

  agriculture-13-02284




agriculture-13-02284







Agriculture 2023, 13(12), 2284; doi:10.3390/agriculture13122284




Article



Solid–Liquid Separation and Its Environmental Impact on Manure Treatment in Scaled Pig Farms—Evidence Based on Life Cycle Assessment



Yijia Zhang 1, Qinqing Bo 2, Xintian Ma 1, Yating Du 1, Xinyi Du 1, Liyang Xu 3 and Yadong Yang 1,*





1



State Key Laboratory of Efficient Utilization of Arid and Semi-Arid Arable Land in Northern China, Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China






2



Water Conservancy Engineering College, Fujian Coll Water Conservancy & Elect Power, Sanming 366000, China






3



State Key Laboratory of Agricultural Environment, Ministry of Agriculture/Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081, China









*



Correspondence: yangyadong@caas.cn; Tel.: +86-010-82108645







Citation: Zhang, Y.; Bo, Q.; Ma, X.; Du, Y.; Du, X.; Xu, L.; Yang, Y. Solid–Liquid Separation and Its Environmental Impact on Manure Treatment in Scaled Pig Farms—Evidence Based on Life Cycle Assessment. Agriculture 2023, 13, 2284. https://doi.org/10.3390/agriculture13122284



Academic Editor: Alessio Cappelli



Received: 5 November 2023 / Revised: 11 December 2023 / Accepted: 14 December 2023 / Published: 16 December 2023



Abstract

:

Recently, there has been a significant focus on the issue of pollution caused by livestock and poultry rearing, which is recognized as a prominent contributor to nonpoint source pollution in the agricultural sector. This study employed the life cycle assessment (LCA) methodology to evaluate the environmental impact of several pig manure processing scenarios with the aim of determining the appropriate solid–liquid separation tool for large-scale pig farms. The findings indicate that the utilization of a screw extruder for solid–liquid separation in Scenario 2 has a lower environmental impact. In contrast to Scenario 1, Scenario 2 exhibits reduced environmental potential in the areas of global warming, human toxicity, acidification, and eutrophication. Specifically, the global warming, human toxicity, acidification, and eutrophication impacts decreased by 56%, 81%, 83%, and 273%, respectively, due to the implementation of solid–liquid separation. The type of solid–liquid separation equipment used during the processing of swine manure, as well as the subsequent treatment, have a significant impact on environmental emissions. Compared to Scenario 2, Scenario 3, which utilizes a centrifugal microfilter for solid–liquid separation, exhibits a lower environmental impact in terms of human toxicity, resulting in a reduction of 0.736 kg DCB-eq. In general, solid–liquid separation is a viable and environmentally friendly method for the disposal of waste from large-scale pig farms. The adoption of this method is highly recommended. During its implementation, careful consideration should be given to factors such as separation efficiency and pollution emissions. It is crucial to select appropriate equipment for solid–liquid separation to effectively process the waste.
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1. Introduction


The management of swine manure treatment has become the focus of attention in the farming industry. In 2022, the number of live pigs in China was 452.56 million, an increase of 3.34 million over the previous year [1]. With the rapid development of the pig breeding industry, the number of live pigs has greatly increased, resulting in large and concentrated fecal discharge. If a large amount of pig manure is not treated properly, it will cause pollutant discharge, lead to environmental problems such as climate change, acidification and eutrophication, and harm the environment [2]. Swine manure has a significant concentration of contaminants, and its composition is complex. Therefore, it is necessary to employ effective pretreatment strategies to mitigate posttreatment challenges and achieve optimal treatment outcomes. The importance of solid–liquid separation as a fundamental tool for the treatment of swine manure has been widely acknowledged in the literature [3]. This method can produce a solid fraction that can be used as a high-nutrient fertilizer [4] and a liquid fraction that is used for anaerobic digestion to produce renewable energy biogas [5], thereby reducing pollutants in the waste and lowering the burdens of subsequent treatments.



Currently, the prevailing methods for solid–liquid separation encompass settling separation and mechanical separation techniques. The process of settling separation involves the utilization of gravitational forces to separate solid suspended particles that are insoluble in water from manure. The efficacy of the separation process is predominantly determined by various elements, including the duration of settling, the density of particles, and the concentration of solids [6]. The utilization of this method is widespread in the management of livestock waste due to its cost-effectiveness and operational simplicity. The process of settling separation has been identified as an effective method for the removal of suspended solids and chemical oxygen demand (COD) from manure. It is essential to note, however, that the efficiency of this separation method is relatively low and the solid portion of the waste that is separated still contains a significant amount of water [7]. Mechanical separation mainly includes three methods: screening, centrifugation and pressure filtration. Compared with settling separation, mechanical separation is more efficient. Simultaneously, a chemical flocculant (FeCl3, Al2(SO4)3 and PAM) is added to the mechanical separation, which significantly increases the separation efficiency [8]. The results indicate that the addition of FeCl3 significantly improves the separation rate and quality of manure [9]. The separation efficiencies of different solid–liquid separation technologies in detail are shown in Table 1.



