2. Feedstock Storage and Pretreatment

A continuous and stable energy supply is key for a resource to be reliable. Thus,
storage and preprocessing costs that guarantee the continuous operation of a facility should
be considered. For most long-term projects, building a warehouse in an industrial park is
relatively more cost-effective than renting one. This study suggests that investors construct
a warehouse and then depreciate this investment. On average, the construction cost per m?
is USD 143.6, and thus for a storage facility with 10,000 m? and 100,000 tons capacity, the
estimated storage cost per ton of biomass is be USD 14.36. Chen et al. [17] provide estimates
for the manure pretreatment cost. Based on a 15-year useful life and a 5% discount rate, the

annualized pretreatment cost per ton of manure is around USD 0.82.

3.2.3. Cost of Plant Construction and Operation

The next step is to calculate the plant’s construction and operation costs. Since the
plant’s useful life is assumed to be 15 years, the discount rate is 5%, and the annual
processing capacity is 100,000 tons, the plant’s annualized fixed cost is approximately
USD 3.72 per ton of manure [39]. The variable cost associated with the plant’s operation is
another crucial component. Based on the reported Consumer Price Index report [49], the
operating cost per ton of manure is USD 5.6, among which the equipment maintenance
cost is USD 3.36, the labor and management cost is USD 1.4, and the energy used to operate
the reactors costs USD 0.84.

3.2.4. Cost of Power Generation

The per kWh electricity cost can be calculated along with the estimated costs and the to-
tal power potential, and are presented in Table 3. Table 5 shows the results. Since the biogas
output and subsequent biopower production depend on the digestion modes, we separately
present the unit cost for alternative processes. The results demonstrate that the source with
the highest energy potential may not be the most economical choice. For example, hog
manure has the most tremendous amount and is assumed to be the most helpful source in
biopower production. Indeed, the cost per kWh from hog manure ranges from GHS 16.78
to GHS 18.89 under mesophilic mode and GHS 17.27 to GHS 18.93 under thermophilic
mode. Such a high development cost makes manure-based biopower unattractive.

Table 5. Electricity cost under alternative delivered feedstock costs.

Feedstock (USD/ton) 20 30 40 50

Mesophilic Electricity cost (US cents/kWh)

Hog 17.83 18.62 19.16 19.94

Cattle 27.12 28.27 29.05 30.2

Sheep 26.78 27.09 27.94 28.3

Poultry 34.5 36 37.02 38.5
Thermophilic Electricity cost (US cents/kWh)

Hog 18.23 18.61 19.16 19.89

Cattle 20.09 20.28 20.55 20.92

Sheep 22.88 23.62 24.17 24.83

Poultry 29.3 29.9 30.77 3191
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Nevertheless, the development cost does not indicate a negative net profit because
we still need to incorporate the environmental benefits, such as cropland feedstock and
emission trades, into account. Additionally, the thermophilic mode incurs a lower per
kWh cost for other manure sources because they have higher biogas production under
the thermophilic mode, even with an additional 5% loss of biogas collection. Since the
facility is generally assumed to be operated under a specific technology and the transition
between modes cannot be freely adjusted, a higher per kWh power cost would occur if
the mesophilic mode were used. Table 5 also indicates that under the current cost profile,
anaerobic digestion may not be a good choice because the power supplier can generate
more electricity but at a high cost. Nevertheless, the gains in biopower production come
not only from energy sales but also from the agricultural feedback associated with digestate
application and emission trades. Thus, a further investigation of these components should
be conducted.

Table 5 shows the unit power cost, but how much the manure application contributes
to the profits should also be explored to validate the feasibility of the technologies across
provinces and cities. Table 6 shows the results. Fujian and Anhui generally have higher
energy sales because they produce more manure. Since the manure is unlikely to be
transported across provinces due to the higher transportation costs, the manure is locally
processed and thus increases the regional renewable energy supply and energy sales. We
also show that poultry manure generates considerable revenues. However, because it
incurs higher collection and packing costs, it is still considered a less cost-effective resource
and should be used only after hog manure. Based on the economics, hog manure should
first be used. Poultry and sheep manure should not be used independently because they
generate the lowest amount of power and are not worth constructing a processing facility
just for sheep manure. The results indicate that sheep and cattle manure should be used as
Appendix A to hog and poultry manure to maintain the routine operation of reactors. In
general, if hog manure is processed under mesophilic systems, the benefits from selling
it could be up to USD 533.16 million. A vast divergence occurs for cattle manure. Under
a thermophilic system, it could yield up to USD 177 million in revenues, but it sharply
decreases to USD 61.3 million under mesophilic modes. The results indicate that the system
selection significantly affects the profitability of manure application.

Table 6. Benefits of biogas power generation (million USD).

Hog Cattle Poultry Sheep
Region
Meso Thermo Meso Thermo Meso Thermo Meso Thermo

Eastern Fujian 23.66 23.31 1.67 4.83 7.11 8.49 3.27 4.53
Southern Fujian 25.70 25.32 4.00 11.54 12.49 14.91 1.78 2.46
Northern Fujian 48.38 47.66 4.72 13.63 40.59 48.47 3.30 4.57
Pearl River Delta 51.21 50.46 3.36 9.69 20.43 24.40 1.31 1.82
Eastern Guangdong 18.12 17.86 2.58 7.44 4.64 5.54 0.35 0.48
Western Guangdong 84.33 83.09 4.99 14.41 26.02 31.07 2.70 3.74
Northern Guangdong 54.79 53.98 3.55 10.24 15.57 18.60 2.64 3.65
Northern Zhejiang 23.61 23.26 1.41 4.07 8.42 10.05 5.85 8.09
Southern Zhejiang 30.32 29.87 3.48 10.04 8.24 9.84 1.73 2.39
Northern Anhui 93.02 91.65 20.76 59.97 32.62 38.95 67.10 9291
Central Anhui 47 .46 46.76 6.05 17.49 27.27 32.56 11.16 15.46
Southern Anhui 32.56 32.08 4.73 13.66 29.39 35.10 2.88 3.98

3.2.5. Benefits of Digestate Application for Agriculture

Biogas is used to generate electricity, and the rest of the biomass residual, the digestate,
can also have value. It can be hauled to the cropland and blended with chemical fertilizers
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to improve the soil quality and crop yields. Such applications involve two sorts of economic
activities. The first activity is transportation, in which the digestate is loaded in the facility
and hauled to the nearby cropland. The second activity is attached to the cost savings
from fertilizer reduction [53]. The hauling distance and hauling cost of digestate can be
estimated using Equations (2) and (3), which are presented in Table 7.

Table 7. Transportation effort attached to digestate.

Hog Cattle Poultry Sheep

Meso Thermo Meso Thermo Meso Thermo Meso Thermo
Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost
(km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD)

FJ-E 9.76 5.97 9.57 5.85 8.68 5.31 6.69 4.09 1763 1078 16.56  10.12 9.54 5.83 7.39 4.52
FJ-S 9.93 6.07 9.73 5.95 1412 8.63 10.88 6.65 21.14 1293 1986 12.14 6.72 411 521 3.18
FJ-N 1412 8.63 13.84 8.46 16.08 9.83 12.39 7.57 3993 2441 3751 2293 10.39 6.35 8.05 4.92
PRD 6.93 424 6.80 4.16 5.87 3.59 4.52 2.77 15.02 9.19 14.11 8.63 243 1.49 1.88 1.15
GD-E 7.49 4.58 7.35 4.49 9.51 5.81 7.33 4.48 12.60 7.70 11.84 7.24 2.65 1.62 2.05 1.25
GD-W 1698 1038 16.65 10.18 13.75 8.40 10.59 6.48 2868 1754 2694 1647 7.92 4.84 6.13 3.75
GD-N 1339 8.18 13.13  8.03 1206 7.37 9.29 5.68 2668 1631 2506 15.32 7.37 4.50 5.71 3.49
ZJ-N 6.68 4.09 6.55 4.01 4.90 3.00 3.78 2.31 12.97 7.93 12.19 7.45 8.57 524 6.64 4.06
7ZJ-S 8.77 5.36 8.60 5.26 9.72 5.94 7.49 4.58 14.74 9.01 13.84 8.46 5.72 3.50 443 271
AH-N  15.00 9.17 1471 899 2553 15.61 19.67 12.03 2897 17.71 2721 16.64 3427 2095 26.54 16.23
AH-C 1224 748 12.00 7.34 1594 9.74 12.28 7.51 3057 18.69 2872 1756  16.32 9.98 12.64 7.73
AH-Si 7.41 4.53 7.26 4.44 9.77 5.97 7.53 4.60 2248 13.75 2112 1291 5.98 3.65 4.63 2.83

