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Abstract

:

Pork is one of the proteins of greatest demand worldwide. This study has evaluated the environmental sustainability of pig production by applying the life cycle assessment methodological framework. The system boundaries include feed production, pig production, slaughtering, and slaughterhouse by-product management. Within this context, three scenarios have been proposed: the first related to the management of slaughter by-products in an open dump, the second contemplates a model for using these by-products in a rendering plant, and a third where the environmental burden of slaughterhouse co-products is portioned according to economic allocation. The primary data collected correspond to the period of 2019 for the facilities of a producer in a coastal province of Ecuador. Three functional units were used—“1 kg of pig carcass at the slaughterhouse gate”, “1 kg pig live weigh at the farm gate”, and “1 kg of feed at the plant gate”. The impact categories included were global warming, fossil depletion, marine eutrophication, ozone layer depletion, particulate matter formation, photochemical oxidation formation, and terrestrial acidification. The results revealed that the production of ingredients for feed is the largest contributor to the environmental burden of pig and pork. The rendering of slaughter by-products that avoid the production of other fats and proteins results in a lower environmental impact than the other scenarios in almost all categories.
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1. Introduction


1.1. Sustainability and Pig and Pork Production


The livestock sector worldwide affects nutrition and human health, guaranteeing subsistence and reducing poverty [1]; however, a significant impact is attributed to the environment since it is responsible for 18% of global greenhouse gas emissions [2,3]. The livestock sector demands a large amount of resources such as tracts of land [4], water, and energy [5,6], which affect soils, biodiversity, and water systems, especially by altering the biogeochemical cycles of nitrogen, phosphorus, and carbon, which favors the growth of algae, accelerating eutrophication and promoting the spread of bacteria in surface waters [6]. A large part of this problem is associated with animal nutrition [7]. Livestock and agricultural plantations in the food sector are the main factors responsible for the change in land use, deforestation, and loss of biodiversity caused by the extensive area devoted to forage production and the expansion of pastures; change in global climate due to greenhouse gas emissions during the enteric fermentation process and manure handling; change in water use and pollution and loss of terrestrial and marine ecosystems, due to the excessive use of fertilizers with nutrients (N and P) [8] and pesticides used in forage crops and grasslands [9]. It should be noted that livestock waste is also responsible for soil organic carbon sequestration [10]. Furthermore, the application of certain practices regarding livestock management may help the removal of carbon from the atmosphere and store it in the soil [11]. Animal welfare also contributes to the conditions of the production system since proper management reduces the mortality rate and the use of antibiotics [1].



By 2029, world meat production is expected to be 13% higher than in the base period 2017–2019 [7]; the biggest driver is expected to come from developing countries [12]. It is estimated that the consumption of poultry meat represents 50%, pork 28%, beef 16%, and sheep meat 6% [13]. Chicken meat is the most demanded and preferred by consumers since it is the lowest-cost protein in relation to the rest of the meats mentioned [14]. Pork is the second in demand, but with moderate growth in the next 5 years due to the outbreak of the African Fever Plague (ASF) in China and Vietnam [13].



In 2019, world production of pork reached a volume of 124 million tons, 1.5% more than in 2018; this led to pork being the most consumed meat in 2019, with a world per capita consumption of 15.6 kg/year [15], being the locations with the highest consumption Hong Kong, China, Taiwan, South Korea, the United States, and the European Union.



Pig production is responsible for 9% of global emissions from livestock [16]. Pig production generates environmental effects such as the excretion of excess nitrogen and phosphorus, altering the living conditions of aquatic systems [17].



Since China is the country where approximately 50% of pigs are raised globally [18], this production is attributed to the primary source of GHGs in the food supply chain in this country, since it requires several resources such as the animals themselves, facilities for their accommodation, feed, agriculture, machinery, slaughter, solid and liquid waste management, transportation, among others [19]. Pig production is associated with environmental interventions mostly linked to feed production and manure generation [2].




1.2. Overview of the Environmental Performance of Pig and Pork


Life cycle assessment (LCA) is a standardized methodological framework that allows the identification of environmental hotspots and the comparison between systems, processes, or products with a similar function, offering valuable information in decision making to analyze and include opportunities for improvement [20].



For evaluating the environmental performance of pig and pork production, LCA methodology has been commonly used. Table 1 presents a summary of LCA studies performed for pig and pork production. The selection of the LCA studies was based on the Scopus database [21]. Keywords used for the search were “life cycle assessment” and “pig”. Relevant studies were selected using the following criteria: the studies are focused on live or carcass weight, that is, studies with a functional unit associated with pig or pork mass, and that they have a cradle-to-farm-gate or cradle-to-slaughterhouse-plant-gate approach. Some have taken a cradle-to-farm-gate approach (live weight pig), while others have taken a cradle-to-slaughtering-gate approach (pork). Most studies include feed production, pig production (different growth phases), and manure management. Impact categories selected may vary among studies; however, most studies include at least climate change (GWP), terrestrial acidification (TAP100), and eutrophication potential (EP). Studies of this animal production have been carried out mainly for several European countries, The United States, and China, and to a lesser extent in Latin American countries, particularly for Cuba and Brazil. Most of the analyzed studies agree that feed production is the stage with the greatest contribution from the categories of impacts included.




1.3. Pig Production in South America


Pig production has evolved in terms of the modernization of farms in the last decade in Latin American countries to satisfy the demand of the growing population, as is the case of Ecuador, which in 2016 increased its technical production by 44% in relation to 2010 [42]. According to the last agricultural census of Ecuador published in 2017 [42], it was shown that the pig population was 1,115,473 pigs, with an estimated consumption that went from 7.3 kg/person-year in 2010 to 10 kg/person-year in 2016. Pig production contributed 8% to the Ecuadorian agricultural GDP in 2017 [42].



In Figure 1, according to data from the USDA (United States Department of Agriculture), Brazil was the leading producer of pork in South America with 3,824,682 metric tons in 2017. Ecuador was the fifth-greatest producer with 218,110 metric tons [15].



The growth in meat production of the Andean region is associated with both population and per capita consumption increase. Nowadays, pork is an essential source of protein in the region. There is no evidence of peer reviewed LCA studies of pig or pork production for this region. Furthermore, LCA results may vary depending on site-specific practices and methodological choices. Therefore, it is crucial to develop studies to evaluate the environmental performance of animal and meat production in countries in the Andean region.




1.4. Goal of the Study


This study aims to evaluate the environmental performance of Ecuadorian pig production and pork processing using the LCA methodology. The study will serve as a basis for identifying environmental hotspots in the pig value chain and providing life cycle inventory data to realize studies regarding the environmental sustainability of Ecuadorian diets. Alternatives for environmental improvement based on the hotspot identification will be discussed.





