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Abstract: As the world attempts to decarbonise the food industry and limit greenhouse gas (GHG) emissions, 

plant-based meat analogues (PBMAs) have emerged as a sustainable alternative to traditional meat. This study 

implemented a life cycle assessment (LCA) to rigorously compare the environmental impacts of a beef burger 

(BB), produced with British beef, against a meat analogue (MA) equivalent with a publicly available recipe. For 

the LCA, a cradle-to-fork system boundary was utilised, alongside a functional unit of a single 100 g burger 

patty. Results from the LCA revealed that the BB patty had more than double the total environmental impact 

than the MA equivalent, as well as possessing a global warming impact that was 62% higher. A simple 

extrapolation illustrated that if the UK population switched from beef to meat analogue patties, 3 million tonnes 

of CO2e could be saved annually, corresponding to 0.74% of the country’s yearly territorial GHG emissions. 

Scenario analyses displayed how the environmental impact of the MA patty remained stable regardless of 

changes in exportation, ingredient origin or soy protein sourcing. Moreover, sensitivity analysis conducted 

with an alternative characterisation method corroborated initial findings, whilst uncertainty analysis ensured 

that nearly all conclusions generated from the original comparison were robust. Future studies should conduct 

peer-reviewed LCAs on PBMA patties with commercial recipes based on other plant-based proteins, as well as 

fully understanding any potential health implications of long-term PBMA consumption.   

Keywords: life cycle assessment; plant-based meat analogue; greenhouse gas emissions; soy protein 

isolate; beef burger 

 

1. Introduction & Literature Review 

1.1. Background 

With global warming effects intensifying, the Paris Agreement was ratified by 195 parties in 

2015, creating a target of limiting global temperature increases to 1.5ºC above pre-industrial levels 

[1]. Meeting this aim requires drastic emissions reductions across industries, including the food 

industry. Total greenhouse gas (GHG) emissions from food systems account for one-third of the 

global anthropogenic total, through processes such as farming, land use changes and manufacturing 

[2]. Even if fossil fuel emissions ceased immediately, current global food system trends prevent the 

achievement of the 1.5ºC goal [3].  

As the global population is predicted to reach 9.7 billion by 2050, global food demand will 

continue to increase rapidly, presenting significant climate change challenges [4]. Therefore, growing 

interest has emerged in transitioning away from meat-intensive diets, minimising the environmental 

impacts of food systems whilst improving human health [5–7]. However, meat consumption is 

projected to rise, with forecasts of global supply reaching 374 Mt by 2030 [8]. To counteract the 

projected increase in meat consumption, various measures must be employed to reduce average meat 

consumption levels. 

One potential solution involves switching to plant-based meat analogues (PBMAs), which mimic 

the taste and texture of conventional meat [9]. Rather than utilising animal sources, PBMAs are 

created from protein extracted from plants, including soya beans, peas and wheat [10]. With a similar 

sensory experience to traditional meat, PBMAs are more likely to be readily accepted by omnivores 
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and bought as an acceptable substitute, providing the potential to displace emissions-intensive meat 

products [11]. 

There are great prospects for PBMAs to be sold worldwide, with market projections of $85 billion 

by 2030 [12]. A growing consumer market means that it is crucial to assess the environmental impacts 

of current PBMAs and validate them as a credible, eco-friendly alternative to conventional animal 

meat. The most comprehensive methodology for quantifying environmental impacts for a product is 

life cycle assessment (LCA) [13]. LCAs standardise comparisons of different products by capturing 

the environmental impacts of the production process, potentially encompassing raw material 

acquisition to waste management [14]. 

1.2. Plant-Based Meat Analogues (PBMAs) & Production Methods (Extrusion) 

PBMAs attempt to provide an equivalent protein content to meat counterparts, whilst 

maintaining a similar sensory experience [12]. This requires a structuring process that replicates the 

fibrous texture of animal meat [15]. Therefore, chosen plant-based proteins should possess the ability 

to retain liquids, gelatinise and be soluble [16]. Currently, soya beans and peas are primary sources 

of plant-based protein, due to low costs and similar characteristics to meat protein [17]. Oils and fats 

are also added to generate flavour [12]. Additionally, binding agents, flavour enhancers and 

colouring agents are included for a closer resemblance to meat [17]. 

Soy protein is frequently used for PBMAs, usually in the form of soy flour, soy protein 

concentrate or soy protein isolate [18]. One advantage of soy protein is its 98% digestibility, ensuring 

that the ingested amino acids are available for the body to utilise [19]. In particular, soy protein isolate 

(SPI) is the most refined form, being ideal for PBMAs with a protein content of over 90% [20]. After 

dehulling, flaking and defatting soya beans, SPI is formed via alkali extraction and isoelectric 

precipitation [21]. As soya beans are predominately cultivated abroad in the USA and South America 

[22], studies that assess soy-based PBMAs should account for global supply chains or transportation 

associated with bringing soy protein to the UK. 

However, risks could emerge if the general population cut meat from their diets completely, in 

favour of PBMAs. Animal foods facilitate the uptake of key plant-based nutrients like iron or vitamin 

B12, which are critical for human health and may not be naturally present in alternative proteins [23]. 

Moreover, PBMAs are categorised as ultra-processed foods, with industrially processed or 

synthetically derived ingredients that could negatively impact human health [24]. PBMA 

development must ensure that products are healthy and do not unintentionally increase undesirable 

nutrient uptake, such as saturated fats [25]. 

PBMA commercial production typically employs top-down extrusion, with the ability for mass 

production and operational robustness [26]. Extrusion involves a screw within an extrusion barrel 

forcing material through a shaped die, exposing the material to heat, pressure, moisture and 

mechanical energy [27]. Three main steps occur: initial material preparation before insertion into the 

extruder; cooking and mixing within the extrusion barrel; and cooling within the die [17]. Heat and 

shear within the screw barrel cause protein denaturation, gelatinisation and cross-linking [28]. 