Even though numerous solid–liquid separation methods have been effectively evaluated, demonstrating promising progress in enhancing the solid–liquid separation efficiency, their environmental impacts remain unknown. Previous studies have predominantly focused on comparing and analyzing the effectiveness of solid–liquid separation methods. They aimed to evaluate the advantages, disadvantages, applicable scenarios, separation outcomes, and cost-effectiveness of each respective separation technology [14,15,16], but few studies have examined the environmental impact assessment of various solid–liquid separation methods. Variations in solid–liquid separation technologies can influence the efficiency of anaerobic digestion, subsequently yielding diverse environmental performance outcomes. The management of swine manure is a complex undertaking that encompasses various stages and processes. To obtain a thorough evaluation of the environmental impact, it is imperative to conduct a comprehensive analysis. Life cycle assessment (LCA) is a widely recognized method for assessing the environmental impact of a product or behavior over its entire life cycle. In recent years, it has been increasingly utilized by scholars to examine livestock refuse treatment. Ten Hoeve et al. [17] compared three swine manure treatment scenarios, including solid–liquid separation, acidification pretreatment and their combination. The results showed that solid–liquid separation of pig manure had a favorable influence on environmental categories such as climate change and eutrophication and may significantly reduce greenhouse gas emissions and have a positive effect on the environment. De Vries et al. [18] assessed the life cycle environmental consequences and reduction potential of segregating pig urine and feces with an innovative V-belt system and compared it to conventional liquid manure management. The results showed that the V-belt system can effectively reduce global warming. Li et al. [19] used the life cycle assessment (LCA) method to compare the environmental emission of pollutants from Scenario 1, which completed the utilization of dairy manure, and Scenario 2, which standardized the processing of dairy slurry in two intensive dairy farms. The results show that the scenario of cow dung returning to the field has a lower total environmental impact potential. At present, the literature on the life cycle assessment of manure treatment primarily focuses on the whole system of manure treatment, including evaluation of the environmental impacts of various aerobic composting systems, anaerobic digestion systems, and manure transport systems. These evaluations aimed to furnish valuable insights for large-scale farms in selecting appropriate manure treatment technologies [20,21,22], but there are few reports on systematic evaluation of different solid–liquid separation methods and subsequent treatment, the solid–liquid separation methods only were taken as a pretreatment method and brought into the manure treatment system, and the environmental impact caused by different solid–liquid separation technologies has not been compared. The main aim of this study was to evaluate several solid–liquid separation methods from an environmental perspective. In this study, life cycle assessment (LCA) was used to assist policymakers in selecting the best available methods with the highest energy balance and lowest environmental impacts. The findings of this study offer recommendations for the choice of solid–liquid separation methods and subsequent treatment approaches for livestock waste.




2. Materials and Methods


2.1. Goal and Scope Definition


The objective of this research is to conduct a comprehensive analysis of the environmental consequences associated with various swine manure treatment strategies using life cycle assessment (LCA). Additionally, the study aims to investigate the potential environmental implications resulting from different solid–liquid separation methods and separation durations. Furthermore, the research seeks to assess the merits and drawbacks of distinct solid–liquid separation methods.



Life cycle assessment (LCA) is an analytical method used to evaluate the potential impact of the input and output of a product or production process on the environment. The present study utilizes the LCA program SimaPro 9.0.3 for analysis, adhering to the environmental impact assessment standard method CML2001 [23], as stipulated by the international standards ISO14040 [24] and ISO14044 [25]. Referencing McClelland et al.’s [26] research on the number and frequency of environmental impact categories used in the life cycle assessment of livestock manure, we evaluated the five environmental impact categories most pertinent to manure management: global warming, acidification, eutrophication, abiotic depletion, and human toxicity. The environmental impact assessment categories in detail are shown in Table 2.



In this study, 1 ton of fresh swine manure was selected as the functional unit, and the main components of the fresh swine manure included 0.29 tons of dry manure and 0.71 tons of pig urine [27]. The physical and chemical properties of the pig manure and pig urine in detail are shown in Table 3. The identical functional units guarantee that the same number of nutrients and dry matter enter the system.




2.2. Scenario Description


The system boundary is established from the initial stage of swine manure collection to the final stage of swine manure resource utilization. This study focuses on the energy input and pollutant emission associated with various stages of swine manure management, namely, collection and storage, solid–liquid separation, anaerobic fermentation, composting, and field application. The pig breeding process is excluded from this analysis. The comparative analysis is conducted using three distinct swine manure management scenarios.



2.2.1. Scenario 1


To mitigate breeding expenses, extensive pig farms frequently employ dung leakage floors as a means to gather manure, thereby facilitating efficient waste removal and maintaining hygienic conditions within pig enclosures. The gap size of the manure leakage floor is closely related to the breeding pig species. Construction of intensive pig farms (GB/T 17824.1-2008 [33]) specifies the gap width corresponding to the manure leakage floor in different pig houses in detail, as shown in Table 4.



Pig manure, pig urine, and wastewater are collected through the manure leakage floor and temporarily stored in the manure storage tank below the floor before being collectively discharged to the storage tank outside the building for subsequent treatment after the pigs have been transferred or put out into the pen [34]. Previous research has demonstrated that the storage of manure for more than 6 months can effectively kill pathogenic bacteria in the manure; therefore, this study assumes that swine manure is stored for 6 months and then returned to the field after being composted [32]. The system boundary of Scenario 1 is shown in Figure 1.




2.2.2. Scenario 2


In Scenario 2, swine manure is stored in a storage vessel for one month before entering a screw extruder through a pipeline to separate the solid and liquid fractions. There is a direct relationship between the aperture size of the screen in the screw extruder and the effectiveness of solid separation. Specifically, when the aperture size decreases, the solid separation efficiency increases [10]. To enhance the separation effectiveness of swine manure, a screen with an aperture size of 0.3 mm is chosen for implementation. At present, turning and trough composting have become the most popular composting methods in China [35]. Consequently, the solid fractions are subjected to composting using trough composting tools according to the Technical Specification for Animal Manure Composting (NY/T3442-2019 [36]). It is stipulated that the composting temperature should be sustained at a minimum of 55 °C for a duration of no less than 7 days. Therefore, the research project established a composting period of 30 days. The liquid fraction sequentially flows into the regulating tank and the continuous stirring tank reactor. Continuous agitation by the agitator in the tank promotes the production of biogas, and the desulfurized biogas enters the boiler for combustion to generate steam for power generation. Following the process of digestion, the residual biogas slurry undergoes complete decomposition and fermentation. Subsequently, it is conveyed through a pipeline to the field, where it is utilized as a soil conditioner. The Scenario 2 system boundary is shown in Figure 2.




2.2.3. Scenario 3


In Scenario 3, swine manure is stored for 30 days, transported from the farm to the pretreatment tank by manure truck, entirely stirred by a stirring pump, and then passed through the centrifugal microfilter to achieve solid–liquid separation. The solid portion that has been separated is subjected to windrow composting. Based on the technical specification for animal manure composting (NY/T3442-2019), it is recommended to maintain a minimum composting temperature of 55 °C for a duration of at least 15 days in the case of windrow composting. Consequently, the duration of the composting period in this study is established as 30 days. The liquid fraction is treated by a single stage up-flow anaerobic sludge blanket (UASB) reactor, and the specific process is shown in Figure 3.