2. Methods


2.1. Scope


This study includes three technical systems in Ecuador, the feed system with a cradle-to-feed-plant-gate scope, the pig system, which has a cradle-to-farm-gate scope; and the pork system, which has a cradle-to-slaughterhouse-gate scope (Figure 2). Data were obtained for the year 2019.



The functional units of each technical system are 1 kg of feed at the feed-plant gate, 1 kg of live weight at the farm-gate, 1 kg pig carcass at the slaughterhouse gate.




2.2. Life Cycle Inventory Analysis


The primary data for the inventory analysis were provided by the technical staff of a pig farm and a slaughtering plant of a corporate group. Most of the product flows of the foreground system are primary data. Background data and natural flows are derived from calculations and life cycle inventory databases as described in Section 3.




2.3. Life Cycle Impact Assessment


The calculations were performed using OpenLCA v1.10.3 [43]. Environmental impact assessment indicator results were calculated according to the ReCiPe method hierarchical perspective v1.3 [44] using the following impact categories: Global Warming Potential (GWP), Fossil Depletion Potential (FDP), Marine Eutrophication Potential (MEP), Ozone Depletion Potential (ODP), Particulate Material Formation Potential (PMFP), Photochemical Oxidants Formation Potential (POPF) and Terrestrial Acidification Potential (TAP100). The indicator results for the impact category Global Warming Potential can also be called Carbon Footprint.





3. Results


3.1. Life Cycle Inventory Analysis


3.1.1. Feed Production


About 50% of the content of the feed is imported; in particular, wheat and soybeans are imported from Peru and Argentina, respectively. The general formulation was obtained from the supplier of the farm. Only the ingredients composing more than 1% in mass are considered. The final formulation includes national maize (47.78%), wheat (24.05%), imported soybean meal (23.14%), and palm oil (1.74%) (Table 2). Data for water, energy, electricity, and heat used in the manufacturing of feeds were derived from a study that includes the inputs and outputs for a feed production system [45]. Table 2 presents the inputs and outputs of the feed production system. Life cycle inventories for the production of feed ingredients, water, and heat were derived from Ecoinvent databases. Life cycle inventory for electricity production in Ecuador was derived from [46,47].




3.1.2. Pig Production


The pig production system includes swine production, water treatment, wastewater treatment, and solid waste treatment.



Swine Production


Data were obtained for a pig farm that has a weekly production of 980 pigs with an average weight of 110 kg. The annual production of pigs on this farm is approximately 50,960 pigs (5600 TM), which represents 4.47% of the total population of pigs nationwide in 2016 [48]. It is located in a coastal province, in a sector with an altitude between 35 m to 52 m. Its natural vegetation cover is basically of the dry scrub type moderately altered, and there are several agro-industrial farms around it.



The pig farm has all the production phases, divided by biosecurity issues into two areas. The first area is reproduction, which includes the rearing of piglets, maternity, and gestation. The second area comprises growth and fattening. The farm manages the hybrid breeds in the female sheds: Landrace and Large White, and in the male sheds, only the Duroc breed. Table 3 presents a description of the pig production system.



Data on energy consumption for pumping, transport, lighting, manure generated, feed, water, and fuel were obtained from the historical data of the pig farm. Vitamins and antibiotic drugs were not included, given that their impact was considered to be not very significant [20]. Incineration is widely used as a biosecurity method for pig disposal corpses [20]. The farm has an artisanal incinerator for death; however, there are no data on the emissions of this system. Therefore, an incineration process from Ecoinvent databases was used [49].



The direct emissions of CH4 to air from both enteric fermentation and manure storage and the direct and indirect emissions from manure management of N2O were calculated under the Tier 1 method proposed by the Intergovernmental Panel on Climate [50].



Gasoline is used to transport personnel, and gas is used to operate the incinerator. The detergent is used to clean sheds and areas, and the lime is applied to neutralize odors in sheds once they have been disinfected.



Transport from the feed plant to the pig farm was also considered, the distance being 152 km. Life cycle inventories for producing inputs such as petrol, propane, detergent, lime were derived from Ecoinvent databases [49]. Life cycle inventories of the treatment of outputs such as hazardous waste, waste mineral oil, and biowaste were derived from Ecoinvent databases [49]. Table 4 presents the inputs and outputs of the swine production.




On-Farm Water Treatment


The pig farm has a water storage reservoir of 750 m3 supplied by an irrigation canal. The farm also has a water treatment plant that includes three stages coagulation, flocculation, and disinfection. The following chemical agents are used during this process: polyaluminium chloride, flocculants, and sodium hypochlorite (Table 5). Once the water is treated, the effluent is stored in a pool, which has a capacity of 400 m3, and from there, it is pumped to the farm sheds. Diesel is used for the pump. Life cycle inventory for the production inputs such as chlorine, polyaluminium chloride, aluminum sulfate, and diesel, including combustion, were derived from Ecoinvent databases [49].




On-Farm Wastewater Treatment


Each shed on the farm has a drainage and collection system for solids, which are gradually removed during shed cleaning. These gravity drains pass to a storage pool, unifying the different discharges. The same discharges are subsequently pumped towards the solids separator, where the larger diameter solids are removed. The liquid passes to the oxidation system composed of anaerobic, facultative, and aeration ponds. The treated effluent is pumped for the irrigation of pastures within the farm facilities. The use of this treated effluent avoids the use of nitrogen fertilizer.



The solid with a humidity of 25 to 40% is removed from the separator is placed on a platform to lose moisture after five days. A microbial complex and rice chaff are introduced in those wastes for composting. The compost is sold. Enzymes help accelerate the breakdown of organic matter. The elaboration compost substitutes the use of synthetic fertilizers (N, P2O5, and K2O). Table 6 and Table 7 present the inputs and outputs of the wastewater treatment and solid waste treatment. Life cycle inventories for the production of enzymes and fertilizer were derived from Ecoinvent databases [49]. Life cycle inventory for the electricity [28] supply in Ecuador was derived from [46,47]. Life cycle inventories for the production of rice husk and fertilizer (N, P2O5, and K2O) were derived from Ecoinvent databases [49].





3.1.3. Pork Processing


The pork system includes slaughtering and wastewater treatment.



Slaughtering


At the end of the fattening period, the pigs are transported to the slaughterhouse. The slaughterhouse is located in the province of Santa Elena, approximately 20 km from the pig farm. The slaughtering process begins with the reception of the pigs in a stabling area. The carcasses and viscera are subjected to post-mortem inspection to verify their quality and subsequent weighting and classification.