Twin-screw, intermeshed and co-rotating extruders are the standard extrusion equipment 

commercially [28]. These allow for extrudates to have varying moisture content [29], by adjusting the 

operating parameters of the extrusion barrel [17]. One form of extrudate is low-moisture texturised 

vegetable proteins (TVPs), where high pressuring and depressurising in the extrusion barrel rapidly 

evaporates moisture from the material [30]. Restructured products such as patties typically use low-

moisture extruded material, by hydrating the extrudate, combining it with other ingredients and 

moulding it into desired shapes [26]. 

1.3. Life Cycle Assessment (LCA) Overview & Studies on PBMAs 

LCAs quantitatively analyse a product’s environmental impacts, spanning effects on ecology, 

resources and human health [31]. There are 4 main stages for LCA studies. Firstly, the goal and scope 

for LCAs must be defined. The goal defines the purpose and intended audience of LCAs, whilst the 

scope decides what areas of the product life cycle are assessed [31]. Then, an inventory analysis is 
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conducted, describing the material and energy flows of the product system, as well as environment 

interactions [32]. The third stage is impact assessment, where environmental impacts are classified, 

characterised, and weighted [31]. Finally, interpretation of the LCA results occurs, with sensitivity 

checks also completed. 

Existing LCA studies on PBMAs predict that the UK could annually save 9.5-11 million tonnes 

of CO2e by switching away from beef patties containing imported meat, due to high environmental 

impacts from beef production [33]. Commercial research is optimistic, with the Beyond Burger, a 

PBMA burger produced by Beyond Meat, evaluated to produce 90% less GHG emissions and 

consume 46% less non-renewable energy than meat equivalents [34]. 

Previous LCA research has analysed PBMAs formed from various crops, such as soya beans, 

peas and whey [35]. PBMAs have also been compared to other meat substitutes, with lab-grown meat 

or mycoprotein-based analogues possessing higher environmental impacts than soy-based 

substitutes, due to increased energy demand from medium cultivation [36]. More recent PBMA 

studies have encompassed a wider range of environmental impact categories, accounting for factors 

such as acidification and ecotoxicity, although these studies have yet to make direct comparisons 

with British meat products [30,33]. 

1.4. Context and Justification of the research 

Offsetting GHG emissions from growing meat consumption, by switching to meat substitutes, 

is important for achieving the UK government’s net-zero GHG emissions target by 2050 [37]. PBMAs 

rank highly against other potential substitutes, with consumers more likely to implement alternatives 

if there are fewer radical changes in dietary behaviour [38]. As a promising alternative to traditional 

meat, PBMAs should be rigorously assessed to ensure that the claimed environmental benefits are 

accurate and substantial enough to warrant potential incentivisation or policy development by 

governments [39]. 

Currently, there has yet to be a comparative life cycle assessment between PBMA burgers and 

British beef burgers, with the most similar study utilising Irish beef [33]. Generating a comparison 

between PBMA and UK-based beef burgers will allow findings to be more applicable in the UK, 

potentially influencing national government decisions on agriculture or science. 

Moreover, all currently available LCA comparisons lack exact data on PBMA recipes, with 

specific ingredient composition, percentages and locations of sources being redacted [40]. Due to 

redacted recipes, it is difficult for third parties to verify conclusions from reports published in 

collaboration with companies. Therefore, an LCA assessing the environmental impact of a PBMA 

with a publicly known ingredient composition will be beneficial for a fair and accurate comparison. 

1.5. Goals of the Current Study 

This article endeavours to assess the environmental impact of a PBMA burger patty against a 

UK-based beef equivalent, with the overall objective of quantifying potential climate change 

mitigation benefits if the UK switched to PBMAs. Through the work undertaken, the following 

objectives were fulfilled: 

• Create a detailed life cycle inventory for PBMA and beef burger patties, using secondary data to 

consider the supply chain from raw material extraction (cradle) to consumption (fork). 

• Develop a life cycle analysis model of both patties via LCA software. 

• Evaluate the environmental impacts of both patties, contextualising results against climate 

change targets. 

• Assess whether EU exportation, using homegrown ingredients or utilising soy protein 

concentrate greatly affect the environmental impact of PBMAs, through scenario analyses. 

• Conduct sensitivity and uncertainty analysis to investigate the robustness of results gathered, as 

well as provide verification. 
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2. Materials and Methods 

2.1. Goal, Scope, Functional Unit & System Boundary Definition 

The primary goal of this LCA was to comparatively assess the environmental impacts of a PBMA 

burger patty against a conventional British beef burger. Inputs and outputs for the life cycles of both 

burger patties were included. Additionally, a secondary aim of assessing the environmental impact 

of a PBMA with a publicly available recipe was fulfilled. Two products were investigated: 

1. Meat Analogue (MA) – a 100 g plant-based burger patty produced in the UK, with globally 

sourced ingredients. 

2. Beef Burger (BB) – a 100 g British beef burger patty produced in the UK. 

A functional unit (FU) of a single 100 g burger patty was chosen. Figure 1 illustrates the system 

boundary implemented, with a “cradle-to-fork” approach spanning raw material production (cradle) 

to customer consumption (fork). With challenges in accurately modelling food waste, post-

consumption stages are usually excluded from system boundaries of food-related LCAs [35]. 

Therefore, end-of-life waste disposal was excluded from the analysed scope, similarly to previous 

LCA studies on PBMAs that neglected packaging disposal [33,34]. 

 

Figure 1. Scheme of the LCA system boundary on a meat analogue and beef burger patty. 