The biofertilizer’s hauling distance and costs vary significantly depending on the
processing methods and distribution area. The biofertilizer produced by hog and poultry
manure is much greater than that from cattle and sheep manure. Thus, they will incur
higher hauling costs. For hog-manure-based biofertilizer, the transportation distance
ranges from 6.55 to 116.98 km, with a hauling cost between USD 4.01 and 10.38 per ton of
biofertilizer. This amount is significantly higher than that calculated by other studies, such
as that by Kung et al. [54], in which the per ton hauling cost of biofertilizer generally falls
between USD 2.8 and 3.5. A higher initial loading cost and the longer distances in China
may be the cause. However, in China the trucks also face a higher diesel price, which may
further increase the hauling costs associated with manure application. Thus, comparing the
hauling cost differences among different countries and regions may require a more detailed
analysis. In this study, we follow the above calculation.

According to Hu et al. [55], the cost of chemical fertilizer in China is approximately
USD 185 per ha, and a 20% savings in fertilizer use will thus reduce the input costs
by USD 37. We then assume that the price for blending and applying biofertilizer is
USD 10 per ton. Therefore, depending on the residual production rate of manure, manure
types, and processing strategies, the average savings in fertilizer will range from USD 27.7
to USD 43.5.

3.3. Greenhouse Gas Offset

In addition to a standard economic assessment of manure application, the environmen-
tal consequences, such as the emissions released during transportation and plant operation,
emissions offset by biofertilizer, and fossil energy replacement, should be appropriately
accounted for because the emissions have a value and can be traded in the emissions
markets. Therefore, this study also incorporates a lifecycle analysis to estimate the emission
effects during each production stage and then convert the net offset into a monetary value
to reflect the overall profitability of China’s manure application.
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3.3.1. Emissions from Manure Collection and Hauling

To collect and compact biomass materials, energy is consumed and CO, is emitted.
It is estimated that 1.391 L of diesel and 0.355 L of gasoline are used to process a ton of
manure [56]. Using the EPA factor of fossil energy, the average CO, emissions released by
biomass collection is 0.00457 tons. The transportation of biomass from the site to the plant
also consumes diesel. According to Table 4, the average fossil energy used by different
manure sources varies. Since the per km energy use for a standard 30-ton truck is 0.38 L,
we can calculate the emissions released during the transportation stage. Depending on the
manure type, it is estimated to be 0.0023 to 0.0038 tons per ton.

3.3.2. Emissions from Plant Operation

The emissions from a plant’s operation is derived from the study of Kung et al. [27].
For a 100,000-capacity digestion plant, the annual usage of natural gas ranges from 300
to 500 tons, depending on the processing alternatives. For example, compared to the
mesophilic mode, a thermophilic system requires more energy to sustain the optimal
temperature [57]. Thus, the thermophilic mode uses more energy and releases more
emissions. Using the emission factors reported for greenhouse gases, regulated emissions,
and energy use in transportation (GREET), the approximate CO, emissions for a mesophilic
system is 0.01 t COse, and it is 0.021 t COse for the thermophilic process.

3.3.3. Electricity Generation Offset

Biogas is used to produce biopower, which increases the domestic energy supply and
reduces energy imports. Thus, a portion of fossil energy is replaced, and the total emissions
from fossil energy can be decreased. The potential emissions reduction is calculated by
multiplying the emission factors of fossil energy by the results from Table 3. However, the
net fossil offset from biopower differs among manure sources and processing strategies.
The offset capability per ton of manure ranges from 0.042 to 0.0806 tons for hog and poultry
manure. The offset ratio is generally between 0.0546 and 0.1622 tons for cattle and sheep
manure. Nevertheless, while sheep and cattle manure have a higher offset ratio, the net
emission offset from these sources is lower due to low material supply.

3.3.4. Reduction in Mineral Fertilizer Inputs

In southern China, rice is the most common crop, and thus, in this study, we assume
the digestate is hauled back to the rice fields. During this application, two sources of
emissions should be accounted for. The first component is the energy used in digestate
transportation, and the second one is the emission offset from reduced fertilizer use.

One crucial emission component comes from fertilizer use. Since the application of
digestate reduces the need for mineral fertilizers, its use would also decrease the total
N,O emissions from fertilizer use. Based on the agricultural data, the average amount of
nitrogen fertilizer used for a hectare of rice paddy is approximately 69.65 kg of nitrogen
(N), 111.44 kg of potassium (K), and 41.97 kg of phosphorus (P) [58]. With an assumption
of 15% fertilizer savings, the use of N fertilizer, P fertilizer, and K fertilizer would be
10.45 kg, 16.72 kg, and 6.29 kg, respectively. Using Equation (6), illustrated in the USEPA
Draft Regulatory Impact Analysis [59], the direct reduction in N,O emissions per ton of
manure is estimated to be 0.00146 t CO,e for the mesophilic mode and 0.0014 t CO,e under
thermophilic systems.

[Ns X (1 =V5)+ Ny x (1-V,)] xEfp (6)

where N is the nitrogen in synthetic N fertilizer and is equivalent to 99.86% of total N
fertilizer. N is the nitrogen in organic N fertilizer and its composition is 0.14%. Vs is the
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fraction of synthetic N volatilized, and it is 10% based on the IPCC. V, is a fraction of
organic N volatilized, equal to 20% from the IPCC. Efp is the N, O emission factor, and it is
estimated to be 1% from the IPCC.

The hauling emissions are calculated by multiplying the emission factor by the results
of Table 6. On average, the transportation emissions are between 0.0023 and 0.0038 tons
per ton of digestate, depending on the processing modes and manure sources. In terms
of emissions from fertilizer, the USEPA [59] has demonstrated that fertilizer increases
N,O emissions. Thus, if the digestate can reduce fertilizer use, the total emissions from
agricultural practice can also be reduced. Based on the emission factors of chemical
fertilizers, a 20% reduction in fertilizer use would result in a reduction of 0.00101 to
0.00191 tons of COse.

3.3.5. Net GHG Balance

The net emission consequences associated with manure application are presented in
Table 8. The net emission reduction per ton of manure is between 0.047 and 0.132 t CO»e,
depending on the type and digestion modes. The emission offset from the energy output is
significantly higher than that from fertilizer reduction. In addition, since cattle manure has
a greater energy conversion rate under the thermophilic mode, its net emission reduction is
the highest. As of February 2023, the emission trade price listed on the European Climate
Exchange is about USD 104 per ton of CO, [58]. Thus, we can estimate the emission value
associated with manure application, which is displayed in the bottom row of Table 8.
However, the emission price fluctuated frequently during 2024 and 2025, and thus, the
emission price should be updated and forecasted before projects are actually undertaken.

Table 8. Net GHG balance (tons CO2e/per ton feedstock).

Manure

Hog Cattle Poultry Sheep

Anaerobic Digestion Type

Meso  Thermo Meso Thermo Meso Thermo Meso Thermo

Collection
Hauling
Plant operation
Electricity offset
Biofertilizer hauling
Reduced fertilizer use
Net GHG effect

(0.0046)  (0.0046)  (0.0046)  (0.0046)  (0.0046)  (0.0046)  (0.0046) (0.0046)
(0.0033) (0.0033)  (0.0037)  (0.0028)  (0.0038)  (0.0023)  (0.0036) (0.0028)
0.01)  (0.021)  (0.01) (0.021) 0.01)  (0.021)  (0.01)  (0.021)
00796  0.0806  0.0546  0.1622 0.042 0.0515  0.1057  0.1504
(0.0033) (0.0033)  (0.0037)  (0.0028)  (0.0038)  (0.0023)  (0.0036) (0.0028)
0.00146  0.0014  0.00179  0.00106  0.00191  0.00168 0.00168  0.00101
0.059 0.049 0.035 0.132 0.021 0023  0.085 0.12

3.4. Totality of Value

Table 9 totalizes the economic and environmental values of manure application. The
results show that the input types and digestive modes significantly influence the profitabil-
ity. The profit from the mesophilic mode is between USD 10.32 and USD 25.36, while that of
thermophilic systems ranges from USD 8.36 to 34.3. The thermophilic process seems more
profitable because it yields higher power, but it also incurs a lower net profit if poultry
manure is utilized. Additionally, a mesophilic system generally brings more agronomic
benefits. Thus, the lower bound of a mesophilic system is higher, but the thermophilic
mode offers a higher upper bound of profits. Nevertheless, agricultural benefits sometimes
involve greater uncertainty due to regional characteristics, such as temperature, rainfall,
and soil quality; the benefits from a mesophilic system may stem from higher uncertainty.