Table 8 presents the inputs and outputs associated with the slaughtering process. Life cycle inventories for the production of inputs such as water, diesel (including combustion), propane (including combustion), and ammonia were derived from Ecoinvent databases [49]. The treatment of slaughterhouse waste and slaughter by-products by open dump was derived from [49]. Life cycle inventory for the electricity supply in Ecuador was derived from [46,47].





Wastewater Treatment


The discharges from the plant are initially collected in a catchment cistern, where it is pumped into the pretreatment. The effluent goes to a homogenization basin to regulate the pH and the pollutant load through a submerged aerator and pumps to drive to the primary treatment. In this treatment, there is a dissolved air flotation unit (DAF) with chemical treatment, where the coagulant and flocculant are applied, that is, aluminum sulfate and polyaluminium chloride, respectively; these agents allow the destabilization of the matter and the formation of the floc favoring clarification of the discharge. Subsequently, the effluent leaving this unit passes into the biological treatment of low-load active sludge (with prolonged aeration) with nitrification process—denitrification and secondary clarification with lamellar decantation. The plant has green areas within its facilities and uses this treated effluent for the irrigation of these areas. In this way, this treatment avoids the use of drinking water for irrigation in the plant. Table 9 presents the inputs and outputs for the wastewater treatment system. Life cycle inventory for systems such as aluminum sulfate and polyaluminium chloride, municipal solid waste management, and avoided tap water were derived from Ecoinvent databases [49].




3.1.4. Slaughterhouse By-Product Management


The handling of by-products was evaluated according to three scenarios.



Scenario 1


Scenario 1 corresponds to the base case scenario. The main product of this stage is the pig carcass, which represents 79% of the live weight of the pig. However, other co-products are obtained, such as edible offal, fats, blood, mucous membrane, clean gut, and remains of pig carcass, which are currently taken to an open dump.




Scenario 2


A prospective system expansion is performed in which the animal by-products are processed by rendering. The inputs and outputs associated with the rendering are derived from [51]. Life cycle inventory for the production of inputs of the rendering process are derived from [49] and [46,47]. The system includes the displacement of soybean meal and palm oil by the rendering products. The life cycle inventories for the production of the displaced products are derived from [49].




Scenario 3


Scenario 3 corresponds to a situation where methodologically the allocation of the environmental burdens is based on the economic value of the co-products. Prices were provided by the producer (Table 8). The results of scenario 3 are not comparable to those of scenarios 1 and 2, as a different method of handling multifunctionality is used.






3.2. Life Cycle Impact Assessment


3.2.1. Feed Production


The potential environmental impacts of 1 kg of feed are presented in Table 10 for the impact categories evaluated. A contribution analysis is illustrated in Figure 3.



The production of the soybean meal ingredient contributed the highest in six of the seven categories analyzed (GWP, FDP, MEP, ODP inf, and POFP), associated with the planting of the crop, which mainly derives from the generation of deforestation and the disappearance of biodiversity main, which represent 41.35% and 68.45%, respectively (Figure 3). This is because corn requires large amounts of nitrogen fertilizers. When applied to the soil form nitrates and ammonia escapes into the atmosphere, contributing to the formation of particles. The resources within the feed production, such as the heat used, electricity, and water use, have a low contribution to the categories analyzed.




3.2.2. Pig Production


Table 11 shows the results of the analyzed impact categories on pig production on the farm, and it can be noted that in the climate change category, it has a value of 3.64 kg CO2-eq/kg pig live.



In the GWP category, feed production contributes 69.98%, followed by manure management and enteric fermentation with 27.73% (Figure 4). Manure management is also present with low values in the ODPinf, PMFP, and POFP categories. The transport of the feed to the farm also represents intermediate values for the categories of FDP, ODFinf, PMFP, POFP, and TAP 100, associated with the use and combustion of the fuel used. Regarding the indicator of marine eutrophication, feed production contributes almost 100%. There is a negative contribution of 1.05% from wastewater treatment due to the avoidance of fertilizer products such as N. Manure management and enteric fermentation present negative values for the FDP, MEP, and TAP 100 categories.




3.2.3. Pork Processing


For all the indicators, scenario 2 presents the lowest results, because of the credits the system gains because of fats and proteins displacement. Scenario 1 is the one with the highest results (Table 12). The feed production represents the main contribution in the impact categories studied (Figure 5).



Global Warming Potential—The results obtained in this category denote the greatest contribution in the feed production. In scenario 1, feed contributed 66%; in scenario 2, a partial increase of 71% is observed. The contribution to the Global Warming Potential of the production of pigs in the two scenarios is very similar (28% and 31%). In this stage, the contribution is due to methane gas and nitrous oxide generation from enteric fermentation and manure management. Regarding slaughtering, the contribution in all scenarios is less than 4%, with 3.81% in scenario 1 and 3.94% in scenario 2. Regarding scenario 2, slaughter by-product management by rendering generated a contribution of −6.05% in GWP due to palm oil and soybean meal displacement.



Fossil Depletion—This category is associated with the use of fuel for power generation, in the three scenarios, the greatest contribution is generated by the feed production, and all the results remain very similar, the feed production is at 68%, the pig production is 13%, and pork processing is approximately 18%. In scenarios 1 and 2, by-product management represents 0.30 and 0.22%, respectively.



Marine Eutrophication—The most remarkable contribution is feed production with 94%, more than 100%, and more than 100% for both scenarios. In scenario 1, slaughter represents 0.65%, in scenario 2—0.66%. In the handling of by-products of scenario 2 there is a negative contribution of 9.30% because of the avoidance of soy protein and palm oil.



Depletion of the Ozone Layer—In this category, the greatest contributors were feed and pork processing for the two scenarios. In the first and third scenarios, feed production had a contribution of 66%, while in the second, 67%. In scenario 1, pork processing had a contribution of 19.27%, and in scenario 2, 18.85%, with a contribution of −1.50% from the handling of by-products due to the displacement of products.



Formation of Particulate Matter. Given the nature of the feed production, it represents the highest contribution with more than 90% in both scenarios. In scenario 2, it should be noted that there is a contribution of −5.78% in the handling of slaughter by-products, displacing loads of proteins and fats. Food production handles different grains and other powdered raw that directly affect the generation of particulate matter, especially soybeans and corn, since both are responsible for approximately 79% of its result.



Formation of Photochemical Oxidants. This category, characterized by smog, has its greatest contribution in feed production, especially during soybean meal production. In scenario 1 the contribution of feed is 77%. In scenario 2 it has a contribution of 83%. Pig production has a contribution of 11.85% in scenario 1 and more than 12% in scenario 2. The pork processing stage has a contribution between 10% and 11% in both scenarios. The handling of by-products in scenario 2 contributes −6.62% because of the displacement of palm oil and soybean meal.