2.2. Life Cycle Inventory Analysis (LCIA) 

2.2.1. Software, Data & Sources 

The software utilised to conduct the LCA was SimaPro 9.5.0.2 [41], alongside the following 

databases to model materials and processes: Agri-footprint v6.3 [42], AGRIBALYSE v3.1.1 [43], 

Ecoinvent 3.9.1 [44], USLCI [45] and WFLDB v3.5 [46]. Processes from these databases were selected 

with an economic allocation assignment, similarly to other LCA studies [30,33]. The chosen 

characterisation method was ReCiPe v1.08, with a wide range of midpoint categories to analyse [47]. 

This project relied on secondary data from multiple sources. Recipes for MA and BB patties were 

adapted from existing literature, as displayed in Table 1 [48,49]. The original MA recipe contained 

small quantities of kappa carrageenan, sodium alginate and transglutaminase, which were not 

modelled in the accessible databases. Therefore, carboxymethylcellulose, also used in the Beyond 

Burger PBMA [34], was selected as an alternative to replace these additives, with similar properties 
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[50–52]. The original BB recipe listed spices as an ingredient category: for this model, it was assumed 

to be entirely comprised of black pepper. 

Table 1. Recipes for the 100 g meat analogue and beef burger patties. 

Patty Ingredient Mass (g) 

Meat Analogue (MA) 

Soy protein isolate (SPI) 36.8 

Vital wheat gluten (WG) 29.4 

Cornstarch (CS) 7.4 

Water 9.0 

Coconut oil 12.5 

Carboxymethyl cellulose (CMC) 3.0 

Sodium phosphate 0.5 

Salt 0.1 

Monosodium glutamate (MSG) 0.5 

Black pepper 0.4 

Beef Burger (BB) 

Beef meat (20% fat) 90.5 

Potato starch 4.0 

Salt 1.0 

Black pepper 0.5 

Water 4.0 

2.2.2. Meat Analogue Ingredients (Cultivation & TVP Extrusion) 

The MA was comprised of 11 ingredients with varying locations of origin. Water was assumed 

to be readily available in industrial facilities, whilst the UK produces salt in commercial quantities 

[53]. To model salt transportation from production sites to a factory via heavy goods vehicles (HGVs), 

an assumption of 100 km was implemented, in line with the average length of haul for a UK HGV 

[54].  

The other MA patty components were unlikely to be commercially cultivated or produced in the 

UK. This study modelled their production in countries with large commercial production, as listed 

in Table 3. Processes in the respective countries were modelled with Agri-footprint v6.3, 

AGRIBALYSE v3.1.1, Ecoinvent 3.9.1 and WFLDB v3.5 databases. These encompassed crop 

cultivation and ingredient production before shipment to the UK. Transportation modes and 

distances were defined using Product Environmental Footprint (PEF) guidelines [55], estimating 

transoceanic distances with SeaRates [56]. 

The main component for the MA patty was a texturised vegetable protein (TVP) based on a 5:4:1 

mixture ratio of soy protein isolate (SPI), vital wheat gluten (WG) and cornstarch (CS) [57]. Secondary 

data from multiple studies was incorporated to model TVP extrusion. The SPI:WG:CS mixture was 

designed for extrusion through a production scale twin-screw, co-rotating, water-cooled extruder, 

before conveyor-belt drying to a 10% moisture content [30]. Using the TVP intermediate for patty 

formation required remoistening with water at a 1:12 ratio for 1 hour [48]. Data for electricity and 

water consumption during extrusion, as well as noting a 7% waste stream output from machinery, 

was extracted from Saerens et al. [30]. 

2.2.3. Beef Burger Ingredients & Production 

The BB patty recipe in Table 1 assumed 100% British beef, alongside the same methodology for 

water and salt as explained for MA patties in section 2.2.2. Potato starch was modelled as imports 

from the Netherlands [58], whilst black pepper was modelled to be cultivated and transported from 

Vietnam [59]. British beef relied on modelling from the World Food LCA Database (WFLDB) v3.5 

[46], with its inventory for UK beef farming and slaughtering. The majority of environmental burdens 

were allocated to cattle farming, due to the quantity of greenhouse gases emitted by cattle [60]. 
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According to the WFLDB, the quantity of raw fresh beef for 1 BB patty required 0.183 kg of beef 

cattle live weight. A 0.65 kg compound feed, comprised of materials such as silage, legumes, grains 

and bran, was required alongside 2.24 kg of grazed grass. Moreover, a distance of 230 km was covered 

by truck to transport the cows between the farm and the slaughterhouse [46]. Slaughtering 0.183 kg 

of live cattle yielded 0.091 kg of fresh meat, which was utilised in the next stage of production. 

Economic allocation was used to attribute the environmental burden between the fresh beef, co-

products and waste. 

2.2.4. Shared Stages (Burger Processing, Packaging, Distribution, Storage & Cooking): 

After the previous steps, the MA and BB patties shared the same stages for the rest of their 

inventories. Firstly, the beef and TVP extrudate were minced, passing through a meat grinder die 

[48]. The remaining ingredients in Table 1 were then added to the minced beef or TVP extrudate 

during mixing, before being pressed into burger patties [30]. Energy consumption during mincing, 

mixing and pressing of the MA and BB patties was extracted from Saerens et al. [30]. Moreover, to 

account for production waste from cleaning-in-place (CIP) of equipment, a 0.5% waste stream was 

assumed during burger processing, mimicking other production facilities [61]. 

Packaging was modelled as a thermoformed polypropylene tray with a polyethylene lid film, 

similar to the Beyond Burger packaging [34]. UK-produced packaging was assumed, requiring 100 

km of lorry transportation to the BB/MA factory [54]. After packaging, burger patties were then 

distributed via refrigerated lorries to retail centres, assuming a 100 km transportation distance. 4.35 

km of consumer transport between homes and retail shops were estimated, according to average UK 

shopping trip distances [62]. At home, the patties were modelled to require refrigeration for 3 days, 

consuming 0.034 kWh of energy [63]. Finally, patty cooking was estimated to require 5 minutes on 

each side [55], using 0.69 kWh of gas and 0.23 kWh of electricity [63]. 