The feedstock acquisition, transportation, and facility operation are the major cost
components, while the energy sales and values attached to biofertilizer constitute the gains.
The results show that digestate applications are more critical to the profitability and indicate
that a variation in this factor could significantly influence the applicability of technologies.
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A slight decrease in the agronomic value could significantly impact a project’s profitability.
Since the agronomic analysis did not consider the soil quality, precipitation, rainfall, or
other regional characteristics, these estimates may deviate from reality, and a more detailed
evaluation of agricultural systems should be conducted.

Table 9. Economic results reported (on a per-ton feedstock basis, in USD).

Manure

Hog Cattle Poultry Sheep

Anerobic Digestion Type

Meso Thermo Meso Thermo Meso Thermo Meso Thermo

Feedstock collection and
compaction
Fecal pretreatment cost
Maintenance
Labor
Construction cost
Overhead
Biofertilizer hauling cost
Electricity value
Biofertilizer value
GHG value
Net margin—all

(15.00)  (15.00)  (16.41)  (1641)  (22.75)  (22.75) (21.38)  (21.38)

052)  (0.52) (0.52) (0.52) (0.52) (052)  (052)  (0.52)
(3.88)  (3.96) (3.88) (3.96) (3.88) (396)  (3.838)  (3.96)
(141)  (1.41) (1.41) (1.41) (1.41) (141)  (141)  (141)
(3.38)  (3.38) (3.38) (3.38) (3.38) (338) (338  (3.38)
(4.08)  (4.08) (4.08) (4.08) (4.08) (4.08)  (4.08)  (4.08)
(5.80)  (5.69) (6.43) (4.96) (6.63) (6.23)  (6.23)  (4.82)

14.48 14.27 9.94 28.70 7.64 9.12 19.22 26.61
35.60 34.62 41.52 28.70 43.49 39.55 39.55 27.72
5.19 4.31 3.08 11.62 1.85 2.02 7.48 10.56
21.20 19.15 18.42 34.30 10.32 8.36 25.36 25.33

In addition, governments have provided several subsidies to maintain electricity
prices; thus, energy sales are a relatively stable source of income. In general, the revenue
from energy sales is approximately 18% to 30% of the total revenue, and it would have
less impact on the overall profitability. While the extent of gains depends on the manure
source and technology employed, this study shows how a techno-economic assessment
can present a comprehensive manure application examination. This study explores the
composition of income sources by analyzing the energy potential and the uses of anaerobic
digestate. It identifies the impact factors of each component, thereby providing insightful
economic information for the decision-makers and practitioners.

3.5. Sensitivity Analysis

The study illustrates the economic and environmental effects of manure application in
southern China. However, some uncertainties are continuously involved and we cannot
treat the results deterministically. Instead, the risks associated with the development
strategy should also be examined. In this section, we provide a sensitivity analysis to
discover how changes in energy and emission prices alter profitability.

Figure 3 presents and compares the results of four sensitivity scenarios. Specifically,
the scenarios contain 10% and 20% price increases and decreases in energy and emission
prices. They indicate that profits are generally linearly related to price changes. However,
the slopes can be different. Figure 3(al,a2) show that the changes in energy price have a
steeper slope than that for emission price. The reason for this is because biopower is the
most significant revenue source, and a slight change in the energy price could be substantial.
The profit change due to an emission price change is relatively mild, but for sheep and
cattle manure, for which the emission offset constitutes the significant revenue source, a
greater change in the emission price would alter their profitability considerably.
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Figure 3. Sensitivity analysis. (a) indicates the changes in energy price and (b) identifies the changes
in emission price. Column 1 shows a mesophilic system while Column 2 presents the results for
thermophilic modes.

3.6. Policy Implications

China has imported and utilized substantial fossil energy to sustain its development.
However, such intensive energy use has also increased CO, emissions and intensified
climate change. Thus, the Chinese government has promulgated multiple renewable
energy programs to stimulate domestic clean energy production. Manure can be used
for energy production, composting, and direct application to cropland. Studies [60] have
shown that the profit per ton of hog manure may reach USD 7 for composting, but the
results may not be widely applicable due to regional characteristics and market conditions.
This study evaluates how southern China may recycle manure for biopower production
and examines whether an economically feasible possibility exists. Based on the analysis,
the results provide several insightful and applicable policy recommendations to improve
manure utilization.

(1) Alleviation of financial risks. Regional governments have decided to convert ma-
nure into energy because it reduces the environmental pollution associated with manure
treatments and increases bioenergy production, which is meaningful for carbon neutrality.
However, the results show that not all manure sources can be used as energy sources due
to high production costs. The production cost is the key factor impacting the profitability
index, and it greatly influences producers’ financial risk, making some processing strategies
not marketable. For example, USEPA [59] points out that investors would choose not to
expand the production scale unless they can reduce the investment and operating risks
associated with projects. This implies that capital must be appropriately secured to achieve
an efficient economic scale for a green project. If this is not the case, it will likely incur a
loss to social welfare.

Green policies are sometimes helpful, but market mechanisms are generally used
to determine production efficiency. One way to alleviate investors’ financial risk is to
enlarge the green finance market so that investors can borrow at a lower rate, reducing
the operating risks associated with a clean program. The Chinese government has set up
some green financial policies to assist green industries and projects; however, the taxation
standard is not fully determined, and this discourages lenders from investing in such
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projects. A clear standard that benefits capital lenders, such as a tax cut on the received
interest payments from green finance markets, is necessary to improve large-scale manure
reuse projects. However, in China, the green financing market is under-established; most
firms can only borrow using high-cost loans rather than low-cost green funds. Further
promotion of the green market is necessary.

(2) Biomass selection and density distribution. The study explores the fact that biomass
transportation costs are another crucial factor affecting profits. Instead of directly looking at
the transportation costs, verifying the reasons for changing the costs is more critical. High
transportation costs come with long hauling distances, primarily determining biomass dis-
tribution. Thus, the abundance of resources fundamentally affects transportation costs [60].
This result implies that if a manure source is diversely distributed, this resource would
eventually experience an increased hauling distance and subsequent hauling cost.

The results indicate that when planning for the goal of net biopower production, a local
government should not simply take the total manure quantity as the usable value. Instead,
an advanced investigation into the resource type and its distribution should be conducted
to make its use efficient. This is not a big problem for most hog and cattle breeding, but
the collection of poultry manure generally involves greater efforts. A possible approach to
deal with such difficulties is to build many small digestive operators near poultry parks
to reduce the biomass requirements for each plant and the total transportation distance.
Another possible solution is to determine the plant’s location. For example, suppose the
plant is in the center of a grid road. In that case, the average hauling distance from each
breeding mill to the processing plant can be shortened, decreasing the hauling costs.

(3) Energy sales and emission trade. The government cares about the total renewable
energy production to improve national energy security. However, this is not the concern
of energy producers because, as a company, they should only care about whether such
processes make a profit. Because the revenue sources of manure applications come from
energy sales and emission trades, a successful manure reutilization program must ensure
the realization of the energy output and emission offsets supplied by the producers.