Terrestrial Acidification—In this category, feed production also has the highest contribution, with more than 95%, for both scenarios, with corn production being the highest contribution, with 65%. The use of chemical agents in crops and the combustion of fossil fuels are the main factors that have an incidence in this category. The contribution of pork processing for the 3 scenarios is similar at 4%. By-product management has a contribution of −2.26% and 0.08% for scenarios 1 and 2, respectively. As explained before, the negative value is due to the credits of the displacement of environmental loads of palm oil and soybean meal.



Scenario 3 does not represent a situation comparable to scenarios 1 and 2. Scenario 3 uses an economic allocation approach; thus, it does not include the total effect of the by-products. Scenarios 1 and 2 include the environmental effects of the by-products in the system; thus, the main product, pork, suffers the consequences of gain the credits of their occurrence. It should be noted that for the latter options, the results of the main product depend on the destiny of the by-products.



The results of the economic allocation correspond to 4.57 kg CO2-eq in climate change, where feed contributes 67.38% of this value, followed by pig production with 28.91% and slaughter with 3.71%.






4. Discussion


4.1. Comparison with Other Studies


Results of LCA are not easily comparable as the methodological choices and system characteristics may vary among different studies; however, a comparison of Global Warming Potential results (Carbon Footprint) is performed. Only this category is used for comparison since Climate Change is the greatest threat to sustainability nowadays. Results for live weight at the farm gate and pork at the slaughterhouse gate of each study are presented in Table 13.



From the different studies reviewed, it can be noted that in Europe, there is a greater number of investigations regarding LCA studies of pig production. There are differences among the results from studies. This may be related to different system limits, production practices, the functional unit, and waste management scenarios. For comparison, the results for the climate change indicator are classified in Table 13 according to the scope and their functional unit, that is, per kg of live weight (at the farm gate) and carcass weight (at the slaughterhouse gate).



The results in the literature range from 2.30 to 8.39 kg CO2-eq/1 kg live weight at the farm gate, and from 2.55 to 4.50 kg of CO2-eq/1 kg carcass weight at the slaughterhouse gate. Among the lowest results, the study by Monteiro et al. [23] should be highlighted, with values of 2.34 and 2.31 kg of CO2-eq for the conventional feeding and precise feeding scenarios, respectively. In this study, a simulation was carried out in the feeding with standardized ideal digestible amino acids in two scenarios: the first of the average amount of lysine and the second of the exact amount of lysine to enhance the use of proteins. In [41], the Good Agricultural Practice (GAP) scenario presented a value of 2.30 kg of CO2-eq, highlighting that including good practices in agriculture, such as the systematic introduction of intermediate crops whenever possible, allows the reduction of nitrate emissions.



Sagastume Gutierrez et al. [34] present the highest value, 8.39 kg of CO2-eq/ live weight. However, the author explains that this is because it included CO2 emissions due to pig metabolism (CH4, N2O, and NH3 emissions); without this inclusion, the value would be 3.5 kg CO2-eq. This study also showed that the greatest contribution to climate change was the production of pigs, with 61%, of which 58% resulted from the metabolism of farm animals.



Makara et al. [28] presented several scenarios with results ranging between 6.82–7.1 kg CO2-eq since it includes the rearing of pigs with fertilization using pig manure; A pig farming with the AMAK method (filtered solids used for fertilization), and a combined scenario with fertilization and AMAK.



In the present study, 3.61 kg CO2-eq/kg live weight was obtained, a value that is within the range of the literature review carried out, ranging from values of 2.30 to 8.39 kg CO2-eq, and below the average value of 4.92 kg CO2-eq.



In relation to the results at-the-slaughterhouse-gate, the LCA results from the literature (Table 13) correspond to a range between 2.55 and 4.50 kg CO2-eq. The GWP results for the scenarios presented in this study are above the highest value in the literature.



Devers et al. [39] presented the minimum and maximum results of the literature review. In that study, a comparison was made between two types of pig production with localities in Flanders and Western Cape. Those found in Flanders presented the lower value of the climate change indicator, highlighting that within the raw material of the feed, it uses 7% of wheat and wheat co-products, unlike the other locality in which this input represents 60%; likewise, the amount of wheat flour soy is lower. Another critical factor is that the feed conversion for the pigs in Flanders is 2.97, and for the Western Cape pigs, it is 3.45. This difference is very significant and due to diet and genetics.




4.2. Recommendations for Improvement


Feed production is the most critical stage of the studied system regarding environmental impact. In this study, it has been shown that the feed conversion index of pigs is 2.99, a value that is within the similar studies range from 2.5 to 3.0. Almost three times plant-based biomass as feed is needed to produce animal-based biomass, and it is during feed production that synthetic fertilizers are used. Therefore, mitigation measures in this stage should be prioritized. Regarding this stage, the diet can be reformulated, reducing raw materials such as corn and soybeans by replacing them with amino acids [38] or by-products that resemble the nutritional requirement of pigs in the different growth stages [39]. Feed formulations should be optimized considering not only nutritional and economic criteria, but also criteria to improve the environmental profile of animal production.



In the production of pigs on the farm, it is recommended to provide adequate management of the manure and discharges, using these residues for the generation of biogas, generation of fertilizers, and compost. In addition, improving their diet will allow optimizing feed conversion.



In slaughtering, the by-products generated at this stage should be used as food or feed. Rendering of any other way of producing useful products should be emphasized for inedible by-products. This allows the displacement of other products, thus improving environmental performance and moving towards sustainable strategies.





5. Conclusions


In this study, the LCA methodological framework has been used to assess the environmental sustainability of a pig and pork production system in Ecuador. This type of comprehensive evaluation of pig production, or any other production system, is necessary for the development of effective environmental improvement strategies.



Of the stages that were part of the scope of the study, feed production is the one with the highest contribution in the different categories analyzed, exceeding 65% of the contribution. The generation of manure management contributed 27.73% of climate change emissions. The slaughter process represented only 4 to 19% of global emissions, with the FDP and ODPinf categories being the most relevant, with contributions between 17 and 19%.



Regarding slaughtering by-product management, the by-products generated at this stage should be used as food or feed when possible. The scenario where system expansion was used to include the displacement of palm oil and soybean meal had the lowest results for almost all the categories, except for the fossil depletion, as rendering increased fuel consumption.



