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Abstract  

The transformation toward sustainable food systems requires a comprehensive understanding of 

the environmental, economic, social, and ethical implications of livestock production. Pork, as 

one of the most consumed meats globally, exerts significant environmental pressures through 

greenhouse gas emissions, nutrient losses, and land use. Conventional life cycle assessment pro-

vides a robust framework for quantifying environmental impacts but fails to capture economic 

viability, social consequences, and animal welfare—dimensions essential for holistic sustainabil-

ity assessment. This dissertation addresses these gaps by developing and applying integrative 

methods for evaluating and optimizing sustainability in the pork value chain. 

The basis builds an environmental life cycle assessment of seven German case studies conducted 

to identify hotspots across farming, slaughtering, and processing stages (Paper A). Results con-

firm feed production as the dominant contributor to global warming, acidification, and eutrophi-

cation, while slaughtering and processing impacts are primarily driven by energy use and waste 

treatment. Scenario analyses reveal that targeted interventions, such as feed optimization and re-

newable energy integration, can substantially reduce burdens. Extending environmental consid-

erations, animal welfare is introduced as a quantifiable sustainability dimension (Paper B). Using 

the analytic hierarchy process, expert judgments are employed to weight pre-selected animal wel-

fare indicators, enabling the creation of an aggregated impact category for integration into life 

cycle assessment. The findings highlight the importance of animal-centered indicators, such as 

animal losses and fitness condition, for reliable animal welfare assessment. Merging all sustaina-

bility dimensions, a multi-objective optimization model is developed to simultaneously address 

environmental, economic, social, and animal welfare objectives within a pork supply chain net-

work (Paper C). The model generates Pareto-efficient configurations, revealing synergies be-

tween economic, environmental and animal welfare improvements and trade-offs with social ob-

jectives such as affordability and employment. Complementing these analyses, an evaluation is 

performed that encompasses a consideration of a possible substitution in terms of protein delivery 

(Paper D). A comparative life cycle assessment evaluates pork against microbial protein as an 

alternative protein source. Results indicate that mycoprotein significantly reduces land and water 

use but entails higher energy demand, underscoring the potential for future improvements through 

low-impact feedstocks and renewable energy integration. 

Overall, this dissertation advances sustainability assessment by integrating animal welfare as a 

quantifiable dimension into established frameworks and coupling them with optimization-based 

decision support. Through the integration of environmental, economic, social, and ethical aspects 

within a unified model, the research moves beyond descriptive assessments toward actionable, 

preference-sensitive solutions. These innovations enable a more holistic evaluation of livestock 

systems and provide a foundation for strategic decision-making that aligns sustainability objec-

tives across stakeholders. Furthermore, the comparative analysis of pork and microbial protein 

highlights forward-looking opportunities for diversifying protein supply chains, underscoring the 

potential and the challenges for transformative developments beyond traditional livestock pro-

duction. 
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1 Introduction 

In 2024, the agricultural sector accounts for more than 8% of Germany’s total greenhouse gas 

(GHG) emissions, representing a reduction of 27% compared to 1990 (Umweltbundesamt 2024). 

Despite this progress, agriculture remains the sector with the lowest relative decline in emissions, 

whereas energy-related emissions have decreased by more than half during the same period. As 

food production is indispensable to human survival, the transformation of agriculture toward en-

vironmental sustainability represents a central societal challenge. 

Within this sector, livestock production occupies a particularly critical position due to its complex 

environmental, social, and economic implications. Globally, animal-based foods—particularly 

meat products from pork and beef—exert disproportionately high pressures on the environment 

compared to plant-based commodities (Halpern et al. 2022). Pig meat ranks among the most en-

vironmentally burdensome food types, contributing significantly to GHG emissions, nutrient dis-

charges, land use, and water demand. Life cycle assessment (LCA) provides a well-established 

methodological framework to quantify such environmental impacts across all stages of produc-

tion. However, conventional LCA focuses exclusively on environmental dimensions and does not 

account for the economic viability, social implications, or animal welfare (AW) aspects that are 

essential to a holistic understanding of sustainability. 

In recent years, the concept of Life cycle sustainability assessment (LCSA) has expanded LCA 

to include economic and social dimensions, offering a broader view of product and process sus-

tainability. Nevertheless, LCSA applications in livestock systems often remain descriptive, fo-

cusing on comparative assessments of farming systems without providing decision-support mech-

anisms for system optimization. Furthermore, AW—although an increasingly central ethical and 

societal concern—has rarely been integrated quantitatively within LCSA frameworks. The trade-

offs among environmental, economic, social, and AW objectives in livestock production therefore 

remain poorly understood. While organic systems tend to perform better in AW-related and social 

indicators, they often exhibit higher environmental impacts and lower economic profitability due 

to lower productivity and longer rearing times. These interactions illustrate the inherent complex-

ity of achieving sustainability in livestock production and underscore the need for methods that 

can evaluate and optimize such trade-offs across multiple dimensions. 

The evaluation presented in this thesis represents a first and essential step toward transforming 

livestock production systems. Identifying environmental, economic, social, and AW hotspots is a 

prerequisite for designing targeted mitigation strategies that address the most critical leverage 

points across the value chain. Without such knowledge, sustainability measures risk missing their 

intended effects. A comprehensive understanding of where and how impacts arise enables more 

efficient use of resources and guides policy and management actions toward the areas with the 

highest potential for improvement. The transformation of the livestock sector must ultimately aim 

for a more sustainable use of natural resources and a better life for animals, workers, and society 

as a whole. Livestock production affects everyone—directly through food consumption and em-

ployment, and indirectly through its global resource dependencies. For instance, the import of 

soy-based feed from South America contributes substantially to deforestation, biodiversity loss, 
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and GHG emissions, thereby pushing several planetary boundaries beyond safe operating limits. 

Similar linkages can be observed in nutrient cycles, water use, and land degradation, illustrating 

the global interconnectedness of local production systems. Addressing these challenges requires 

not only improved efficiency but also structural changes in production and consumption patterns. 

By providing a detailed assessment framework and integrative modeling approaches, this thesis 

contributes to understanding these interdependencies and lays the groundwork for transformative 

change in the livestock sector for the case of pork.  

To date, existing optimization models in agricultural sustainability considering meat production 

have primarily addressed economic efficiency and GHG emissions, thereby neglecting the 

broader range of sustainability criteria. Integrated models that capture the full spectrum of envi-

ronmental, social, economic, and AW dimensions are largely missing. Bridging this gap requires 

both methodological innovation and empirical grounding in real-world production data to ensure 

that optimization reflects realistic sustainability constraints and opportunities within the livestock 

sector. 

To overcome the above needs, this thesis contributes to existing research by developing a life 

cycle assessment of seven case studies from the German pork value chain (Paper A). Alongside, 

a framework is developed to include AW into sustainability assessment by weighting indicators 

against each other with expert judgements using the analytic hierarchy process (AHP) (Paper B). 

Further, the findings of Paper A and B are enriched to fulfill four sustainability objectives that are 

modeled and optimized in a multi-objective optimization (MOO) of a pork value chain network 

constructed from the aforementioned case studies (Paper C). Finally, to gain a broader perspective 

on future developments, an alternative protein source, namely mycoprotein, is examined environ-

mentally in comparison to pork production (Paper D). 

Thereby, the following research questions are answered: 

• What are the environmental hotspots in the German pork value chain? (Paper A) 

• How can animal welfare indicators be weighted to combine them into an impact category? 

(Paper B) 

• How can environmental, economic, social and animal welfare objectives be optimized sim-

ultaneously in a multi-objective model for the pork value chain to identify a Pareto-efficient 

configuration? (Paper C) 

• What are the environmental benefits and trade-offs of mycoprotein as an alternative protein 

source in comparison to pork? (Paper D) 

This thesis is organized in two parts. Part I provides the framework of the four papers included in 

the thesis. Part II contains the manuscript versions of Papers A-D. 

Part I is structured as follows. First, chapter 2 explores the evolution and current status of methods 

for sustainability assessment of pork production, delivers the associated theoretical and method-

ological background, identifies hotspots, introduces animal welfare, and takes a look at the status-

quo of mitigation strategies comparing environmental impacts from meat to microbial protein 

sources. Chapter 3 summarizes the four papers and presents their key findings. Chapter 4 critically 

reflects the limits of the proposed approach and provides suggestions for further research. Finally, 

Chapter 5 summarizes the key findings and the novelty of this work and derives conclusions. 
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2 Background 

The following chapter introduces the theoretical and methodological background relevant for the 

cumulative studies of this dissertation. It combines conceptual foundations of sustainability as-

sessment with methodological frameworks such as LCA, multi-attribute decision making 

(MADM), and MOO, which form the analytical basis for the subsequent research papers. 

2.1 Sustainability assessment of pork 

This section establishes the conceptual and methodological foundation for the sustainability as-

sessment of pork production. It begins by introducing LCA as the primary approach for evaluating 

environmental impacts, followed by a general description of the pork value chain. Subsequently, 

an overview of the current state of LCA applications in pork production is provided, including 

approaches for extending the assessment toward a holistic perspective through LCSA. Finally, 

the integration of animal welfare as an additional sustainability dimension is discussed. 

2.1.1 Principles of life cycle assessment 

LCA, as defined in the international standards ISO 14040/44 (2009; 2018), follows an iterative 

framework consisting of four phases to assess environmental impacts of systems, processes or 

products: goal and scope definition, life cycle inventory (LCI), life cycle impact assessment 

(LCIA), and interpretation. The goal and scope definition phase establishes the purpose of the 

study, its system boundaries, and the chosen LCIA method. In the LCI phase, data from multiple 

sources is collected, validated, and aligned with the functional unit (FU) to form a consistent 

dataset, supplemented by assumptions where necessary. The LCIA phase applies characterization 

factors from impact assessment methods to the inventory data to calculate environmental impacts. 

Finally, the interpretation phase relates the results back to the initial goal and scope, addressing 

uncertainties, limitations, and insights emerging during the assessment. 

2.1.2 Characteristics of the pork value chain 

When assessing the pork value chain, the general understanding of associated steps in scientific 

literature covers primary pig production and the processing steps including slaughter and pro-

cessing to retrieve final meat products. Figure 1 represents an overview of simplified steps of the 

value chain and important accompanying structures. For evaluation and reflecting operational 

purposes, the pig farming stage is separated into several steps. Starting with the breeding stage, 

followed by the rearing of the pigs and their fattening. Primary pig production farms integrate one 

stage or combinations of them alongside the value chain in one location.  
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Figure 1. Simplified visualization of the pork value chain. The primary pig production is separated into breeding, 

rearing and fattening accompanied by feed production and manure management as essential aspects. The 

slaughtering and processing stages follow, ending with retail. For this dissertation, the steps highlighted in 

gray are of relevance. 

The production cycle begins with insemination and a gestation period of roughly 115 days, fol-

lowed by farrowing and a lactation period of about three to four weeks. After weaning at approx-

imately 8 kg, piglets enter the rearing phase, where they are raised for several weeks until they 

reach a weight of around 30 kg. At this point, animals intended for breeding undergo an extended 

rearing period to develop into gilts, whereas piglets destined for meat production move into the 

fattening stage. The fattening phase typically lasts around four months, during which pigs grow 

from roughly 30 kg to a market-ready live weight of 120-140 kg. 

Farms differ in size and housing conditions influenced by the farming system and its characteris-

tics. While organic production has completely different legally binding requirements in terms of 

feed and housing than conventional farming, there are also shades or mixtures of systems further 

complicating the classification of systems. The comparison of environmental impacts of these 

systems are the focus of most assessments (Gislason et al. 2023). Despite the system, the charac-

teristic on-farm activities are comparable – comprising feed production and manure management 

(see Figure 1). For slaughtering and processing, there are no explicitly influencing factors that are 

as system dependent as for the farming stages. However, the size of the facilities affects not only 

their environmental performance. Many large slaughter facilities also include processing proce-

dures under one roof diversifying their product portfolio. 

Slaughterhouses convert live animals into carcasses through a sequence of standardized steps. 

After arrival and a short resting period, pigs are stunned—using electrical stunning—before being 

slaughtered and bled. The carcasses then undergo scalding to remove bristles, followed by evis-

ceration and thorough cleaning to prepare them for further processing. Meat-processing facilities 

refine these carcasses into a variety of pork products. Typical operations include cutting, trim-

ming, cooling, curing, or smoking, depending on the product portfolio of the facility. Slaughtering 

and processing plants range from small artisanal operations to large-scale industrial factories, and 

handle multiple types of meat. Despite differences in scale and product range, the core purpose 

of these facilities is to transform pigs into carcasses into consumer-ready products through a se-

quence of mechanical and thermal processing steps. 
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2.1.3 Environmental impacts of pig production 

Given the substantial influence, a scientifically robust evaluation of pork’s environmental impact 

is essential. LCA provides an effective framework for analyzing complex environmental issues 

associated with processes, systems, or products. Gislason et al. (2023) offer the most comprehen-

sive up-to-date review on LCAs of primary pig production in examining 74 studies. While this 

overview is an essential step to picture the landscape of LCAs for pig and pork, differences in 

implications must be emphasized. The problem in comparability of LCA studies already starts 

with the methodological choices before the actual data collection and assessment (Andretta et al. 

2021; Gislason et al. 2023). The system boundaries, the FU, the considered LCIA method and 

impact categories and the handling of multifunctionality are decisive methodological factors in-

fluencing comparability. Furthermore, the covered production stages must align to compare re-

sults. For example, a study conducted on a breeding farm is barely comparable to a complete 

primary pig production study. Further distinguishing factors affect the geographical scope, the 

background data base, the data type/source and the inclusion of piglets and sows into the assess-

ment. 

The assessed studies in Gislason et al.’s (2023) review face some of these challenges and focus 

on selecting studies that match methodologically to enable a resilient comparison. These charac-

teristic predefinitions comprise the FU of 1 kg live weight, the system boundary from cradle to 

farm gate, as well as the consideration of an integrated pig production than solely one stage. This 

includes an important restriction: the exclusion of slaughter and processing stages from the system 

boundary. The review results display the emphasis on specific impact categories that are used 

most frequent when evaluating agricultural processes with LCA—these are global warming (or 

climate change), acidification, eutrophication, non-renewable energy use and land use/occupa-

tion. The pattern identified for category use must be reviewed in front of the differing LCIA 

methods implemented for the calculation. Mainly the impact assessment for more than one cate-

gory is based on the common LCIA methods CML baseline and ReCiPe 2016 (CML 2016; 

Huijbregts et al. 2017). Figure 2, Figure 3 and Figure 4 present the results for the predominant 

impact categories—global warming, acidification, and eutrophication—derived from methodo-

logically comparable studies. Where multiple scenarios were calculated, the figures indicate the 

corresponding minimum and maximum values. 

Overall, the results of LCAs of pig and pork reveal one distinct hotspot alongside the value 

chain—the feed production (Gislason et al. 2023). For livestock production many feed types are 

required to meet the nutrients needed to achieve an optimal feed conversion rate. For pigs, these 

contain crops, food production by-products, special amino acids as well as minerals. As breeders 

continuously try to improve feed conversion rates of pigs, the needed mass of feed transforming 

into 1 kg of pig is typically more than three times higher but constantly changing over the growth 

period. The exceptional environmental impact of feed in pig production arises from the combina-

tion of the production’s impacts paired with the bad conversion rate.  

Global warming is reported in nearly all studies, with attributional results ranging from 1.16 to 

7.12 kg CO₂‑eq/kg LW presented in Figure 2 (Basset-Mens and van der Werf 2005; Cederberg et 

al. 2005; Williams et al. 2006; Halberg et al. 2010; Pelletier et al. 2010; Nguyen et al. 2011; 

Dolman et al. 2012; Reckmann et al. 2013; Dourmad et al. 2014; Cherubini et al. 2015; González-
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García et al. 2015; Mackenzie et al. 2015; Winkler et al. 2016; Bava et al. 2017; Bava et al. 2017; 

McAuliffe et al. 2017; Noya et al. 2017; Bandekar et al. 2019; Makara et al. 2019; Djekic et al. 

2021; Pazmiño and Ramirez 2021; Sun et al. 2022; Savian et al. 2023; Dorca-Preda et al. 2023; 

Hietala et al. 2024). The comparison of global warming values across the reviewed studies reveals 

substantial variability in the carbon footprint associated with producing one kilogram of live 

weight. This spread highlights both methodological differences among LCAs and the heteroge-

neity of production systems, including factors such as feed composition, management practices, 

and regional conditions. Overall, the dataset emphasizes the importance of context‑specific as-

sessments when evaluating the environmental impacts of livestock production. 

 

Figure 2. Global warming expressed in kg CO2 eq per kg of live weight for methodologically comparable studies. 

The visualizations of the 25 studies are retrieved from own calculations based on data from Gislason et al. 

(2023) and enriched with newer literature sources. 

Acidification (5.58-77.53 kg SO₂‑eq/kg LW) and eutrophication (2.88-55.03 kg PO4
3--eq/kg LW) 

are frequently assessed, driven largely by ammonia emissions and nutrient leaching. Figure 3 and 

Figure 4 are based on the studies presented in Figure 2. Effective mitigation requires integrated 

strategies combining optimized feeding, housing and manure technologies, and anaerobic diges-

tion, which can reduce climate impacts by up to 64%. The systematic review by Gislason et al. 

(2023) synthesizes 74 cradle-to-farm-gate LCAs of primary pig production across 27 countries, 

highlighting substantial methodological heterogeneity and impact variability. In this review, no 

study from Germany is listed, whereas Germany is one of the biggest pork producers globally 

(FAO 2023). Beyond this, the latest study assessing German pig production is from 2013 (Reck-

mann et al. 2013). Addressing this offers the possibility to close the gap with an up-to-date as-

sessment.  
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Figure 3. Acidification expressed in g SO2 eq per kg of live weight for methodologically comparable studies. The 

visualizations of the 19 studies are retrieved from own calculations based on data from Gislason et al. 

(2023) and enriched with newer literature sources. 

 

Figure 4. Eutrophication expressed in g PO4
3- eq per kg of live weight for methodologically comparable studies. The 

visualizations of the 13 studies are retrieved from own calculations based on data from Gislason et al. 

(2023) and enriched with newer literature sources. 

Advancing the value chain, the slaughter process and its environmental impacts move into focus. 

The density of studies separately assessing the slaughter process of pigs is very low (Valente et 
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al. 2020). The importance of impact categories also changes from agriculture-based to industrially 

relevant. The level of influence for 1 kg of product drastically decreases as the slaughter process 

covers a relatively short period of time and less inputs than farming (e.g. McAuliffe et al., 2017; 

Dorca-Preda et al., 2021). As time consumption for growth and maintenance (feed, manure man-

agement) drop out, energy consumption comes to focus in terms of environmental influence.  

In addition, there are studies integrating the whole value chain into the assessment, evaluating 

impacts for the final pork product along the whole value chain (Dorca-Preda et al. 2021; Zira et 

al. 2021; Hietala et al. 2024). This comprises the processing step to retrieve a final product. In 

Germany, few large companies dominate the market for meat processing, and they combine 

slaughter and processing in one facility. Regarding environmental impact, the industrial character 

of these facilities resembles the slaughter case. Foremost energy related emissions contribute to 

the results. Studies exclusively evaluating pork meat processing are missing when consulting lit-

erature.  

In this dissertation, the environmental assessment of facilities covering every value chain step of 

pork in Germany is performed using the LCA methodology for seven case studies to display the 

status-quo. The underlying assumptions are harmonized to enable a comparison of systems and 

studies. Besides, mycoprotein as an optional protein source is assessed through LCA and com-

pared to pork to support finding a substitute that is more environmentally friendly. The protein 

source represents a bioreactor-based food production that offers many possibilities for improve-

ment of environmental issues in the future. This topic is derived and explained in more detail in 

Section 2.3. 

2.1.4 Life cycle sustainability assessment of pork 

LCSA integrates the environmental, economic, and social dimensions of sustainability to enable 

a holistic evaluation of systems (Kloepffer 2008). In most applications, this integration is achieved 

by combining the individual results of LCA, life cycle costing (LCC), and social life cycle assess-

ment (SLCA), either through graphical aggregation or numerical synthesis. To allow comparabil-

ity across dimensions and to ensure consistent interpretation, normalization procedures are com-

monly applied (Bonneau et al. 2014). These often involve scaling results against defined reference 

values or benchmarks, or aligning systems to facilitate direct comparison. Such methodological 

steps support a more coherent interpretation of multidimensional sustainability outcomes within 

livestock production and other complex systems. 