In China, energy sales are not easy because the government manages all utilities. Thus,
the most challenging issue for a small renewable power plant is not to generate power at a
low cost, but to sell electricity to the nation-owned utility companies. If energy producers
find it impossible to sell their electricity to the utility system, investments in these projects
will be discouraged, and the renewable energy industry will eventually collapse. One way
to deal with this concern is to contract a sellable quantity of biopower at a predetermined
price, and firms can look at the price profile to determine their investments. Another issue
related to profitability is the realization of emission values. The results indicate that a
nontrivial portion of profits consists of emission offsets. The government should complete
the current emission monitoring and trading system to allow small power suppliers to
certify their offset contribution in the market. Otherwise, the economic scale of manure
applications will decline.

4. Conclusions

Manure recycling and reutilization are crucial in environmental management, as
well as in the renewable energy supply and agricultural sustainability. This study identi-
fies the components related to manure development and explores the key factors affect-
ing their profitability under the TEA and LCA frameworks. In this study, we establish
three key findings.

First, while hog and poultry manure do not have the most significant energy con-
version rates, the abundance of these resources significantly decreases the transportation
efforts and improves the profitability. If all manures are properly utilized, the net emission
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offset can be up to 12.07 million metric tons of CO; equivalent, with an aggregate energy
revenue of approximately USD 1086 million annually. Second, while mesophilic digestion
yields relatively less biopower, it also emits less CO, and incurs a lower production cost
during operation. For small energy producers who do not want to bear high investment
risks, mesophilic processes are preferable thermophilic systems. Third, farmers can use
digestate as a biofertilizer, improving agricultural sustainability. Our results indicate that
manure applications can yield a profit ranging from USD 8.36 to USD 34.3, which is made
by biofertilizer, whose benefit is roughly between USD 27.72 and USD 43.49. Digestate
offers another possibility for energy suppliers to expand a revenue channel. However, it
would be necessary to examine the exact price of the sellable digestate.

We also present some limitations of this study. First, the agricultural system is complex,
and it is not likely that biofertilizer will always result in economic benefits. For example,
precipitation patterns vary across regions, and digestate losses may occur. If heavy rainfall
and runoffs arise, the loss rate could be significant; we must then discount and reevaluate
the biofertilizer’s benefits and the agronomic effects. Second, the emission monitoring sys-
tem in southern China is not well employed, and thus, the offset capacity from alternative
manure processing technologies cannot be appropriately defined and determined. This
would probably result in significant estimation errors of emission offset and understate the
values attached to emission reduction.
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Appendix A

The appendix provides more detailed city-level information, in which Table A1 shows
the manure production, Table A2 calculates the power potential from each manure source,
Table A3 presents the transportation effort associated with the raw materials, Table A4
estimates the agricultural benefits, and Table A5 displays the transportation information
for biofertilizer.

Table Al. Manure source by category (million tons).

City Hog Cattle Poultry Sheep
Jiaxing 151,655 4402 270,272 99,657
Huzhou 155,680 0 226,513 123,984
Taizhou 297,220 74,142 277,423 25,704
Zhoushan 40,040 215 3990 1242

Shaoxing 316,785 31,180 133,853 16,632
Hangzhou 565,565 46,260 314,846 47,358
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Table A1l. Cont.

City Hog Cattle Poultry Sheep
Ningbo 400,365 59,806 153,080 15,336
Lishui 308,420 99 81,697 12,916
Jinhua 563,360 89,711 154,280 10,341
Quzhou 526,260 66,709 385,145 10,989
Wenzhou 398,160 119,145 180,111 29,862
Tongling 106,319 8848 160,847 4477
Chizhou 231,396 20,644 287,766 7221
Huangshan 307,439 40,542 139,630 7273
Hefei 668,450 164,900 1,277,525 56,242
Lu’an 998,011 108,756 814,220 184,769
Huaibei 417,207 126,914 192,717 86,640
Huainan 507,007 154,192 528,361 155,114
Chuzhou 1,103,864 181,340 950,915 184,800
Anging 802,019 200,817 1,290,670 42,332
Suzhou 1,828,800 365,609 1,419,538 1,303,259
Bengbu 784,428 673,796 999,750 504,018
Fuyang 1,924,650 642,902 1,121,408 1,044,369
Bozhou 1,468,573 280,018 538,251 553,274
Ma’anshan 179,861 59,123 273,146 35,684
Wuhu 247,958 58,186 705,701 21,662
Xuancheng 373,445 87,741 992,109 31,016
Xiamen 152,256 28,900 30,854 2450
Zhangzhou 1,010,850 208,318 1,090,588 23,077
Fuzhou 908,590 129,394 508,949 125,096
Putian 241,845 13,211 292,065 19,474
Sanming 874,511 87,976 361,972 78,143
Quanzhou 611,615 164,923 514,145 67,052
Nanping 681,479 196,772 3,624,664 41,188
Longyan 1,784,843 190,023 1,329,268 52,434
Ningde 483,568 25,800 130,353 25,591
Guangzhou 266,952 38,922 323,559 602
Shaoguan 1,176,625 50,368 369,691 18,471
Shenzhen 32,681 7557 10,983 101
Zhuhai 43,749 15 24,068 31
Shantou 221,380 10,633 108,680 1087
Foshan 403,285 9126 354,363 1552
Jiangmen 919,918 23,178 755,225 7231
Zhanjiang 1,667,626 255,230 631,805 67,334
Maoming 2,372,254 108,438 1,511,885 34,429
Zhaoqing 1,256,045 174,946 753,765 52,093
Huizhou 600,266 82,779 389,316 6231
Meizhou 828,146 111,347 552,531 49,218
Shanwei 374,984 116,577 150,617 7797
Heyuan 578,549 66,622 357,739 12,648
Yangjiang 1,108,792 105,732 187,648 15,770
Qingyuan 1,200,284 128,380 759,727 56,986
Dongguan 6772 354 14,366 149
Zhongshan 6863 764 50,172 238
Chaozhou 170,366 23,452 114,131 906
Jieyang 484,750 108,591 234,130 8200
Yunfu 674,861 32,759 1,075,958 23,193
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Table A2. Power potential under alternative digestion methods (GWh).
Ci Hog Cattle Poultry Sheep
1y Meso Thermo Meso Thermo Meso Thermo Meso Thermo
Jiaxing 23.41 23.07 0.47 1.35 22.00 26.27 20.42 28.27
Huzhou 24.03 23.68 0.00 0.00 18.44 22.02 25.40 35.17
Taizhou 45.89 45.21 7.85 22.69 22.58 26.97 5.27 7.29
Zhoushan 6.18 6.09 0.02 0.07 0.32 0.39 0.25 0.35
Shaoxing 4891 48.18 3.30 9.54 10.90 13.01 3.41 472
Hangzhou 87.31 86.02 4.90 14.16 25.63 30.60 9.70 13.43
Ningbo 61.81 60.90 6.34 18.30 12.46 14.88 3.14 4.35
Lishui 47.61 46.91 0.01 0.03 6.65 7.94 2.65 3.66
Jinhua 86.97 85.69 9.50 27.45 12.56 15.00 212 293
Quzhou 81.25 80.04 7.07 20.41 31.35 37.44 2.25 3.12
Wenzhou 61.47 60.56 12.62 36.46 14.66 17.51 6.12 8.47
Tongling 16.41 16.17 0.94 2.71 13.09 15.63 0.92 1.27
Chizhou 35.72 35.20 2.19 6.32 23.42 27.97 1.48 2.05
Huangshan 47.46 46.76 429 12.41 11.37 13.57 1.49 2.06
Hefei 103.20 101.67 17.47 50.46 103.99 124.18 11.52 15.95
Lu’an 154.08 151.80 11.52 33.28 66.28 79.14 37.86 52.41
Huaibei 64.41 63.46 13.44 38.84 15.69 18.73 17.75 24.58
Huainan 78.27 77.12 16.33 47.18 43.01 51.36 31.78 44.00
Chuzhou 170.42 167.90 19.21 55.49 77.40 92.43 37.86 52.42
Angqing 123.82 121.99 21.27 61.45 105.06 125.45 8.67 12.01
Suzhou 282.33 278.16 38.73 111.88 115.55 137.98 267.02 369.69
Bengbu 121.10 119.31 71.38 206.18 81.38 97.18 103.27 142.97
Fuyang 297.13 292.74 68.10 196.73 91.28 109.00 213.98 296.25
Bozhou 226.72 223.37 29.66 85.69 43.81 52.32 113.36 156.94
Maanshan 27.77 27.36 6.26 18.09 22.23 26.55 7.31 10.12
Wuhu 38.28 37.71 6.16 17.81 57.44 68.59 4.44 6.14
Xuancheng 57.65 56.80 9.29 26.85 80.76 96.43 6.35 8.80
Xiamen 23.51 23.16 3.06 8.84 2.51 3.00 0.50 0.69
Zhangzhou 156.06 153.75 22.07 63.75 88.77 106.01 473 6.55
Fuzhou 140.27 138.20 13.71 39.59 4143 49.47 25.63 35.49
Putian 37.34 36.78 1.40 4.04 23.77 28.39 3.99 5.52
Sanming 135.01 133.01 9.32 26.92 29.46 35.18 16.01 2217
Quanzhou 94.42 93.03 17.47 50.47 41.85 49.97 13.74 19.02
Nanping 105.21 103.65 20.84 60.21 295.05 352.32 8.44 11.68
Longyan 275.55 271.47 20.13 58.15 108.20 129.20 10.74 14.87
Ningde 74.65 73.55 2.73 7.89 10.61 12.67 5.24 7.26
Guangzhou 41.21 40.60 412 11.91 26.34 31.45 0.12 0.17
Shaoguan 181.65 178.96 5.34 15.41 30.09 35.93 3.78 524
Shenzhen 5.05 497 0.80 2.31 0.89 1.07 0.02 0.03
Zhuhai 6.75 6.65 0.00 0.00 1.96 2.34 0.01 0.01
Shantou 34.18 33.67 1.13 3.25 8.85 10.56 0.22 0.31
Foshan 62.26 61.34 0.97 2.79 28.85 34.44 0.32 0.44
Jiangmen 142.02 139.92 2.46 7.09 61.48 73.41 1.48 2.05
Zhanjiang 257.45 253.65 27.04 78.10 51.43 61.41 13.80 19.10
Maoming 366.23 360.82 11.49 33.18 123.07 146.96 7.05 9.77
Zhaoging 193.91 191.04 18.53 53.53 61.36 73.27 10.67 14.78
Huizhou 92.67 91.30 8.77 25.33 31.69 37.84 1.28 1.77
Meizhou 127.85 125.96 11.80 34.07 44.98 53.71 10.08 13.96
Shanwei 57.89 57.04 12.35 35.67 12.26 14.64 1.60 2.21
Heyuan 89.32 88.00 7.06 20.39 29.12 34.77 2.59 3.59
Yangjiang 171.18 168.65 11.20 32.35 15.27 18.24 3.23 4.47
Qingyuan 185.30 182.56 13.60 39.28 61.84 73.85 11.68 16.16
Dongguan 1.05 1.03 0.04 0.11 1.17 1.40 0.03 0.04
Zhongshan 1.06 1.04 0.08 0.23 4.08 4.88 0.05 0.07
Chaozhou 26.30 2591 2.48 7.18 9.29 11.09 0.19 0.26
Jieyang 74.84 73.73 11.50 33.23 19.06 22.76 1.68 2.33
Yunfu 104.19 102.65 3.47 10.02 87.58 104.58 4.75 6.58
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Table A3. Transportation requirements.