According to the results, there are opportunities to mitigate the environmental impact of pig and pork. Main strategies should be focused on feed production. This could be achieved by substituting the ingredients with relatively high environmental impacts with greener alternatives (e.g., replacing soybean meal with amino acids).
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Figure 1. Pork meat production in South America in metrics tons in 2017 [15]. 
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Figure 2. System boundaries (T: Transport). 
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Figure 3. Contribution analysis for feed production. Global Warming Potential (GWP), Fossil Depletion Potential (FDP), Marine Eutrophication Potential (MEP), Ozone Depletion Potential (ODP), Particulate Material Formation Potential (PMFP), Photochemical Oxidants Formation Potential (POPF), and Terrestrial Acidification Potential (TAP100). 
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Figure 4. Contribution analysis of pig production. Global Warming Potential (GWP), Fossil Depletion Potential (FDP), Marine Eutrophication Potential (MEP), Ozone Depletion Potential (ODP), Particulate Material Formation Potential (PMFP), Photochemical Oxidants Formation Potential (POPF), and Terrestrial Acidification Potential (TAP100). 
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Figure 5. Contribution analysis of pork production. Global Warming Potential (GWP), Fossil Depletion Potential (FDP), Marine Eutrophication Potential (MEP), Ozone Depletion Potential (ODP), Particulate Material Formation Potential (PMFP), Photochemical Oxidants Formation Potential (POPF) and Terrestrial Acidification Potential (TAP100). 
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Table 1. Summary of life cycle assessment studies of pig and pork production published in academic journals.
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	Author
	Country
	Goal
	Technical System Boundaries
	Functional Unit
	Categories of Environmental Impact





	Soleimani et al. [22]
	France
	To compare the environmental

impacts between the HRFI (high residual feed intake) and LRFI (low residual feed intake lines
	Feed production, manure management and the entire pig production system comprising reproducing sows and their piglets, post weaning and fattening pigs.
	1 kg of live weight of pig at the farm gate
	Climate Change (CC), Acidification Potential (AP), Eutrophication Potential (EP), Land Occupation (LO), Water Depletion (WD)



	Monteiro et al. [23]
	France
	To analyze environmental impacts

evaluated in individual growing pigs
	Feed production, animal housing, and manure management (collection and storage of manure as liquid slurry)
	1 kg of BW gain over the fattening period
	Climate Change (CC), Acidification (AC), Eutrophication (EU), Land Occupation (LO) and Water Depletion (WD)



	Conti et al. [24]
	Italy
	Environmental impact of pig production affected by wet acid scrubber as mitigation technology
	Feed production and on-farm emissions of NH3, N2O, and CH4 from enteric fermentation, slurry management, and field spreading
	1 kg of pig mass
	Climate Change (CC), Ozone Depletion (OD), Particulate Matter Formation (PM), Human Toxicity—No Cancer Effect (HTnoc), Human Toxicity—Cancer Effect (HTc), Photochemical Ozone Formation (POF), Acidification (TA), Terrestrial Eutrophication (TE), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Freshwater Ecotoxicity (FE), Mineral, Fossil and Renewable Resource Depletion (MFRD)



	Zheng et al. [25]
	China
	To compare the environmental influence of the pig supply chain on the basis of LCA
	Crop production, crop transportation, feed processing and transportation, pig production, pig transportation, and slaughter
	1 ton of pork, carcass weight
	Climate Change (CC), Human Toxicity—Cancer Effect (HTC), Human Toxicity—No Cancer Effect (HTNC), Particulate Matter (PM), Ionizing Radiation Human Health (IR), Photochemical Ozone Formation (POF), Terrestrial Acidification (TA), Eutrophication Terrestrial (ET), Eutrophication Marine (EM), Ecotoxicity Freshwater (EF)



	Pexas et al. [26]
	Denmark
	To analyze the environmental impacts of housing conditions and manure management in European pig production systems
	Gestation (gestating sows), farrowing (lactating sows and suckling piglets), nursery (weaners up to 30 kg) and growing/finishing (pigs until slaughter weight and replacement

gilts)
	1 kg of live weight pig (1 kg LW) at the farm gate
	Non-Renewable Resource Use (NRRU), Non-Renewable Energy Use (NREU), Global Warming Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP)



	García-Gudiño [27]
	Spain
	To evaluate the environmental impacts of traditional Iberian systems while accounting for the contribution of emissions resulting from the consumption

of natural resources
	Crop production, concentrate feed production at the feed factory, animal production unit, and manure storage
	1 kg of live weight pig
	Climate change, Acidification, Eutrophication, Non-Renewable Energy, Land Occupation



	Makara et al. [28]
	Poland
	To compare pig farming management systems focused on manure management
	Pig breeding and pig manure utilization
	1 kg of carcass weight
	Climate Change (CC), Ozone Depletion (OD), Human Toxicity—No Cancer Effects (HT NCE), Human Toxicity—Cancer Effects (HT CE), Particulate Matter Formation (PMF), Ionising Radiation—Human Health Effects (IR HH), Ionising Radiation Effects (Interim) (IR E), Photochemical Oxidant Formation (POF), Acidification (AD), Terrestrial Eutrophication (TE), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Freshwater Ecotoxicity (FET), Land Occupation (LO) Water Resource Depletion (WRD), Fossil Depletion (FD)



	Bandekar et al. [29]
	United States
	To compare alternative swine management practices
	Production of crops, fertilizers and fuel to the farm gate, pig production, and Alternative management practices in pork production
	1 kg of pig live weight
	Global Warming Potential (GWP), Cumulative Energy Demand, Cumulative Water Consumption



	Reyes et al. [20]
	Cuba
	To evaluate the Life Cycle Environmental Impacts of three Pig Production Technologies (Genetic Farms, Multiplier Farms, and Production Farms)
	Pig production, animal feed, avoided fertilizer production, energy, and water consumption
	PELU of 50 kg (Porcine equivalent livestock unit)
	Climate Change (CC), Terrestrial Acidification (TA), Marine Eutrophication (ME), Freshwater Eutrophication (FE) and Terrestrial Ecotoxicity (TET)



	García-Launay et al. [30]
	France
	To analyze the environmental impacts of pig production
	Production of piglets (farrowing unit), postweaning and growing-finishing periods
	1 kg of live weight and 1 ha of land used to produce feed and raise animals.
	Climate Change (CC), Acidification (AC), Eutrophication (EU), Cumulative Energy Demand and Land Occupation



	Noya et al. [31]
	Spain
	To evaluate the environmental burdens of pig meat production
	Off-farm concentrate feed production and pig farming
	100 kg live weight of pig at the farm gate
	Climate Change (CC), Terrestrial Acidification (TA), Marine Eutrophication (ME), Freshwater Eutrophication (FE), Agricultural Land Occupation (ALO) and Fossil Exhaustion (FD)



	Bava et al. [32]
	Italy
	To analyze the environmental impacts of pig production systems
	On-farm processes and off-farm activities linked to the production of external inputs
	1 kg live Weight at the farm

gate
	Global Warming, Eutrophication, Acidification, Non-Renewable Energy Use, Land Occupation, Abiotic Resource Depletion, Terrestrial Ecotoxicity and Ozone Layer Depletion