While environmental LCA is well established, additional sustainability dimensions lack similar 

standardization. Approaches for SLCA are guided by the United Nations framework (Benoit and 

Mazijn 2009), whereas LCC remains comparatively weakly formalized, with only limited meth-

odological direction available (Swarr et al. 2011). Despite these gaps, an increasing number of 

studies now assess sustainability across all three pillars within livestock production systems. In-

tegrating social indicators for diverse stakeholder groups alongside economic metrics within con-

sistent system boundaries enables a more comprehensive understanding of potential burden shift-

ing and the interdependence between sustainability dimensions (Aranda et al. 2021; Møller et al. 

2024). Such integrated interpretations offer deeper insights into production processes and high-

light trade-offs that may remain hidden when dimensions are evaluated in isolation. 
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For pork production especially regarding the social dimension, stakeholder groups like workers, 

farmers, local community, consumers and society can be assessed with multiple impact categories 

(Zira et al. 2020). For choosing economic reference values, there is no guidance like the stake-

holder group model and the selection of indicators is rather arbitrary. Every economic benchmark 

can offer a possible indicator for the system’s economic performance. Possible indicators are la-

bor productivity related to social factors and different cost-types (Valente et al. 2020; Zira et al. 

2021).  

Zira et al. (2021) build a representative sustainability assessment framework for pork that empha-

sizes data harmonization across predefined production cases, ensuring that environmental, eco-

nomic, and social indicators are evaluated on a comparable basis. Economic parameters comprise 

value added over life cycle costs plus labor costs for every value chain link. The social dimension 

is displayed with social risk time for selected stakeholder groups involving workers, value chain 

actors, local community and society. Furthermore, their approach incorporates AW by quantify-

ing the risk pig life days indicator, thereby extending traditional sustainability assessments beyond 

conventional impact categories. The study focuses on contrasting average organic and conven-

tional pig production systems in Sweden, using a set of distinct indicators whose results are pre-

sented visually through normalized values across cases. While this method provides a coherent 

comparative overview, a notable limitation is the reliance on average systems rather than empir-

ical case studies, which restricts the ability to capture farm-level heterogeneity and limits the 

generalizability of conclusions. 

Building on these insights, this dissertation aims to integrate economic and social dimensions of 

pork production into a modeling framework capable of assessing sustainability across alternative 

network configurations. By combining multidimensional indicators within consistent system 

boundaries, the work seeks to support more nuanced evaluations of trade-offs and to offer a foun-

dation for decision-making that can reflect stakeholder preferences along the value chain. 

2.1.5 Animal welfare as a sustainability dimension  

One extra stakeholder group that is assessed in Zira et al. (2020) complementing the SLCA is 

representing the pigs. The involvement of the animal into the SLCA demonstrates one way to 

effectively include AW and the animal itself in the sustainability assessment. Though, the inte-

gration of AW into LCA or LCSA for livestock production requires measurements that are mostly 

based on subjective observations. In their review, Lanzoni et al. (2023) identified studies that 

integrate AW indicators into LCA. These studies consider multiple forms of livestock and follow 

up products. The approaches to retrieve animal related indicators and the indicators themselves 

range from direct assessment to querying farm management data. As AW is extremely intangible 

because the animals cannot be interviewed about their perceptions, quantifiable measurements of 

welfare are in need. Values like pig risk life days or animal losses (mortality rate) can e.g. indicate 

the herd’s health (Dolman et al. 2012; Zira et al. 2020). However, performing a visual on-farm 

assessment is necessary most of the time, to observe the animals and especially their behavior. 

Therefore, expert judgement plays an extremely important role when evaluating AW of livestock. 

Scores like the body condition score and the welfare quality protocol (Welfare Quality® 2009) 

help to quantify the observed welfare situation. The implementation of a scale or other measurable 
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quantification to map an aggregated result is applied in some studies (Dolman et al. 2012; Zira et 

al. 2021). The aggregation of the results offers the possibility to integrate the evaluation into an 

impact category for sustainability assessment or specifically LCA. Conducting a comprehensive 

sustainability assessment of livestock production necessitates the integration of AW parameters, 

given that animals constitute a fundamental component of the production system and cannot be 

disregarded. 

For the assessment of AW in this dissertation, the AHP is used to involve expert judgement into 

building a framework to weight AW indicators. The retrieved weighted set offers the possibility 

to get a single score for an optional AW impact category. An insight into the implemented meth-

odology and their functionalities and application areas is given in the following Section 2.2. On 

top of that, a selection of the identified indicators is utilized in a MOO to represent the AW inte-

gration into sustainability assessment of the value chain of pork in Paper C of this dissertation.  

2.2 Multi-criteria decision making in sustainability 
assessment  

Multi Criteria Decision Analysis (MCDA) is widely applied in scientific research whenever de-

cision support is needed. Especially in sustainability assessment, deciding for the most sustainable 

option or aggregating results represents a basic application area. MCDA offers a huge toolbox to 

systematically evaluate options and direct them to the preferred outcome while assessing e.g. 

defined sets of criteria. The MCDA framework can be separated into two branches—MADM for 

discrete problems and Multi-Objective Decision Making (MODM) for continuous problems (Ge-

bre et al. 2021; Taherdoost and Madanchian 2023). In this thesis, the focus lies on the pairwise 

comparison method AHP from the MADM branch and on the mathematical model branch, espe-

cially MOO, of MODM (Gebre et al. 2021). 

This section commences with an introduction to the AHP, its principles and application. Then 

MOO characteristics and the applications in livestock production are discussed. 

2.2.1 Analytic hierarchy process 

The AHP was first introduced by Saaty (1987) and its purpose is providing decision support by 

performing pairwise comparisons. The AHP is a structured MADM method that organizes com-

plex problems into a hierarchical framework of main criteria and sub-criteria as visualized in 

Figure 5. The process begins by defining this hierarchy, which allows decision-makers to break 

down the problem into manageable levels. Weighting is then performed through pairwise com-

parisons, where criteria and indicators are evaluated against each other to determine their relative 

importance. These comparisons are expressed using an absolute scale and their reciprocals—tra-

ditionally consisting of nine levels ranging from equal to extreme importance—though modified 

scales can be applied if justified (Dong et al. 2008; Ishizaka et al. 2011). To ensure practicability 

and knowledge-based decisions, judgments can be collected via expert surveys, where respond-

ents compare elements within each level. When aiming at receiving an overall score, the resulting 

pairwise comparisons are converted into percentage weights that sum to 100% across the 
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hierarchy. These weights impersonate the importance of the criteria and aim at helping to identify 

the best option to fit the goal (Figure 5). To ensure reliability, AHP incorporates a consistency 

check using the critical ratio, with a threshold of 0.1 generally considered acceptable. When mul-

tiple experts are involved, individual comparison matrices are aggregated into a single matrix, 

commonly using the geometric mean, which is well-suited for group decision-making. Overall, 

AHP provides a systematic, transparent, and hierarchical approach to weighting criteria and is 

widely recognized as a versatile technique for MCDA. As indicated before, AHP is applied in this 

dissertation to retrieve a weighted set of indicators representing their relevance in terms of AW. 

This builds the foundation of an AW impact category development.  

 

Figure 5. Exemplary structure of a hierarchy with two levels assembled to perform the AHP. 

2.2.2 Multi-objective optimization for sustainability assessment 

MCDA provides a structured framework for evaluating alternatives against multiple, often con-

flicting criteria with the aim of supporting rational decision‑making (Majumder et al. 2016; De 

Brouwer 2020). MCDA has been widely applied in environmental decision contexts (Huang et 

al. 2011), and several systematic reviews of LCSA applications report that MCDA is frequently 

used to integrate the three pillars of sustainability—environmental, economic, and social—into 

composite decision metrics (Costa et al. 2019; Visentin et al. 2020; Alejandrino et al. 2021). In 

typical LCSA practice, MCDA facilitates aggregation and visualization of indicator results and 

rank‑ordering of alternatives for a predefined goal (Kloepffer 2008). However, such aggrega-

tion‑centric approaches often assess objectives separately and subsequently combine them via 

scoring, weighting, or value functions, which may obscure trade‑offs and impose preference struc-

tures a priori. 

MOO, as a branch of MODM, directly models simultaneous objectives and identifies Pareto‑ef-

ficient solutions without requiring full aggregation. In supply‑chain contexts, MOO enables the 

exploration of multiple configurations (e.g., facility siting, capacity decisions, routing, and tech-

nology choices) under realistic constraints, revealing trade‑offs among environmental, economic, 

social, and other domain‑specific objectives (Marler and Arora 2004). For livestock systems, this 

is particularly relevant because production outcomes depend on biological, logistical, and 
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behavioral processes that are inherently multivariate and constrained. 

Existing optimization studies in meat supply chains predominantly focus on economic costs and 

GHG emissions to derive location‑allocation or transport policies (Mohammed and Wang 2017; 

Mohebalizadehgashti et al. 2020). While valuable, this scope is environmentally narrow—GHGs 

alone do not capture other salient impacts such as e.g. eutrophication, acidification (Huijbregts et 

al. 2017). Moreover, the broader sustainability perspective is often limited to aggregate economic 

criteria, omitting social dimensions (e.g., labor conditions, impacts on society) and AW indica-

tors—both essential for ethically and socially robust decision support (Welfare Quality® 2009; 

Benoit-Norris et al. 2012; Mellor 2016). 

MOO models consider decision variables (e.g., facility locations, flows) and multiple objective 

functions subject to constraints. A solution is Pareto-efficient if no other feasible solution can 

improve one objective without worsening at least one other (Nickel et al. 2022). Among classical 

approaches, the ε-constraint method is frequently used to produce the Pareto frontier in an a pos-

teriori fashion: one objective is optimized while others are converted to constraints with bounds 

(ε-values) that are systematically varied to enumerate non-dominated solutions (Eskandarpour et 

al. 2015). Alternative approaches include e.g. weighted sums and goal programming, each with 

different requirements for preference articulation (Eskandarpour et al. 2015; Asha et al. 2022). 

Once the Pareto set is generated, preference information (e.g., stakeholder weights) can be applied 

to select context‑appropriate solutions. In sustainability contexts, it is often desirable to retain 

non‑aggregated transparency alongside any final scoring, enabling stakeholders to observe the 

trade‑offs explicitly. 

The dissertation advances an MOO model that explicitly integrates indicators for the three sus-

tainability dimensions alongside AW. The model is configured for a case study‑based pork supply 

chain, with constraints reflecting production yields. The augmented ε‑constraint method is used 

to generate Pareto‑optimal solutions, after which stakeholder preferences may be applied to iden-

tify a context‑specific compromise solution. This approach extends the conventional LCSA 

framework by replacing simple result aggregation with an optimization-based methodology that 

generates a diverse set of Pareto-efficient solutions, thereby enabling more informed and prefer-

ence-sensitive decision-making. 

2.3 Comparative life cycle assessment of meat and 
microbial protein 

Although the principles of LCA have been introduced earlier in this chapter, this section focuses 

on comparative LCAs and their application to meat and microbial protein systems. This discus-

sion complements the foundational knowledge and clarifies the methodological basis for the dis-

sertation’s structure. 

Comparative LCA enables the systematic alignment of two or more assessments to ensure meth-

odological consistency and enhance comparability. This alignment typically involves harmoniz-

ing system boundaries, FUs, and inventory data—critical steps for robust interpretation. By 
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facilitating the transferability of results across systems, comparative LCA addresses one of the 

inherent limitations of conventional LCA: its context-specific nature. 

The methodological adaptation is particularly relevant for evaluating alternative protein 

sources—traditional meat as the baseline and microbial protein (MP) as an emerging option. Meat 

production is associated with substantial environmental burdens, while societal attitudes toward 

animal-based food systems have shifted significantly over the past decade. Consequently, alter-

native proteins have gained prominence. Since protein provision remains the primary nutritional 

and market driver for meat, alternative sources must be assessed for their environmental perfor-

mance. MP represents a biotechnological substitute produced via controlled fermentation pro-

cesses, contrasting sharply with the biological variability of livestock systems. Whereas pork pro-

duction centers on the growth of live animals, MP is derived from fungal biomass cultivated in 

bioreactors under optimized conditions. 

Fermentation-based MP is emerging as a sustainable alternative to conventional protein sources, 

produced in controlled bioreactors rather than fluctuating agricultural systems (Pereira et al. 

2024). Compared to meat or plant-based systems, MP offers superior feedstock efficiency, higher 

production rates, and reduced ethical concerns (Matassa et al. 2016; Shepon et al. 2016; Choi et 

al. 2022). Furthermore, MP offers innovation potential for land- and climate-independent produc-

tion chains, including CO2 valorization, which could drastically reduce environmental impacts 

and achieve order-of-magnitude improvements over meat and plant-based proteins (Pikaar et al. 

2018; Minden et al. 2024). Currently, agricultural carbon sources dominate as feedstock, though 

future systems may utilize captured CO2. Despite these advantages, challenges remain—high pro-

duction costs, scalability, consumer acceptance, regulatory barriers, and market entry constraints 

regulation (World Economic Forum 2019; Hartmann et al. 2022; Synonym Biotechnologies 2023; 

Sturme et al. 2025).  

Conducting a comparative LCA fundamentally depends on rigorous system predefinition and 

methodological alignment. Parallel evaluation of products or processes requires harmonized 

structural and procedural choices, even when the systems differ substantially in design and func-

tion. For comparisons between meat and MP, one of the most critical decisions is the selection of 

an appropriate FU. This choice should reflect the primary function of the systems under study. 

Given that both systems provide protein, a nutritional FU such as 1 kg of protein is commonly 

applied (Upcraft et al. 2021; Herrmann et al. 2024). Mass-based FUs are frequently used in liter-

ature (Järviö et al. 2021; Smetana et al. 2021; Kobayashi et al. 2023; Huguet et al. 2023; Tang et 

al. 2024), while more advanced approaches consider multiple nutritional components or compo-

site profiles (Souza Filho et al. 2019; Mazac et al. 2023; Herrmann et al. 2024). FU selection 

directly influences system boundary definition, another prerequisite for ensuring comparability. 

Furthermore, geographical scope, temporal coverage, and underlying assumptions must be har-

monized across systems; therefore, comprehensive documentation of all methodological choices 

and assumptions is essential for transparency and reproducibility. Looking at LCI, data accessi-

bility and quality strongly affect comparability. Inventory data must be consistently mapped to 

databases such as ecoinvent, requiring alignment of flows and processes alongside the systems. 

Comparative LCAs of meat and MP consistently indicate that MP offers a substantially lower 

environmental impact compared to pork. Its GHG emissions are markedly reduced, often 
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outperforming even plant-based proteins, and remain far below pork across most system bound-

aries (Derbyshire 2020; Shahid et al. 2024; Lee et al. 2025). While certain scenarios involving 

high energy inputs or specific formulations can elevate emissions to levels comparable to pork, 

these cases are exceptions rather than the norm (Lee et al. 2025). In terms of land use, mycoprotein 

requires dramatically less agricultural area, positioning it among the most space-efficient protein 

sources (Smetana et al. 2015; Derbyshire 2020; Rubio et al. 2020). Water demand is also signifi-

cantly lower than pork and generally below plant-based alternatives, though some feedstock 

choices could increase water use toward levels associated with beef, which remains far higher 

than pork (Finnigan et al. 2017; Rubio et al. 2020; Lee et al. 2025). The primary trade-off lies in 

energy demand: fermentation-based production is considerably more energy-intensive than con-

ventional meat systems, partially offsetting other environmental gains (Smetana et al. 2015; Rubio 

et al. 2020). While the optimization potential of industrial animal meat production in terms of 

energy demand is mostly expended, anticipatory LCAs of bioreactor-derived protein sources 

promise order of magnitude ameliorations e.g. by shifting from purified glucose syrup to molas-

ses, which is a by-product from the sugar industry (Smetana et al. 2015). 

2.4 Relation of research fields and companion 
studies  

The research fields outlined above are addressed through four studies conducted within the frame-

work of this dissertation, as summarized in Table 1. The overarching focus remains on the sus-

tainability assessment of pork production using the LCA methodology. Studies A and B examine 

distinct methodological aspects and serve as preparatory stages for Study C. Study C constitutes 

the central analysis of this dissertation, integrating the methodological components and findings 

from Studies A and B while extending the scope toward a comprehensive sustainability assess-

ment. Finally, Study D provides a perspective on future developments by presenting a compara-

tive LCA of pork and mycoprotein—a fermentation-derived protein source produced in a biore-

actor. 

Table 1. Relation of research fields and associated topics in companion studies. 

Research field A B C D 

2.1 Sustainability assessment of pork x x x x 

2.1.1 Principles of life cycle assessment x x x x 

2.1.2 Characteristics of the pork value chain x  x x 

2.1.3 Environmental impacts of pig production x  x x 

2.1.4 Life cycle sustainability assessment of pork   x  
2.1.5 Animal welfare as a sustainability dimension  x x  
2.2 Multi-criteria decision making in sustainability assessment  x x  
2.2.1 Analytic hierarchy process  x   
2.2.2 Multi-objective optimization for sustainability assessment   x  
2.3 Comparative life cycle assessment of meat and microbial protein    x 
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The literature predominantly referenced in relation to the assessments conducted within this cu-

mulative dissertation is compiled and reviewed in Table 2. While the literature does not provide 

an entirely holistic representation of all research fields involved, it offers the most closely related 

approaches to the studies conducted within the scope of this dissertation. Key methodological 

aspects and their respective outcomes are highlighted, alongside their implementation in the four 

studies presented subsequently. This table illustrates the significant gaps in existing literature that 

are addressed by the studies included in this work. Moreover, the novelty of the research ap-

proaches becomes evident through the integration of diverse methods, the specific application 

context, and the comprehensive nature of the assessments.  

Table 2. Overview of the contribution of the studies to literature. 

Study 

Applica-

tion area Method 

System 

boundary 

Sustainability 

dimensions Output 

Result 

presentation 

Bonneau et al. 

(2014) 
Pig LCSA Farm 

LCA, LCC, 

SLCA, AW 

System  

comparison 
seperate 

Dolman et al. 

(2012) 
Pig LCSA Farm 

LCA, LCC, 

SLCA, AW 

System  

comparison 
seperate 

Zira et al. 

(2021) 
Pig LCSA 

Supply 

chain 

LCA, LCC, 

SLCA, AW 

System  

comparison 
seperate 

Oglethorpe 

(2010) 
Pig MOO 

Supply 

chain 

LCA, LCC, 

SLCA 

System  

comparison 
combined 

Mohammed 

and Wang 

(2017) 

Meat MOO 
Supply 

chain 
LCA, LCC 

Supply chain 

configuration 
combined 

Mohebaliza-

dehgashti et 

al. (2020) 

Meat MOO 
Supply 

chain 
LCA, LCC 

Supply chain 

configuration 
seperate 

Paper A  Pig LCA Facility LCA 
System  

comparison 
seperate 

Paper B Pig AHP n.a. AW n.a. n.a. 

Paper C Pig 
LCSA, 

MOO 

Supply 

chain 

LCA, LCC, 

SLCA, AW 

Supply chain 

configuration 
combined 

Paper D 
Pig, My-

coprotein 
LCA 

Supply 

chain 
LCA 

System  

comparison 
seperate 
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3 Summaries of papers and results 

This chapter summarizes each of the four papers of this cumulative dissertation in a separate 

section, including the objective and methodology, results and discussion and limitations. More 

specifically, the study context and the scientific contribution of the articles are presented first, 

followed by the results and their discussion. The corresponding research papers are included in 

Part II of the dissertation. 

3.1 Paper A: Evaluating environmental impacts of 
pork production: a life cycle assessment of seven 
case studies in Germany 

The following subsections refer to the article “Evaluating environmental impacts of pork produc-

tion: a life cycle assessment of seven case studies in Germany”, co-authored with Andreas Rudi 

and Frank Schultmann. The article is published in the Journal of Cleaner Production and is cited 

in this thesis as Treml et al. (2025b). The graphical abstract is presented in Figure 6. 