Tables 2 and 3 present the inventories for the BB and MA patties. 

Table 2. Inventory of a 100 g beef burger patty, with cradle-to-fork system boundaries. 

Stage Input/Output/Process Units Input Output 
Source of 

Origin 

Source of Process / 

Information 

Beef Production 

(Feed Cultivation) 

Fertiliser (N) kg 0.032 
 

UK WFLDB [46] Fertiliser (P2O5) kg 0.022 
 

Fertiliser (K2O) kg 0.025 
 

Beef Production 

(Cattle Rearing) 

Feed for cattle kg 0.65 
 

UK WFLDB [46] Grazed grass kg 2.24 
 

Manure 
  

0.805 

Beef Production 

(Slaughtering) 

Beef cattle live weight, 

mixed system 
kg 0.183 

 

UK WFLDB [46] 
Slaughtering waste, beef 

cattle 
kg 

 
0.092 

Beef, fresh meat at 

slaughterhouse 
kg 0.091 

 

Other BB 

Ingredients 

Potato starch kg 0.004 
 

Netherlands 

[58] 

Agri-footprint [42] 

Potato starch lorry 

transport 
kg*km 3.6 

 European 

Commission [55] 

Salt kg 0.001 
 

UK [53] 
Ecoinvent [44] 

Salt lorry transport kg*km 0.1 
 

Assumption [54] 

Black pepper (BP) kg 0.0005 
 

Vietnam 

[64] 

AGRIBALYSE [43] 

BP container ship transport kg*km 8.25 
 

 SeaRates [56] 

BP lorry transport kg*km 0.5 
 European 

Commission [55] 
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Tap water kg 0.004 
 

UK Ecoinvent [44] 

Burger Processing 

Electricity for 

grinding/mixing 
kWh 0.0022 

  
Saerens et al. [30] 

Losses from equipment 

cleaning 
kg 

 
0.5 

 
Assumption [61] 

Packaging 

Thermoformed 

polypropylene tray 
kg 0.0235 

 

UK [65] 

USLCI [45] 

Polyethylene lid film kg 0.0017 
 

USLCI [45] 

Lorry transport kg*km 2.518 
 European 

Commission [55] 

Distribution 

Burger transport, lorry with 

refrigeration machine 
kg*km 12.5 

  EPD International AB 

[63] 

Burger transport, passenger 

car 
km 4.35 

  
Piecyk et al. [62] 

Storage Energy for cooling kWh 0.034 
  EPD International AB 

[63] 

Cooking 

Energy for cooking gas kWh 0.69 
  European 

Commission [55] 

Energy for cooking 

electricity 
kWh 0.23 

  EPD International AB 

[63] 

Cooked burger patty Item 
 

1 
  

Table 3. Inventory of a 100 g meat analogue patty, with cradle-to-fork system boundaries. 

Stage Input/Output/Process Units Input Output 
Source of 

Origin 

Source of Process / 

Information 

TVP Protein 

Production 

Soy protein isolate (SPI) kg 0.0398  

USA [66] 

Agri-footprint [42] 

SPI container ship transport kg*km 338.1  SeaRates [56] 

SPI lorry transport kg*km 39.8  
European 

Commission [55] 

Vital wheat gluten (WG) kg 0.0318  

China [67] 

Agri-footprint [42] 

WG container ship transport kg*km 572.8  SeaRates [56] 

WG lorry transport kg*km 31.8  
European 

Commission [55] 

Cornstarch (CS) kg 0.008  

USA [68] 

Agri-footprint [42] 

CS container ship transport kg*km 67.6  SeaRates [56] 

CS lorry transport kg*km 8.0  
European 

Commission [55] 

Water influent kg 0.0199   
Saerens et al., 

Samard et al. [30,48] 

Cooling water for extrusion kg 1.4396 1.4396  Saerens et al. [30] 

Electricity for extrusion kWh 0.023   Saerens et al. [30] 

Water vapour kg  0.0098  Saerens et al. [30] 

Combined waste from TVP 

production 
kg  0.0063  Saerens et al. [30] 

Other MA 

Ingredients 

Coconut oil (CO) kg 0.0126  Philippines 

[69] 

Agri-footprint [42] 

CO ship tanker transport kg*km 220.5  SeaRates [56] 
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CO lorry transport kg*km 12.6  
European 

Commission [55] 

Carboxymethylcellulose 

(CMC) 
kg 0.003  

Finland [70] 

Ecoinvent [44] 

CMC container ship transport kg*km 6  SeaRates [56] 

CMC lorry transport kg*km 1.2  
European 

Commission [55] 

Sodium phosphate (SP) kg 0.0005  

USA [71] 

Ecoinvent [44] 

SP container ship transport kg*km 4.3  SeaRates [56] 

SP lorry transport kg*km 0.5  
European 

Commission [55] 

Salt kg 0.0001  
UK [53] 

Ecoinvent [44] 

Salt lorry transport kg*km 0.01  Assumption [54] 

Monosodium glutamate 

(MSG) 
kg 0.0005  

China [72] 

WFLDB [46] 

MSG container ship transport kg*km 9  SeaRates [56] 

MSG lorry transport kg*km 0.5  
European 

Commission [55] 

Black pepper (BP) kg 0.0004  

Vietnam[64] 

AGRIBALYSE [43] 

BP container ship transport kg*km 6.6  SeaRates [56] 

BP lorry transport kg*km 0.4  
European 

Commission [55] 

Burger 

Processing 

Electricity for grinding/mixing kWh 0.0022   Saerens et al. [30] 

Losses from equipment 

cleaning 
kg  0.5  Assumption [61] 

Packaging 

Thermoformed polypropylene 

tray 
kg 0.0235  

UK [65] 

USLCI [45] 

Polyethylene lid film kg 0.0017  USLCI [45] 