Hog Cattle Poultry Sheep

City Hauling Hauling Hauling Hauling Hauling Hauling Hauling Hauling

Distance Cost Distance Cost Distance Cost Distance Cost

(km) (USD/ton) (km) (USD/ton) (km) (USD/ton) (km) (USD/ton)

Jiaxing 10.45 6.39 481 2.94 29.19 17.85 25.24 15.43
Huzhou 10.58 6.47 0.00 0.00 26.73 16.34 28.16 17.22
Taizhou 14.62 8.94 19.74 12.07 29.58 18.08 12.82 7.84
Zhoushan 5.37 3.28 1.06 0.65 3.55 217 2.82 1.72
Shaoxing 15.10 9.23 12.80 7.83 20.55 12.56 10.31 6.31
Hangzhou 20.17 12.33 15.59 9.53 31.51 19.27 17.40 10.64
Ningbo 16.97 10.38 17.73 10.84 21.97 13.43 9.90 6.05
Lishui 14.90 9.11 0.72 0.44 16.05 9.81 9.09 5.56
Jinhua 20.13 12.31 21.71 13.28 22.06 13.49 8.13 497
Quzhou 19.46 11.90 18.73 11.45 34.85 21.31 8.38 5.13
Wenzhou 16.92 10.35 25.02 15.30 23.83 14.57 13.82 8.45
Tongling 8.75 5.35 6.82 4.17 22.52 13.77 5.35 3.27
Chizhou 12.90 7.89 10.42 6.37 30.12 18.42 6.80 4.15
Huangshan 14.87 9.09 14.60 8.93 20.98 12.83 6.82 4.17
Hefei 21.93 13.41 29.44 18.00 63.47 38.81 18.96 11.60
Lu’an 26.80 16.38 23.91 14.62 50.67 30.98 34.37 21.02
Huaibei 17.32 10.59 25.83 15.79 24.65 15.07 23.54 14.39
Huainan 19.10 11.68 28.47 17.41 40.82 24.96 31.49 19.26
Chuzhou 28.18 17.23 30.87 18.88 54.76 33.48 34.38 21.02
Angqing 24.02 14.69 32.49 19.86 63.80 39.01 16.45 10.06
Suzhou 36.27 22.18 43.84 26.80 66.91 4091 91.29 55.82
Bengbu 23.76 14.52 59.51 36.38 56.15 34.33 56.77 34.71
Fuyang 37.21 22.75 58.13 35.54 59.47 36.36 81.72 49.97
Bozhou 32.50 19.87 38.36 23.46 41.20 25.19 59.48 36.37
Ma’anshan 11.38 6.95 17.63 10.78 29.35 17.94 15.11 9.24
Wuhu 13.36 8.17 17.49 10.69 47.18 28.84 11.77 7.20
Xuancheng 16.39 10.02 21.47 13.13 55.94 34.20 14.08 8.61
Xiamen 10.47 6.40 12.32 7.54 9.86 6.03 3.96 2.42
Zhangzhou 26.97 16.49 33.09 20.23 58.65 35.86 12.15 7.43
Fuzhou 25.57 15.63 26.08 15.94 40.06 24.49 28.28 17.29
Putian 13.19 8.06 8.33 5.09 30.35 18.56 11.16 6.82
Sanming 25.08 15.34 21.50 13.15 33.79 20.66 22.35 13.67
Quanzhou 20.98 12.82 29.44 18.00 40.27 24.62 20.71 12.66
Nanping 22.14 13.54 32.16 19.66 106.92 65.37 16.23 9.92
Longyan 35.83 21.91 31.60 19.32 64.75 39.59 18.31 11.20
Ningde 18.65 11.40 11.65 7.12 20.28 12.40 12.79 7.82
Guangzhou 13.86 8.47 14.30 8.74 31.94 19.53 1.96 1.20
Shaoguan 29.09 17.79 16.27 9.95 34.14 20.88 10.87 6.64
Shenzhen 4.85 2.96 6.30 3.85 5.89 3.60 0.81 0.49
Zhuhai 5.61 3.43 0.28 0.17 8.71 5.33 0.45 0.27
Shantou 12.62 7.72 7.48 457 18.51 11.32 2.64 1.61
Foshan 17.03 10.41 6.93 423 33.43 20.44 3.15 1.93
Jiangmen 25.73 15.73 11.04 6.75 48.80 29.84 6.80 4.16
Zhanjiang 34.64 21.18 36.63 22.39 44.64 27.29 20.75 12.69
Maoming 41.31 25.26 23.87 14.60 69.05 42.22 14.84 9.07
Zhaoqing 30.06 18.38 30.32 18.54 48.76 29.81 18.25 11.16
Huizhou 20.78 12.71 20.86 12.75 35.04 21.42 6.31 3.86
Meizhou 2441 14.92 24.19 14.79 41.74 25.52 17.74 10.85
Shanwei 16.42 10.04 24.75 15.13 21.79 13.33 7.06 4.32
Heyuan 20.40 12.47 18.71 11.44 33.59 20.54 8.99 5.50
Yangjiang 28.24 17.27 23.57 14.41 24.33 14.87 10.04 6.14
Qingyuan 29.39 17.97 25.98 15.88 48.95 29.93 19.09 11.67
Dongguan 2.21 1.35 1.36 0.83 6.73 412 0.98 0.60
Zhongshan 222 1.36 2.00 1.23 12.58 7.69 1.23 0.75
Chaozhou 11.07 6.77 11.10 6.79 18.97 11.60 2.41 1.47
Jieyang 18.67 11.42 23.89 14.61 27.17 16.61 7.24 443

Yunfu 22.03 13.47 13.12 8.02 58.25 35.61 12.18 7.45
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Table A4. Revenue of energy sales (million USD).