3.1.1 Objective and methodology 

Agriculture is essential for global food supply but is also a major driver of climate change, biodi-

versity loss, and nutrient pollution (Beylot et al. 2019). Livestock systems, particularly pig pro-

duction, exert significantly higher environmental pressures than plant-based foods (Xu et al. 2021; 

Halpern et al. 2022). Pork is among the most consumed and economically important meats in 

Europe (Notarnicola et al. 2017b), while also being identified as one of the most environmentally 

burdensome foods in terms of GHG emissions, land use, nutrient discharges, and water demand. 

To better understand and mitigate these impacts, LCA provides a widely accepted methodological 

framework (Notarnicola et al. 2017a). This study delivers an up-to-date LCA of the German pork 

sector using seven case studies based entirely on primary data, collected directly from farms and 

facilities for the year 2021. Germany, being one of the world’s largest pork producers (FAO 

2023), offers a representative basis for this analysis. The research addresses three value chain 

stages: pig farming, slaughtering, and meat processing. Four farms are studied (a breeding farm 

BRE, a fattening farm FAT, and two integrated systems PIG 1 and PIG 2), along with one slaugh-

terhouse (SLA) and two processing plants (PRO 1, PRO 2). The objective is to quantify environ-

mental burdens, identify hotspots, and assess potential improvements through sensitivity and sce-

nario analyses. The analysis follows ISO 14040/14044 standards (2009; 2018), with the FU 

defined as one kilogram of product—live pig, carcass, or processed meat depending on the stage. 

Pig farming includes detailed feed compositions, housing, manure management, and energy sup-

ply from biogas, photovoltaics, or fossil fuels. Manure and digestate are credited via avoided 

fertilizer and energy production. The slaughterhouse case study captures slaughtering, cleaning, 

waste and wastewater treatment, with impacts largely allocated to carcasses, while the processing 
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plants cover packaging, cooling, smoking, and waste handling, with notable differences in energy 

sources and scale. Processes involving energy production or yielding co-products that are used 

beyond the system boundaries are addressed using system expansion to avoid allocation. For di-

gestate and manure, the production of appropriate fertilizers is selected, guided by nutrient com-

position data provided by the farms. In addition, the electricity generated is credited against the 

German electricity production mix, following system expansion principles. Primary data is col-

lected directly from managers, supplier invoices, and emission declarations, ensuring higher reli-

ability compared to earlier literature-based studies. Environmental impacts are assessed for three 

key categories: global warming, acidification, and eutrophication, using the CML-IA baseline 

method from the openLCA LCIA methods 2.3.2 package (Guinee et al. 2002; GreenDelta GmbH 

2023a). The life cycle impact assessment is based on the ecoinvent 3.9.1 dataset (Ecoinvent As-

sociation 2023) and performed in OpenLCA (GreenDelta GmbH 2023b). Sensitivity and scenario 

analyses further explore improvement options, such as reducing feed inputs, minimizing waste, 

switching to renewable energy, excluding biogas, or applying alternative allocation methods for 

feed by-products. 

 

Figure 6. Graphical representation of the pig and pork production value chain and associated environmental impacts 

across key life cycle stages. The upper panel illustrates the production stages from breeding (BRE) and fat-

tening (FAT) to integrated farms (PIG 1 and PIG 2), slaughterhouse (SLA), and processing facilities (PRO 1 

and PRO 2). The lower panel displays the corresponding impact results for global warming (kg CO₂-eq), 

acidification (kg SO₂-eq), and eutrophication (kg PO₄³⁻-eq). Own visualization published in Treml et al. 

(2025b). 
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This study brings actuality to the field of pig and pork LCAs with its use of comprehensive pri-

mary data from seven real-world case studies across the German pork value chain, providing one 

of the most detailed and up-to-date environmental life cycle assessments of pork production. Un-

like previous research that relies largely on secondary or aggregated datasets, this study integrates 

farm-, slaughterhouse-, and processing-level data, enabling a granular analysis of environmental 

hotspots and scenario-based improvement potentials within a national context. Its approach de-

livers both methodological robustness and practical relevance for advancing sustainable livestock 

production. 

3.1.2 Results 

Pig farming shows by far the largest environmental burdens compared to the other value chain 

links. Feed production dominates impacts in all categories, especially through soybean, wheat, 

and barley components. Global warming (GW) is highest in fattening farms due to soybean use, 

while acidification and eutrophication are strongly linked to feed and manure management. Bio-

gas use reduces the environmental impacts through credits for electricity and fertilizer. Integrated 

farms differ: one (PIG 1) benefits from manure credits, while the other (PIG 2) shows very low 

GW but very high acidification and eutrophication due to intensive biogas and substrate use. 

Slaughterhouse operations have much lower impacts per kilogram of product than farming. Waste 

treatment, especially slaughterhouse waste and wastewater, is the main contributor, while energy 

use (CHP and natural gas) and electricity supply also play a role. Processing facilities show mod-

erate but distinct results. The small-scale, fuel-oil-heated facility (PRO 1) has higher GW and 

acidification impacts, while the large-scale factory (PRO 2) has lower results but is more depend-

ent on grid electricity. In both cases, electricity, waste treatment, and auxiliary materials are key 

impact drivers. 

Comparison with literature confirms that the examined German case studies mostly fall below 

international averages, except for PIG 2, which exceeds typical values for acidification and eu-

trophication. Sensitivity analyses demonstrate that reducing feed inputs by 10% substantially low-

ers GW impacts in pig farming. At the slaughterhouse, lowering waste volumes strongly reduces 

the impact for all the categories. In processing, cutting heating demand or electricity use improves 

performance slightly. Scenario analyses for case study BRE show that including the production 

of feed by-products with economic allocation raises burdens, while removing biogas increases 

GW and eutrophication but lowers acidification. For the slaughterhouse, replacing grid electricity 

with photovoltaic supply reduces overall environmental impacts up to 21%. Overall, results em-

phasize that feed production is the critical driver of environmental impacts in pig farming, while 

waste and energy supply dominate at slaughter and processing stages. Biogas and renewable en-

ergy integration can reduce climate impacts, but may shift burdens to other categories, underscor-

ing the need for balanced strategies. 

3.1.3 Discussion and limitations 

The study confirms that pig farming is the dominant contributor to environmental impacts, with 

feed production consistently identified as the main hotspot across impact categories. While 
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slaughtering and processing play a comparatively smaller role, waste treatment and energy supply 

at these stages remain important levers for improvement.  

Limitations include the consideration of one year, reflecting operational and data collection con-

straints. The selection of the case studies brings another limitation, as there is no fully connected 

value chain assessed. The comparability of the capacity of the slaughterhouse is lacking in com-

parison to the German standard, with a few big players operating extremely large integrated 

slaughter and processing facilities. The trend develops towards the operation of a smaller number 

of big farms like bespoken BRE and FAT. Overall, the case studies show a glimpse into the di-

versity of farming systems in Germany but do not aspire to cover the German pork value chain in 

its generosity. The scenario and sensitivity analyses are very case-specific, and the economic 

profitability is not assessed, as the focus lies on the environmental impacts. Benchmarking against 

other studies is constrained by differences in methods, data quality, and disclosure. Many com-

parative studies rely on less precise or non-transparent data, limiting the robustness of cross-study 

comparisons.  

From the methodological perspective, the selection of impact categories is restricted by the choice 

of the LCIA method CML-IA baseline. Other important categories, such as land use are excluded 

in the study’s assessment. 

3.2 Paper B: Towards an Animal Welfare Impact 
Category: Weighting Indicators in Pig Farming 

The following subsections refer to the article “Towards an Animal Welfare Impact Category: 

Weighting Indicators in Pig Farming”, co-authored with Elias Naber and Frank Schultmann. The 

article is published in the Journal MDPI: sustainability and is cited in this thesis as Treml et al. 

(2025a). 

3.2.1 Objective and methodology 

The objective of this study is to advance sustainability assessment by developing a framework 

that integrates AW as a societal impact category within LCA of pig farming. While conventional 

LCA focuses on environmental dimensions such as global warming, acidification, and eutrophi-

cation, the ethical and societal relevance of farm animal well-being requires a systematic inclusion 

of welfare considerations. To operationalize this, the study introduces a structured set of welfare 

indicators and applies the AHP to derive quantitative weights based on expert judgment. The 

framework is designed to translate diverse AW characteristics into a comparable and implementa-

ble score. The assessment builds on four main criteria—husbandry conditions, feed intake, oper-

ation-specific parameters, and single animal observation—further broken down into fifteen sub-

indicators. These are defined through literature review and validated in expert interviews. To test 

the feasibility of the weighting approach, a survey was conducted with nine experts from animal 

husbandry, agricultural sciences, and veterinary medicine. Therefore, the participants rated the 

intensity of importance of the indicators in relation to each other separated under every main 

criterion. The importance is provided by a three-level scale of equal importance (1), strong 
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importance (5), and extreme importance (9), as well as their reciprocals. This scale differs from 

the traditional AHP scale of nine levels. Additional consideration of inconsistencies in judgement 

is required and performed by assessment of the critical ratio’s threshold that should not exceed 

0.1. The results of the pairwise comparisons of indicators for each respondent are aggregated 

using geometric means. The calculated weights then represent the foundation of the characteriza-

tion model for the impact category. 

The novelty of this study lies in the development of a methodological framework for integrating 

AW into sustainability assessment through the creation of a dedicated impact category. By apply-

ing the AHP to weight and aggregate welfare indicators through expert judgement, the study in-

troduces a transparent, quantitative approach that transforms complex welfare attributes into a 

single comparable score. This represents a significant advancement in bridging environmental 

and ethical dimensions within sustainability assessment of livestock systems. 

3.2.2 Results 

The study demonstrates that it is feasible to integrate AW indicators in a characterization model 

of an impact category into LCA of pig farming. Using the AHP with input from nine experts, a 

consistent weighting scheme for AW indicators is generated. This approach offers the possibility 

to involve experts into the assembly of an impact category’s characterization model. The selection 

of indicators to determine the impact category can be performed using the AHP methodology 

with the pairwise comparison.  

Results show that the main criteria feed intake and single animal observation are the most highly 

rated. This rating highlights the importance of an animal-centered approach, when evaluating 

AW. On indicator level, animal losses and fitness condition have the highest priority against the 

other indicators under the assigned main criterion after the survey evaluation. The weight of ani-

mal losses as an indicator stands out, taking into account the rating of the associated main criterion 

of operation-specific parameters, which is significantly lower than that of the highest rated crite-

ria. The interviewed experts have determined that the percentage of animal losses in a husbandry 

section exceeding a certain number is an essential indicator that animal health is affected, which 

is in line with the findings of Dolman et al. (2012). The second highest rated indicator is fitness 

condition, that is received via the body condition score.  

3.2.3 Discussion and limitations 

The results highlight the benefits of weighting indicators, as housing conditions and animal-based 

measures emerge as central drivers of welfare outcomes. However, the study also underscores the 

complexity of indicator selection. AW is a contested concept, and experts differ in their views on 

which criteria are essential. The hierarchical categorization into four criteria and 15 sub-indicators 

provides a workable structure, yet consensus-building and refinement remain necessary. Iterative 

AHP applications and broader expert surveys could help eliminate less relevant indicators and 

improve robustness. At present, the limited number and profile of experts may bias the weighting 

toward industry priorities. Methodological refinements are also needed. While AHP provides 

transparency, uncertainties in expert judgments and subjective perceptions of welfare indicators 
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suggest that fuzzy AHP or alternative MCDA techniques (e.g., TOPSIS, PROMETHEE) could 

better capture nuances and weak preferences. Moreover, the framework currently prioritizes in-

dicators that are standardized and feasible for on-farm data collection, which supports compara-

bility but risks underrepresenting complex or qualitative aspects such as affective state or enrich-

ment use. This focus may unintentionally bias results toward production-oriented measures. 

Complementary qualitative assessments or hybrid methods could help address this gap. Finally, 

the framework requires consistent assignment of indicator characteristics to a nominal scale. The 

reliability of results depends on ensuring that these characteristics are detectable, distinguishable, 

and quantifiable, which in turn demands an adequate number of expert judgments. Thus, while 

the study provides a significant methodological step toward incorporating welfare into LCA, its 

limitations lie in the scope of indicators, the narrow expert base, and methodological uncertainties. 

Future refinements should aim to broaden indicator coverage, integrate more diverse expertise, 

and explore alternative decision-support tools. 

3.3 Paper C: Assessing sustainability in the pork 
value chain: A multi-objective approach 

The following subsections refer to the article “Assessing sustainability in the pork value chain: A 

multi-objective approach”, co-authored with Andreas Rudi and Frank Schultmann. The article is 

submitted to a scientific journal and is cited in this thesis as Treml et al. (2026b). The graphical 

abstract of the article is presented in Figure 7. 

 

Figure 7. Multi-objective optimization of pork supply chain configurations integrating environmental (LCA), eco-

nomic (LCC), social (SLCA), and animal welfare (AW) dimensions. Panels A-D illustrate Pareto frontiers 

for different objective combinations, highlighting trade-offs and synergies across pathways. Colored points 

represent alternative value chain configurations (F1, F2, F3: farm types; M: slaughterhouse; P1, P2: proces-

sors), ranging from conventional large-scale systems to organic and mixed strategies. The diagram on the 

right shows the hierarchical structure of value chain elements and associated sustainability dimensions. Own 

visualization.  
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3.3.1 Objective and methodology 

The objective of this study is to develop and apply an integrated modeling framework that opti-

mizes pork production by simultaneously considering environmental, economic, social, and AW 

dimensions. While previous analyses have primarily assessed these sustainability aspects sepa-

rately, this study aims to bridge the gap between LCSA and optimization by providing a quanti-

tative decision-support model for pork production systems. The approach builds on the findings 

from the preceding studies by incorporating empirical data from German case studies and expand-

ing them into a comprehensive multi-objective optimization model. The novelty of this study lies 

in the integration of LCSA and AW dimensions into a unified MOO framework for livestock 

value chains. Using primary data from six German case studies, the study applies the augmented 

ɛ-constraint method to generate Pareto-efficient solutions, providing one of the first demonstra-

tions of a comprehensive LCSA for livestock embedded within a mathematical optimization 

model. This approach advances sustainability assessment by quantitatively revealing trade-offs 

and synergies among competing objectives in real-world pork production systems. Especially the 

integration of AW indicators represents an extension to existing LCSA and MOO frameworks. 

The methodological framework combines LCA, LCC, and SLCA with quantified AW indicators 

to create a holistic evaluation basis. The model represents a multi-echelon pork value chain, con-

sisting of several farm types, a slaughterhouse, and processing facilities, which are connected 

through material and energy flows. All environmental and economic parameters are derived from 

the primary data obtained within the SPECK project, complemented by some picked welfare in-

dicators developed in Treml et al. (2025a). These indicators capture husbandry conditions, mor-

tality rates, and transportation distances, ensuring consistency across the sustainability dimen-

sions. 

The optimization is implemented in the GAMS software environment using linear programming 

and follows a multi-objective approach based on the augmented ɛ-constraint method. Four objec-

tives are considered simultaneously: minimization of environmental impacts, maximization of 

economic performance, minimization of social burden, and minimization of AW impacts. Envi-

ronmental data includes the impact categories GW, acidification, eutrophication, and LU, derived 

from the ReCiPe 2016 midpoint method and the ecoinvent 3.9.1 database (Huijbregts et al. 2017; 

Ecoinvent Association 2023). Economic performance is measured by net profit per kilogram of 

product, while the social dimension is represented through regional employment and consumer 

affordability. AW is integrated as an additional quantifiable pillar using scores described earlier. 

The optimization model is designed to identify Pareto-efficient solutions through the network, 

enabling the analysis of trade-offs and synergies among sustainability goals across the pork value 

chain. 

3.3.2 Results 

The optimization results reveal distinct trade-offs among the environmental, economic, social, 

and AW objectives. The set of Pareto-efficient solutions illustrates that environmental, economic, 

and animal welfare performance can be improved simultaneously to a certain extent, whereas the 

social objective often conflicts with the other dimensions. The environmentally optimal 
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configurations favor farms organic and enhanced systems, achieving lower GHG emissions, acid-

ification, and eutrophication potentials. These configurations are also associated with better AW 

outcomes due to lower stocking densities and improved housing conditions. Economic perfor-

mance is closely linked to production scale and efficiency. The optimization identifies hybrid 

production pathways that combine conventional and organic practices as the most balanced solu-

tions, achieving both profitability and acceptable environmental and welfare outcomes. In con-

trast, socially optimal solutions emphasize consumer affordability and employment in the region 

but often correspond to less sustainable production structures with higher emissions and lower 

welfare standards. This divergence underlines the complexity of balancing short-term social ben-

efits with long-term ecological and ethical sustainability. 

The trade-off analysis shows that the economic dimension exerts the strongest influence on over-

all sustainability performance, while AW and environmental objectives tend to align under similar 

system configurations. The findings demonstrate that structural adjustments, such as integrating 

renewable energy, optimizing feed efficiency, and promoting higher-welfare production systems, 

can enhance overall sustainability without necessarily compromising economic viability. 

3.3.3 Discussion and limitations 

The study demonstrates that multi-objective optimization provides an effective tool for integrat-

ing diverse sustainability dimensions within pork production systems. By linking empirical life 

cycle data with mathematical optimization, the framework enables a more comprehensive under-

standing of the interactions between environmental, economic, social, and AW performance in-

dicators.  

However, several limitations need to be considered when interpreting the findings. The analysis 

is based on a limited number of case studies from Germany, which, although representative of 

typical production systems, may not capture the full heterogeneity of the pork sector. Further-

more, while the optimization model incorporates real-world data, the value chain represented is a 

virtual construct and does not depict a fully connected operational network. The social indicators 

used, particularly employment and consumer price, provide a simplified representation of social 

sustainability and omit aspects such as working conditions, equity, or consumer acceptance. Sim-

ilarly, AW indicators are limited to a quantifiable set. Finally, the system boundaries of this study 

are limited to production and processing stages, excluding downstream processes such as pack-

aging, distribution, and consumption. 

3.4 Paper D: Meat versus microbial protein—a life 
cycle assessment of present-day value chains 

The following subsections refer to the article “Meat versus microbial protein—a life cycle assess-

ment of present-day value chains”, co-authored with Steven Minden, Alexander Grünberger, Re-

bekka Volk, Andreas Rudi, Frank Schultmann and Anne Kaster. The article is published in the 

Journal The International Journal of Life Cycle Assessment and is cited in this thesis as Treml et 

al. (2026a). The graphical abstract of the article is presented in Figure 8. 
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Figure 8. Mycoprotein and pork production processes and their environmental impacts. Primary data for pork and 

simulation-based data for mycoprotein were used to represent upstream, main process, and downstream 

stages, resulting in the displayed impact profiles. Pork shows lower impacts in global warming potential and 

non-renewable energy demand, whereas mycoprotein performs better in land use and water use. Own visu-

alization. 

3.4.1 Objective and methodology 

The objective of this study is to compare the environmental performance of pork meat and biore-

actor-based microbial protein (mycoprotein) as representative protein sources in contemporary 

food production. Both value chains are analyzed to provide a transparent benchmark for future 

sustainable protein strategies. A comparative LCA is conducted according to ISO 14040/14044 

standards (2009; 2018), following a cradle-to-gate approach. The analysis includes the key life 

cycle stages of breeding, fattening, and slaughtering for pork, and medium preparation, fermen-

tation, and downstream processing for mycoprotein.  

Literature lacks a systematic comparison of meat- and microbial protein value chains representing 

the status quo as a metric for future decision making. Available studies are either anticipatory of 

not yet developed technology or value chains are not comparable due to different underlying 

methodologies (e.g., FUs, or system boundaries), assumptions, and research goals (Roßmann et 

al. 2021). 

The FU is defined as 1 kg of crude protein, enabling a nutritional and not purely mass-based 

comparison. Primary data for pork originate from German production facilities previously de-

tailed in Treml et al. (2025b), while mycoprotein data are derived from process simulations based 

on the Quorn™ production model. Both systems are modeled using openLCA with the ecoinvent 

3.9.1 and agribalyse 3.1 databases (Ecoinvent Association 2023; ADEME 2023). Environmental 

impacts are assessed in four categories: global warming (GW), land use (LU), water use (WU), 

and non-renewable energy demand (NRE), using the ReCiPe (H) midpoint 2016 (Huijbregts et 
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al. 2017), AWARE 1.2 (Boulay et al. 2018), and Cumulative Energy Demand (HHV1) (Ecoinvent 

Association 2023) methods. To ensure robustness, a Monte Carlo simulation with 1,000 iterations 

is applied to evaluate uncertainty, especially for the literature-based microbial protein data. 