Lorry transport kg*km 2.518  
European 

Commission [55] 

Distribution 

Burger transport, lorry with 

refrigeration machine 
kg*km 12.5   

EPD International 

AB [63] 

Burger transport, passenger 

car 
km 4.35   Piecyk et al. [62] 

Storage Energy for cooling kWh 0.034   
EPD International 

AB [63] 

Cooking 

Energy for cooking gas kWh 0.69   
European 

Commission [55] 

Energy for cooking electricity kWh 0.23   
EPD International 

AB [63] 

Cooked burger patty Item  1   
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2.3. Scenario/Sensitivity Analyses 

Scenario and sensitivity analyses were conducted to assess how various assumptions, 

uncertainties or calculations affect the reliability of results and subsequent conclusions. Four 

potential scenarios were considered: 

3. EU Exporting: The original model only analysed MA patties to be distributed and sold within 

the UK. However, considering potential impacts for MA patty exporting to the European Union 

(EU) is also important, with UK food and drink export sales to the EU reaching £6.9bn in the 

first half of 2023 [73]. An alternative scenario of 100% exports to the EU, modelled with EU/UK 

centroids [74], was evaluated against the original model. This scenario aimed to determine 

whether environmental merits existed for local PBMA manufacturing within countries, 

compared to centralised production before continental distribution. 

4. Homegrown MA Ingredients: In the main model, most MA patty ingredients were sourced from 

abroad, involving extensive shipping distances. The 2nd scenario assessed the impact of using 

ingredients obtained within the UK against ingredients from abroad, determining whether MA 

patties produced exclusively from homegrown ingredients were significantly more 

environmentally friendly. Homegrown ingredients were assumed to require 100 km of 

transportation from production sites to the factory, similar to the salt assumption in section 2.2.2. 

5. Soy Protein Concentrate Replacement: The designed MA patty utilises SPI, which requires 

significant refinement [20]. A potential scenario of replacing SPI with soy protein concentrate 

(SPC), which has a less intensive production process, was evaluated against the main model [17]. 

This scenario aimed to establish whether SPC usage generated substantially lower 

environmental impacts, therefore providing increased benefits for reducing GHG emissions. 

6. Alternative Characterisation Method: The original model results were generated via ReCiPe 

v1.08[47]. However, differing characterisation methods can be influential on results of 

comparative LCA studies, generating different conclusions on the same model [75]. To verify 

results, a sensitivity analysis was performed with an alternative characterisation method, 

IMPACT 2002+ v2.15 [76]. 

2.4. Uncertainty Analysis 

As the entire model was based on secondary data in literature and available life cycle inventory 

models in databases, the obtained results had certain degrees of uncertainty. To assess the robustness 

of results, an uncertainty analysis was conducted in SimaPro 9.5.0.2 via Monte Carlo analysis, 

performing 1000 simulation runs with repeated random sampling [77]. Using a pedigree matrix, the 

Monte Carlo simulations tested the uncertainty of midpoint impact categories, scoring results based 

on the mean, standard deviation and coefficient of variation (CV) of runs to quantify statistical 

significance [78]. 

3. Results & Discussion: 

3.1. General Comparison between Meat Analogue & Beef Burger 

Figure 2 and Table 4 display the overall environmental impact results for both patties. The BB 

patty had larger impacts in 13 out of 18 categories, relating to effects on resources and ecosystems. In 

key environmental impact categories, such as global warming, land use and water consumption, the 

impact of the MA patty was lower by 65%, 82% and 45% respectively, comparing similarly with 

previous studies [33,34]. Furthermore, the MA patty consumed fewer resources, 76% and 16% lower 

than the BB counterpart in mineral resource scarcity and fossil resource scarcity. 

However, the MA patty had larger impacts in the 5 toxicity/ecotoxicity categories, differing from 

existing studies [30,33]. This could be attributed to the explicit use of SPI and WG in the MA recipe 

employed. SPI processing requires sodium hydroxide and hydrochloric acid [79]. Although the 

chemicals are removed during production, having residues in the final SPI cannot be completely 
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rejected [80]. Additionally, fertiliser and pesticide usage for wheat cultivation is a high contributor to 

WG terrestrial ecotoxicity [81]. 

 

Figure 2. Relative environment impact of beef burger and meat analogue patties. 

Table 4. Summary of environmental burdens for the 100 g beef burger and meat analogue patties. 

Impact category Unit Beef Burger (BB) Meat Analogue (MA) 

Global warming kg CO2 eq 6.67 2.33 

Stratospheric ozone depletion kg CFC11 eq 3.19×10
-5

 2.30×10
-6

 

Ionizing radiation kBq Co-60 eq 0.17 0.099 

Ozone formation, Human health kg NOx eq 0.015 0.006 

Fine particulate matter formation kg PM2.5 eq 0.0059 0.0025 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.015 0.0057 

Terrestrial acidification kg SO2 eq 0.024 0.0055 

Freshwater eutrophication kg P eq 0.0009 0.0004 

Marine eutrophication kg N eq 0.003 0.0003 

Terrestrial ecotoxicity kg 1,4-DCB 9.35 10.24 

Freshwater ecotoxicity kg 1,4-DCB 0.15 0.19 

Marine ecotoxicity kg 1,4-DCB 0.18 0.20 

Human carcinogenic toxicity kg 1,4-DCB 0.14 0.15 

Human non-carcinogenic toxicity kg 1,4-DCB 1.58 1.85 
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Land use m
2
a crop eq 4.02 0.71 

Mineral resource scarcity kg Cu eq 0.04 0.01 

Fossil resource scarcity kg oil eq 0.81 0.68 

Water consumption m
3
 0.05 0.03 

Single score comparisons allowed a visual representation of cumulative burden differences 

between both products, whilst also assessing which categories had the highest bearing on total 

environmental impacts. From Figure 3, the BB patty had over double the cumulative burden (176.85 

mPt) than its MA counterpart (84.4 mPt), being statistically significant according to the 20% rule, 

which stipulates substantial differences in LCA results occur with a difference of at least 20% [82]. 