	Reckmann et al. [33]
	Germany
	To compare pork using different protein sources in pig feed
	The feed chain encompassed the production of pre-products, the use of fuels for transport and agricultural activities, land use activities, and the processing into feedstuffs. The pork chain contained all processes within the feed chain, and, in addition, it included pig housing, manure management, and slaughtering.
	1 kg feed and 1 kg of pork
	Climate Change (GWP), Acidification Potential (AP), Eutrophication Potential (EP), Land Occupation (LO)



	Sagastume Gutierrez et al. [34]
	Cuba
	To evaluate the environmental performance of pig production and to identify possible improvements
	Pre-production, feed production, and pig production, manure management
	120 kg of live weight
	Abiotic Fossil Fuel Depletion (ADF), Climate Change (GWP), Human Toxicity (HT), Terrestrial Toxicity (TT), Photoxydant Formation (POF), Acidification Potential (AP), Eutrophication Potential (EP)



	Wang et al. [18]
	China
	To evaluate the sustainability of the large-scale pig farming system in North China
	Pig production, feed production and

the manure management
	1000 commercial pig’s production. (Final weight of 100 kg)
	Warming Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP), Soil Toxicity (ST) and Malodorous Air (MA)



	Cherubini et al. [2]
	Brazil
	To evaluate the environmental performance of swine production in Brazil and to compare four manure management systems
	Crop production, grain drying and processing, piglet production (PP) and growing to finishing (GF) and end at the slaughterhouse with the cooled and eviscerated carcass
	1000 kg of swine carcass (deadweight) in the equalization chamber
	Climate Change (GWP), Terrestrial Acidification (TA), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Cumulative Energy Demand (CED), Terrestrial Ecotoxicity (TE), Biodiversity Damage Potential (BDP), Natural Land Transformation (NLT)



	Garcia-Launay et al. [35]
	France/Brazil
	To evaluate the environmental implications of the incorporation of feed-use amino acids in pig production of France and Brazil
	Production and transport of feed ingredients, feed production at the feed factory, transport of the feed to the farm, piglet production, post-weaning and fattening, manure storage, transport and spreading
	1 kg of pig live weight
	Climate Change (GWP), Acidification (AP)

Eutrophication (EP), Cumulative Energy Demand (CED), Terrestrial Ecotoxicity (TE), Land Occupation (LO)



	Luo, Y et al. [36]
	China
	To evaluate the environmental impacts of two manure management systems for pig production in China
	Pig production encompasses the feed supply and the pig stables (aeration, heating, emissions); Biogas plant including wastewater treatment and composting plant
	1956 livestock units yr−1. (1 LU= 500 kg

life weight)
	Global Warming Potential (GWP),

Eutrophication Potential (EP) and Acidification Potential (AP).



	Reckmann et al. [37]
	Germany
	To evaluate the environmental implications pork production of Germany
	Production of pre-products to the slaughtering of pigs and processing to pork as slaughter weight
	1 kg of pork (slaughter weight) at the gate of the slaughterhouse.
	Global Warming Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP)



	Ogino et al. [38]
	Japan
	To compare GHG emissions resulting from manure management in two pig farming systems, one using conventional diets and the other using the low- protein diets with Aminoacids
	Feed production, housing, manure management, farming
	1 marketed pig
	Global Warming (GPW), Acidification (AP), Eutrophication (EP), Energy Consumption (EC)



	Devers et al. [39]
	Belgium
	Comparative life cycle assessment of Flemish and Western Cape pork production
	All raw materials that flow into the pig farm, closed pig farming activity, and meat processing and distribution
	1 kg of Western Cape or Flemish pork (carcass weight)
	Global Warming Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP), Energy Used (EU)



	Pelletier, N et al. [40]
	United States
	To evaluate the environmental impacts of high- and low-profitability commodity and deep-bedded niche swine production systems in the Upper Midwestern United States
	Feed production, energy carriers, fertilizers, micronutrients, transport modes, swine production, manure
	1 kg of live-weight
	Energy Use, Ecological Footprint, GHG Emissions, Eutrophying Emissions



	Basset-Mens & Van Der Werf [41]
	France
	To compare three scenarios for pig production: Good Agricultural Practices (GAP), French quality label called red label (RL), and organic agriculture (AA)
	Production of crop inputs, crop production, production of feed ingredients and feeds, and pig production.
	1 kg of pig and 1 kg per hectare
	Eutrophication (EP), Climate Change (GWP), Acidification Potential (AP), Terrestrial Ecotoxicity (TE), Energy Use (EU), Land Use (LU), Pesticide Use (PU)
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Table 2. Inputs and outputs of the feed production system.
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Inputs

	
Unit

	
Amount

	
Data Sources






	
Maize

	
kg

	
0.475

	
Primary data




	
Crude palm oil

	
kg

	
0.017




	
Soybean meal

	
kg

	
0.231




	
Wheat

	
kg

	
0.240




	
Water

	
kg

	
0.067

	
[45]




	
Electricity

	
MJ

	
0.065




	
Heat

	
MJ

	
0.148




	
Outputs

	

	

	




	
Feed

	
kg

	
1.000

	
Primary data
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Table 3. Description of each phase of the pig production system.
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	Pig Production Phase
	Description





	Insemination
	In the replacement sow’s area, there are four sheds with 75 sows in each one, with an initial age of 100 days, where they remain for 140 days for their preparation before they are inseminated. They reach an average weight of 120 kg.

Reproductive males are received at the age of 100 days in a shed of 20 pigs, where they remain throughout their reproductive life, that is, approximately 750 days, and have an average weight of 240 kg. At 270 days of age, they start producing doses of semen; thus, they can spend more than 210 days in simulation training. Once they are fertile, the semen is extracted one time per week or every five days. Semen is collected in a container according to the quality. The volume is mixed with distilled water and stored in airtight sachets at a temperature of 16 °C. A female is inseminated with 2.2 to 2.5 sachets of 100 mL each.



	Gestation and maternity
	On the farm, there are five maternity sheds. Gestation is a process that lasts from 114 to 115 days. At this stage, sows are fed in a controlled manner by specialized personnel with food that provides them with all the nutritional requirements according to their stage. A few days after entering labor, the sows are taken to another shed. The farm has a logistics system where deliveries are scheduled weekly. At the end of the parturition, the piglets are removed from their tusks and tail and vaccinated. The newborn pigs are fed only with the mother’s milk. They are weaned at 21 days. The average number of births is 13 pigs per parturition, with an average weight of 1.2 kg.



	Breeding
	When the piglets are 21 days old, they go to the rearing sheds, where they are fed to have maximum yields where they are already given a diet according to their age. The piglets remain for 49 days until reaching an optimal weight. Mothers go to the gestation area until their next heat, where they are inseminated again, and the cycle is repeated.