3.4.2 Results 

The comparative LCA shows distinct environmental trade-offs between the two protein systems. 

Mycoprotein demonstrates substantial reductions in land and water use—by approximately 94% 

and 70%, respectively—compared to pork, reflecting its independence from feed crop cultivation 

and more efficient carbon conversion in fermentation. However, it exhibits a slightly higher GW 

and nearly threefold higher NRE, primarily due to glucose syrup production and energy-intensive 

medium sterilization. 

For pork, the fattening stage dominates all impact categories, largely driven by feed production. 

Biogas generation from manure provides significant credits, reducing GW and NRE impacts. In 

contrast, mycoprotein impacts are concentrated in the medium preparation stage, where glucose 

and energy requirements account for more than 75% of the emissions throughout. 

The Monte Carlo simulation confirms the reliability of these trends, with low variance for myco-

protein results and higher variability for pork due to agricultural uncertainties. When compared 

to existing literature, the results align well for land and water use but indicate slightly higher GW 

and NRE for mycoprotein, reflecting methodological differences such as the AWARE water 

model and specific German energy mixes. The analysis underscores that while microbial protein 

currently requires more industrial energy, it holds significant potential for impact reduction 

through the use of low-impact carbon feedstocks (e.g., molasses) and renewable energy inputs. 

Overall, mycoprotein production presents a promising pathway for decoupling protein supply 

from land and water constraints, supporting sustainable food transitions. 

3.4.3 Discussion and limitations 

Several limitations constrain the generalizability of this comparison. The study’s cradle-to-gate 

scope excludes downstream stages such as processing, packaging, and consumption, which may 

affect total environmental impacts. The data quality differs between systems, with pork modeled 

from primary German data and mycoprotein relying on literature-based process simulations, in-

troducing asymmetry in representativeness. The glucose feedstock used in the mycoprotein model 

represents a high-purity industrial source; alternative feedstocks or energy mixes could yield sub-

stantially different results. Additionally, while the FU (1 kg protein) ensures nutritional compa-

rability, it may not capture differences in amino acid profile, digestibility, or consumer ac-

ceptance. 

From a methodological standpoint, uncertainties persist in system boundaries and allocation pro-

cedures, particularly for manure and biogas credits in pork production. Furthermore, the assess-

ment focuses exclusively on environmental categories, omitting social, ethical, and economic 

 
1 Higher heating value  



3 Summaries of papers and results 

29 

dimensions, such as AW, labor conditions, or production costs. Finally, microbial protein produc-

tion remains an emerging technology, meaning that results represent current industrial perfor-

mance rather than optimized future processes. Despite these limitations, the study provides a 

transparent benchmark for assessing protein alternatives and informs future system improvements 

in sustainable food production. 
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4 Critical reflection 

Evaluation techniques can only approximate reality to a limited extent. It is therefore essential to 

approach these representations with a clear understanding of their inherent limitations and under-

lying assumptions. This chapter critically reflects on the constraints, simplifications, and trade-

offs embedded in the assessments and models developed in this dissertation. For each aspect dis-

cussed, potential directions for future research are outlined. Detailed discussions of specific lim-

itations can be found in the respective paper discussion sections. 

Life cycle assessment 

LCA constitutes the methodological foundation of this dissertation, and its intrinsic challenges 

significantly influence the results and interpretations. A major obstacle in conducting LCAs lies 

in the initial methodological settings and definitions. The typical goal of LCA is to compare out-

puts from different systems using the same FU. Therefore, methodological consistency—cover-

ing data collection approaches, system boundaries, and process implementations—is essential. 

When comparing LCAs from the scientific literature, alignment of these parameters is critical to 

ensure robust conclusions. However, such comparability is often difficult to evaluate because 

published data rarely provides sufficient detail to enable accurate matching of findings. To ad-

dress this, the LCAs presented in Papers A, C and D are based on a comprehensive and harmo-

nized dataset outlined in detail across similar cases to ensure comparability. Furthermore, Paper 

A provides an in-depth description of the data foundation to facilitate transparency and reproduc-

ibility. Data quality plays a pivotal role in LCA. Primary data represents the gold standard, fol-

lowed by secondary data supplemented with assumptions. The assessments in this dissertation 

primarily rely on primary data, complemented by database-matched flows. While many studies 

employ non-transparent data collection practices, this dissertation consistently builds upon the 

same case studies and data foundation. Nevertheless, challenges in data curation persist. Assump-

tions were necessary, and some data had to be matched to imperfect database flows. By nature, 

LCI compilation depends on the willingness of system managers to share accurate and current 

process data. This introduces uncertainty, as data precision and timeliness are contingent upon 

external cooperation. Despite these limitations, the research predominantly relies on primary, up-

to-date data aligned with the processes under investigation. In the publications of this cumulative 

dissertation, all data foundations, sources, and the procedures for matching them to databases are 

documented in detail, representing a critical prerequisite for delivering a transparent and scientif-

ically robust LCA study. However, the standardization of documentation practices in LCA must 

be prioritized in future methodological developments to ensure consistency and comparability 

across studies more profoundly. The focus must be placed on strengthening these foundations 

rather than introducing additional methodological extensions built upon an unstable basis. 

Animal welfare in LCA 

Integrating AW into sustainability assessment entails specific prerequisites. Within the LCA 

framework, implementing AW as an impact category appears conceptually straightforward. 
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However, the primary challenge lies in identifying quantifiable indicators that can be aggregated 

into a single category score. Paper B addresses part of this challenge by proposing a normalization 

scheme for indicator values, yet the initial quantification of welfare indicators remains unre-

solved. To overcome this, indicators identified through literature review and expert surveys must 

undergo evaluation by specialists in animal health and welfare, as expertise in animal behavior is 

indispensable. This dissertation proposes a methodological scheme for merging indicator results 

using a MADM approach, analogous to the assembly of LCA impact categories by characteriza-

tion factors. However, indicator assessment depends on data availability and therefore falls out-

side the scope of a purely LCA-based methodology. The intermediate step—normalizing each 

indicator on a five-point scale—also lies beyond the scope of this work and requires close coor-

dination with expert-driven quantification. Further limitations arise from the potential need to 

revise the set of indicators after expert-based quantification has been completed. Consequently, 

any changes in indicator selection may necessitate repeated adjustments to the weighting scheme 

to maintain methodological consistency. As indicated, future research should prioritize the expert-

driven identification of measurable AW indicators and the development of a standardized scale 

that translates these measurements into comparable values. While the proposed framework pro-

vides a structured basis for this process, its successful implementation largely depends on exten-

sive expert involvement to ensure validity and consistency. 

Holistic sustainability assessment 

The sustainability assessment presented in this dissertation faces several limitations, primarily 

related to data availability. Comprehensive optimization requires objectives that fully capture the 

intended purpose of the assessment. Impact selection can be aligned with regulatory requirements 

or stakeholder preferences, but this necessitates clear goal definition and access to suitable data. 

Obtaining authentic and relevant data remains a major challenge, as most assessed studies focus 

on isolated facilities rather than representing a fully integrated value chain with realistic linkages. 

Furthermore, quantifying issues across all sustainability dimensions forms the foundation of the 

optimization process. This quantification restricts interpretability, as certain aspects—particularly 

social and ethical considerations—are not inherently numerical and require scale transformations. 

Additionally, the selection of impacts inevitably simplifies complex realities, creating opportuni-

ties for omission and bias. Tackling some of the difficulties discussed, a promising direction for 

future research is the integration of exclusively realistic value chain linkages combined with ex-

plicit consideration of stakeholder preferences. This approach would enable the identification of 

optimal pathways through the value chain while respecting diverse priorities across actors. To 

achieve this, a comprehensive and high-quality data basis is essential to accurately represent and 

evaluate each stakeholder’s objectives. Once these prerequisites are met, the proposed framework 

can evolve into a practical decision-support tool, offering actionable sustainability guidance for 

real-world livestock production systems. 

Comparison to an alternative protein source 

The comparative assessment of pork and MP introduces specific limitations. While MP offers a 

promising perspective for reducing environmental impacts, current production processes rely on 

glucose-based feedstocks and energy-intensive procedures, limiting differentiation from conven-

tional agricultural systems. The envisioned transition to carbon capture-based feedstock remains 
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a future scenario. Without this implementation, the forward-looking potential of MP is con-

strained, and assessments can only reflect scenarios where feedstock impacts are assumed to de-

cline significantly. Future evaluations should incorporate carbon capture technologies and their 

integration into production systems. Moreover, production scale must be aligned with pork to 

represent a realistic substitution scenario. Identifying transformative processes and modeling 

plausible pathways is essential to determine the feasibility and extent of substitution. 
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5 Summary, conclusion and 
outlook 

Global food production fundamentally relies on agricultural processes, which inevitably exert 

significant impacts on the environment. While the term “environment” primarily denotes ecolog-

ical and biophysical conditions, it also encompasses social and economic dimensions as integral 

components. Accordingly, sustainability must be understood as a multidimensional concept that 

interlinks environmental, social, and economic aspects. As livestock production predominantly 

relies on animals, this perspective must be explicitly incorporated to achieve a comprehensive 

sustainability assessment. While it could be partially assigned to the social dimension, it primarily 

introduces an additional layer of complexity to sustainability evaluations. Emphasizing this in-

clusion is essential, as the animal represents the core of the production process. Given the endur-

ing necessity of food production, enhancing the sustainability performance of the agricultural 

sector is imperative. Livestock systems—particularly pork production, which serves as a repre-

sentative meat product due to its widespread global consumption—require comprehensive eval-

uation to identify environmental hotspots and critical leverage points for targeted mitigation strat-

egies. Because social, economic, and environmental impacts are deeply interconnected, these 

dimensions must be assessed simultaneously. Therefore, a comprehensive evaluation of all sus-

tainability dimensions and the identification of their interdependencies constitutes the essential 

first step toward process improvement. Beyond this, investigating alternative sources of nutri-

tional protein traditionally provided by pork offers an opportunity for innovative, forward-looking 

strategies that complement conventional mitigation approaches. 

This dissertation presents a comprehensive sustainability assessment based on a series of detailed 

and recurrent case studies from the German pork production sector. The work offers a high degree 

of methodological customization and extends the evaluation beyond conventional dietary and 

production standards. The research systematically assesses the pork value chain as an application 

area for holistic sustainability analysis, integrating dimensions beyond the traditional environ-

mental-economic-social trinity by incorporating AW considerations. Furthermore, it introduces a 

forward-looking perspective through the comparative evaluation of alternative protein sources.  

The preliminary foundation for the ultimate MOO (Paper C) of the pork production system is 

established through the LCA study (Paper A) and the development of an AW framework (Paper 

B). Building on these components, the subsequent optimization of sustainability within a supply 

chain configuration for livestock production unlocks a new level of comprehensiveness. The in-

tegration of AW indicators alongside diverse environmental impact categories significantly en-

riches the assessment compared to previous studies. Concluding the dissertation with a compara-

tive analysis of pork and microbial protein (Paper D) provides a future-oriented outlook, 

illustrating how sustainability assessments can inform transformative developments and highlight 

opportunities arising from the evolution of sustainable practices. 
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Paper A evaluates pig production, slaughtering, and processing facilities along the value chain. 

For pig production, across four systems, the majority of environmental impacts consistently orig-

inate from feed production, while the impact profile shifts along the chain. Slaughterhouse and 

processing studies reveal the industrial character of these facilities, where energy commodities 

dominate environmental influence—an effect amplified by the absence of live animals. These 

findings confirm the overarching relevance of the animal production stage, particularly feed pro-

duction, for the environmental footprint of meat products. However, conventional environmental 

assessments fail to fully capture the implications of livestock production, as the evaluation of the 

animal as the primary product is largely absent. This gap motivated Paper B, which identifies and 

weights AW indicators to provide an overview of their influence on four main criteria based on 

expert judgment. Results indicate that animal-centered factors directly affecting health and be-

havior offer the most critical insights into welfare, though their quantification remains challenging 

due to reliance on subjective observations. Building on these insights, the MOO approach, de-

signed to generate a Pareto frontier for sustainability assessment, builds upon the findings of the 

preceding studies and extends them by incorporating economic and social dimensions in Paper C. 

For pork production, this optimization-based LCSA represents a novel methodological advance-

ment, introducing a preference-oriented framework for sustainability evaluation. Unlike conven-

tional LCSA studies that typically focus on complex but one-dimensional indicators for compar-

ing static systems or hypothetical projections, this approach emphasizes dynamic supply chain 

configurations and their potential for change. By integrating mathematical modeling with a broad 

spectrum of environmental impacts, social considerations, and AW dimensions—rather than lim-

iting the analysis to economic viability—the model enables a systemic evaluation of multiple 

sustainability objectives. On top of this, stakeholder preferences can be applied after generating 

the Pareto frontier, guiding the selection of optimal solutions and influencing subsequent deci-

sions regarding supply chain configurations and trade-offs across interconnected stages of the 

livestock value chain.  

Departing from the previously emphasized holistic assessment, the focus narrows to environmen-

tal impacts, as this targeted approach offers the most reliable basis for projecting future develop-

ments and deriving robust conclusions supported by high-quality data in Paper D. Recognizing 

that feed consumption constitutes the predominant environmental impact across the value chain, 

targeted strategies must focus on this factor to enhance system performance. However, as the feed 

conversion rate in pigs is genetically determined and has been optimized over decades of indus-

trial breeding, further improvements in this parameter are limited. Consequently, alternative strat-

egies for reducing environmental impacts become necessary. One potential approach involves 

producing protein that can substitute for meat-derived protein. Paper D explores areas where the 

environmental impacts of pork production can be outperformed by mycoprotein production as a 

replacement. The assessment demonstrates that land and water use categories can be substantially 

improved through microbial protein systems. While the results serve as reference values, they 

also reveal that feedstock selection is the primary contributor to negative impacts in mycoprotein 

production. Currently based on glucose as a carbon source, future developments should aim to 

replace this feedstock with carbon captured from environmentally harmful sources, such as 

through direct air capture technologies. This transformation would exemplify how emissions can 

be converted into valuable resources, aligning protein production with circular and climate-posi-

tive principles. 
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In summary, the methodological robustness of this dissertation fundamentally depends on the 

accessibility, completeness, and reliability of underlying data. Mindful, knowledge-based data 

assessment is critical, as data quality can significantly influence results. When data optimization 

is not feasible, assumptions and adjustments must be documented transparently and comprehen-

sively. By adhering to principles of comparability and methodological consistency, the limitations 

inherent in sustainability assessments can be mitigated, though not entirely eliminated. 

However, while the presented studies already provide important results, there remains 

considerable potential for structural and methodological enhancements to improve their 

applicability in real-world contexts. Future work could focus on refining data integration 

processes, expanding indicator coverage, and examining different stakeholder preferences 

implemented on the optimization results. Additionally, advancing approaches for AW 

quantification and exploring emerging protein technologies will further strengthen the practical 

relevance of sustainability assessments. 
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Abstract  

Purpose Animal-based food production remains a cornerstone of global nutrition, yet improving 

its sustainability is a complex challenge with far-reaching societal implications. Multi-objective 

optimization of meat value chains typically lacks assessing sustainability dimensions beyond eco-

nomic performance and CO2 emission minimization. 

Methods This study designs a multi-objective optimization model covering four sustainability 

dimensions - environmental, economic, social, and animal welfare. Those dimensions are opera-

tionalized through quantitative indicators to evaluate a real-world multi-echelon pork value chain 

constructed from German case studies. The model is solved based on the augmented ɛ-constraint 

approach creating a pareto optimal set of points.  

Results and discussion The results highlight the decisive influence of economic profitability on 

overall sustainability and its positive alignment with environmental and animal welfare objec-

tives. In contrast, the social indicators diverge from other dimensions and, when optimized, 

worsen their performance.  

Conclusions These findings underline the importance of evaluating sustainability at the level of 

entire value chains and demonstrate the novelty of integrating four sustainability dimensions into 

a unified optimization model.  

1. Introduction 

Over the last decade, the environmental impacts of pork production have been extensively envi-

ronmentally examined through the method of life cycle assessment (LCA) (Gislason et al. 2023). 

While several studies provide valuable insights, they largely neglect other key dimensions of sus-

tainability. According to the well-established “triple bottom line” perspective, sustainability en-

compasses not only environmental, but also social and economic aspects (Cordella et al. 2023). 

Economic viability remains a decisive factor for livestock systems: without profitability, environ-

mental and social goals cannot be sustained in practice. Furthermore, the affordability of the meat 

product itself plays a significant role for its social and economic acceptance. Ideally, synergies 

between these dimensions exist, but in reality, trade-offs are frequent and difficult to align. To 

address this broader perspective, life cycle sustainability assessment (LCSA) has been proposed 

as an integrative framework that extends traditional LCA by incorporating social life cycle as-

sessment (SLCA) (Kloepffer, 2008; Moltesen et al., 2018; Rosenbaum et al., 2015) and life cycle 

costing (LCC) (Kreith 1981; Zhang et al. 2014; Niembro-García et al. 2022). Despite progress, 

methodological inconsistencies remain, particularly regarding indicator selection and the joint 

evaluation of multiple sustainability pillars (Bubicz et al. 2019). Although case studies have ex-

plored different approaches, a lack of harmonized guidelines and standardization persists (Wulf 

et al. 2019; Costa et al. 2019). Most livestock-related LCSA studies treat the three sustainability 

dimensions independently, presenting results side by side without integrating them into a single 

evaluative framework (Zira et al. 2021; Ruckli et al. 2022). A major obstacle is the heterogeneity 

of metrics and units across dimensions, which complicates aggregation and interpretation. Multi-

objective optimization (MOO) - a subfield of Multi-Criteria Decision Analysis (MCDA) - pro-

vides the opportunity to simultaneously optimize several sustainability objectives under defined 

constraints and support to identify relationships between the sustainability dimensions (Bubicz et 



Paper C 

 

Assessing sustainability in the pork value chain: A multi-objective approach 

89 

al. 2019). Several works address MOO in the context of logistics with meat supply chains as 

application area. The focus of these studies predominantly lies in the design of a logistic system 

and in planning the supply chain (Soysal et al. 2014; Mohammed and Wang 2017; Mohebaliza-

dehgashti et al. 2020). Besides cost-minimization, the integration of environmental factors repre-

sents a twist to comparable research, changing the topic to green supply chain management (Sri-

vastava 2007). The integration of GHG emissions as minimization objective is the typical way to 

include environmental factors as an objective (Oglethorpe 2010; Aramyan et al. 2011; Soysal et 

al. 2014; Eskandarpour et al. 2015; Mohammed and Wang 2017; Mohebalizadehgashti et al. 

2020). However, the expansion of the environmental consideration beyond GHG emissions can 

be delivered by implementing a bigger variety of LCA impact categories to the objective. Fur-

thermore, only limited attempts have been made to apply integrated optimization approaches to 

food value chains that explicitly consider the environmental, economic, and social pillars of sus-

tainability (Eskandarpour et al. 2015; Yadav et al. 2022). The combination of LCSA objectives 

and MOO with goal programming was performed by Oglethorpe (2010) for a pork supply chain. 

The study is based on survey-data and integrates the three sustainability dimensions within five 

goals: return on sales; GHG emissions; water use; fat content of products; and number of jobs. 

The author changes the weights of the goals to investigate how this leads to change in the strategic 

decisions, starting with equal weighting (Oglethorpe 2010). Besides that, in particular, animal 

welfare remains underrepresented in sustainability assessments of meat value chains. Moreover, 

no scientific studies have been identified that conduct a comprehensive LCSA of an entire pig 

value chain while simultaneously considering animal welfare and embedding these dimensions 

within a mathematical optimization model. Addressing this gap, the present study develops a 

MOO model that seeks to (i) minimize environmental impacts, (ii) maximize economic profita-

bility, (iii) minimize socially negative implications, and (iv) reduce negative effects on animal 

welfare and find an optimal way through a network of six German case studies. It demonstrates a 

novel methodological approach to integrating heterogeneous sustainability indicators through 

mathematical optimization and provides empirical insights into the sustainability performance of 

real-world elements of the German pig sector.  

2. Materials and methods 

2.1. Life cycle sustainability assessment 

LCSA provides a comprehensive framework for evaluating the environmental, economic, and 

social impacts of products and processes (Ren 2020). Initially conceptualized by Zhou et al. 