The substantially higher environmental impact of BB patties, compared to MA patties, is also 

corroborated by other meat substitute comparisons [34,83]. 

When examining individual components of the single score comparison in Figure 2, the largest 

contributors to total burdens were: global warming, human health; global warming, terrestrial 

ecosystems; fine particulate matter formation; human carcinogenic toxicity; human non-carcinogenic 

toxicity; and land use. In particular, global warming accounted for 54% and 45% of the total 

environmental impact for BB and MA patties respectively. This corresponds favourably with Saerens, 

et al. [30], where climate change categories were also the key contributors to the integrated 

environmental impacts of meat and MA patties. Therefore, further reducing MA patty impacts on 

global warming should be a primary concern for manufacturers, for example using greener fertilisers 

[84]. 

 

Figure 3. Single score comparison of the beef burger and meat analogue patties. 

3.2. Individual Process Contributions for Patties 

Figure 4 displays individual breakdowns in environmental impact results for the MA and BB 

patties, across product life cycles. As expected, BB ingredient production was the largest process 

contributor for most impact categories of the BB patty, supporting previous findings that agricultural 

production is the main source of environmental impact when assessing beef life cycles [85]. BB 

ingredients accounted for at least 70% of global warming, terrestrial acidification, marine 
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eutrophication, land use, mineral resource scarcity and water consumption burdens. Key factors for 

these outcomes were: enteric methane emissions from cattle for global warming; ammonia emissions 

from cattle rearing and grass cultivation for acidification/eutrophication; and cattle rearing for land 

use/water consumption [33,86–88].  

Nearly all MA patty midpoint categories were dominated by product distribution as shown in 

Figure 5, differing from existing LCAs [33,34]. This may have resulted from the total product 

distribution distance of 104.35 km, as modelled in Section 2.2.3. The bulk of product distribution 

requires refrigerated transport vehicles (RTVs), which typically use diesel engines to fuel energy-

intensive systems that maintain refrigeration temperatures [89]. Compared to standard vehicles, 

RTVs generate 15% more CO2 emissions and 18% more NOx emissions [90]. However, MA 

ingredients were the largest process contributor to land use, marine eutrophication and water 

consumption. This corroborates research that soya bean and wheat cultivation require extensive land, 

water and fertiliser usage [91,92]. 

For both patties, product distribution was the predominant contributor to toxicity/ecotoxicity 

burdens. RTVs are associated with more frequent repairs and replacements, causing higher metal 

disposal rates that affect ecotoxicity [93]. Moreover, RTVs emit multiple air pollutants, such as toxic 

diesel particulate matter [94,95]. 

 

Figure 4. Relative percentage distribution of impacts across life cycle stages for the beef burger 

patty. 
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Figure 5. Relative percentage distribution of impacts across life cycle stages for the meat analogue 

patty. 

3.3. Extrapolation Scenario Results 

Average UK individuals consume 1.04 kg of burger patty annually [96]. With the MA patties 

studied emitting 4.34 kg CO2e less than BB counterparts, substituting all beef burger patties with 

plant-based patties, for the UK’s 67.0 million population [97], would annually save 3 million tonnes 

CO2e. This positive difference compares favourably to other extrapolated scenarios [33], accounting 

for 0.74% of the UK’s yearly territorial GHG emissions [98].  

With the UK government targeting net-zero GHG emissions by 2050 [99], many sectors require 

decarbonisation, including the food industry. Switching from BB patties to MA patties is an example 

of small adjustments in consumer habits that could contribute significantly to climate neutrality 

targets. These findings, modelled specifically for the UK, can educate consumers about the 

environmental benefits of incorporating PBMAs into their diet, as well as steering policy 

interventions from the UK government, who are looking to promote sustainable diet shifting [39]. 

One potential policy to accelerate PBMA development is public funding, with a current example 

being the Canadian government investing CAN$150 million in Protein Industries Canada, who 

develop plant-based food [100]. 

3.4. Sensitivity and Scenario Analyses 

Sensitivity and scenario analyses were conducted to investigate the reliability of the study, with 

key results displayed in Figures 6–9. 
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Figure 6. Single score comparison of the meat analogue patty and selected scenarios. 

 

Figure 7. Relative environment impact of the meat analogue patty and selected scenarios. 
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Figure 8. Single score comparison of the beef burger and meat analogue patties, utilising the IMPACT 

2002+ characterisation method. 

 

Figure 9. Relative environment impact of beef burger and meat analogue patties, utilising the 

IMPACT 2002+ characterisation method. 

3.4.1. Exporting to EU 

Comparing different product distribution scenarios indicated that there was no significant 

impact for exporting MA patties to the EU compared to only UK-wide distribution. For 100% EU 

exportation, the modelled scenario in Figure 6 generated a minimally higher single score (85.5 mPt) 

than the original model of 100% distribution within the UK (84.4 mPt). Individual impact breakdowns 

in Figure 7 displayed negligible differences between the original MA patty and the EU-exported MA 

patty, except in terrestrial ecotoxicity with only a 4% difference. 

These results support the theory that extra energy consumed from longer transportation 

distances is outweighed by the initial energy requirements of refrigeration [101]. Cargo volumes, 
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which did not alter between scenarios, greatly influence energy usage during refrigeration. Therefore, 

no major environmental benefits were observed for manufacturing PBMA patties locally before 

internal distribution within countries. PBMA manufacturing could occur in centralised production 

centres before continental distribution, increasing control and cost-efficiency without suffering 

significant environmental drawbacks [102]. 