The separated liquid is anaerobically digested for 30 days to generate biogas. The separated liquid fraction enters the up-flow anaerobic sludge bed to generate biogas. The remaining sewage after anaerobic digestion is precipitated and then enters the AO tank for the AO process treatment. The AO process, also known as the anaerobic–aerobic process, involves two key stages: A (Anaerobic) for nitrogen and phosphorus removal, and O (Oxic) for aerobic treatment targeting organic matter in water. In the anaerobic phase, heterotrophic bacteria play a vital role by hydrolyzing suspended pollutants and soluble organic substances in the sewage into organic acids. This process leads to the decomposition of macromolecular organic compounds into smaller molecules and the conversion of insoluble organic substances into soluble forms. Within the anaerobic stage, heterotrophic bacteria ammonify pollutants such as proteins and fats, releasing ammonia. With an ample oxygen supply, autotrophic bacteria facilitate nitrification, oxidizing NH3-N (NH4+) into NO3−. The treated water then returns to Pool A through controlled reflux. Under anaerobic conditions, heterotrophic bacteria perform denitrification, reducing NO3− to molecular nitrogen (N2), thereby achieving comprehensive carbon and nitrogen removal. PAC flocculant is added to separate the biogas slurry and digestate. The biogas digestate is composted and applied to farmland, and the biogas slurry is partially discharged up to industry standards. The Scenario 3 system boundary is shown in Figure 4.



The system boundaries of the three scenarios start with the collection and transportation of manure to the treatment area. Table 5 summarizes the characteristics and differences of the three swine manure treatment scenarios.





2.3. Life Cycle Inventory


The data used in the life cycle inventory mainly come from the related literature and the data in the SimaPro 9.0.3 software database. Previous studies have shown that the inclusion of equipment production in the life cycle inventory will not have an environmental impact on the manure treatment system [37], so the environmental emissions caused by the production process of swine manure treatment facilities are not considered.



2.3.1. Collection and Storage


In this study, the leakage floor is used to collect swine manure, and pig urine and manure slips into the manure storage tank due to gravity. The storage mode, storage time and outside temperature are the main factors affecting gas emissions. Based on the field investigation and related research, this study assumes that all three scenarios are stored in open manure storage tanks and the outside temperature is 15–20 °C. In Scenario 1, the manure is stored for 180 days to make it fully fermented, and in Scenario 2 and Scenario 3, the manure is stored for 30 days. The main gases emitted during storage include ammonia (NH3) and methane (CH4). During the emission process, the dynamic box method is employed to systematically monitor the gas emission patterns throughout the storage of livestock manure. To facilitate precise measurements of emissions during storage, an integrated system comprising an air compressor, mass flowmeter, and gas distributor is deployed.



The N2O and NH3 emissions during the storage of swine manure refer to the research of Li [38], which are 0.002 kg N2O-N/kg TN and 0.105 kg NH3-N/kg TN; CO2 and CH4 emission factors during storage refer to the research of Cui [39], and the average emission factors of CO2 and CH4 are 3.10 mg/kg and 1.425 mg/kg, respectively. The emissions of N2O, NH3, CO2 and CH4 during storage are calculated according to the following formulas:


    E     N   2   O   =   E F     N   2   O   × T N ÷ 1000 ×   44   28   × D  



(1)






    E   N   H   3     =   E F   N   H   3     × T N ÷ 1000 ×   17   14   × D  



(2)






    E   C   O   2     =   E R   C   O   2     ×   M   P M   × H  



(3)






    E   C   H   4     =   E R   C   H   4     ×   M   P M   × H  



(4)




where E stands for gas emissions during composting, kg, and represents greenhouse gas emission factors during swine manure storage, and the units are kg N2O-N/kg TN and kg NH3-N/kg TN, respectively; D and H represent the storage time of swine manure, and the units are days and hours, respectively, and they represent the emission rate of greenhouse gases during the storage of swine manure, and the unit is mg/kg; and MPM is the mass of swine manure, and the unit is kg.




2.3.2. Solid–Liquid Separation


Scenario 2 and Scenario 3 have short residence times in the process of solid-–liquid separation, so the direct emission during the period is not considered, and only the indirect emission caused by mechanical power consumption needs to be considered. Scenario 2 uses a screw extruder to separate swine manure. Assuming that the power consumption of the screw extruder is 4.88 kWh per ton of swine manure, the separation efficiency of the screw extruder refers to the research of Moller [40]. The separation efficiency of TS is 19.2–49.4%, TN is 4.4–19.2%, and TP is 12.8–49.2%. The physical and chemical properties of swine manure after solid–liquid separation in detail are shown in Table 6.



Scenario 3 uses a centrifugal microfilter to separate swine manure. During operation, the power-consuming equipment includes a microfilter, screw pump and agitator pump. In this study, it is assumed that the energy consumption for treating 1 m3 wastewater is 2.42 kWh, 1.655 kWh and 0.44 kWh [43], and the total energy consumption for treating 1 FU swine manure is 4.43 kWh. The separation efficiency of the centrifugal microfilter refers to the research of Hu [43]. After separation, the DM, VS and COD removal efficiencies are 45–55%, while the removal rates of TN and TP are between 30% and 50%.




2.3.3. Anaerobic Digestion


Emissions in the anaerobic digestion stage mainly include power consumption caused by the use of machinery during the digestion of swine manure and gas emissions caused by biogas leakage during biogas production and transportation. Scenario 2 uses a continuous stirring tank reactor for anaerobic digestion, with a digestion cycle of 30 days and a total consumption of 47.64 kWh of electricity. Previous studies have shown that the gas production rate of swine manure is 0.328 m3/kg TS [44]. Scenario 3 uses a UASB in the anaerobic digestion process, and according to Chao’s [45] research, a total of 37.6 kWh of electricity is consumed. According to on-site investigation and literature research [46], 1 kg COD can produce 0.35 m3 of biogas under standard conditions. Methane produced after anaerobic digestion contains approximately 70% CH4 and a small amount of CO2, and the content of H2S is 360.2 mg/m3 [47]. According to the CDM methodology, the loss of CH4 accounts for 10% of the total output in the process of biogas production and transportation, and the rest of the biogas is used for cogeneration. The calculation formula for greenhouse gas emissions during biogas combustion is as follows:
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where Qi is biogas production in Scenario 2 and Scenario 3; CBG is CO2 emissions during biogas combustion, and the unit is t; BG is the amount of biogas consumed, with the unit of 10,000 m3, and 0.209 is the calorific value of biogas, with the unit of TJ/10,000 m−3; 15.3 is the carbon emission coefficient of natural gas, and the unit is t/TJ.