(2007) and formally introduced by Kloepffer (2008), LCSA operationalizes the “triple bottom 

line” approach to sustainability (Cinelli et al. 2014). The framework is commonly expressed as: 

LCSA = LCA + LCC + SLCA, where LCA denotes environmental life cycle assessment, LCC 

represents life cycle costing, and SLCA refers to social life cycle assessment. Kloepffer (2008) 

originally emphasized that results should not be aggregated. Nevertheless, subsequent studies 

have proposed and applied a variety of aggregation techniques, underscoring the ongoing meth-

odological debate in this field (Costa et al. 2019). Despite such challenges, LCSA has been rec-

ognized as a valuable tool for supporting decision making in sustainability transitions (Fauzi et 

al. 2019; Berticelli et al. 2020).  

In this study, LCSA serves as the overarching framework for assessing sustainability in the pig 

value chain. Building on this foundation, we extend the dimensions by integrating a MOO 
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approach to simultaneously address environmental, economic, social, and animal welfare dimen-

sions. 

2.2. Multi-objective optimization 

MOO provides a structured approach to address problems involving multiple, often conflicting, 

objectives (Nickel et al. 2022). The solution space is defined by several objective functions sub-

ject to system constraints, where no single solution can simultaneously optimize all objectives 

(Farahani et al. 2010). Among various solution techniques, the ɛ-constraint is the most widely 

employed solution method in MOO models (Eskandarpour et al. 2015; Babbar and Amin 2018; 

Zhu et al. 2018). The literature for food supply chain optimization – emphasizing the application 

of MOO models – is covered by reviews from Eskandarpour et al. (2015), Zhu et al. (2018) and 

Yadav et al. (2022). Relevant MOO studies optimizing especially meat supply chains are listed in 

Table 1.  

Table 1. Recent studies that optimize meat supply chains respecting economic and environmental 

objectives. 

Study Model Solution methods Economic Environ-

mental 

(Soysal et al. 2014) MOLPa ɛ-constraint logistic cost GHG emis-

sions in 

transporta-

tion 

(Mohammed and 

Wang 2017) 

FMOPMb LPc-metrics, ɛ-con-

straint, goal program-

ming  

cost of transpor-

tation and im-

plementation 

CO2 emis-

sions in 

transporta-

tion 

(Mohebaliza-

dehgashti et al. 

2020) 

MILPd augmented ɛ-constraint cost CO2 emis-

sions from 

transporta-

tion 
a multi-objective linear programming 
b FMOPM = fuzzy multi-objective programming model 
c LP = linear programming 
d MILP = mixed-integer linear programming 

Soysal et al. (2014) sets the focus mainly on the logistical issues concerning beef supply. The 

model is applied by assessing a case study on a real-life logistic chain from Brazil to Europe. 

Mohammed and Wang (2017) develop a three-echelon meat supply chain network considering 

CO2 emissions as environmental factor and compared the results from three different solving 

methods. The distribution planning problem was applied to a case study and determined the num-

ber of facilities and obtained a trade-off among the objectives. The best performing solution ap-

proach was retrieved by the ɛ-constraint method (Mohammed and Wang 2017). In the most recent 

study, Mohebalizadehgashti et al. (2020) approach a similar challenge in designing a green meat 

supply chain network for a region in Canada. The authors apply the augmented ɛ-constraint 

method and incorporate a broader cost portfolio into their assessment expanding beyond trans-

portation related costs.  
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2.3. Network configuration 

In this study, a multi-objective linear programming (MOLP) model is designed to analyze and 

optimize a livestock-based supply chain in Germany. The supply chain extends from farms (F1, 

F2, F3) to a slaughterhouse (M), to processors (P1, P2), and finally to retail (R). The structure of 

the network is illustrated in Figure 1. The system is modeled as a directed graph composed of 

three types of nodes: supply nodes (farms), conversion nodes (slaughterhouse and processors), 

and a dummy demand node (retail outlet, not represented by a case study).  

 

Fig. 1 Schematic representation of the supply network model for pork production. The directed 

graph illustrates material flows from farms (F1, F2, F3) through slaughter (M) and processing 

stages (P1, P2), to the final retail node (R). Arcs represent logistic distances between the facilities. 

The goals (LCA, LCC, SLCA, AW) are assigned to the nodes for which data is collected, reflect-

ing the environmental, economic, social, and animal welfare impacts throughout the supply chain. 

The underlying empirical basis of the model draws on six German case studies representing links 

of the pork value chain. These studies were covered by the research project SPECK and therefore 

present a comprehensive data foundation for the assessment. Especially the use of original data 

in the performed optimization should emphasize the practical feasibility of the methodological 

approach.  

The following descriptions reflect the actual operations and characteristics of the case study’s 

associated value chain stage (see also Supplementary S1); they provide empirical context but do 

not imply a real-world representation of the modeled value chain. Three farms, one slaughter-

house, and two processors are selected to represent different production systems along the pig 

value chain. Farms F1 and F3 operate under conventional systems, whereas F2 represents an or-

ganic production system with a lower production capacity. Farm F1 is the largest producer, inte-

grating both breeding/rearing and fattening facilities located at different sites, which necessitates 

transport of piglets. Farm F2, with the smallest production volume, provides detailed data avail-

ability and thus serves as a valuable benchmark for organic production. Farm F3 operates a stable 

with outdoor climate housing, thereby improving its animal welfare classification relative to con-

ventional standards. Its production volume lies between that of F1 and F2. The slaughterhouse 

(M) serves as the first conversion node, processing animals supplied by the farms and delivering 

carcasses to processors. While it predominantly handles smaller quantities from organic systems, 

its overall throughput is high relative to individual farms. The two processors differ in scale and 

production focus: P1 processes mainly organic meat in relatively small volumes, whereas P2 is a 
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large-scale facility specializing in conventional meat. The retail node R serves as a dummy de-

mand node that anchors the optimization but does not correspond to a specific case study. It en-

sures that all upstream supply chain activities are directed toward fulfilling a defined demand. 

Without R, the model would lack a fixed endpoint, and production flows could be unrealistically 

allocated without reference to a final consumer. 

Data for the assessment was collected from primary farm and facility records where available and 

complemented with secondary data and targeted web searches for cost and social indicators. An-

imal welfare data was restricted to farm-level operations, as animals are no longer present in the 

subsequent processing stages.  

The MOLP model simultaneously optimizes four conflicting objectives to find the optimal flow 

through the network: (1) Minimization of environmental impact (LCA) – including normalized 

life cycle assessment results and transport-related emissions; (2) Maximization of economic value 

(LCC) – measured as facility-level revenues derived from costs and product prices; (3) Minimi-

zation of animal welfare burden (AW) – based on animal losses, husbandry conditions, and 

transport distances; (4) Minimization of social impacts (SLCA) – operationalized through indica-

tors such as unemployment rates and consumer prices. The indicators - listed in Table 2 - are 

calculated and normalized for one kilogram of product, in accordance with the integrated LCA's 

functional unit (Treml et al. 2025b). This ensures intracomparability inside the objective func-

tions. The model inputs are listed alongside case study characteristics in Supplementary S1. The 

final optimization is performed for the demand of one kilogram of product at the retail node. 

Table 2. Set of indicators that builds the foundation of the objectives for the optimization problem. 

Objective Indicator Original unit 

environmental global warming kg CO2 eq 

terrestrial acidification kg SO2 eq 

freshwater eutrophication kg PO4 eq 

land use m2a  

impact of transportation kg SO2 eq / kg CO2 eq per 

km 

economic revenue € 

animal welfare animal losses % 

husbandry condition 1-5 

transportation distance km 

social unemployment rate % 

consumer price € 

2.3.1. Environmental objective 

In the literature, MOO approaches are often based on assessing CO2 emissions as the environ-

mental aspect (Soysal et al. 2014; Bortolini et al. 2016; Mohammed and Wang 2017). This, while 

addressing one of the most relevant climate threats, covers just a small part of environmentally 

impactful issues. Though, some studies use the LCA methodology to consider a broader range of 

impacts (Eskandarpour et al. 2015). Furthermore, leaving behind the exclusively logistic problem 

design, Soysal et al. (2014) suggest an extension to respect environmental impacts from whole 

production stages like livestock management, including e.g. resource and energy use. Accord-

ingly, the environmental objective is based on results from LCA’s conducted for the six case 
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studies (Treml et al. 2025b). The underlying life cycle inventory is described in detail by Treml 

et al. (2025b). The associated indicators and their original units are displayed in Table 2. Based 

on the impact assessment method ReCiPe midpoint 2016 (H) the impact categories of global 

warming, land use, freshwater eutrophication and terrestrial acidification are examined as these 

categories are typically used to evaluate agricultural process emissions (Huijbregts et al. 2017; 

Gislason et al. 2023). The results are min-max normalized and assigned to each node of the value 

chain. In addition to these node-based impacts, transportation-related burdens are incorporated 

(1). In the literature, emissions for transportation are considered predominantly rather than for 

production processes, foremost respecting complex transportation capacity calculations and even 

modes of transport (Soysal et al. 2014; Mohebalizadehgashti et al. 2020). In this study, transport 

emissions are calculated using the ecoinvent dataset for lorry transport (Ecoinvent Association 

2023). Transport impacts solely contribute to the categories of global warming and terrestrial 

acidification, are weighted by distance between the facilities of the value chain stages and nor-

malized alongside the production process impacts. 

2.3.2. Economic objective 

Reviewing MOO of supply chains, the most examined sustainability dimension is the economic 

one (Yadav et al. 2022). Transportation, production and maintenance act as cost drivers and as for 

every process economic feasibility is a key dimension – also for livestock production systems. In 

the pork sector, profitability depends on the balance between revenues and production costs. In 

2021, the industry faced a significant crisis as declining demand and oversupply depressed pig 

prices, particularly affecting conventional systems characterized by high volumes and limited 

welfare differentiation (BLE 2022). In this study, the economic objective is represented by the 

revenue, defined as the difference between the selling price per kilogram of product and the as-

sociated production costs (2). Price and cost data are consistently expressed per kilogram at the 

facility gate, enabling comparability across stages. The dataset combines primary data from farm 

management records with secondary information from official statistics, complemented by values 

reported in market studies and industry publications (see Supplementary S1). Farm-level param-

eters are primarily based on direct farm records, while midstream and processing stages draw on 

secondary sources, particularly for organic and conventional pork prices. This mixed-source ap-

proach ensures robustness and transparency while also highlighting areas where additional data 

collection is needed. The indicator values are min-max normalized based on the calculated reve-

nue results of the facilities before being introduced to the objective function. 

2.3.3. Animal welfare objective 

The representation of animal welfare in MOO models for meat supply chains is missing in recent 

studies (Eskandarpour et al. 2015; Zhu et al. 2018; Yadav et al. 2022). Though, the integration of 

animal-related indicators into the evaluation of livestock value chains is reasonable and is becom-

ing more relevant. The extension of sustainability assessment to gather a complete picture of pro-

cesses also includes the deliberation to include the life of the animal representing the base product. 

Therefore, we assess animal welfare using three indicators selected on the basis of Treml et al. 

(2025b) and adapted to the available dataset (Table 2). The indicators capture impacts over the 

animals’ lifetime. While animal losses and husbandry conditions are gathered through farm man-

agement data, the transportation distance is complementing the assessment (2).  
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The first indicator, animal losses, refers to mortality rates recorded at the farm level and serves as 

a proxy for overall herd health. As demonstrated by Treml et al. (2025a), this parameter is among 

the most relevant measures of welfare in pig production systems, reflecting both management 

practices and biological resilience. The second indicator, husbandry conditions, is evaluated using 

the classification system established by major German retail chains (haltungsform.de 2024). This 

system ranks production practices along a five-level scale, ranging from the minimum regulatory 

standard to certified organic farming. The indicator integrates multiple aspects of welfare, includ-

ing housing, feeding regimes, and general animal care, thereby providing a multidimensional rep-

resentation of living conditions. The third indicator, transportation distance, captures the cumula-

tive distance traveled by animals between different production stages and to the slaughterhouse. 

Transport is considered a critical factor because it exposes animals to stressors and procedures 

that lie outside their daily routines, thereby influencing welfare outcomes (Petit et al. 2018). To 

enable comparability and integration into the MOO model, all three indicators are min-max nor-

malized prior to inclusion in the model. 

2.3.4. Social objective  

In the context of livestock production, social factors are particularly relevant, given the im-

portance of safeguarding farm workers, ensuring fair treatment of stakeholders, and meeting con-

sumer expectations. Recent research has operationalized social dimensions through SLCA, 

providing quantitative insights into stakeholder well-being (Neugebauer et al. 2014; Zira et al. 

2020; Aranda et al. 2021; Møller et al. 2024). The inclusion into MOO of meat supply chains is 

only performed by Olgethorpe (2010) with consideration of the objectives hours of employment 

and retail price. Though, social sustainability is more challenging to operationalize than environ-

mental or economic dimensions because of its inherent subjectivity, yet it remains indispensable 

for a comprehensive assessment (Bubicz et al. 2019). In this study, social performance is repre-

sented by two quantifiable indicators (Table 2). The first, the regional unemployment rate, reflects 

the contribution of facilities to local employment opportunities. Higher unemployment rates are 

weighted positively within the model, as the establishment or continuation of facilities in such 

regions can be assumed to have greater relative benefits for job creation. The second indicator, 

the consumer price, serves as a proxy for affordability and accessibility of pork products. By 

integrating consumer price into the optimization and minimizing it, the analysis acknowledges 

the importance of ensuring economic access for consumers alongside sustainability objectives. 

Together, these two indicators represent both producer-oriented and consumer-oriented aspects of 

social performance, thereby enabling a more balanced consideration of societal impacts within 

the optimization model (4). Prior to implementation into the objective function these indicators 

are min-max normalized. 

2.3.5. Model formulation and calculation 

The MOO model is formulated as a linear program in the General Algebraic Modeling System 

(GAMS 50.1.0) (GAMS Dev. Corp. 2023) to evaluate sustainable configurations across the value 

chain. Please refer to Supplementary S2 for the code. Table 3 introduces the decision variables 

and the corresponding nomenclature. To address the multiple objectives, the four sustainability 

dimensions - environmental impact (1), economic performance (2), animal welfare (3) and social 

impact (4) - are formulated as single objective functions.  
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Table 3. Description of model nomenclature. 

Variables  

𝑥𝑖𝑗 ∈ ℝ0
+ flow of product from node 𝑖 to node 𝑗. 

𝑧𝑐 ∈ ℝ0
+ objective functions (𝑐 = 𝑙𝑐𝑎, 𝑙𝑐𝑐, 𝑎𝑤, 𝑠𝑙𝑐𝑎) 

𝑧𝑐𝑛𝑜𝑟𝑚
∈ ℝ0

+ normalized objective function values (𝑐 = 𝑙𝑐𝑎, 𝑙𝑐𝑐, 𝑎𝑤, 𝑠𝑙𝑐𝑎) 

Sets  

𝑁  all nodes: 𝑁 = {𝐹1, 𝐹2, 𝐹3, 𝑀, 𝑃1, 𝑃2, 𝑅}. 

𝑆 ⊂ 𝑁  supply nodes: 𝑆 = {𝐹1, 𝐹2, 𝐹3}. 

𝐶 ⊂ 𝑁  conversion nodes: 𝐶 = {𝑀, 𝑃1, 𝑃2}. 

𝐷 ⊂ 𝑁 demand nodes: 𝐷 = {𝑅}. 

𝐴 ⊂ 𝑁 × 𝑁  set of arcs (directed edges) between nodes: (𝑖, 𝑗) ∈ 𝐴 = 

{(𝐹1, 𝑀), (𝐹2, 𝑀), (𝐹3, 𝑀), (𝑀, 𝑃1), (𝑀, 𝑃2), (𝑃1, 𝑅), (𝑃2, 𝑅)}. 

Parameters  

𝑒𝑐 parameters for the right-hand side for the specific iteration drawn 

from the grid points of the objective functions 𝑐 (𝑐 =
𝑙𝑐𝑐, 𝑎𝑤, 𝑠𝑙𝑐𝑎). 

𝑒𝑝𝑠 𝑒𝑝𝑠 ∈ [10−6, 10−3] 
𝑠𝑐 slack or surplus variables, (𝑐 = 𝑙𝑐𝑐, 𝑎𝑤, 𝑠𝑙𝑐𝑎) 

𝑟𝑐 range of the 𝑐-th objective function, (𝑐 = 𝑙𝑐𝑐, 𝑎𝑤, 𝑠𝑙𝑐𝑎) 

𝛼𝑖𝑗 conversion coefficient from node 𝑖 to node 𝑗. 

𝑠𝑢𝑝𝑝𝑙𝑦𝑖 supply capacity at node 𝑖 ∈ 𝑆. 

𝑑𝑒𝑚𝑎𝑛𝑑𝑗 demand requirement at node  𝑗 ∈ 𝐷. 

𝑙𝑐𝑎𝑖 LCA impact at node 𝑖. 
𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝐿𝐶𝐴𝑖𝑗 transport-related LCA impact from 𝑖 to 𝑗. 

𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑖 economic revenue at node 𝑖. 
𝑎𝑛𝑖𝑚𝑎𝑙𝑙𝑜𝑠𝑠𝑒𝑠𝑖, 

ℎ𝑢𝑠𝑏𝑎𝑛𝑑𝑟𝑦𝑐𝑜𝑛𝑑𝑖, 

𝑑𝑖𝑠𝑡𝑎𝑤𝑖  

animal welfare indicators at node 𝑖. 

𝑢𝑛𝑒𝑚𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡𝑖 unemployment rate at node 𝑖. 
𝑐𝑜𝑛𝑠𝑝𝑟𝑖𝑐𝑒𝑖 consumer price at node 𝑖. 

The MOO is performed using the augmented ɛ-constraint method, an advanced variant of the 

classical ɛ-constraint approach that ensures the generation of only pareto-efficient solutions. In 

this method, one objective function is optimized while the remaining objective functions are im-

plemented as constraints (5). The implementation follows the formulations of Mavrotas (2009) 

and Mavrotas and Florios (2013), enabling the exact identification of pareto-optimal configura-

tions for the presented LP. Following Marler and Arora (2010), the resulting objective function 

values for the pareto points are min-max normalized, as formulated in (9) and (10), to ensure 

comparability by transforming them into a common [0,1] range. This normalization allows to 

express the relative objective value of each sustainability dimension and enabling exploration of 

trade-offs between environmental, economic, social, and animal welfare objectives (Greco et al. 