	Fattening
	In this area, the pigs from the rearing area are received at 71 days old. The pigs in this area have a four-stage diet. Once the pigs have reached the average weight of 110 kg, they are removed from the houses and are sent to the slaughterhouse or to the local retailers of live pigs.
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Table 4. Inputs and outputs of swine production based on the production of 1 kg live pig.
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Inputs

	
Unit

	
Amount

	
Data Sources






	
Feed

	
kg

	
2.986

	
Primary data




	
Treated water

	
m3

	
0.030




	
Petrol

	
MJ

	
0.031




	
Propane

	
MJ

	
0.103




	
Detergent

	
kg

	
4.15 × 10−5




	
Lime

	
kg

	
0.001




	
Transport

	
kg × km

	
453.92




	
Outputs

	

	

	




	
Pig live

	
kg

	
1.000

	
Primary data




	
Manure liquid

	
kg

	
29.936




	
Hazardous waste (empty chemicals containers for incineration)

	
kg

	
4.33 × 10−6




	
Waste mineral oil (used oils for incineration)

	
kg

	
0.00011




	
Biowaste (mortality for incineration)

	
kg

	
6.49 × 10−6




	
Air emissions

	

	

	




	
Manure management and enteric fermentation

	
kg

	
0.017

	
[50]
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Table 5. Inputs and outputs associated with water treatment on farm based on 1 m3 treated water.
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Inputs

	
Unit

	
Amount

	
Data Sources






	
Water

	
m3

	
1.000

	
Primary data




	
Chlorine

	
G

	
0.067




	
Polyaluminium chloride

	
kg

	
0.032




	
Aluminum sulfate

	
kg

	
3.31 × 10−5




	
Diesel

	
MJ

	
5.680




	
Outputs

	

	

	




	
Treated water

	
m3

	
1.000

	
Primary data
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Table 6. Inputs and outputs associated with on-farm wastewater treatment based on the treatment of 1000 kg liquid manure.
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Inputs

	
Unit

	
Amount

	
Data Sources






	
Manure liquid

	
kg

	
1000

	
Primary data




	
Enzymes

	
kg

	
0.011




	
Electricity

	
kWh

	
0.210




	
Outputs

	

	

	




	
Manure solid

	
kg

	
4.562

	
Primary data




	
Avoided product

	

	

	




	
Fertilizer, N

	
kg

	
0.453

	
Primary data
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Table 7. Inputs and output for the solid waste treatment on farm based on the treatment of 1 kg solid manure.






Table 7. Inputs and output for the solid waste treatment on farm based on the treatment of 1 kg solid manure.





	
Inputs

	
Unit

	
Amount

	
Data Sources






	
Manure solid

	
kg

	
1.000

	
Primary data




	
Rice husk

	
kg

	
0.005




	
Avoided products

	

	

	




	
Fertilizer, N

	
kg

	
0.018

	
[28]




	
Fertilizer, P2O5

	
kg

	
0.005




	
Fertilizer, K2O

	
kg

	
0.011
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Table 8. Inputs and output for the slaughtering based on 1 kg pig carcass.






Table 8. Inputs and output for the slaughtering based on 1 kg pig carcass.





	
Nomenclature

Inputs

	
Unit

	
Amount

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Unit Price ($/kg)

	
Data Sources






	
Live pig

	
kg

	
1.268

	
-

	
-

	
-

	
-

	
Primary data




	
Water

	
kg

	
5.188

	
-

	
-

	
-

	
-

	
Primary data




	
Electricity

	
kWh

	
0.429

	
-

	
-

	
-

	
-

	
Primary data




	
Diesel

	
MJ

	
0.396

	
-

	
-

	
-

	
-

	
Primary data




	
Propane

	
MJ

	
0.675

	
-

	
-

	
-

	
-

	
Primary data




	
Ammonia

	
kg

	
1.31 × 10−8

	
-

	
-

	
-

	
-

	
Primary data




	
Transport (live pig)

	
kg*km

	
-

	
25.36

	
25.36

	
25.36

	
-

	
Primary data




	
Transport (by-product management)

	
kg*km

	
-

	
8.71

	
1.715

	
1.715

	
-

	
Primary data




	
Transport (Mammalian ABP)

	
kg*km

	
-

	
-

	
2.00

	
-

	
-

	
Primary data




	
Outputs

	

	

	

	

	

	

	




	

	
Pig carcass

	
kg

	
1

	
Sale

	
Sale

	
Sale

	
3.7

	
Primary data




	
Animal By-products

	
Edible offal

	
kg

	
0.05

	
Open dump

	
Rendering

	
Sale

	
1.1

	
Primary data




	
Fats

	
kg

	
0.005

	
Open dump

	
Rendering

	
Sale

	
0.5

	
Primary data




	
Blood

	
kg

	
0.046

	
Open dump

	
Rendering

	
Sale

	
0.75

	
Primary data




	
Mucous membrane

	
kg

	
0.019

	
Open dump

	
Rendering

	
Sale

	
0.6

	
Primary data




	
Clean gut

	
kg

	
0.027

	
Open dump

	
Rendering

	
Sale

	
0.6

	
Primary data




	
Remains of pig carcass

	
kg

	
0.053

	
Open dump

	
Rendering

	
Sale

	
0.6

	
Primary data




	

	
Hair and hoof

	
kg

	
0.008

	
Open dump

	
Open dump

	
Open dump

	
Open dump

	
Primary data




	

	
Intestinal content

	
kg

	
0.041

	
Open dump

	
Open dump

	
Open dump

	
Open dump

	
Primary data




	

	
Weight loss

	
kg

	
0.019

	
-

	
-

	
-

	
-

	
Primary data




	

	
Wastewater

	
m3

	
0.004

	
Wastewater treatment system

	
Wastewater treatment system

	
Wastewater treatment system

	
Wastewater treatment system

	
Primary data
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Table 9. Inputs and outputs for the wastewater treatment based on the treatment of 1 m3 wastewater.






Table 9. Inputs and outputs for the wastewater treatment based on the treatment of 1 m3 wastewater.





	
Inputs

	
Unit

	
Amount

	
Data Sources






	
Wastewater

	
m3

	
1.000

	
Primary data




	
Aluminum sulfate

	
kg

	
0.010




	
Polyaluminium chloride

	
kg

	
0.996




	
Outputs

	

	

	




	
Municipal solid waste

	
kg

	
3.175

	
Primary data




	
Tap water

	
kg

	
1000
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Table 10. Characterized environmental impact indicator results of 1 kg feed at the feed-plant gate.






Table 10. Characterized environmental impact indicator results of 1 kg feed at the feed-plant gate.