2.3.4. Composting


Scenarios 1 and 2 compost the solid fraction after solid–liquid separation through a composting process. In Scenario 3, solid manure and biogas residue after solid–liquid separation are composted via windrow composting. To improve the efficiency of composting, it is assumed that mushroom residue is added as a conditioner to ensure the best C/N ratio of swine manure during digestion, the mixing volume ratio of swine manure and mushroom residue is 4:1, and the composting time is 30 days. Previous studies have shown that the turning frequency of composting has a significant impact on gas emissions during the composting of swine manure. The increase in turning times not only increases the emissions of CO2, CH4 and NH3 but also increases the proportion of ammonia emissions due to total nitrogen loss [48]. Therefore, it is assumed that the composting is turned over four times in this study. In the composting process, a stacker dumper is used, with a power of 26.5 kW and a total power consumption of 13.25 kWh [49]. Direct emissions mainly come from gases such as NH3, N2O and CH4 produced in the composting process. The emission rates of greenhouse gases and NH3 during composting are obtained via a static sampling hood and online monitoring of the gas concentration. The emission factor of CH4 refers to the research results of Zhang [50]. The emission of CH4 accounts for 1.8% of the loss of TC in the composting process, and the loss rate of TC is 48.7%. Referring to Yuan [51] for the NH3 emission factor, during composting, the TN loss rate of swine manure piles is 28.6%, NH3 emissions are 68.2% of TN loss, the average emission rate of CO2 is 197.32 mg/kg according to Ba [35], and the emission coefficient of N2O refers to Zhou [52]. The average emission rate of N2O is 197.32 mg/kg.




2.3.5. Biogas Slurry Treatment


The AO pool and chemical flocculation processes are used to separate the biogas slurry and biogas residue, and electricity and related chemicals are consumed in the process. After separation, biogas digestate will be composted with solid swine manure to make organic fertilizer to be applied to farmland, and biogas slurry will be discharged after reaching the standard in the next step. The remaining wastewater is treated using an integrated wastewater treatment device with a power of 2.96 kW according to the research of Pan [42], and the removal rates of COD, TN and TP are 78%, 70% and 35%, respectively. The main gases emitted in this process are CH4 and N2O, and the emission factors of CH4 and N2O refer to IPCC research, which are 0.125 CH4 kg/kg COD and 0.035 kg N2O/kg TN, respectively. The calculation method refers to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories, and the specific formula is as follows:
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where     E   C   H   4       is CH4 emissions, in kg CH4;     E F   C   H   4       is the emission factor of CH4 during biogas slurry treatment, in kg CH4/kg COD; TOW is the total organic matter in biogas slurry, in kg COD;     E     N   2   O     is N2O emissions, in kg N2O;     E F     N   2   O     is the emission factor of N2O during biogas slurry treatment, in kg N2O/kg TN; and TN is the total nitrogen in biogas slurry, in kg TN.



The biogas slurry after harmless treatment must meet the requirements of the Discharge Standard of Pollutants for Livestock and Poultry Breeding (GB 18596-2001 [53]) before it can be discharged. According to this standard, the emissions of NH3-N and TP are 0.128 kg/FU and 0.013 kg/FU, respectively.




2.3.6. Farmland Application


Scenario 3 in this study includes the process of farmland application. In the process of farmland application, both solid manure and decomposed biogas slurry will cause pollution discharge, including the emission of CO2, CH4, SO2 and N2O into the atmosphere, the loss of phosphorus and the leaching of NO3−. It is assumed that the composted manure will be transported by truck for a distance of 3 km, and it will be applied to farmland via sowing and fertilization. According to the research of Maurer [54], the greenhouse gas emissions from the application of swine manure in farmland are measured, and N2O emissions account for 0.595% of the nitrogen content of the applied fertilizer. The emission factor of NO3-N refers to the research of Hutchings et al. [55] and is 0.395 kg/kgTN. For the emission factor of NH3, according to Geng [56], the TN loss rate of swine manure is 12.4–20.9%. During the application of swine manure, the emission coefficient of NH3 accounts for 3.3–3.9% of TN loss. According to Maurer [54], the emission factors of CO2, CH4 and SO2 are 0.487 kg/t, 0.089 kg/t and 0.024 kg/t, respectively. The common element content in pig biogas slurry renewal in detail is shown in Table 7.



The utilization of manure can reduce the pollution discharge produced in the process of chemical fertilizer production. According to the research of Zhang [57], the contents of N, P2O5 and K2O in swine manure stored in Scenario 1 are 5.352 kg, 6.653 kg and 4.058 kg, respectively. According to Table 7, the contents of N, P2O5 and K2O in biogas slurry produced via anaerobic digestion of 1 FU swine manure are 1.848 kg, 0.724 kg and 1.165 kg, respectively. After separation, the contents of N, P2O5 and K2O in the biogas digestate are 0.165 kg, 0.064 kg and 0.104 kg, respectively. The N content in nitrogen fertilizer is 46%, the P2O5 content in phosphorus fertilizer is 44%, and the K2O content in potassium fertilizer is 83%, which can be converted into nitrogen fertilizer, phosphorus fertilizer and potassium fertilizer with the same N, P and K, as shown in Table 8.