2016). Therefore, each objective is optimized beforehand applying the weighted sum method in-

dividually to obtain the best and worst values, which serve as boundaries for the min-max nor-

malization of the pareto points. For interpretability, a composite overall objective is derived post-

optimization as an equally weighted aggregation of the normalized individual objectives per 

point. Generally, the model is solved using the CPLEX 22.1.2 solver. 
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𝑧𝑙𝑐𝑎 =  ∑ 𝑥𝑖𝑗 ∙ (𝑙𝑐𝑎𝑖 + 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝐿𝐶𝐴𝑖𝑗)
(𝑖,𝑗) ∈ 𝐴

 (1) 

𝑧𝑙𝑐𝑐 =  ∑ 𝑥𝑖𝑗 ∙ 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑖

(𝑖,𝑗) ∈ 𝐴

 (2) 

𝑧𝑎𝑤 =  ∑ 𝑥𝑖𝑗 ∙ (𝑎𝑛𝑖𝑚𝑎𝑙𝑙𝑜𝑠𝑠𝑒𝑠𝑖 + ℎ𝑢𝑠𝑏𝑎𝑛𝑑𝑟𝑦𝑐𝑜𝑛𝑑𝑖 + 𝑑𝑖𝑠𝑡𝑎𝑤𝑖)

𝑖 ∈ 𝑆

   ∀𝑗 ∈ 𝑀 (3) 

𝑧𝑠𝑙𝑐𝑎 =  ∑ 𝑥𝑖𝑗 ∙ (𝑐𝑜𝑛𝑠𝑝𝑟𝑖𝑐𝑒𝑖 −  𝑢𝑛𝑒𝑚𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡𝑖)

(𝑖,𝑗) ∈ 𝐴

 (4) 

min(𝑧𝑙𝑐𝑎 − 𝑒𝑝𝑠 ∙ (
𝑠𝑙𝑐𝑐

𝑟𝑙𝑐𝑐
+ 10−1 ∙

𝑠𝑎𝑤

𝑟𝑎𝑤
+ 10−2 ∙

𝑠𝑠𝑙𝑐𝑎

𝑟𝑠𝑙𝑐𝑎
)) 

𝑠. 𝑡.  
𝑧𝑙𝑐𝑐 − 𝑠𝑙𝑐𝑐 = 𝑒𝑙𝑐𝑐 

𝑧𝑎𝑤 + 𝑠𝑎𝑤 = 𝑒𝑎𝑤 

𝑧𝑠𝑙𝑐𝑎 + 𝑠𝑠𝑙𝑐𝑎 = 𝑒𝑠𝑙𝑐𝑎 

 

𝑠𝑐 ∈ ℝ+ 

(5) 

∑ 𝑥𝑖𝑗 ≤ 𝑠𝑢𝑝𝑝𝑙𝑦𝑖

𝑗∈𝐴

   ∀𝑖 ∈ 𝑆 (6) 

∑ 𝑥𝑖𝑗 = 𝑑𝑒𝑚𝑎𝑛𝑑𝑗

𝑖∈𝐴

   ∀𝑗 ∈ 𝐷 (7) 

∑ 𝑥𝑖𝑘 ∙ 𝛼𝑖𝑘 = ∑ 𝑥𝑘𝑗

𝑗∈𝐴𝑖∈𝐴

   ∀𝑘 ∈ 𝐶 (8) 

𝑧𝑐𝑛𝑜𝑟𝑚
=  

𝑧𝑐𝑜𝑝𝑡
− 𝑧𝑐𝑚𝑖𝑛

𝑧𝑐𝑚𝑎𝑥
− 𝑧𝑐𝑚𝑖𝑛

, 𝑐 ∈ 𝑙𝑐𝑎, 𝑎𝑤, 𝑠𝑙𝑐𝑎 
(9) 

𝑧𝑐𝑛𝑜𝑟𝑚
=  

𝑧𝑐𝑚𝑎𝑥
− 𝑧𝑐𝑜𝑝𝑡

𝑧𝑐𝑚𝑎𝑥
− 𝑧𝑐𝑚𝑖𝑛

, 𝑐 ∈ 𝑙𝑐𝑐 
(10) 

The system constraints (6), (7), (8) regulate product flows and ensure mass balance throughout 

the network. Constraints (6) and (7) guarantee that supply capacities are not exceeded and that 

the specified demand is satisfied. To maintain comparability, the demand is fixed at a specific 

weight of product delivered to the retail node (R). Equation (8), the conversion constraint, ensures 

that yield factors are respected at each processing stage, thereby linking inputs and outputs con-

sistently across the value chain.  

3. Results 

The results highlight the inherent trade-offs between the sustainability objectives within the live-

stock-based value chain network (Figure 2). The visualization of the 538 pareto efficient points 

underscores the discrete characteristic of the problem. The augmented ɛ-constraint method works 

well by producing only efficient (non-dominant) solutions. The method is calculated alongside 

the LCA objective (5), therefore, its resulting graph is the one with consistent increase without 

outliers.  
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Fig. 2 Visualization of the normalized objective function values alongside the pareto points. The 

optimal pathways through the network are highlighted by color for every individual objective 

(A=LCA, B=LCC, C=AW, D = SLCA). The overall equally weighted sum of objectives is dis-

played in light blue (overall). Values near zero indicate good performance following the per-

formed minimization. 

The dimensions LCA, LCC and AW represent a relatively similar trend alongside the pareto points 

(Figure 2). Contradictory, the SLCA results counteract against the other objectives. For reference 

as a possible stakeholder rating, an overall graph (light blue) is displayed representing equal 

weighting of objectives. Generally, Figure 2 indicates some outstanding points regarding pathway 

changes highlighted by color codes. Especially, the sudden spike must be emphasized where the 

graphs systematically change to linear shape and one specific pathway (F1_F3-M-P2, orange) 

declines overall but improves SLCA results. This region typically signals the pareto knee, where 

some objectives deteriorate sharply while one improves (Lee et al. 2018; Cuate and Schütze 

2020). The knee point is identified at pareto point 522. Up to this point, improvements across 

dimensions occurred relatively proportionally, representing balanced sustainability trade-offs. Be-

yond point 522, however, further improvement in the SLCA objective required substantial sacri-

fices in environmental, economic, and animal welfare performance. This inflection thus repre-

sents the most efficient compromise solution on the pareto frontier (𝑧𝑙𝑐𝑎𝑛𝑜𝑟𝑚
= 0.337, 𝑧𝑙𝑐𝑐𝑛𝑜𝑟𝑚

= 

0.323, 𝑧𝑎𝑤𝑛𝑜𝑟𝑚
= 0.312, 𝑧𝑠𝑙𝑐𝑎𝑛𝑜𝑟𝑚

= 0.327). Besides, the F2_F3-M-P1_P2 (pink) pathway repre-

senting farms F2 and F3 and delivery to P1 and P2 is the dominating pareto optimal solution. The 

scenario is chosen in 472 points, apparent in Figure 2. Altogether, from the first point F2-M-P1 

(light green), the F2-M-P1_P2 (green) and F2_F3-M-P1 (black) pathways alternate with the pink 

one from the start. Then the F2-M-P2 (red point) with the overall best solution ends the green 

pathways occurrence while black and pink stay till the F3-M-P1_P2 (blue) pathway enters the 
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curve. Blue and pink alternate until being substituted by the orange pathway that ends all the other 

pathways. The last point represents the F1-M-P2 (yellow) pathway.  

3.1. Environmental performance  

Figure 2A visualizes the development of the pareto points alongside the LCA objective function. 

In the process, the LCA objective’s results are successively worsened resulting in an ascending 

curve in the diagram.  The first pareto point (light green) equals the best environmental outcome 

with farm F2, the slaughterhouse M, and processor P1 forming the optimal route. This configura-

tion achieves the best possible environmental performance (𝑧𝑙𝑐𝑎𝑛𝑜𝑟𝑚
 = 0) while simultaneously 

delivering optimal results for animal welfare (𝑧𝑎𝑤𝑛𝑜𝑟𝑚
 = 0). However, this comes at the expense 

of economic (𝑧𝑙𝑐𝑐𝑛𝑜𝑟𝑚
 = 0.12) and social (𝑧𝑠𝑙𝑐𝑎𝑛𝑜𝑟𝑚

 = 1) performance losses. Typically, reduced 

economic outcomes in organic systems can be attributed to lower production volumes and higher 

costs, which limit revenue generation compared with conventional large-scale farms. In this study, 

however, the organic farm (F2) outperforms the conventional alternatives, and the observed eco-

nomic curtailment is instead linked to the processing facility P2 selected in the optimal pathway. 

The unfavorable social performance is largely driven by the higher consumer prices associated 

with organic products and the limited potential for regional employment improvements offered 

by the chosen facilities.  

The strong alignment between environmental and animal welfare outcomes indicates that these 

objectives are positively dependent within the model structure. In particular, production systems 

that minimize environmental impacts also appear to reduce animal welfare burdens, likely due to 

overlapping attributes such as shorter transport distances, reduced resource inputs, and more ani-

mal-friendly housing. The predominance of organic systems in the selected route reinforces this 

interpretation. 

3.2. Economic performance  

The economic performance is displayed in Figure 2B, showing high volatility alongside the rising 

LCA curve. The best combination of pathways to meet economic goals is reached with red, green 

and pink as they tend to represent the lowest values. 

When filtering for the best economic performance – searching for the lowest value of LCC – the 

normalized objective score reaches zero, reflecting the optimal attainment of the economic goal, 

but other dimensions are compromised. The resulting objective values (𝑧𝑙𝑐𝑎𝑛𝑜𝑟𝑚
 = 0.11; 𝑧𝑙𝑐𝑐𝑛𝑜𝑟𝑚

 

= 0; 𝑧𝑎𝑤𝑛𝑜𝑟𝑚
 = 0; 𝑧𝑠𝑙𝑐𝑎𝑛𝑜𝑟𝑚

 = 0.808) are identical to those obtained for the best overall (equally 

weighted) pareto point (𝑧𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 0.230), underlining the strong alignment between economic 

and the overall sustainability objective within the modeled system. Identifiable as a red dot at 

pareto point 138 in Figure 2, the network configuration includes farm F2 as the supplier and routes 

the flow through M and processor P2 to R. This outcome mirrors the best overall case and demon-

strates that the same combination of an organic farm and a high-volume processor simultaneously 

secures economic viability and animal welfare optimization. The results illustrate the relative ro-

bustness of organic farming against conventional production in economic terms for the considered 

case studies. Although farm F1 and farm F3 are excluded due to lower revenues, the unique selling 

point of organic pork provides greater stability under volatile market conditions, supported by 

production processes that are inherently more sustainable. 
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3.3. Animal welfare performance  

The green and red pathways represent the best outcome for animal welfare as they implement 

solely F2 (Figure 2C). Finding the best pareto point for animal welfare produces 19 results that 

set the normalized objective to zero – including two pink points. Since animal welfare indicators 

are restricted to the farming stage and transport distances to the slaughterhouse, the optimal route 

terminates there (M) (Figure 2). The model selects farm F2, despite its comparatively higher ani-

mal loss rates, because it performs better in terms of husbandry conditions and transport-related 

welfare. Taking a closer look at the two pink points, the delivery from F3 is negligibly low, un-

derscoring the aforementioned observations. Some resulting pathways match the economic 

(𝑧𝑙𝑐𝑐𝑛𝑜𝑟𝑚
 = [0, 0.12]) and the environmentally (𝑧𝑙𝑐𝑎𝑛𝑜𝑟𝑚

 = [0, 0.11]) best point and achieve optimal 

scores for animal welfare (𝑧𝑎𝑤𝑛𝑜𝑟𝑚
 = 0). However, this comes at a cost: the social objective oper-

ates near the worst possible value (𝑧𝑠𝑙𝑐𝑎𝑛𝑜𝑟𝑚
 = [0.808, 1]).  

3.4. Social performance 

The social objective reveals the strongest divergence across objectives (Figure 2D). When mini-

mizing SLCA impacts, the model achieves perfect social performance as expected (𝑧𝑠𝑙𝑐𝑎𝑛𝑜𝑟𝑚
 = 0) 

at the yellow point, but at a considerable cost to the other dimensions. Environmental (𝑧𝑙𝑐𝑎𝑛𝑜𝑟𝑚
 = 

1) and animal welfare (𝑧𝑎𝑤𝑛𝑜𝑟𝑚
 = 1) outcomes both deteriorate to their worst levels, while eco-

nomic performance also performs poorly (𝑧𝑙𝑐𝑐𝑛𝑜𝑟𝑚
 = 0.879). The optimal flow includes farm F1, 

routed through M and processor P2 to R. This configuration reflects the influence of lower con-

sumer prices and higher regional unemployment rates, which improve social indicators but sim-

ultaneously worsens environmental, welfare, and economic outcomes for the considered case 

studies. These findings suggest that, within the modeled approach, socially favorable decisions 

are structurally misaligned with environmental, animal welfare, and economic sustainability 

goals.  

4. Discussion and Outlook 

Despite the studies novelty, several limitations must be acknowledged. The model currently relies 

on eight parameters influencing the overall objective, meaning its comprehensiveness is con-

strained by available data. While the environmental dimension is well established through life 

cycle assessment (Gislason et al. 2023; Treml et al. 2025b), social sustainability remains insuffi-

ciently captured, as unemployment rates and consumer prices do not adequately represent com-

plex social realities (Bubicz et al. 2019). Similarly, economic data are partly based on heteroge-

neous sources, and animal welfare indicators remain limited in their quantifiability. Expanding 

and refining indicator sets across all dimensions would strengthen both reliability and robustness.  

The central contribution of this study lies in demonstrating that this MOO model can be applied 

to livestock systems under realistic conditions. While the included facilities reflect real case stud-

ies, not all are directly linked in practice. By embedding empirical case studies, the analysis shows 

that real-world data can be systematically incorporated into the framework, revealing both syner-

gies – such as the alignment between economic, environmental and animal welfare objectives – 

and trade-offs, particularly regarding social outcomes. These results illustrate how the model 

could support decision-making at farm, processing, or policy level by testing different value chain 



Paper C 

 

Assessing sustainability in the pork value chain: A multi-objective approach 

100 

configurations. As a next step, applying the model to fully connected supply chains with compre-

hensive datasets would enhance its relevance and provide stronger guidance for practical imple-

mentation. 

The findings underline the importance of weight setting in sustainability assessments: equal 

weighting did not produce a balanced compromise but instead privileged economic performance, 

with animal welfare outcomes improving and social factors lagging behind. This highlights the 

need for deliberate stakeholder-driven calibration of preferences when applying multi-criteria op-

timization. Importantly, the observed convergence of profitability, environmental performance, 

and animal welfare suggests that synergies are achievable under specific structural conditions, 

particularly when organic production and cost-efficient processing are combined. By contrast, 

persistent weaknesses in the social dimension point to the necessity of more representative indi-

cators and supportive policy instruments.  

5. Conclusion 

This study demonstrates the feasibility of applying MOO for comprehensive sustainability assess-

ment of livestock production by operationalizing a model that integrates environmental, eco-

nomic, social, and animal welfare indicators. Using six German case studies as inputs, the frame-

work shows how diverse and partly conflicting dimensions can be systematically combined into 

an aggregated sustainability objective. While sustainability dimensions have often been assessed 

separately (Zira et al. 2021; Ruckli et al. 2022), this study provides, to our knowledge, the first 

application of such an holistic optimization model to the pork sector. The model not only visual-

izes trade-offs but also identifies facility configurations that create synergies across sustainability 

criteria, thereby illustrating its potential as a decision-support tool for value chain design. 

The results reveal clear trade-offs: economic, environmental and animal welfare objectives often 

align, while social performance remains structurally misaligned due to limited and insufficiently 

representative indicators. Limitations remain, particularly in the quantification of social and ani-

mal welfare aspects and the assumption of virtual linkages among facilities. Future research 

should enrich the indicator set, improve the representation of qualitative dimensions, and extend 

the framework to fully connected value chains and other sectors. 

Supplementary S1. GAMS code implementing the multi-objective optimization model for sus-

tainability assessment of pork production, including equations, constraints, and solution proce-

dures for environmental, economic, social, and animal welfare objectives. 

Supplementary S2. Supplementary material containing additional case study characteristics, In-

put data for the optimization model, the overall results and the resulting pathways. 
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Abstract
Purpose  Replacing meat-based protein with more sustainable options is a pivotal strategy towards the fulfillment of the 
United Nations Sustainable Development Goals. An ever-increasing global demand for protein-rich nutrition has to be 
satisfied.
Methods  This study conducts a comparative life cycle assessment of two contemporary value chains—pork meat and biore-
actor-based microbial protein—to evaluate their environmental impact. Pork meat production is examined based on primary 
data from German manufacturers, including two consecutive pig production facilities and one slaughterhouse. Microbial 
protein production is based on literature data covering a commercialized process and estimates are derived from process sim-
ulations. Both production processes are assessed for their impact on global warming, land use, water use, and non-renewable 
energy demand based on 1 kg protein output as functional unit.
Results and discussion   The results indicate that microbial protein production offers reductions in land and water use by 
94% and 70%, respectively. In addition, microbial protein production shows slightly higher impacts for global warming 
and a three-fold increase in non-renewable energy demand, mostly resulting from the glucose syrup feedstock and energy 
for medium sterilization. Furthermore, the global warming impact of pork production benefits from offsets through biogas 
credits. A Monte Carlo simulation provides uncertainty estimators for both production chains which shows, in particular, that 
it is not possible to draw conclusive statements about the impact on global warming.
Conclusion  Microbial protein demonstrates significant reductions in land and water use compared to pork, indicating strong 
potential for improved sustainability. However, its overall advantage depends on reducing energy demand and sourcing low-
impact carbon feedstocks, which are critical prerequisites for achieving a truly sustainable profile.
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1  Introduction

Human population growth and climate change are two meg-
atrends that impose a challenge on the current way food is 
produced. Population growth increases food demand, and 
rising global living standards, particularly the adoption of 
protein-rich diets, are projected to drive a 2% compound 
annual growth rate (CAGR) in global protein consump-
tion through 2050 (Noorman 2023). Yet, food production 
directly contributes to one third of anthropogenic green-
house gas (GHG) emissions primarily driven by agricul-
tural land-use—a fact that will require disruptions in how 
food is produced in the future. (Crippa et al. 2021; Tubiello 
et al. 2022). Moreover, land use and water use are further 
heavy impacts of conventional agriculture and in particular 
meat-based protein production (Gislason et al. 2023). Ris-
ing temperatures, extreme weather events, water scarcity, 
and biodiversity loss threaten agricultural supply chains, 
with crop yields projected to decline by 35 to 50% under a 
business-as-usual policy until 2100 (Scheelbeek et al. 2018; 
Tigchelaar et al. 2018). Moreover, our current trajectory 
pushes the planetary boundaries beyond critical thresholds, 
calling for a profound reformation toward sustainable and 
secure food production (Halpern et al. 2022; Richardson et 
al. 2023).

While several strategies exist to reduce emissions and 
increase the robustness of meat- and plant-derived protein 
supply chains, their mitigation potential is limited (Hong 
et al. 2025; Kyttä et al. 2025; Springmann et al. 2018). 

Fermentation-based microbial protein (MP) as protein-rich 
food is currently gaining popularity in global markets as 
sustainable alternative protein (Pereira et al. 2024). Cellu-
lar agriculture-derived dairy products and myco- or single 
cell protein as representatives of MP in meat-like formu-
lations are produced in balanced bioreactors in contrast to 
the traditional agricultural systems that are subject to con-
stant fluctuations. Using microbes instead of meat or plant 
systems further offers the advantage of superior feedstock 
efficiencies, increased production rates, and decreased ethi-
cal concerns (Choi et al. 2022; Matassa et al. 2016; Shepon 
et al. 2016). Most importantly, microbial foods offer inno-
vation potential for land- and climate-independent produc-
tion chains via e.g. CO2 valorization and could significantly 
reduce environmental impacts, achieving order-of-mag-
nitude improvements over meat- and plant-based protein 
(Minden et al. 2024; Pikaar et al. 2018). However, MP pro-
duction also faces challenges, such as cost of production, 
scalability, consumer acceptance, market entry, and regula-
tion (Hartmann et al. 2022; Sturme et al. 2025; Synonym 
Biotechnologies 2023; World Economic Forum 2019).

Comprehensive environmental sustainability assessment 
is critical for informed policy, process design, and business 
decisions toward fulfilling the United Nations Sustainable 
Development Goals (SDGs) (Sinkko et al. 2023). In that 
regard, life cycle assessment (LCA) studies provide a rich 
literature base for comparing different food systems, includ-
ing mycoprotein (e.g., Cellura et al. 2022; Detzel et al. 2022; 
Smetana et al. 2015). On the one hand, the cited studies and 
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others strongly demonstrate that most MP products are more 
environmentally friendly than meat products. On the other 
hand, literature lacks a systematic comparison of scaled 
meat- and microbial protein value chains representing the 
status quo as a metric for future decision making. Available 
studies are either anticipatory of not yet developed or scaled 
technology or value chains are not comparable due to dif-
ferent underlying methodologies (e.g., functional units, or 
system boundaries), assumptions, and research goals (Roß-
mann et al. 2021). For example, the sustainability assess-
ment of Quorn™ production, one of the few industrially 
scaled food MP processes to date, employs a set of impact 
categories that does not include cumulative energy demand, 
reflecting the methodological boundaries of the study 
(Finnigan et al. 2024). Because energy demand is central 
to bioprocess evaluation in this study, we address this gap 
using harmonized system boundaries and functional units.