3.4.2. Homegrown Ingredients 

There were no significant differences between exclusively using UK-sourced ingredients and 

obtaining ingredients from various global sources. The scenario utilising only homegrown 

ingredients had a marginally lower single score (83.1 mPt) than the original model (84.4 mPt) in 

Figure 6. For individual impacts, there were mostly imperceptible differences between both scenarios 

in Figure 7, with minor deviations for ozone formation, human health (4.3%); fine particulate matter 

formation (3.1%); ozone formation, terrestrial ecosystems (4.4%); and terrestrial acidification (4.2%). 

The fact that PBMA patties are less sensitive to whether ingredients are procured globally or 

locally is positive for PBMA manufacturing. Many crops required for PBMAs, like soya beans, are 

not native to the UK and are being currently cultivated elsewhere [103]. In addition, crops with 

potential for UK-located cultivation can often be cheaper when imported from abroad [104]. The 

obtained results suggest that PBMA patties can benefit from the economic advantages of cheaper 

imports, whilst maintaining similar environmental impacts. 

3.4.3. Replacing Soy Protein Isolate (SPI) with Soy Protein Concentrate (SPC) 

The 3rd scenario replaced SPI with SPC, which requires fewer chemicals during production and 

is cheaper [17]. The single score comparison in Figure 6 exhibited only a small reduction in total 

environmental impact when using SPC (81.9 mPt) compared to the original patty (84.4 mPt). When 

analysing individual categories in Figure 7, the only significant deviation between the SPI and SPC 

patties, according to the 20% rule, was water consumption, due to SPI requiring extra precipitation 

at acidic pH [21]. Therefore, no substantial difference was discovered between MA patties utilising 

SPI or SPC. PBMAs could implement either ingredient, depending on costs and PBMA recipe 

formulations [105]. 

3.4.4. Statistical Assessment of Scenario Analyses 

To further establish the statistical significance of the analysed scenarios against the original 

model, a two-stage nested analysis of variance (ANOVA) on single scores was conducted [106,107]. 

Scenarios were characterised via the ReCiPe v1.08 method, which allows the option to evaluate 

results considering individualist (I), egalitarian (E) and hierarchist (H) points of view [108]. 

Individualist views consider only short-term damage, egalitarian views evaluate all long-term 

damage, whilst hierarchist views combine both short-term and long-term damage. Applying 

different weighting sets to the 3 points of view generated 6 single scores for the same scenario [109]: 

3 for the particular weighting set (I/I, H/H, E/E) and 3 for the average weighting set (I/A, H/A, E/A). 

The null hypothesis for the ANOVA test was that there were no differences in single scores 

generated from the original model and the various scenarios. Table 5 displays single scores for each 

of the 6 weighting sets, whilst Table 6 presents P-values calculated from the ANOVA test. All P-

values were above 0.9, therefore the null hypothesis was accepted, with no statistical difference 

between results from the original model and the scenarios [110].  

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 April 2024                   doi:10.20944/preprints202404.1262.v1

https://doi.org/10.20944/preprints202404.1262.v1


 17 

 

Table 5. Single scores for the meat analogue patty using various ReCiPe v1.08 weighting sets. 

Scenario i/i h/h e/e i/a h/a e/a Mean 

Original 50.1 65.7 452.7 39.1 84.4 587.4 213.2 

EU Export 51.1 67.4 462.3 39.9 85.5 600.0 217.7 

Homegrown 49.6 64.7 449.5 38.7 83.1 583.4 211.5 

Concentrate 48.6 63.7 443.5 37.8 81.9 575.7 208.5 

Table 6. P-values for ANOVA tests on single scores of the meat analogue patty utilising various 

ReCiPe v1.08 weighting sets. 

Scenario Original EU Export Homegrown Concentrate 

Original X 0.975 0.990 0.974 

EU Export  X 0.966 0.949 

Homegrown   X 0.983 

Concentrate    X 

3.4.5. Alternative Characterisation Method 

To validate the original model, the alternative IMPACT 2002+ characterisation method was 

applied. From the single score comparison in Figure 8, BB patties (1.73 mPt) still demonstrated more 

than double the environmental impact compared to MA equivalents (0.70 mPt). Similarly to the 

original model, this difference was statistically significant, according to the 20% rule [82]. Moreover, 

the highest contributors for total burdens were comparable to the original model, with global 

warming and respiratory inorganics also being key impacts. 

From the percentage comparison of both patties in Figure 9, using an alternative characterisation 

method replicated most conclusions drawn from the original model. The BB patty had the higher 

burden in 11 out of 15 categories. For key environmental impacts classifications, such as global 

warming, land use and mineral resource scarcity, MA patty impacts were lower by 46%, 99% and 

40% respectively, being relatively comparable in size with findings in section 3.1. However, unlike 

the original model, the IMPACT 2002+ method analysed the MA patty to have a higher non-

carcinogenic toxicity impact than the BB patty. This highlighted differences in calculating impacts 

from various characterisation methods and uncertainties involved, as discussed in section 3.5. 

3.5. Uncertainty Analysis 

To assess the robustness of LCIA data obtained, uncertainty analysis for both patties was 

conducted via 1000-run Monte Carlo simulations within SimaPro software. Table 7 displays 

numerical results from the simulations, whilst Figures 10 and 11 illustrate the 95% confidence 

intervals in absolute uncertainty for individual impact categories. From Table 7, nearly all categories 

had moderate uncertainty levels under typical coefficient of variation (CV) thresholds of 20%, 

allowing specific conclusions to be drawn [111]. Therefore, 17 of the 18 individual impact 

comparisons for the original model were validated, with reasonable confidence intervals as shown in 

Figures 10 and 11. However, CV results for human non-carcinogenic toxicity were abnormally high, 

with 1796% for the BB patty and 1199% for the MA patty. Figures 10 and 11 also reflect the large 

uncertainty for this category, indicating that conclusions regarding human non-carcinogenic toxicity 

possessed significant uncertainty. 
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Table 7. Uncertainty analysis results for beef burger and meat analogue patties via 1000-run Monte 

Carlo simulations. The coefficient of variation (CV) is the ratio of the standard deviation (SD) to the 

mean. 