3. Results


From the results of the life cycle assessment, the treatment of swine manure using solid–liquid separation can effectively reduce the environmental pollution caused by large-scale pig breeding. Compared with Scenario 1 without solid–liquid separation treatment, Scenario 2 with a screw extruder showed a lower environmental impact potential in terms of global warming, eutrophication, acidification and human toxicity, which decreased by 56%, 81%, 83% and 273%, respectively. At the same time, Scenario 3 used centrifugal microfiltration for solid–liquid separation of swine manure, which also showed a low environmental impact potential, which shows that solid–liquid separation can significantly reduce the environmental load of swine manure treatment. First, solid–liquid separation can effectively improve the efficiency of subsequent anaerobic digestion of swine manure. Compared with swine manure without solid–liquid separation, the COD content of the separated liquid fraction is approximately 40% and the potential of methane production is enhanced, which can produce more biogas for power generation, replace the electricity purchased by farms from the power grid, and reduce the pollution emissions caused by coal-fired power generation [58]. Second, solid–liquid separation can effectively reduce the COD content in the liquid fraction of swine manure, reduce the conductivity, and effectively solve the loss of nitrogen and phosphorus [59]. IPCC research shows that the composting process of manure is an important source of NH3, CH4 and N2O emissions. Studies by Guilayn [59] show that the total greenhouse gas emissions produced by the separated solid fraction in the composting process are greatly reduced compared with the feces without solid–liquid separation treatment. Solid–liquid separation can remove as much water as possible and reduce the volume of the solid fraction, which is beneficial to the subsequent composting treatment. Solid–liquid separation can also effectively reduce NH3 emissions in the process of farmland application. Nyord [60] proved via experiments that compared with swine manure, the solids in the separated liquid fraction are significantly reduced, which is easier to transport to farmland using water pumps and can quickly penetrate into the soil, thus reducing NH3 emissions in farmland applications.



In addition, different solid–liquid separation technologies will have different impacts on the environment. Compared with Scenario 2 of solid–liquid separation via screw extruder, Scenario 3 of solid–liquid separation via centrifugal microfiltration shows higher environmental impact potential, which is mainly related to the energy consumption caused by the centrifugal microfiltration technology and subsequent anaerobic fermentation treatment. The following section will describe in detail the individual environmental impact categories. The environmental impact potentials for the three scenarios in detail are shown in Table 9.



3.1. Global Warming


Of the three scenarios evaluated, Scenario 1, representing conventional manure management practices, had the highest net total GWP of 240.311 kg CO2-eq. Compared with Scenario 1, Scenario 2 and Scenario 3 showed lower global warming potential, and solid–liquid separation substantially reduced the GWP from manure management, with gross totals of 135.461 kg CO2-eq and 86.406 kg CO2-eq, respectively. The process of storage and composting produce many greenhouse gases, such as CO2, CH4 and NO, which will increase the risk of global warming. Solid–liquid separation treatment of swine manure can effectively reduce the emission of CO2 produced in the process of manure composting. This view has also been confirmed by previous studies. Qi [61] investigated the anaerobic digestion of screened liquid manure and diluted manure in semicontinuous stirred tank reactors. The results showed that solid–liquid separation had a beneficial effect on the process performance and digestate fertilizer characteristics of anaerobic digestion, and compared with dairy manure, the emissions of CO2, N2O and NH3 of the solid fraction treated with solid–liquid separation were significantly reduced during composting. Vanotti [58] developed a new treatment system combining high-rate solid–liquid separation with nitrogen and phosphorus removal processes. These results suggested that the impact of the new treatment system on the NH3 emission reduction was equivalent to closing conventional swine lagoons while actively growing 5145 pigs with minimal ammonia emissions from the farm. The separated swine manure reduced CO2 emissions by 96.9% in the process of composting and land utilization.



Furthermore, the implementation of solid–liquid separation techniques has the potential to effectively mitigate methane (CH4) emissions during swine manure treatment. By means of solid–liquid separation, the concentration of the chemical oxygen demand (COD) in the liquid fraction can be significantly decreased, leading to a reduction in methane emissions and facilitating the attainment of greenhouse gas emission reduction targets. Chen [62] compared liquid manure stored in a container after solid–liquid separation with swine manure stored directly and found that the total greenhouse gas emissions of swine manure stored after solid–liquid separation decreased by 79%. Additionally, solid–liquid separation can significantly improve the efficiency of anaerobic digestion. Guan [63] studied the effect of solid–liquid separation on the anaerobic digestion of dairy manure. The results showed that anaerobic digestion with separated liquid manure could improve the methane production rate and shorten the hydraulic retention time compared with raw dairy manure, thus improving the equipment utilization rate.



In contrast to Scenario 2, Scenario 3 has a greater global warming potential. This is primarily attributed to the utilization of UASB technology and integrated wastewater treatment equipment in Scenario 3, which results in more power consumption. Simultaneously, the treatment of biogas slurry results in the release of extra greenhouse gases. Specifically, the emissions of CH4 and N2O produced during this treatment process surpass those emitted when biogas slurry is directly put into agricultural land, thereby leading to a greater global warming potential. Therefore, in the process of recycling swine manure, the remaining biogas slurry after anaerobic digestion should be properly treated to reduce gas emissions. Global warming potentials of the three scenarios are shown in Figure 5a.




3.2. Eutrophication


Compared with Scenario 1, Scenario 2 and Scenario 3 show lower eutrophication potential. Eutrophication impacts are caused by emissions of N and P into water, and many studies report a high contribution to eutrophication from manure compost, specifically methane from lagoons. In this study, composting contributes 77–86% to water eutrophication in all the scenarios. Solid–liquid separation is a viable method for efficiently eliminating the moisture content in the solid fraction. This process results in a reduction in the compost volume and minimizes the loss of nitrogen and phosphorus during later treatment procedures. This perspective is further supported by prior research. In conclusion, this methodology improves the appropriateness of compost for utilization in agricultural settings. Jorgensen [64] compared the phosphorus distribution between swine manure after solid–liquid separation and swine manure during composting. The findings of the study indicate that the use of solid–liquid separation in swine manure effectively preserves the phosphorus content and minimizes the loss of water-soluble phosphorus. After separating swine manure with a screw extruder or centrifugal microfilter, the majority of the nitrogen and phosphorus in the manure is concentrated in the solid fraction, which maximizes the retention of nutrients in swine manure for fertilizer production, thereby enhancing nutrient utilization and bringing about positive environmental effects. Ellison [65] found that solid–liquid separation can better match farmland and organic fertilizer and effectively ensure the nitrogen content of organic fertilizer.



In addition, the eutrophication potential of Scenario 3 is greater than that of scenario 2 because, in Scenario 3, after biogas slurry separation, the liquid fraction enters the integrated wastewater treatment apparatus for harmless wastewater treatment. Although the discharge of NH3, NO, N2O and NO3− can be avoided by using mechanical equipment, the nitrogen and phosphorus content entering the water body is increased, so Scenario 3 has a greater eutrophication effect than Scenario 2. The eutrophication potentials of the three scenarios are shown in Figure 5b.