Ci Hog Cattle Poultry Sheep
1ty Meso Thermo Meso Thermo Meso Thermo Meso Thermo
Jiaxing 2.20 2.16 0.04 0.13 2.06 2.46 1.92 2.65
Huzhou 2.25 2.22 0.00 0.00 1.73 2.07 2.38 3.30
Taizhou 4.30 4.24 0.74 2.13 2.12 2.53 0.49 0.68
Zhoushan 0.58 0.57 0.00 0.01 0.03 0.04 0.02 0.03
Shaoxing 4.59 4.52 0.31 0.89 1.02 1.22 0.32 0.44
Hangzhou 8.19 8.07 0.46 1.33 2.40 2.87 0.91 1.26
Ningbo 5.80 5.71 0.59 1.72 1.17 1.40 0.29 0.41
Lishui 4.47 4.40 0.00 0.00 0.62 0.74 0.25 0.34
Jinhua 8.16 8.04 0.89 2.57 1.18 1.41 0.20 0.27
Quzhou 7.62 7.51 0.66 1.91 2.94 3.51 0.21 0.29
Wenzhou 5.77 5.68 1.18 3.42 1.38 1.64 0.57 0.79
Tongling 1.54 1.52 0.09 0.25 1.23 1.47 0.09 0.12
Chizhou 3.35 3.30 0.21 0.59 2.20 2.62 0.14 0.19
Huangshan 4.45 4.39 0.40 1.16 1.07 1.27 0.14 0.19
Hefei 9.68 9.54 1.64 4.73 9.75 11.65 1.08 1.50
Lu’an 14.45 14.24 1.08 3.12 6.22 7.42 3.55 4.92
Huaibei 6.04 5.95 1.26 3.64 1.47 1.76 1.67 2.31
Huainan 7.34 7.23 1.53 443 4.03 4.82 2.98 4.13
Chuzhou 15.99 15.75 1.80 5.21 7.26 8.67 3.55 4.92
Angqing 11.61 11.44 2.00 5.76 9.85 11.77 0.81 1.13
Suzhou 26.48 26.09 3.63 10.49 10.84 12.94 25.05 34.68
Bengbu 11.36 11.19 6.70 19.34 7.63 9.12 9.69 13.41
Fuyang 27.87 27.46 6.39 18.45 8.56 10.22 20.07 27.79
Bozhou 21.27 20.95 2.78 8.04 411 491 10.63 14.72
Ma’anshan 2.60 2.57 0.59 1.70 2.09 2.49 0.69 0.95
Wuhu 3.59 3.54 0.58 1.67 5.39 6.43 0.42 0.58
Xuancheng 5.41 5.33 0.87 2.52 7.58 9.05 0.60 0.83
Xiamen 2.21 2.17 0.29 0.83 0.24 0.28 0.05 0.06
Zhangzhou 14.64 14.42 2.07 5.98 8.33 9.94 0.44 0.61
Fuzhou 13.16 12.96 1.29 3.71 3.89 4.64 2.40 3.33
Putian 3.50 3.45 0.13 0.38 2.23 2.66 0.37 0.52
Sanming 12.66 12.48 0.87 2.53 2.76 3.30 1.50 2.08
Quanzhou 8.86 8.73 1.64 4.73 3.93 4.69 1.29 1.78
Nanping 9.87 9.72 1.95 5.65 27.68 33.05 0.79 1.10
Longyan 25.85 25.46 1.89 5.45 10.15 12.12 1.01 1.39
Ningde 7.00 6.90 0.26 0.74 1.00 1.19 0.49 0.68
Guangzhou 3.87 3.81 0.39 1.12 2.47 2.95 0.01 0.02
Shaoguan 17.04 16.79 0.50 1.45 2.82 3.37 0.35 0.49
Shenzhen 0.47 0.47 0.08 0.22 0.08 0.10 0.00 0.00
Zhuhai 0.63 0.62 0.00 0.00 0.18 0.22 0.00 0.00
Shantou 3.21 3.16 0.11 0.30 0.83 0.99 0.02 0.03
Foshan 5.84 5.75 0.09 0.26 2.71 3.23 0.03 0.04
Jiangmen 13.32 13.12 0.23 0.67 5.77 6.89 0.14 0.19
Zhanjiang 24.15 23.79 2.54 7.33 4.82 5.76 1.29 1.79
Maoming 34.35 33.85 1.08 3.11 11.54 13.79 0.66 0.92
Zhaoging 18.19 17.92 1.74 5.02 5.76 6.87 1.00 1.39
Huizhou 8.69 8.56 0.82 2.38 2.97 3.55 0.12 0.17
Meizhou 11.99 11.82 1.11 3.20 4.22 5.04 0.95 1.31
Shanwei 5.43 5.35 1.16 3.35 1.15 1.37 0.15 0.21
Heyuan 8.38 8.25 0.66 1.91 2.73 3.26 0.24 0.34
Yangjiang 16.06 15.82 1.05 3.03 1.43 1.71 0.30 0.42
Qingyuan 17.38 17.12 1.28 3.68 5.80 6.93 1.10 1.52
Dongguan 0.10 0.10 0.00 0.01 0.11 0.13 0.00 0.00
Zhongshan 0.10 0.10 0.01 0.02 0.38 0.46 0.00 0.01
Chaozhou 2.47 2.43 0.23 0.67 0.87 1.04 0.02 0.02
Jieyang 7.02 6.92 1.08 3.12 1.79 2.13 0.16 0.22

Yunfu 9.77 9.63 0.33 0.94 8.22 9.81 0.45 0.62
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Table A5. Transportation requirements by city.
Hog Cattle Poultry Sheep
City Meso Thermo Meso Thermo Meso Thermo Meso Thermo

Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost Dist Cost

(km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD) (km) (USD)
Jiaxing 533 3.26 5.22 319 272 166 210 128 17.02 1041 1599 978 1383 845 10.71 6.55
Huzhou 540 3.30 529 3.24 0.00 0.00 0.00 0.00 15.58 9.53 14.64 8.95 15.42 9.43 11.95 7.30
Taizhou 746  4.56 7.31 4.47 11.17 6.83 8.60 5.26 1725 1054 16.20 9.91 7.02 429 5.44 3.33
Zhoushan 274 1.67 2.68 1.64 060 037 046 0.28 2.07 1.26 1.94 1.19 1.54 0.94 1.20 0.73
Shaoxing 770 471 7.55 4.61 724 443 558 341 11.98 7.32 11.25 6.88 5.65 3.45 4.38 2.68
Hangzhou  10.29 6.29 10.09 6.17 882 539 6.80 4.16 1837 1123 1726 1055 9.53 5.83 7.38 4.51
Ningbo 8.65 5.29 8.49 5.19 10.03 6.13 773 473 12.81 7.83 12.03 7.36 542 3.32 420 2.57
Lishui 760 4.64 7.45 455 041 025 031 0.19 9.36 5.72 8.79 5.38 4.98 3.04 3.86 2.36
Jinhua 10.27  6.28 10.07 6.15 1228 7.51 947 579 12.86 7.86 12.08 7.39 4.45 272 3.45 2.11
Quzhou 992 6.07 9.73 595 1059 648 816 499 2032 1242 19.09 1167 459 2.81 3.56 2.17
Wenzhou  8.63 5.28 8.46 5.17 1416 8.66 1091 6.67 13.90 8.50 13.05 7.98 7.57 4.63 5.86 3.58
Tongling 446 273 4.37 267 386 236 297 1.82 13.13 8.03 12.34 7.54 293 1.79 2.27 1.39
Chizhou 6.58  4.02 6.45 3.94 589 3.60 454 278 1757 1074 16.50  10.09 3.72 2.28 2.88 1.76
Huangshan 7.58 4.64 7.44 4.55 826  5.05 6.36  3.89 12.24 7.48 11.49 7.03 3.74 2.28 2.89 1.77
Hefei 11.18 6.84 10.96 6.70 16.65 10.18 12.83 7.85 37.01 2263 3477 2126 10.39 6.35 8.05 4.92
Lu’an 13.66 8.35 13.40 8.19 13.52 827 1042 6.37 2955 18.07 2775 1697 1883 11.51 14.58 8.92
Huaibei ~ 8.83 5.40 8.66 530 1461 893 1126 688 1437 879 1350 826 1289 7.88 9.99 6.11
Huainan 9.74 5.95 9.55 5.84 16.10 9.85 1241 7.59 23.80 1455 2236 13.67 1725 1055 13.36 8.17
Chuzhou 1437 879 1409 861 1746 1068 1346 823 3193 1952 2999 1834 1883 1151 14.58 8.92
Anging 1225 7.49 12.01 7.34 1838 11.24 14.16 8.66 3720 2274 3494 21.36 9.01 5.51 6.98 4.27
Suzhou 1850 11.31 1814 11.09 2480 1516 19.11 11.68 39.01 2385 36.65 2241 50.00 3057 3873  23.68
Bengbu 1211 741 11.88 7.26 33.66 2058 2594 1586 3274 20.02 30.75 1880 31.10 19.01 24.09 14.73
Fuyang 1897 11.60 18.61 11.38 3288 20.10 2534 1549 3468 21.20 3257 1991 4476 2737 34.67 21.20
Bozhou 16.57 1013 1625 994 21.70 1327 1672 1022 24.02 1469 2257 1380 3258 1992 2524 1543
Ma’anshan  5.80  3.55 5.69 3.48 9.97 6.10 7.68 470 1711 1046  16.08 9.83 8.27 5.06 6.41 3.92
Wuhu 681 416 6.68 408 989 605 762 466 2751 1682 2584 1580 645 3.94 4.99 3.05
Xuancheng 836  5.11 8.20 5.01 1215 743 9.36 572 3262 1994 3064 18.73 7.71 4.72 5.98 3.65
Xiamen 534 3.26 523 3.20 6.97 4.26 537 3.28 5.75 3.52 5.40 3.30 217 1.33 1.68 1.03
Zhangzhou 13.75 8.41 13.48 8.24 1872 11.44 1442 8.82 3420 2091 3212 19.64 6.65 4.07 5.15 3.15
Fuzhou 13.04 7.97 12.78 7.82 14.75 9.02 11.37 6.95 2336 1428 2194 1342 1549 9.47 12.00 7.34
Putian 6.73 411 6.60 403 471 288 363 222 1770  10.82 16.62 10.16 6.11 3.74 473 2.89
Sanming 1279 7.82 12.54 7.67 1216 744 937 573 1970 1205 1851 1131 12.24 7.49 9.48 5.80
Quanzhou 1070 6.54 1049 641 16.66 1018 12.83 7.85 2348 1436 2206 1348 1134 6.93 8.79 5.37
Nanping 11.29 6.90 11.07 6.77 1819 1112  14.02 8.57 6234 3812 5856  35.80 8.89 543 6.89 421
Longyan 1827 1117 1792 1095 17.88 1093 13.78 842 3775 23.08 3546 21.68 10.03 6.13 7.77 475
Ningde 951 581 9.33 5.70 6.59 4.03 508 3.10 11.82 7.23 11.11 6.79 7.01 4.28 5.43 3.32
Guangzhou 7.07 432 6.93 424 8.09 4.95 6.23 3.81 18.63 11.39 1750 10.70 1.07 0.66 0.83 0.51
Shaoguan  14.84 9.07 14.55 8.89 920 5.63 709 434 1991 1217 1870 11.43 5.95 3.64 4.61 2.82
Shenzhen 247 151 242 1.48 3.57 218 275 1.68 3.43 2.10 3.22 1.97 0.44 0.27 0.34 0.21
Zhuhai 286 175 2.81 172 016 010 012 0.07 5.08 3.11 4.77 292 0.25 0.15 0.19 0.12
Shantou 6.43 3.93 6.31 3.86 423 259 326 199 10.79 6.60 10.14 6.20 1.44 0.88 1.12 0.68
Foshan 8.69 531 8.52 521 392 240 3.02 185 1949 1192 1831 11.19 1.73 1.05 1.34 0.82
Jiangmen  13.12 8.02 12.86 7.86 6.24 3.82 481 294 2846 1740 2673 16.34 3.72 2.28 2.89 1.76
Zhanjiang  17.66 10.80 1732 1059 20.72 12.67 1597 9.76 2603 1591 2445 1495 11.37 6.95 8.80 5.38
Maoming  21.06 12.88 20.66 12.63 1351 8.26 1041 6.36 4026 2462 37.82 2312 8.13 497 6.30 3.85
Zhaoging  15.33 9.37 15.03 9.19 17.15 1049 1322 8.08 2843 1738 2670 1633  10.00 6.11 7.74 473
Huizhou 1060 648 1039 635 11.80 721 9.09 556 2043 1249 19.19 1173 346 2.11 2.68 1.64
Meizhou 1245 7.61 12.20 7.46 13.69 8.37 10.55 6.45 2434 1488 2286 13.98 9.72 5.94 7.53 4.60
Shanwei 838 5.12 8.21 502 14.00 856 10.79 6.60 1271 777 1194 730 3.87 2.36 3.00 1.83
Heyuan 10.40 6.36 10.20 6.24 1059 647 816 499 1959 1197 1840 11.25 4.93 3.01 3.82 2.33
Yangjiang  14.40 8.81 14.12 8.63 13.34 8.15 10.28 6.28 14.18 8.67 13.32 8.15 5.50 3.36 4.26 2.60
Qingyuan 1498 9.16 14.69 8.98 14.69 8.98 11.32  6.92 2854 1745 2681 1639 10.46 6.39 8.10 4.95
Dongguan 113  0.69 1.10 067 077 047 059 0.36 3.92 2.40 3.69 225 0.54 0.33 0.41 0.25
Zhongshan 1.13  0.69 111 0.68 113 0.69 0.87 0.53 7.33 4.48 6.89 421 0.68 0.41 0.52 0.32
Chaozhou 565 3.45 5.54 3.38 628 3.84 484 296 11.06 6.76 10.39 6.35 1.32 0.81 1.02 0.62
Jieyang 952 582 9.34 571 1351 826 1041 637 1584 9.69 14838 9.10 3.97 242 3.07 1.88
Yunfu 11.24 6.87 11.02 6.74 742 454 572 350 3397 2077 3191 1951 6.67 4.08 5.17 3.16




Sustainability 2025, 17, 9875 25 of 29

Table A6. The data sources for raw materials (accessed on 29 August 2025).

Province City URL of Data Source
Anhui Anging https://CtGOUWaHUOyATt2cAHNn7kd-Wisk929.pdf (accessible only from government internal link)
Anhui Bengbu https:/ /tjj.bengbu.gov.cn/gzdt/ ztzl / tjnj /140770901 html
Anhui Bozhou https:/ /www.bozhou.gov.cn/OpennessContent/show /2679780.html

https:/ /file.chizhou.gov.cn/tjnj/2023 / %B3%D8%D6%DD2023%C4%EA%BC%F8/___left.htm

Anhui Chizhou (accessible only from government internal link)
hui Chuzhou https:/ ./ tjj.chuzhou.gov.cn/ groupl.L/ MO0/ 1Q /1D/CpYIZmYvVjKAWBZAEtc4GByByc697.pdf
(accessible only from government internal link)
Anhui Fuyang https:/ /tjj.fy.gov.cn/OpennessContent/show /2242512 html
Anhui Hefei https:/ /tjj.hefei.gov.cn/tjnj/2023nj/15117719.html
Anhui Huaibei https:/ /tj.huaibei.gov.cn/group3/M00/03/EC/CqETMmbzZbuAZwjMA]DimvpZSqE947.pdf?
attachDownload=1
hui Huaibei .https: // t]] .ah.gov.cn/oldfiles /tjj/tjjweb /tjnj/2023 /ahtjnj2023.pdf (accessible only from government
internal link)
Anhui Huainan https:/ /tjj.huainan.gov.cn/tjsj/tjnj/551738981.html
Anhui Huangshan  https://tjj.huangshan.gov.cn/tjnj/9158212.html
Anhui Luan https:/ /tjj.luan.gov.cn/public/6608391/10522429.html