Impact category Unit 
Beef Burger Meat Analogue 

Mean SD CV Mean SD CV 

Global warming kg CO2 eq 6.7 0.74 11% 2.3 0.27 15% 

Stratospheric ozone 

depletion 
kg CFC11 eq 0.00003 0.000003 10% 2×10

-6
 2×10

-7
 9% 

Ionizing radiation kBq Co-60 eq 0.17 0.07 17% 0.1 0.01 10% 

Ozone formation, Human 

health 
kg NOx eq 0.02 0.002 12% 0.006 0.0005 15% 

Fine particulate matter 

formation 
kg PM2.5 eq 0.006 0.001 12% 0.003 0.0003 14% 

Ozone formation, 

Terrestrial ecosystems 
kg NOx eq 0.02 0.002 12% 0.006 0.0004 11% 

Terrestrial acidification kg SO2 eq 0.02 0.002 10% 0.006 0.0008 17% 

Freshwater eutrophication kg P eq 0.001 0.0001 16% 0.0004 0.00004 13% 

Marine eutrophication kg N eq 0.003 0.0003 10% 0.0003 0.00002 7% 

Terrestrial ecotoxicity kg 1,4-DCB 9.1 1.7 15% 10.2 0.89 11% 

Freshwater ecotoxicity kg 1,4-DCB 0.14 0.03 9% 0.19 0.009 9% 

Marine ecotoxicity kg 1,4-DCB 0.18 0.05 19% 0.19 0.019 12% 

Human carcinogenic 

toxicity 
kg 1,4-DCB 0.14 0.06 19% 0.15 0.022 17% 

Human non-carcinogenic 

toxicity 
kg 1,4-DCB 1.3 24.1 1796% 2.1 25.5 1199% 

Land use m
2
a crop eq 4.1 0.41 10% 0.71 0.02 3% 

Mineral resource scarcity kg Cu eq 0.04 0.005 12% 0.01 0.002 19% 

Fossil resource scarcity kg oil eq 0.8 0.1 13% 0.67 0.08 12% 

Water consumption m
3
 0.05 0.008 15% 0.03 0.004 12% 
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Figure 10. 95% confidence intervals in environmental impacts for the beef burger patty. 

 

Figure 11. 95% confidence intervals in environmental impacts for the meat analogue patty. 

Figure 12 presents the uncertainty of the difference between the patties. 17 of the 18 impact 

categories fulfilled a desired 95% certainty level of difference between the patties, therefore having 

statistically significant differences [112]. The only category unable to meet the confidence threshold 

was human non-carcinogenic toxicity, which only had a 78% certainty that the BB patty had a lower 

impact than the MA patty. The uncertainty analysis verified the conclusions of the original model, 

that the MA patty performed better in resources/ecosystems categories whilst the BB patty had lower 

impacts in toxicity/ecotoxicity categories. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 April 2024                   doi:10.20944/preprints202404.1262.v1

https://doi.org/10.20944/preprints202404.1262.v1


 20 

 

 

Figure 12. Percentage certainty of statistical differences in individual impacts between beef burger 

and meat analogue patties. 

4. Conclusion: 

4.1. Summary 

LCA methodology was applied to compare the environmental impacts of a MA patty against a 

BB equivalent. BB patties were discovered to have more than double the total environmental impact 

compared to MA counterparts (section 3.1). The global warming impact of the MA patty was 62% 

lower, which would result in 3 million tonnes of CO2e saved if the UK population substituted all BB 

patties with MA patties (section 3.3). However, MA patties scored higher for toxicity/ecotoxicity 

categories. Ingredient production was highlighted as the highest process contributor for BB patties, 

whilst product distribution was the largest contributor for MA patties (section 3.2). 

4.2. Relevance, Validity & Limitations 

With the potential to save 0.74% of annual territorial GHG emissions, the PBMA data gathered 

could guide climate change mitigation strategies within the UK food industry, especially concerning 

government policy changes or economic incentivisation. Manufacturers could also utilise these 

results to improve future PBMA formulations, further reducing carbon footprints.  

Results from this study could have wider implications beyond the UK. The LCA methodology 

employed here could be applied to quantify the climate change mitigation benefits of PBMAs over 

conventional meat products in other regions. This would inform policy decisions and consumer 

choices towards more sustainable diets on an international scale. Collaboration between academia, 

industry and governments will be essential in realising the full potential of PBMAs, as a key 

component of sustainable global food systems. 

However, restrictions and subsequent simplifying assumptions were necessary during project 

completion. As primary data was unavailable, secondary data from literature was utilised instead. 

Moreover, using different databases was a key limitation when comparing patties. For the MA patty, 

other PBMA extrusion methods such as high-moisture extrusion were not assessed, which could have 

yielded differing results. Additionally, this study only analysed a known MA recipe incorporating 
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soy-based protein, not examining patties formed with other plant-based proteins. For the BB patty, a 

mixed cattle-rearing scenario was considered, without separating the environmental impacts of 

grass-fed beef and intensively-farmed beef. 

4.3. Further Research 

Several avenues could be explored, based on the project limitations. Future peer-reviewed 

studies could transparently assess MA patties based on other plant-based proteins, such as pea 

protein or mycoprotein, with commercial recipes. Researching various proteins would uncover the 

most environmentally friendly PBMA options. Studying industrial-scale PBMA extrusion, with 

relevant energy consumption and waste information, would increase accuracy in projecting PBMA 

production requirements. In addition, LCAs utilising different functional units, for example, protein 

quality, would further explore environmental benefits from increased PBMA uptake. Finally, future 

research should meticulously analyse the nutritional composition of PBMAs and the potential 

impacts of long-term consumption on human health. 
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