3.3. Acidification


The deposition of pollutants such as SO2, NOx, NH3 and N2O in soil and water will lead to acidification. Scenarios 2 and 3, which include the solid–liquid separation of swine manure, have a lower environmental acidification potential than Scenario 1, and the acid gas in the three scenarios comes primarily from composting, contributing between 82% and 94% to each scenario’s environmental acidification. Compared with Scenario 1 without solid–liquid separation, solid–liquid separation reduces the environmental acidification potential of Scenario 3 by 77%. This reduction can be attributed to the efficient mitigation of acid gas formation throughout the composting process facilitated by solid–liquid separation. Holly [66] treated dairy manure via solid–liquid separation, and the liquid and solid fractions were separately composted and then applied to farmland. Compared to the original bovine dung slurry, the solid–liquid separation system reduced the emission of NH3 and the total emission of greenhouse gases by 31%. In addition, the environmental acidification potential of Scenario 2 is lower than that of Scenario 3, which is 25% lower than that of Scenario 3. This is primarily because the biogas slurry treatment in Scenario 3 involves effluent treatment facilities, chemical agents, and the addition of PAC coagulant. The inclusion of chemicals will increase the emissions of acid gases and nitrogen oxides. After solid–liquid separation, the majority of phosphorus is concentrated in the solid fraction, thereby increasing the phosphorus content of the organic fertilizer in Scenario 2 and allowing it to more effectively supplant the industrial chemical fertilizer. Combining the benefits of the solid–liquid separation process and the farmland application process, Scenario 2 demonstrates the lowest acidification potential. The acidification potentials of the three scenarios are shown in Figure 5c.




3.4. Abiotic Depletion


The major contributors to abiotic depletion in this study are the use of coagulants in biogas sediment treatment and the energy consumption caused by the operation of machinery. Scenario 1 has the lowest potential for abiotic depletion when compared to the alternative scenarios. This can be primarily attributed to the absence of mechanical equipment for treatment and the consequent avoidance of energy consumption, resulting in a reduced environmental impact. In addition, in Scenario 1, both the solid and liquid fractions of swine manure are applied as organic fertilizer to farmland, which replaces more chemical fertilizers and reduces the pollution discharge during the production of chemical fertilizer. Scenarios 2 and 3 use a screw extruder, centrifugal microfilter, and wastewater treatment equipment for subsequent treatment, which will utilize additional electric energy; consequently, the consumption potential of abiotic resources is greater for these two scenarios. The abiotic depletions in the three scenarios are shown in Figure 5d.




3.5. Human Toxicity


The contribution of the human toxicity potential mainly comes from the emission of NH3. This study demonstrates that both Scenario 2 and Scenario 3 exhibit a negative human toxicity potential. Compared with Scenario 2 and Scenario 3, Scenario 1 has the greatest impact on the human toxicity environment. This is related to the anaerobic fermentation of swine manure. The process of solid–liquid separation has the ability to efficiently eliminate the overall solid content present in manure while also significantly decreasing the chemical oxygen demand (COD) content. This creates advantageous circumstances for the occurrence of anaerobic fermentation [67]. Using solid–liquid separation technology, Scenario 2 and Scenario 3 can produce biogas for power generation during the anaerobic digestion process, thereby reducing the emissions generated during external energy production. Furthermore, it can be shown that Scenario 3 exhibits a reduced risk for human toxicity compared to Scenario 2. This is because the separation efficiency of centrifugal microfiltration technology is higher, and the separated liquid fraction can maintain 40% COD content, which has a higher biogas production potential and can produce more biogas, thus reducing the human toxicity potential of Scenario 3. The human toxicity potentials in the three scenarios are shown in Figure 5e.



In general, it is evident that the solid–liquid separation treatment scenario has less environmental impact potential compared to the nonsolid–liquid separation treatment scenario. Solid–liquid separation can reduce the emission of acid gas and greenhouse gas during swine manure treatment [68], which is mainly reflected in composting and farmland applications. The results showed that solid–liquid separation reduced the emissions of CH4, CO2, NH3 and N2O during composting and farmland application. Therefore, Scenario 2 and Scenario 3 show lower global warming potential, eutrophication potential, acidification potential and human toxicity potential. For abiotic depletion, Scenario 1 shows a lower potential of abiotic depletion because no mechanical equipment is used in the treatment process, resulting in additional power consumption, and at the same time, organic fertilizer is generated via composting to replace chemical fertilizer for farmland application, which reduces the environmental emissions in the chemical fertilizer production process. Aguirre-Villegas [69] tested the effects of anaerobic digestion and solid–liquid separation of dairy manure on emissions reduction. The research shows that both anaerobic digestion and solid–liquid separation can reduce greenhouse gas emissions, and the combined use of anaerobic fermentation and solid–liquid separation can achieve a greenhouse gas emission reduction rate of 41%. In addition, solid–liquid separation can effectively improve the efficiency of anaerobic digestion, effectively avoid the production of chemical fertilizer and electric energy and have a positive impact on the environment. Kaparaju [70] found that solid–liquid separation of dairy manure can refine the particles in the liquid fraction, which can promote the efficiency of anaerobic digestion and gas production. In addition, solid–liquid separation is beneficial for improving composting efficiency and reducing greenhouse gas emissions. The research by Sáez [71] shows that solid swine manure stored for one month after solid–liquid separation has the best composting effect with corn stalks, and the organic matter of the manure obtained after composting has a high humus degree and no phytotoxicity.



In addition, the mechanical equipment selected for solid–liquid separation and the treatment method after separation will also impact environmental emissions. The separation efficiency of centrifugal microfiltration is better than that of a screw extruder, which can effectively remove the COD content in liquid swine manure, facilitate subsequent anaerobic digestion, help to produce more biogas, and better replace coal for combustion and power generation. Compared with Scenario 2, Scenario 3 uses chemical coagulation in the biogas slurry treatment stage, which will not only improve the treatment efficiency but also bring environmental pollution. Therefore, when adding chemical coagulation, attention should be paid to the dosage and addition sequence to avoid pollution.