	Indicator
	Reference Unit
	Value





	Climate change—GWP100
	kg CO2-eq
	8.44 × 10−1



	Fossil depletion—FDP
	kg oil-eq
	5.58 × 10−2



	Marine eutrophication—MEP
	kg N-eq
	3.04 × 10−3



	Ozone depletion—ODPinf
	kg CFC-11-eq
	2.48 × 10−8



	Particulate matter formation—PMFP
	kg PM10-eq
	1.38 × 10−3



	Photochemical oxidant formation—POFP
	kg NMVOC-eq
	1.44 × 10−3



	Terrestrial acidification—TAP100
	kg SO2-eq
	5.58 × 10−3
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Table 11. Characterized environmental impact indicator results of 1 kg pig live weight at the farm gate.






Table 11. Characterized environmental impact indicator results of 1 kg pig live weight at the farm gate.





	Indicator
	Unit
	Value





	Climate change—GWP100
	kg CO2-eq
	3.64



	Fossil depletion—FDP
	kg oil-eq
	2.09 × 10−1



	Marine eutrophication—MEP
	kg N-eq
	9.02 × 10−3



	Ozone depletion—ODP inf
	kg CFC-11-eq
	9.58 × 10−8



	Particulate matter formation—PMFP
	kg PM10-eq
	4.34 × 10−3



	Photochemical oxidant formation—POFP
	kg NMVOC-eq
	5.10 × 10−3



	Terrestrial acidification—TAP100
	kg SO2-eq
	1.70 × 10−2
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Table 12. Characterized environmental impact indicator results of 1 kg pork at the slaughterhouse gate.






Table 12. Characterized environmental impact indicator results of 1 kg pork at the slaughterhouse gate.





	Indicator
	Reference Unit
	Scenario 1
	Scenario 2
	Scenario 3





	Climate change—GWP100
	kg CO2-eq
	4.90
	4.52
	4.57



	Fossil depletion—FDP
	kg oil-eq
	3.25 × 10−1
	3.22 × 10−1
	3.06 × 10−1



	Marine eutrophication—MEP
	kg N-eq
	1.23 × 10−2
	1.05 × 10−2
	1.10 × 10−2



	Ozone depletion—ODPinf
	kg CFC-11-eq
	1.51 × 10−7
	1.47 × 10−7
	1.42 × 10−7



	Particulate matter formation—PMFP
	kg PM10-eq
	5.84 × 10−3
	5.50 × 10−3
	5.55 × 10−3



	Photochemical oxidant formation—POFP
	kg NMVOC-eq
	7.26 × 10−3
	6.72 × 10−3
	6.83 × 10−3



	Terrestrial acidification—TAP100
	kg SO2-eq
	2.25 × 10−2
	2.19 × 10−2
	2.14 × 10−2
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Table 13. Comparison with Global Warming Potential impact category indicator results of other studies.






Table 13. Comparison with Global Warming Potential impact category indicator results of other studies.





	
Reference

	
Scenarios

	
Global Warming Potential (GWP)




	
kg CO2-eq/1 kg of Live Weight at the Farm Gate

	
kg CO2-eq/1 kg of Pig Carcass at the Slaughterhouse Gate






	
This study

	
Scenario 1

	
3.64

	
4.90




	
Scenario 2

	
4.52




	
Scenario 3

	
4.57




	
Soleimani et al. [22]

	
Mean HRFI

	
2.77

	
-




	
Mean LRFI

	
2.60

	
-




	
Monteiro et al. [23]

	
Phase (2P)

	
2.34 ± 0.25

	
-




	
Precision feeding (PR)

	
2.31 ± 0.28

	
-




	
Conti et al. [24]

	
Baseline

	
3.55

	
-




	
Alternative

	
3.65

	




	
Zheng et al. [25]

	
Scenario I (Guangdong)

	
3.76

	
-




	
Scenario II (Henan)

	
3.56

	
-




	
Scenario III (Jilin)

	
3.39

	
-




	
Pexas et al. [26]

	
Baseline

	
3.57

	
-




	
Slurry acidification

	
3.87

	
-




	
Screw press slurry separation

	
3.80

	
-




	
Anaerobic digestion

	
3.24

	
-




	
García-Gudiño et al. [27]

	
Montanera

	
3.40 ± 0.223

	
-




	
Cebo campo

	
4.36 ± 0.428

	
-




	
Makara et al. [28]

	
Fertilization

	
6.82

	
-




	
AMAK process (The production of mineral-organic fertilizer from manure)

	
7.12

	
-




	
Combined method

	
6.92

	
-




	
Bandekar et al. [29]

	
Baseline

	
3.37

	
-




	
Entire males

	
3.44

	
-




	
Inmunocastration

	
3.29

	
-




	
No growth promoting

	
3.43

	
-




	
No preventive

	
3.96

	
-




	
No ractocpamine

	
3.59

	
-




	
García-Launay et al. [30]

	
Baseline

	
4.54 ± 0.508

	
-




	
Noya et al. [31]

	
Baseline

	
3.42

	
-




	
Bava et al. [32]

	
30,000 heads produced per year

	
2.69

	
-




	
18,895 heads produced per year

	
3.73

	
-




	
3523 heads produced per year

	
4.5

	
-




	
3400 heads produced per year

	
4.22

	
-




	
4900 heads produced per year

	
5.81

	
-




	
4128 heads produced per year

	
4.58

	
-




	
Reckmann et al. [33]

	
Standard diets (ST)

	
-

	
3.01




	
Land use change (dLUC)

	
-

	
3.33




	
Total land use change (LUC)

	
-

	
3.77




	
Sagastume Gutierrez et al. [34]

	
Baseline

	
8.39

	
-




	
Cherubini et al. [2]

	
Baseline

	
-

	
3.503




	
Garcia-Launay et al. [35]

	
Baseline

	
4.54 ± 0.508

	
-




	
Reckmann et al. [37]

	
Baseline

	
-

	
3.22




	
Ogino et al. [38]

	
Conventional diets (CNV)

	
3.16

	
-




	
Low-protein diets supplemented with crystalline amino acids (LOW)

	
2.99

	
-




	
Devers et al. [39]

	
Western Cape

	
-

	
4.50




	
Flanders

	
-

	
2.55




	
Pelletier, N et al. [40]

	
Commodity (HP)

	
2.47

	
-




	
Commodity (LP)

	
3.05

	
-




	
Niche (HP)

	
2.52

	
-




	
Niche (LP)

	
3.33

	
-




	
Basset-Mens & Van Der Werf [41]

	
Good agricultural practice (GAP)

	
2.30

	
-




	
Red label (RL)

	
3.46

	
-




	
Organic agriculture (OA)

	
3.97

	
-
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