The aim of this work is to provide a LCA benchmark 
by contrasting two representative value chains for commer-
cialized meat-derived protein and MP products. The first 
value chain assesses meat-derived protein production via 
pork production, selected as a representative of one of the 
most consumed meat types on a global scale (Gislason et 
al. 2023), utilizing primary data as detailed in Treml et al. 
(2025). The data covers the breeding, fattening, and slaugh-
tering of animals based on case studies from Germany, one 
of the largest pig producers in the world (FAO, 2023). In 
Germany, the pig industry consolidated from smaller farms 
to integrated factory farms in the last decade, which is con-
sidered by the representative meat production system in this 
study (Federal Statistical Office of Germany, 2024). The 
second value chain examines mycoprotein as an example 
of MP production. Data originates from process simula-
tions based on the well-documented Quorn™ process, 
representing the largest and most established MP produc-
tion for human consumption, with commercial sales in 20 
countries since 1985 (Finnigan et al. 2017, 2024; Meyer et 
al. 2020). Both value chains are analyzed within a cradle-
to-gate scope, adhering to consistent system boundaries to 
ensure comparability. Uncertainties arising from different 
data sources are accounted for by Monte Carlo simulations 
(Mendoza Beltran et al. 2018). The environmental impacts 
are evaluated across four key categories: global warming, 
water use, land use, and non-renewable energy demand, 
providing a comprehensive assessment of the environmen-
tal profiles of these protein production systems.

2  Materials and methods

The environmental impacts of the different protein sources, 
pork and mycoprotein, are assessed by evaluating the pro-
duction systems using the LCA methodology. This study 
is based on the ISO 14,040 and 14,044 standards for LCA 
(ISO, 2018, 2009) modeled in openLCA. Although both 
case studies vary qualitatively in their material streams and 
unit operations, the functional unit (FU) and system bound-
aries allow comparability between the livestock-based 
value chain and bioreactor-derived MP production since the 
products are harmonized based on their quality as a protein 
source in food.

2.1  Functional unit

The FU enables a sound comparison of the production 
systems under investigation based on their common prop-
erty as a protein source (Heller et al. 2013; Nijdam et al. 
2012; Shrivastava et al. 2025; Sillman et al. 2020; Sones-
son et al. 2017; Ye et al. 2018). In contrast to conventional 
LCA studies, the FU focuses not only on the mass of the 
product, but specifically on the nutritional ingredient pro-
tein. This approach has already been preferred in previous 
LCAs of mycoprotein (Järviö et al. 2021a; Kobayashi et al. 
2023; Smetana et al. 2023). Figures 1 and 2 visualize how 
the FU is assembled for both case studies to yield 1 kg of 
protein. The red arrows indicate the assembly of the func-
tional unit at each stage, showing how much product from 
each step contributes to achieving the final functional unit of 
1 kg of protein for both pork and mycoprotein production. 
This breakdown helps clarify the processes and amounts 
required to reach the functional unit for comparison in the 
LCA study. The blue arrows ensure comprehensiveness by 
visualizing the mass of the products of the value chain steps 
in relation to the final product. The FU expresses the protein 
mass fraction of the cut meat and formulated mycelium for 
the pork and mycoprotein systems, respectively. Formulated 
mycelium describes the output after the product formulation 
step with a 48% water content that is ready for further valo-
rization and comparable to unprocessed meat. The respec-
tive protein content is stated as 13.4%, based on Finnigan et 
al. (2024). For the conversion of the slaughterhouse product 
(slaughter halves) to pork meat, studies are consulted that 
investigated the yield of pork meat from pigs (Dourmad et 
al. 2015; Laisse et al. 2018; Schinckel et al. 2001). Laisse et 
al. (2018) reported a protein content of 21.5% in pork meat, 
which was used for calculations in this study as it corre-
sponds to the slaughter weight recorded in the farm manage-
ment data for the case study.
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a determining input. The by-products indicated by dashed 
lines are excluded from calculations by mass-allocation (see 
Sect.  2.4). The connections between production processes 
are labeled with masses that result in the functional unit.

Mycoprotein is produced from fungal growth in a bal-
anced bioreactor system located at the site indicated in 
Fig. 2. Similar to how pigs metabolize feed, the fermenta-
tion process requires a feedstock to enable fungal growth. In 
this study, glucose syrup is used as the carbon source for the 
fermentation process, aligning with the findings of Upcraft 
et al. (2021). Glucose is one of the components of the fer-
mentation medium and is used as an input for the medium 
preparation step (see Sect.  2.3 for details). To improve com-
parability, the mycoprotein production process is divided 
into three steps: upstream, fermentation, and downstream. 
Fermentation is the main production step in mycoprotein 
production and is highlighted in blue. This step is accompa-
nied by upstream and downstream processing. Displaying 
the product mass required for producing the functional unit 
should demonstrate the potential of such a facility compared 
to the evaluated meat production case study.

2.2  System boundaries

The analysis considers a cradle-to-gate approach, which 
encompasses the resource procurement, transportation, and 
production phases of the products being compared, while 
excluding factors such as buildings and machinery. As pre-
viously described, the two value chains under investigation 
build upon contrasting settings.

The core unit operation of the pork value chain is raising 
pigs as living creatures. As shown in Fig. 1, pork produc-
tion consists of three facilities representing three steps in 
the value chain: the breeding and rearing farm, the fatten-
ing farm, and the slaughterhouse. These facilities are con-
nected by truck transport, and the life cycle inventories are 
based primarily on data from the factories (see Sect.  2.3 and 
Treml et al. 2025). The main production step in the pig value 
chain is fattening, provided by breeding and rearing, fol-
lowed by slaughter. Pig farm systems integrate the produc-
tion and use of biogas from manure and emerging credits, as 
these factors significantly impact LCA considerations and 
represent a standard practice on German pig farms (Treml 
et al. 2025). The assessment also covers feed production as 

Fig. 1  System boundaries for the pork meat production encompassing 
the breeding and rearing farm, the fattening farm and the slaughter 
facility. Each facility exists as modeled. The functional unit is defined 
as 1 kg of protein. Reference flows for production correspond to the 

total input mass required to obtain this FU. The colors indicate the 
affiliation of the process in- and outputs to the different value chain 
links. The dashed lines indicate by-products that are excluded by 
allocation
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unavailable, sources most closely aligned with Germany’s 
geographic context were prioritized. All primary inventory 
data is matched to the databases of ecoinvent in version 
3.9.1 and agribalyse in version 3.1 (ADEME, 2023; Ecoin-
vent Association 2023).

The pork production process is covered by primary data 
from the farm and facility operators of the three pork pro-
duction steps and completed with qualified estimates for the 
combination of the pig production steps with the slaugh-
terhouse operations. The data for the pork production sites 
as standalone systems is provided by Treml et al. (2025). 
The pig production (see Table 1) describes an existing value 
chain operated in Germany. This process comprises the two 
steps “breeding and rearing” and “fattening” from the pre-
sented system boundaries (Fig. 1). In contrast, the slaugh-
terhouse under consideration in the case study is not, in 
fact, supplied by the fattening pig farm that was previously 
examined. However, in order to provide a realistic scenario 
of pork production in Germany based on primary data, these 
facilities are combined as shown in Table 2. This approach 
is feasible considering that the slaughtering process is only 
a minor contributor to the environmental impact of pork 
(Cherubini et al. 2015; McAuliffe et al. 2017; Nguyen et 
al. 2011; Reckmann et al. 2013; Treml et al. 2025; Yu et al. 
2024). The transports considered in the value chain represent 
the actual distances between the pig breeding and fatten-
ing farm and the slaughterhouse. All transports are modeled 
based on the ecoinvent data sets for lorry transport from 16 

For both systems (Figs. 1 and 2), waste treatment is car-
ried out within the boundaries and direct emissions have 
been identified and considered in the assessment (scope 1). 
Moreover, electricity is considered with the current energy 
mix in Germany (scope 2).

2.3  Inventory and data

A thorough overview of the inventory data is provided with 
the supplementary material (Appendix A). Both systems 
are modeled as German case studies to remove location-
dependent effects. When primary data for Germany was 

Table 1  Inventory for the pig production process including the transfer 
of piglets to the fattening farm on the level of value chain links based 
on the output of 1 kg of protein (FU)
Inputs/Outputs Amount Unit Provider Data 

source
Inputs
Pig 8.13 kg Fattening a
Piglets 2.35 kg Breeding and Rearing a
Transport 2.35 ∙ 95 kg∙km market for transport, 

freight, lorry 16–32 
metric ton, EURO5/6 | 
APOS, U - RER

a, b

Output
Fattened Pig 10.48 kg a
a Treml et al. (2025)
b Ecoinvent (2023)

Fig. 2  System boundaries for the modeled mycoprotein production 
and the distinct production steps based on literature data. Reference 
flows for production correspond to the total input mass required to 

obtain this FU. The colors indicate the affiliation of the process in- and 
outputs to the different value chain links. Upstream and downstream 
processes are color-coded together to improve readability
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medium preparation, inoculation, fermentation, and cell 
separation (see Fig.  2). Table  3 lists the components of a 
hypothetical fermentation medium designed based on the 
Rank-Hovis medium recipe due to its documented history 
in the Quorn® inoculation process (Whittaker 2022) (see 
also Fig. 2). Minor modifications to the original recipe stem 
from LCA-database limitations, such as absent biotin which 
is substituted by a vitamin mix. To ensure completeness and 
comprehensibility, flows that could not be assigned to match 
the database are listed as elementary flows. Comparable 
approximate data for the elementary flows was identified to 
match the database and examined in terms of the influence 
to the calculation. There was no influence on any impact 
category observable, therefore the flows were not inserted in 
the model. The core process involves three 160 m3 bioreac-
tors operated continuously delivering 24 × 103 t of product 
annually with underlying reaction kinetics from the original 
process model file.

2.4  Allocation procedure

The utilization of allocation rules is imperative within the 
context of the pork production chain, encompassing the 
individual by-products for each process step. In the context 
of pork production, the environmental impacts are allocated 
by mass to the by-products, namely sows, piglets and blood, 
because their mass fraction is negligible in comparison to 
the main product. The primary product is the pig, though 
manure can also be considered a valuable co-product. Pro-
cesses involving energy production or yielding co-products 
that are used beyond the system boundaries are addressed 
using system expansion to avoid allocation. In accordance 
with ISO (2018) standards, the allocation of manure is 
avoided, and system expansion is applied for manure treat-
ment via biogas plants and to avoid fertilizer production. 
With regard to digestate and manure, the production of 
appropriate fertilizers is selected, guided by nutrient com-
position data provided by the farms. Furthermore, the elec-
tricity generated is credited against the German electricity 
production mix, following system expansion principles. The 
mycoprotein process does not necessitate allocation since it 
does not yield any by-products.

2.5  Life cycle impact assessment

The calculation of environmental impacts is performed with 
the software OpenLCA with the impact assessment methods 
ReCiPe 2016 Midpoint (H), AWARE 1.2 and Cumulative 
Energy Demand (HHV). The examination focuses on the 
impact categories global warming, land use, water use and 
non-renewable energy demand (NRE) because these cat-
egories display decisive differences in impacts of the two 

to 32 tons of EURO 5 and 6 (see Tables  1 and 2) (Eco-
invent Association 2023). The considered livestock facili-
ties (piglets and pigs) are factory farms with comparatively 
large production capacities above the German average. The 
feed composition for both farms is detailed in an OpenLCA 
readable zip-file in the supplementary material (Appendix 
B), as including it here would exceed the scope of the text. 
The considered slaughterhouse focuses on the slaughter of 
organically reared animals and has a low production volume 
(carcasses) compared to the three large slaughter factories 
that hold most of the market share in Germany (ISN, 2024). 
Those factories produce the yearly output of pork carcasses 
from the presented value chain link in approximately two 
weeks (Stephan 2020).

Mycoprotein production data is primarily derived from 
process simulation using the software Superpro Designer™ 
(version 14, Intelligen, USA). Simulations are based on 
the published process model file for mycoprotein produc-
tion from Da Gama Ferreira et al. (2023). The model was 
adapted according to literature covering the Quorn® process 
from Marlow Foods (UK) wherever possible (Finnigan et 
al. 2017, 2024; Fletcher et al. 2024; Nevalainen 2020; Ris-
ner et al. 2023; Trinci 1992). Major changes made to the 
original process model file include removal of water recy-
cling and fertilizer production from the centrate, which is 
the mycoprotein-deriched liquid phase after cell separation 
(more detail can be found in the supplementary material: 
Appendix A). In brief, the entire process chain involves 

Table 2  Inventory for the pork production process including the trans-
fer of the pigs to the slaughterhouse and the cutting of the slaughter 
halves to pork meat on the level of value chain links based on the 
output of 1 kg of protein (FU)
Inputs/Outputs Amount Unit Provider Data 

source
Inputs
Fattened pig 10.48 kg Pig Production a
Carcass 8.39 kg Slaughter a
Cutting 8.39 kg Cutting, carcasses, 

Pork loin, industrial 
production, French 
production mix, at 
plant, 1 kg Pork loin 
(POUi)

b

Transport 10.48 ∙ 
320

kg∙km market for transport, 
freight, lorry 16–32 
metric ton, EURO5/6 
| APOS, U - RER

see 
Table 1

Output
Pork meat 4.56 kg c, d, e
a Treml et al. (2025)
b ADEME (2023)
c Dourmad et al. (2015)
d Laisse et al. (2018)
e Schinckel et al. (2001)
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with values normalized to the global average to indicate the 
potential for water deprivation (Boulay et al. 2018). The 
characterization factors multiply water usage in the sys-
tem with specific factors to gain an overall result based on 
the water scarcity in the specific regions that correspond to 
the employed flows. The selection of NRE is driven by the 
energy-intensive nature of mycoprotein production, particu-
larly in the context of heating tasks.

The reliability of the results is tested via sensitivity and 
scenario analyses. The sensitivity analysis covers the reduc-
tion of the most influential input flow for both systems. 
For Mycoprotein production, the replacement of this input 
with a valid substitution material is calculated as a scenario 
analysis.

An uncertainty analysis was implemented with the Monte 
Carlo approach incorporated into the OpenLCA software. 
The simulation was conducted for all considered data sets 
over 1000 iterations with a logarithmic normal distribution 

systems. While global warming is the most common cat-
egory to assess environmental issues, land use is a limited 
resource that plays an important role regarding the layout of 
the systems considered. These categories are also evaluated 
by recent studies about mycoprotein or other APs, enabling 
broader comparability to our assessment (Bakman et al. 
2024; Järviö et al. 2021a, b; Kobayashi et al. 2023; Mazac et 
al. 2023; Mogensen et al. 2020; Smetana et al. 2015, 2021, 
2023; Upcraft et al. 2021). Additionally, most of the afore-
mentioned studies assess water use categories because of 
the water-intensive fermentation process during mycopro-
tein production (Bakman et al. 2024; Järviö et al. 2021a, 
b; Kobayashi et al. 2023; Mazac et al. 2023; Röder et al. 
2022; Smetana et al. 2023). In the study at hand, the water 
use category is calculated based on the AWARE 1.2 impact 
assessment method, a method that is developed especially 
to assess the relative availability of water remaining in a 
watershed after meeting human and ecosystem demands, 

Table 3  Inventory for the fermentation medium components for the production of 1 kg of fermentation medium in the medium preparation step. 
Alongside the amount of each ingredient the provider from the according LCA-respective database is listed
Inputs Amount Unit Provider* Database
Glucose syrup 31.15 g Market for glucose | glucose | APOS, U - GLO E
Ammonia (anhydrous) 1.38 g Market for ammonia, anhydrous, liquid | ammonia, anhy-

drous, liquid | APOS, U - RER
E

Magnesium sulfate 0.708 g Market for magnesium sulfate | magnesium sulfate | APOS, 
U - GLO

E

Citric acid 1.197 g Market for citric acid | citric acid | APOS, U - GLO E
Sodium phosphate 0.913 g Market for sodium phosphate | sodium phosphate | APOS, 

U - RER
E

Potassium phosphate 2.91 g Elementary flow E
Calcium chloride 0.198 g Market for calcium chloride | calcium chloride | APOS, U 

- RER
E

Iron sulfate 0.0076 g Market for iron sulfate | iron sulfate | APOS, U - RER E
Zinc monosulfate 0.0029 g Market for zinc monosulfate | zinc monosulfate | APOS, U 

- RER
E

Manganese sulfate monohydrate 0.0047 g Market for manganese sulfate | manganese sulfate | APOS, 
U - GLO

E

Cupric chloride dihydrate 0.0006 g Elementary flow E
Boric acid 0.0013 g Market for boric acid, anhydrous, powder | boric acid, anhy-

drous, powder | APOS, U - GLO
E

Molybdenum 0.0003 g market for molybdenum | molybdenum | APOS, U - GLO E
Vitamin mix 0.0026 g Vitamin, animal feed, at retailer gate - FR A
Choline chloride 0.0003 g Elementary flow E
Air 273.50 g Elementary flow E
Water 687.72 g Market for water, deionised | water, deionised | APOS, U - 

Europe without Switzerland
E

* Entries reproduced from database
A = Agribalyse (2023)
APOS = Allocation at point of substitution
E = Ecoinvent (2023)
FR = France
GLO = Global
RER = Europe
U = Unit process
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3  Results and discussion

The pork production chain is a well-evaluated reference 
for comparing animal-based diets with any other given 
diet. The evaluation in this study is based on a review of 
case studies (Treml et al. 2025). Those studies were com-
bined as described in Sect.   2.3 and calculated for the FU 
of 1 kg protein. For comparison, mycoprotein is evaluated 
as an alternative protein source from a submerged fermen-
tation process with filamentous fungi. The results for the 
four selected environmental impact categories, presented 
in Figs. 3A and 4A, show that mycoprotein has a slightly 
higher global warming impact of 14%, while pork uses 94% 
more land and 70% more water. In contrast, mycoprotein 
exhibits a markedly higher NRE demand of 291%. The pork 
results serve as baseline for the percentage values. The rela-
tive and absolute influence of the processes for every impact 

and uncertainty factors were calculated for each input and 
output data points considering a lognormal distribution and 
utilizing the pedigree matrix (Bakman et al. 2024; Ciroth et 
al. 2016; Smetana et al. 2021). This analysis was performed 
to evaluate the range of results, especially for the myco-
protein case because its data was derived from literature 
and assumptions. The data quality was assessed for every 
unit process by the data collectors and builds the basis for 
the simulation to show if the retrieved results are reason-
able. Statistical significance between pork and mycoprotein 
cases was assessed using Welch’s t-test, which accounts for 
unequal variances between groups.

Fig. 3  Environmental impact assessment of pork meat production. (A) 
shows percentages of impact allocations per process with the sum as 
an absolute value label tag in the center of each pie chart. (B) disag-
gregates the most impactful process “fattening” into its sub-processes 

with negative values resulting from credits depicted as an additional 
value tag in the respective process color. Sub-processes contribut-
ing < 1% to the sum are conflated to “other processes”
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fermentation contributes 11%, while cell separation and 
product formulation together contribute less than 5%, and 
inoculum production is negligible as its impact is less than 
1%. Energy related inputs like electricity, cooling energy 
and steam account for 54% of global warming for myco-
protein. In comparison, the global warming impact of pork 
production shows a share wise similar distribution along-
side the value chain with one overshooting contribution of 
85% coming from the fattening step. Overall, the consumed 
feed represents the most substantial impact with over 85%. 
When searching for explanations of this impact distribution 
focusing on the feedstocks, the production of glucose from 
corn for mycoprotein processes and the wheat (~ 22%), bar-
ley (~ 28%) and soybean (~ 42%) components of the feed 
mix for the pigs are mostly based on agricultural processes 
that cause the largest impacts (Treml et al. 2025). On the 
other hand, for the pork case, the production and use of bio-
gas from pig production creates a creditable output, leading 

category is reported in the supplementary material (Appen-
dix A).