4. Conclusions and Discussion


This research shows that Scenario 2 of solid–liquid separation with a screw extruder has the lowest potential environmental impact, and this scenario has positive environmental effects. Compared with Scenario 1 without solid–liquid separation, Scenario 2 shows that 1 FU of swine manure reduces the global warming potential by 135.461 kg CO2-eq, the eutrophication potential by 23.096 kg PO4-eq, the acidification potential by 97.672 kg SO2-eq and the human toxicity potential by 18.904 kg DCB-eq. Scenario 3, which uses centrifugal microfiltration technology for solid–liquid separation, is superior to scenario 2, showing a lower environmental potential in terms of human toxicity and reducing the human toxicity potential by 0.811 kg DCB-eq compared with Scenario 2. The results show that solid–liquid separation is of great significance in reducing environmental pollution during swine manure treatment, and solid–liquid separation technology and subsequent utilization will also affect environmental emissions. In the three scenarios, the emissions of the composting process account for more than 50% of the whole life cycle assessment process, which has the greatest negative impact on the environment in the process of swine manure treatment. It is necessary to strengthen the research on emissions reduction technology in the process of swine manure composting to minimize pollution emissions in the process of swine manure treatment. At present, research mainly focuses on the use of physical, chemical and biological additives to achieve emissions reduction in the composting process. Among them, chemical additives can significantly reduce the pH value of materials and increase the chemical fixation of NH4+, and the emission reduction effect on ammonia volatilization is better than that of other methods. However, it is also necessary to control the dosage in the process of adding chemical agents to avoid excessive acidification.



It is important to acknowledge that the comprehensive environmental impact of swine manure treatment and the environmental emissions associated with all stages are intricately linked to the geographical location. Furthermore, the extent of the damage resulting from emissions varies across different regions. Nevertheless, this study primarily focuses on the utilization of the reference value known as the IPCC emission factor while disregarding the potential influence of emission sites and local environmental conditions. This oversight may result in inaccuracies when assessing environmental impacts.



In the future, when evaluating the life cycle of manure treatment, regional heterogeneity should be taken into account, and more accurate evaluation results can be obtained through regionalization and spatialization to support the formulation of policies related to manure treatment. When deciding on the appropriate treatment method for swine manure in a specific region, it is imperative to take into account various factors, such as environmental emissions, social considerations, economic implications, availability of resources, and the existing legal framework. By considering these factors comprehensively, one can effectively determine the most suitable treatment mode to employ. The existing research mainly uses a multiobjective optimization model to address it, integrates economic, environmental and social factors, and selects the appropriate resource utilization model to achieve a balance between the economy and the environment in the region.



This study exclusively focused on comparing the environmental impact of various solid–liquid separation technologies for pig manure, without delving into an assessment of its economic implications. To achieve a comprehensive analysis of the advantages and disadvantages of solid–liquid separation technology, a life cycle assessment considering both costs and outputs in the manure treatment process is imperative. In our investigation, the cost of pig manure treatment scenarios encompasses expenses related to solid–liquid separation machinery (such as screw extruders and centrifugal microfilters), compost and digestive raw materials (including corn stalks and coagulants), labor, and electricity costs. The output is defined by the revenue generated from selling organic fertilizer and biogas. While previous research, exemplified by Wang [72], has economically scrutinized intensive farming manure energy projects, revealing that biogas power generation exhibited an annual operating cost of approximately RMB 8.86 million, with a net income of RMB 8.8284 million. Consequently, the investment return period for biogas power generation was a mere 2 years, underscoring the robust profitability of anaerobic fermentation treatment for pig manure. Additionally, studies by Khoshgoftar [73] have demonstrated that the economic viability of livestock manure resource utilization is intricately linked to regional energy reserves. In regions abundant in natural gas, like Iran, producing biogas from poultry manure may not be economically advantageous. Considering the cost of screw extruders and centrifugal microfilters, ranging from RMB 1500 to RMB 20,000, adaptable to pig farms of varying sizes, the subsequent comprehensive evaluation of solid–liquid separation technology should incorporate an economic analysis of different pig manure treatment scenarios.



Previous research underscores the significant impact of the ambient temperature on gas emissions during storage and composting processes [74]. Optimal temperatures, such as 25–30 °C, have been identified to enhance the composting efficiency of pig manure and reduce the composting duration. Conversely, temperatures below 1 °C extend the composting time, resulting in increased gas emissions. Notably, this study specifically considers an environmental temperature range of 15–20 °C, neglecting the potential variations in the environmental discharge in both low- and high-temperature conditions within the pig manure treatment system. Future assessments of the pig manure treatment system’s life cycle should systematically investigate the influence of different temperature ranges on environmental discharge.



Future research focuses and directions:




	(1)

	
Assess the social life cycle of various swine manure treatment methods, analyze the social implications associated with different modes of swine manure treatment throughout their entire life cycle, and examine their interplay and correlation with environmental and cost impacts. Evaluate the relationship between the social impact and the concept of sustainable development comprehensively.




	(2)

	
The process of composting is the primary factor that significantly influences the environmental impact associated with the treatment of swine manure. Prior research has demonstrated that various composting techniques exert a significant influence on the release of greenhouse gases throughout the composting process. Hence, it will be possible to conduct comparative analyses of the life cycles of various composting technologies, assess the environmental implications associated with different composting methods, and then make informed decisions regarding the adoption of a more appropriate composting approach based on the outcomes of the study.




	(3)

	
China has significant disparities in its economic development level, geographical environment, and population structure when compared to other countries and regions. The utilization of solely national average data or emission parameters for conducting an environmental impact assessment yields conclusions that lack representativeness. To enhance the accuracy and relevance of life cycle assessment (LCA) of livestock manure treatment, it is imperative to consider regional aspects in future analyses. Specifically, it is necessary to advance the development of a regionally appropriate LCA methodology for China while concurrently establishing a comprehensive regional background database specific to the country.




	(4)

	
Farms of varying scales merit careful consideration in the current research. Presently, the predominant focus lies on the environmental assessment of large-scale farms, potentially neglecting the environmental impact posed by their small and medium-sized counterparts. Research indicates that many small and medium-sized pig farms encounter challenges in adopting cutting-edge treatment technologies and equipment due to financial constraints [75]. Consequently, a prevalent practice involves directly returning manure to fields for treatment. While this method enhances pig manure utilization, it concurrently releases significant quantities of harmful gases, leading to environmental pollution and potential health hazards. Hence, future evaluations of manure treatment system life cycles should include a dedicated examination of small and medium-sized farms. Comparative analyses of various treatment technologies, considering environmental implications, can be undertaken to guide the selection of appropriate manure treatment methods for these specific farm sizes.