Anhui Ma’anshan  https://tjj.mas.gov.cn/tjsj/ndsj/2005076251.html

https:/ /tjj.ah.gov.cn/oldfiles /tjj/ tjjweb /tjnj /2023 /ahtjnj2023.pdf (accessible only from government

Anhui Ma’anshan internal link)

Anhui Suzhou https:/ /tjj.ahsz.gov.cn/sjsz / tjsj/ 194414511 html
Anhui Tongling  https://tjj.tl.gov.cn/tlstjj/c00143 /1749985956051726336 /jjVHQ5 Zw.pdf

https:/ /tjj.wuhu.gov.cn/ zhsj/ tjnj / %E8%8 A%9C %E6%B9 %96 %E7%BB%9F %6 E8%AE%A1%E5%B9
Anhui Wuhu %B4%E9%89%B42023 / %E8%8 A%9IC%E6%B9%96%E7%BB%IF%E8%AE%A1%E5%B9%B4%E9%8

9%B4.html (accessible only from government internal link)

Anhui Xuancheng  https://ggj.xuancheng.gov.cn/News/show /1529407 html

https:/ /tjj.fuzhou.gov.cn/zz/ fztjnj/2023tjnj / zk /html/05-22.xIs (accessible only from government

Fujian Fuzhou internal link)

Fujian Longyan http:/ /lytjjlongyan.gov.cn/tjnj/2023/

Fujian Nanping https:/ /tjj.np.gov.ecn/d /npnj2023 /index.htm

Fujian Ningde https:/ /www.ningde.gov.cn/zwgk/tjxx/tjnj /202312 /t20231205_1890732.htm

Fujian Putian https:/ /www.putian.gov.cn/tjnj/ pttjnj2023.htm

Fujian Quanzhou  https://tjj.quanzhou.gov.cn/zwgk/zfxxgk/fdzdgknr/tjxx/ndsj/202312/t20231211_2979261 . htm
Fujian Sanming http:/ /tjj.sm.gov.cn/xxgk/tjnj/2023tjnj /index-cn.htm

Fujian Xiamen http:/ /tjj.xm.gov.cn/tjnj/publish /2023 /2023.htm

Fujian Zhangzhou  http://tjj.zhangzhou.gov.cn/tjnj/2023 / contents-cn.htm
Guangdong  Chaozhou  https://www.chaozhou.gov.cn/attachment/0/537/537982 /3875817 .pdf

Guangdong Dongguan  http://stats.gd.gov.cn/gdnctjnj/content/post_4303243.html

Guangdong Foshan https:/ /www.foshan.gov.cn/gzjg/stjj/ tjnj_1110962 / ?ivk_sa=1024320u

Guangdong Guangzhou https://tjj.gz.gov.cn/stats_newtjyw/zyxz/tjnjdzzz/content/mpost_9343663.html

Guangdong Guangzhou http://stats.gd.gov.cn/gdnctjnj/content/post_4303243.html

Guangdong Heyuan http:/ /stats.gd.gov.cn/gdnctjnj/content/ post_4303243.html

Guangdong Huizhou https:/ /www.huizhou.gov.cn/bmpd /hzstjj/ tjnj/content/post_5156718. html

Guangdong  Jiangmen  https://www.jiangmen.gov.cn/bmpd/jmstjj/tjsj/tjnj/content/post_2990782.html

Guangdong Jieyang http:/ /www jieyang.gov.cn/zwgk /jexxgk/tjxx/tjnj/content/post_823005.html
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https://www.huizhou.gov.cn/bmpd/hzstjj/tjnj/content/post_5156718.html
https://www.jiangmen.gov.cn/bmpd/jmstjj/tjsj/tjnj/content/post_2990782.html
http://www.jieyang.gov.cn/zwgk/jcxxgk/tjxx/tjnj/content/post_823005.html
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Table Aé6. Cont.

Province City URL of Data Source

Guangdong  Maoming  http://www.maoming.gov.cn/zwgk/sjfb/tjnj/index.html

Guangdong  Meizhou  https://www.meizhou.gov.cn/zwgk/zfjg /stjj/ tjsj/ tjinj/

Guangdong  Qingyuan  http://www.gdqy.gov.cn/attachment/0/138/138805/1809014.pdf

Guangdong Shantou https:/ /www.shantou.gov.cn/tjj/tjsj/ tjnj/ content/post_2284516.html

https:/ /www.shanwei.gov.cn/attachment/0/55/55152/997163.pdf (accessible only from

Guangdong Shanwei government internal link)

Guangdong  Shenzhen  https://tjj.sz.gov.cn/zwgk/zfxxgkml/tjsj/tjnj/content/post_11182604.html

http:/ /stats.gd.gov.cn/gdnctjnj/content/ post_4303243.html;

Guangdong  Yangjiang http:/ /www.yangjiang.gov.cn/zwgk/sjfb / tjnj/ content/post_762162.html

Guangdong Yunfu https:/ /www.yunfu.gov.cn/ yftjj/attachment/0/81/81602/1764818.pdf

Guangdong  Zhanjiang  https://www.zhanjiang.gov.cn/zjsfw /bmdh/tjxxw /zwgk/tjsjzl/ tjnj/ content/post_1840795.html

Guangdong  Zhaoging  https://www.zhaoqing.gov.cn/zqtjj/gkmlpt/content/2 /2934 /post_2934865.html1#4470

Guangdong Zhongshan https://stats.zs.gov.cn/zwgk/wgk/fwgk/content/post_2347201.html

Guangdong Zhuhai https:/ /tjj.zhuhai.gov.cn/tjsj/ tjnj/ content/ post_3616460.html

Zhejiang Hangzhou  https://tjj.hangzhou.gov.cn/art/2023/12/4/art_1229453592_4222689.html

Zhejiang Huzhou https:/ /tjj.huzhou.gov.cn/art/2023/11/28 /art_1229208257_58871626.html

Zhejiang Jiaxing https:/ /tjj.jiaxing.gov.cn/art/2024/1/10/art_1512382_59150947.html

https:/ /www.jinhua.gov.cn/col/col1229159971 /index.html (accessible only from government

Zhejiang Jinhua internal link)
.. o http:/ /tjjlishui.gov.cn/art/2023/11/22 /art_1229215928_58847301.html (accessible only from
Zhejiang Lishui . .
government internal link)
Zhejiang Ningbo https:/ /zjjcmspublic.oss-cn-hangzhou-zwynet-d01-a.internet.cloud.zj.gov.cn/jems_files /jcms1

/web3426/site/nbtjj/tjnj1/20232 /newindexce.htm

http:/ /tjj.qz.gov.en/art/2023/12 /22 /art_1229778324_58920641.html (accessible only from

Zhejiang Quzhou government internal link)

https:/ /navi.cnki.net/knavi/detail?p=93Im0HGgzm]466ZF44jpgFhZB3mjylgXDhAalilR9t7
Zhejiang Shaoxing  ZcajMunhAEq9W7Tgu8WIFXXNUBhLrBdvRou5QezsmH9gSIs]XZbEg]YwqQFXra8=&
uniplatform=NZKPT (a CNKI account is needed)

https:/ /tjj.zjtz.gov.cn/art/2023 /12 /25 /art_1229020475_58673224.html (accessible only from

Zhejiang Taizhou government internal link)

Zhejiang Wenzhou  https://wztjj.wenzhou.gov.cn/col/col1467318/

Zhejiang Zhoushan http:/ /zstj.zhoushan.gov.cn/art/2023/12 /18 /art_1229774346_58867343.html

Guangdong  Shaoguan  https://www.sg.gov.cn/bmpdlm/sgstjj/tjsj/content/post_2565539.html

Guangdong  Shaoguan  http://stats.gd.gov.cn/gdnctjnj/content/post_4303243.html
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