3.1  Global warming

The results indicate that mycoprotein production has 14% 
higher global warming impact than pork production for 1 kg 
of protein. In mycoprotein production, the global warming 
impact is mainly driven by the medium preparation step, 
which contributes to the largest share of the emissions 
with roughly 84%, with a distinct part also attributed to 
the fermentation process with 11%. Glucose, as the con-
sidered carbon source and heat from natural gas, accounts 
for about 75% of the CO2-eq of the medium preparation 
with assigned shares around 30%. This highlights that the 
upstream or preparatory stages of mycoprotein produc-
tion, including the provision of raw materials and energy, 
have a major impact on the overall carbon footprint. The 

Fig. 4  Environmental impact assessment of mycoprotein production. 
(A) shows percentages of impact allocations per process with the sum 
as an absolute value label tag in the center of each pie chart. (B) dis-

aggregates the most impactful process “medium preparation” into its 
sub-processes with those contributing < 1% to the sum conflated to 
“other processes”
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through increasing the implementation of renewable energy 
production sources and changing the carbon source into a 
more sustainable option. For pork production, the consumed 
feed accounts for 128% of the NRE content. Focusing on 
feed provided to fattening, the major impacts are divided 
among soybean (~ 36%), barley (~ 15%), and wheat (~ 22%) 
components. The slaughter and transport processes have a 
greater impact than the other impact categories with 30%, 
but more than half of the impact stems from the fattening 
process. Looking more closely at the on-farm processes, 
it becomes evident that production and use of biogas is a 
substantial negative contributor by cutting the total NRE 
result by more than half—improving the fattening process 
by 85 MJ-eq (-66%) and the breeding process by 31 MJ-eq 
(-24%). The biogas plant primarily provides heating for the 
pig production steps, which reduces the results in this cate-
gory because no additional heating is required. The environ-
mental impacts of the slaughter process are responsible for 
more than 20% of the total emissions in this category and 
stem from two main factors: the treatment of slaughterhouse 
waste (10%) and the energy consumption (9%) associated 
with the slaughter process. An important remark is that 
when biogas production and use and therefore the credits 
would be erased, the pork results elevate to 246 MJ-eq and 
mycoprotein production results are only 1.5 times increased. 
As the heating supply is also covered by biogas conversion, 
another source of impact is not even considered in this sce-
nario. Talking about the scenario, it is relevant also to reflect 
on biogas production as the standard manure treatment rep-
resenting a reference for pig production in Germany. This 
fact justifies integrating credits in our study.

3.4  Water use

For the water use impact assessment, the AWARE 1.2 impact 
assessment method is applied as an international representa-
tive technique to assess water use worldwide (Boulay et al. 
2018). The results further emphasize the importance of con-
sidering the resource requirements of agricultural produc-
tion processes. Pork production uses more than three times 
as much water as mycoprotein production (338% more). 
The fattening phase represents the largest share of influence 
(70%), while feed production for complete pig production 
accounts for 89%—mainly from barley and wheat. This is 
due to the water consumption of the agricultural processes 
used to produce the feed. Furthermore, water utilization in 
the treatment of slaughterhouse waste, which accounts for 
10% of the overall impact, is a primary factor influencing 
the impact of slaughter processes (10%). Although water 
is an important ingredient and process material for myco-
protein production, water use is limited compared to pork 
production. Medium preparation is the primary contributor, 

to a positive influence on global warming and NRE mainly 
through the electricity fed to the grid (Treml et al. 2025). 
The slaughter stage has less impact (10%) than the breeding 
and rearing stages (16%), and transport (3%) of the live pig 
has the least impact.

3.2  Land use

The results of the land use impact category show a con-
siderable difference between the two protein production 
systems—the mycoprotein system results in just 6% of the 
results for pork. The cause of the difference is grounded 
in the agricultural land use of the systems and the calcula-
tion basis of the impact category with the characterization 
factor “agricultural land occupation potential” (Huijbregts 
et al. 2017). While the pork system relies heavily on agri-
cultural systems for pig feed production (87%), mycopro-
tein production relies almost exclusively on glucose (86%) 
from corn as an agricultural input. The impacts for barley 
(~ 36%), wheat (~ 32%), and soy (~ 24%) stand out once 
again in contributing to the fattening feed. For mycopro-
tein production, the land use impacts are relatively low, with 
the main contribution coming from the medium preparation 
stage with 98% impact. Therefore, land use displays the 
main differentiator of both systems. This difference reflects 
the feedstock efficiencies of both systems as the modeled 
mycoprotein production is approximately nine times more 
feed efficient in comparison to pork production based on the 
feedstock-to-product yield (excluding water) in this study. 
Another notable impact for the pig production phases is the 
production of maize silage and wheat for the use in the bio-
gas plant as a co-substrate accounting for 11%. This land 
requirement indicates the high environmental cost of land 
resources in intensive livestock production. In comparison 
to the other categories, the credits associated with the biogas 
production and use do not apply, because the credited flows 
do not influence the land use category.

3.3  Non-renewable energy

The Cumulative Energy Demand impact assessment method 
allows to examine the NRE content in production processes. 
Based on literature consensus (Minden et al. 2024), this cat-
egory is a known challenge of fermentation-derived process 
chains. Hence, an energy demand of mycoprotein surpassing 
that of pork production by a factor of three (291%) should 
not come as a surprise. The medium preparation contributes 
more than 80% to the overall NRE consumption. Glucose 
provision and heat supply, e.g., for medium sterilization, 
account for 30% and 35%, respectively, of the overall result. 
The fermentation accounts for 12% emerging mostly from 
cooling energy (11%). Improvements could be achieved 
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By comparing the results to the LCA results, the margin 
of reduction can be allocated. Feed has a major impact on 
every category of pork production’s LCA, which explains 
the high levels of improvement achieved. The exceptional 
reduction in NRE further emphasizes the energy intensity 
of feed production, particularly the substantial proportion of 
grains. Treml et al. (2025) stated that feed efficiency is opti-
mized to the maximum extent possible over the last decades 
and therefore only feed composition respecting efficiency 
changes and origin of components can be adapted.

Although glucose has the strongest overall impact on 
mycoprotein production, its relative influence is much lower 
than the impact change when reducing feed in pork produc-
tion. As the impact of land and water use for glucose is quite 
important, their larger reductions can be associated with 
agricultural processes connected to glucose production. Fig-
ure 4 shows that the influence of glucose is relatively small 
for global warming and NRE in comparison. Therefore, 
impact reductions are obviously smaller. To improve myco-
protein production substantially, a combination of reduc-
ing feedstock and energy consumption could be a viable 

accounting for nearly 96% of the identified water use. Spe-
cifically, glucose production contributes to 67% of the total 
impact. Similar to pork feed, the main source of water con-
sumption here is the agricultural process used to produce 
corn, the raw material used to make glucose. Deionized 
water, which is used in production processes, also plays a 
significant role, contributing 8% to the results.

3.5  Sensitivity analysis

The two feedstocks, feed and glucose, have the greatest 
influence on the examined impact categories. Reducing 
these flows’ input by 10% allows us to analyze the sensitiv-
ity created when their efficiency improves and less material 
is needed. Figure 5 shows how the overall results for the 
examined impact categories change. The most prominent 
reduction is seen in the NRE category in the pork case with 
more than 12%. Overall, the reductions in the pork case are 
more pronounced. The least improvement is achieved in the 
NRE category for mycoprotein production followed closely 
by the corresponding global warming impact.

Fig. 5  Sensitivity analysis results of the four impact categories representing calculations with 10% reduced feed and glucose input for the pork and 
mycoprotein case, respectively
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default uncertainty factors applied together with the pedi-
gree matrix, serving as multiplicators contributing to the 
geometric standard deviation (Ciroth et al. 2016). The aim 
of this simulation is to analyze the variance of the determin-
istic results, especially from mycoprotein production, and to 
evaluate whether the associated values remain in a reason-
able range.

Regarding global warming, the deterministic LCA model 
yields a 14% higher value for mycoprotein compared to 
pork production. When modeling uncertainty through the 
Monte Carlo simulation, however, the pork system exhibits 
an 18‑fold higher variance (154 versus 8) in global warm-
ing results compared to mycoprotein. This elevated variance 
arises from several highly variable inventory flows within 
the pig production system, such as interactions related to 
biogas use and feed production, which received higher 
uncertainty factors in the pedigree matrix (see Fig. 1). These 
uncertainty factors propagate through the Monte Carlo sam-
pling, resulting in a wider distribution, including some neg-
ative values. The broader distribution also causes a shift in 
the median impact (Fig. 6), which explains why the Monte 
Carlo median for pork exceeds that of mycoprotein, despite 
the deterministic result showing the opposite. Given the 
substantial uncertainty, the global warming results should 
therefore be regarded as inconclusive, as the relative mag-
nitudes of the two systems cannot be reliably distinguished. 
The simulation results for the NRE, land and water use cat-
egories are trend-wise consistent with the LCA results and 
the variances of the values for both systems are comparable. 
For NRE, the previously gathered results surpass the IQR 
of the simulation results. However, the IQRs of the water 
use category support the LCA results, while there are some 
outliers that extend the scale. These outliers are influenced 
by the high uncertainty factors retrieved by the pedigree 
matrix as contemplated above, related to feed production in 
the pork case as well as water cooling and deionization for 
the mycoprotein case.

The limitations of this study are therefore outlined in the 
following, as addressing them can improve transferability. 
Foremost, the data for the mycoprotein case offers room for 

strategy. While the optimization potential of industrial ani-
mal meat production in terms of energy demand is mostly 
expended, anticipatory LCAs of bioreactor-derived protein 
sources promise up to 5-fold ameliorations versus the herein 
reported 378 MJ-eq, e.g. by shifting from purified glucose 
syrup to molasses as a by-product from the sugar industry 
(Smetana et al. 2015; Tubb & Seba, 2019). Accordingly, an 
optional replacement of glucose with sugar beet molasses is 
discussed in Sect.  3.6.

3.6  Scenario analysis

The proposed assessment of the replacement of glucose 
syrup with molasses for mycoprotein production in our 
LCA model is conducted as a scenario analysis. The results 
indicate that the change reduces the outcomes for global 
warming, water use, land use, and NRE by 32%, 59%, 67%, 
and 29%, respectively. The drastic change arises foremost 
from the applied economic allocation for the beet sugar pro-
duction that produces molasses as co-product and allocates 
impacts with factor 4.5% to molasses.

In comparison with pork, the scenario results indicate 
that mycoprotein production yields 23%, 98%, and 88% 
lower global warming, land use, and water use impacts, 
respectively. The demand for NRE is higher, exceeding the 
pork case by 107%. Overall, the scenario amplifies the dif-
ferences observed in land use, water use, and non‑renewable 
energy demand, largely in favor of mycoprotein. Notably, 
mycoprotein production also outperforms pork with respect 
to global warming impacts by 23%, representing the most 
pronounced improvement in the scenario.

3.7  Uncertainty evaluation

The Monte Carlo simulation of each impact category is 
visualized in Fig. 6 and reported in detail in Appendix A. 
Significance levels of all four impact categories fall below 
1 × 10− 3 indicating that both case studies differ from one 
another on a high level of confidence. Negative values for 
water use and global warming result from the underlying 

Fig. 6  Uncertainty analysis based on Monte-Carlo simulations for pork 
and mycoprotein. The upper and lower hinges of the boxplots span the 
interquartile range (IQR), with the whiskers extended to a maximum 

of 1.5 times the IQR in both directions. The median is displayed. Outli-
ers are not plotted. ***, p-value < 1 × 10 − 3
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the lower end of the interval investigating more environ-
mentally friendly sugar sources, and varying cradle-to-gate 
boundaries, e.g. ending with the fermentation step (Brancoli 
et al., 2021; Smetana et al. 2015). In addition, the Monte 
Carlo simulation-based uncertainty analysis places the over-
all GHG emission of mycoprotein production within 5% of 
the literature median. Such peculiarities, partial non-uni-
form definition of impact categories, and different sample 
sizes render the comparison of literature data unreliable due 
to contextual heterogeneity. Hence, literature values span-
ning one to four orders of magnitude from minimum to 
maximum further corroborate the motivation of this study 
to provide a benchmark comparison between the two value 
chains.

Concerning land occupation, literature comparisons 
strongly favor mycoprotein over conventional pork. 
Smetana et al. (2015) and others show that producing 1 kg 
of mycoprotein requires only on the order of 2 to 4 m² of 
land. In one assessment, mycoprotein had the lowest land 
footprint among proteins at 1.8 × 10− 4 ha/kg, whereas pork 
was about 1.2 × 10− 3 ha/kg (Derbyshire 2020). This implies 
an 85% to 90% reduction in land use. These results are 
echoed by Rubio et al. (2020), who found mycoprotein 
requires far less agricultural area than both chicken or pork 
systems. Our land use estimates for pork and mycoprotein 
are in close agreement with these data, corroborating that 
fungi-based protein can dramatically spare land. This is an 
important validation: as noted in one review, mycoprotein 
uses on order of magnitude less land compared to meat (Lee 
et al. 2025). Minor differences in absolute values can be 
attributed to geographic specifics, but overall, the order-of-
magnitude gap in land footprint is consistently observed.

Most results still fall within the range of prior studies except 
for water use of mycoprotein displaying a new maximum. 
Although mycoprotein uses 3-fold less water compared to pork 
production, the absolute value of 48.4 m3 is 8-fold above the 
reported value from an independent impact assessment of the 

improvement as only simulated data was available. For the 
calculation, it is important to keep in mind that we assess a 
specific pork case against a unified mycoprotein case, which 
leaves potential for deviations in differing cases. Addition-
ally, for LCA applications in general, the mapping of data 
to match database flows must be acknowledged as a typical 
limitation. We address this by disclosing our modeling foun-
dations in detail (Supplementary material: Appendix A).

3.8  Comparison with literature data

Multiple LCA studies indicate that mycoprotein produc-
tion can dramatically reduce GHG emissions compared to 
pork. For example, Derbyshire (2020) reports a carbon foot-
print of only ~ 0.8 kg CO₂-eq per kg of mycoprotein, versus 
~ 8.3  kg CO₂-eq per kg for pork. Similarly, a recent sys-
tematic review by Shahid et al. (2024) found mycoprotein’s 
GHG emissions to be lower than those of plant-based pro-
teins (0.73 kg CO₂-eq/kg for mycoprotein versus 1.21–1.91 
for soy/pea) and lower compared to meat. Notably, even 
when including downstream stages, mycoprotein products 
may cut GHG emissions by ~ 90% relative to beef and 
~ 75–95% relative to pork with the range reflecting differ-
ent regions and system boundaries (Lee et al. 2025). Some 
studies caution that if intensive energy inputs or certain for-
mulation ingredients are accounted for, mycoprotein’s GHG 
emissions can approach 5.6–6.2 kg CO₂-eq/kg, in the same 
order as or slightly above emissions from chicken or pork 
production (Lee et al. 2025).

In contrast to our global warming results, the overall 
consensus is that mycoprotein offers significantly lower cli-
mate impacts than traditional pork, as illustrated in the lit-
erature review in Table 4. This study’s pork global warming 
impact (24.3 kg CO2-eq.) aligns with the central tendency 
metrics of literature data while the impact of mycoprotein 
resides 58 and 78% above the literature mean and median, 
respectively. This discrepancy relates to literature data from 

Table 4  Comparison of this study to cradle-to-gate LCAs from literature. Pork and mycoprotein literature data originates from 36 and 12 LCA 
studies, respectively and is harmonized to a per kg protein basis using the conversion factors from de Vries and de Boer (2010) for pork (0.53 kg 
edible product/kg live weight; 0.19 kg protein/kg edible product) and Finnigan et al. (2017) for mycoprotein (0.15 kg protein/kg mycoprotein). 
The raw data and literature sources are available in Appendix A
Case Impact category Unit Mean Median Sd Min Max N This study
Pork Global Warming kg CO2-eq. 28.2 26.2 11.7 6 67 60 24.3

Land Use m2 94.5 44.9 209.7 20.9 1251.2 32 55.3
Non-Renewable Energy MJ-eq. 157.5 144 77.2 67.5 348.6 24 130
Water Use m3 111.1 0.8 279.7 0.1 859.1 15 163

Mycoprotein Global Warming kg CO2-eq. 17.6 15.6 8.7 4.7 34.5 10 27.7
Land Use m2 9.7 6.5 7.6 1.9 24.1 7 3.28
Non-Renewable Energy MJ-eq. 241.5 205 189 30 560 5 378
Water Use m3 13.6 9.2 10.8 0.5 34.5 7 48.3

Sd = Standard deviation
N = Number of data points
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Taken together, the central tendencies apparent from 
the current literature are mostly confirmed by this study. 
However, the absolute differences between the investigated 
value chains, with a dedicated focus on the current state-of-
the-art, vary substantially underpinning the importance of 
context-dependent comparative LCA.

4  Conclusion

The comparative LCA of pork and mycoprotein production 
systems reveals critical insights into their environmental 
profiles, addressing the urgent need for informed decision-
making regarding rising global protein demand, sustain-
able use of (agricultural) land, and supply chain pressure 
from climate change. Our analysis demonstrates that the 
current state of mycoprotein production already offers sig-
nificant environmental advantages over pork in land use 
and water use, with reductions of approximately 94% and 
70%, respectively. These benefits stem from the balanced 
bioreactor system’s increased efficiency regarding agricul-
tural inputs compared to the extensive feed requirements 
for pork. Yet, mycoprotein exhibits a slightly higher global 
warming potential and a substantially elevated energy 
demand—nearly three times that of pork—driven by glu-
cose syrup production and the energy-intensive medium 
preparation and fermentation processes. This might offer 
further research potential for improvement. The pork value 
chain, while resource-intensive, benefits from biogas cred-
its, which partially offset its environmental footprint, par-
ticularly in global warming and energy demand categories.

The Monte Carlo simulation confirms the robustness of 
each system’s absolute LCA result when assessed sepa-
rately, although it does not support the deterministic ranking 
between them within the global warming category. The low 
variance observed for mycoprotein reflects the high data 
quality of its process‑based inventory, whereas the greater 
variability in pork impacts arises from complex agricul-
tural interactions. These outcomes align with the literature’s 
central tendencies but highlight contextual discrepancies, 
such as elevated water use for mycoprotein when assessed 
with the AWARE 1.2 methodology. This study establishes 
a benchmark for comparing animal and microbial protein 
value chains, emphasizing the trade-offs between resource 
efficiency and energy demand. Future innovations in micro-
bial protein production, such as transitioning to low-impact 
feedstocks, could further enhance its environmental sustain-
ability, while optimizations in pork production may face 
diminishing returns due to its mature industrial state. Ulti-
mately, this comparative LCA underscores the potential of 
microbial proteins to reshape sustainable food systems, and 
addressing energy-related challenges could further align 

Quorn™ process (Finnigan et al. 2017). Disaggregation of 
water use contribution is similar in this study and the cited refer-
ence, with 70% of water allocated to glucose production. Thus, 
a systematic difference in determining water use is the most 
likely explanation. Indeed, this work contrasts from the pre-
sented literature data on mycoprotein by applying the AWARE 
1.2 methodology for water use (Boulay et al. 2018). Another 
distinguishing factor is the underlying calculation and interpre-
tation of water use, which results in divergent outcomes. Most 
studies either present only an inventory value or do not reflect 
deeply on the data collection approach. However, published 
LCAs unanimously conclude the water footprint of mycopro-
tein to be substantially lower than that of pork. Pork produc-
tion can consume approximately 6 m3 per kg (driven largely 
by feed crop irrigation), whereas mycoprotein needs only a few 
hundred liters. Our results closely match this disparity. Water 
use for pork is an order of magnitude higher than for the fungal 
protein, which aligns with literature values in both magnitude 
and ratio. Rubio et al. (2020) similarly observed that the water 
requirement of mycoprotein production is below that of even 
plant-based protein and far below livestock benchmarks. Some 
scenarios (e.g. using cellulosic feedstock) could increase the 
process water demand of MP production in general, but even 
a worst-case estimate found its water use would only approach 
that of beef, and beef is considerably more water-intensive than 
pork (Lee et al. 2025).

One area where mycoprotein can show a trade-off is 
energy demand. It is the category where bioreactor-derived 
food production performs significantly worse than animal 
systems. The fermentation process is energy-intensive, 
which several studies note can somewhat offset its other 
environmental gains (Rubio et al. 2020; Smetana et al. 
2015). Strikingly, the difference in non-renewable energy 
demand of mycoprotein production in this study is twice 
as high as the central tendency of previous reports sug-
gest. The pork value chain is credited with 85 MJ equiva-
lent from anaerobic digestion during the fattening process 
(Fig. 3), widening the gap between both protein production 
methods compared to literature. Yet, this discrepancy is also 
an indicator for the contrasting development stage of both 
value chains as exemplarily evidenced in the sensitivity 
analysis of this work regarding the optimization of primary 
substrates. In addition, it is worth noting that if low-impact 
carbon sources are used, the climate impact resulting from 
a higher energy demand can be mitigated, as evidenced by 
the low global warming figures cited above for mycoprotein 
facilities making the shift to molasses. For instance, replac-
ing glucose syrup with molasses in our LCA model reduces 
the assessed impact categories. This reinforces the interpre-
tation that while fungal protein uses more non-renewable 
energy, it still yields net environmental benefits when con-
sidering the full impact profile.
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