Generally, solid–liquid separation is an environmentally friendly treatment method and is suitable for swine manure treatment in large-scale pig farms. It is recommended that large-scale pig farms implement solid–liquid separation techniques for the treatment of swine manure. Simultaneously, it is imperative to select a technique that exhibits a high degree of separation efficiency while minimizing the pollution discharge. Additionally, careful consideration must be given to the application mode of the separated solid manure and liquid manure to mitigate the adverse effects of greenhouse gas emissions and runoff loss on the environment.
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Figure 1. System boundaries for Scenario 1. 
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Figure 2. System boundaries for Scenario 2. 
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Figure 3. UASB—AO process handling process. 
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Figure 4. System boundaries for Scenario 3. 
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Figure 5. Life cycle assessment results of the (a) global warming potential in 3 scenarios, (b) eutrophication potential in 3 scenarios, (c) acidification potential in 3 scenarios, (d) abiotic depletion in 3 scenarios, and (e) human toxicity potential in 3 scenarios. 
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Table 1. Separation efficiency of different solid–liquid separation technologies.






Table 1. Separation efficiency of different solid–liquid separation technologies.





	
Solid–Liquid Separation Technology

	
Chemical Oxygen Demand

	
Total

Solid

	
Total Nitrogen

	
Total Phosphorus

	
Reference






	
Screw extruder

	
45–53%

	
19–35%

	
29–43%

	
20–42%

	
[10,11,12,13]




	
Centrifugal microfiltration

	
3–39%

	
17–68%

	
4–43%

	
18–54%




	
Chemical coagulation

	
64–84%

	
54–87%

	
51–81%

	
57–86%











 





Table 2. Environmental impact assessment categories.
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	Environmental Impact
	Abbreviation
	Unit





	Global warming
	GWP
	kg CO2-eq



	Acidification
	AP
	kg SO2-eq



	Eutrophication
	EP
	kg PO4-eq



	Human toxicity
	HTP
	kg DCB-eq



	Abiotic depletion
	ADP-f
	MJ










 





Table 3. Physical and chemical properties of pig manure and pig urine.
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Material

	
COD

(mg/kg)

	
BOD

(mg/kg)

	
TN

(mg/kg)

	
TP

(mg/kg)

	
Cu

(mg/kg)

	
Zn

(mg/kg)

	
DM

(%)

	
ODM

(%)

	
Reference






	
Dry manure

	
52.33 ± 1.04

	
37.43 ± 0.51

	
5.63 ± 0.55

	
3.47 ± 0.5

	
26.59 ± 0.52

	
663.43 ± 0.51

	
20.33 ± 1.04

	
80.33 ± 1.04

	
[8,28,29,30,31,32]




	
Pig urine

	
8.83 ± 0.76

	
5.4 ± 0.87

	
2.93 ± 0.4

	
0.54 ± 0.25

	
18.48 ± 0.5

	
1.54 ± 0.5

	
/

	
/











 





Table 4. Leakage of different piggery manure floor crack widths.
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	Pig Type
	Slit Width





	Adult pig
	20–25 mm



	Pregnant sow
	10 mm



	Nursery pig
	15 mm



	Fattening pig
	20–25 mm










 





Table 5. Scenario details created for treating swine manure.
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	Swine Manure Treatment Scenario
	Scenario Description
	Solid–Liquid Separation Times





	Scenario 1
	After long-term storage, swine manure is composted and applied to the land.
	0



	Scenario 2
	Swine manure is separated by a screw extruder, the solid fraction is composted in the trough, the liquid fraction is used for anaerobic digestion, and the biogas slurry is returned to the field for long-term storage to generate biogas and organic fertilizer.
	1



	Scenario 3
	A centrifugal microfilter is used to separate the swine manure, the liquid fraction is used for anaerobic digestion, the rest of the biogas slurry is separated using flocculant for the second time, the biogas slurry part is discharged after harmless treatment, and the biogas residue part and swine manure solid part are composted in strips to generate biogas and organic fertilizer.
	2










 





Table 6. Physical and chemical properties of swine manure after solid–liquid separation.
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Material

	
Mass

(ton)

	
TS

(%)

	
VS

(%)

	
P

(kg)

	
Cu

(g)

	
Zn

(g)

	
Reference






	
Solid manure

	
0.17 ± 0.03

	
3.73 ± 0.25

	
19.89 ± 0.79

	
1.53 ± 0.15

	
26.26 ± 1.1

	
42.61 ± 2.51

	
[41,42]




	
Liquid manure

	
0.83 ± 0.08

	
22.39 ± 0.79

	
2.3 ± 0.26

	
18.48 ± 0.5

	
18.44 ± 0.5

	
29.39 ± 0.54











 





Table 7. The common element content in pig biogas slurry renewal.
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	Common Elements
	Biogas Digestate (g/kg)
	Biogas Slurry (g/kg)





	N
	17.41
	1.02



	P2O5
	15.22
	0.17



	K2O
	9.07
	0.44










 





Table 8. The manure instead of chemical fertilizer under different scenarios.
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	Scenario
	Substitution of Nitrogen Fertilizer
	Substitution of Phosphate Fertilizer
	Substitution of Potassium Fertilizer





	Scenario 1
	12.164
	15.12
	4.889



	Scenario 2
	4.904
	4.074
	2.910



	Scenario 3
	1.330
	0.918
	0.704










 





Table 9. Environmental impact potentials for 3 scenarios.
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Scenario

	
Environmental Impact Potential




	
Global Warming

	
Eutrophication

	
Acidification

	
Abiotic

Depletion

	
Human

Toxicity






	
Scenario 1

	
240.311

	
28.511

	
118.196

	
−0.462

	
6.916




	
Scenario 2

	
104.850

	
5.415

	
20.524

	
−0.201

	
−11.988




	
Scenario 3

	
153.905

	
6.222

	
27.388

	
−0.156

	
−12.799
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