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Abstract:  

In this study, a Consequential Life Cycle Assessment (CLCA) was conducted on the introduction of a 

potato protein for human consumption in Sweden. The assessed environmental impact cathegories in the 

CLCA were the categories global warming potential, eutrophication and land use.  Potato protein is a 

side-stream that occurs during the production of potato starch and is currently used for animal feed 

(feed-grade). With the use of the new gene-editing technique CRISPR-Cas9, the stability of proteins in 

a starch potato can be improved to make the potato protein fit for human consumption (food -grade). 

The food-grade potato protein can be used as an ingredient in the food products: plant-based meat, 

quiche, sauces, wine and smoothies. When using the potato protein in one of these food products seven 

protein sources could potentially be substituted: soybean protein, yellow pea protein, beef protein, pork 

protein, chicken protein, egg protein and milk protein. The results of the CLCA show that when using 

the potato protein as an ingredient in a food product instead of other protein sources environmental 

impact can potentially be reduced. Most environmental impact can be reduced by substituting animal 

proteins by the potato protein. Therefore, from an environmental point of view, the most interesting 

food products to use the potato protein in as an ingredient are the food products where currently animal 

products are used in as the main source of protein.  
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Summary:  

The current global food production and consumption are unsustainable to provide enough food for the 

current and future population. Besides, food production systems have a major impact on the 

environment. Implementation and use of different strategies, measurements and technologies are 

needed to make the food production and consumption for the world’s population sustainable.     

 

This study looked at the environmental impact of introducing a potato protein for human consumption  

in Sweden. Potato protein is a side-stream that occurs during the production of potato starch and is 

currently used for animal feed. With the use of a new gene-editing technique, a new potato variety is 

being bred. The stability of the potato protein in this new potato variety will be improved what makes 

the potato protein, after processing, fit for human consumption. The improved potato protein can then 

be used as an ingredient in different food products. 

 

This study show that when using the potato protein as an ingredient in a food product instead of other 

protein sources environmental impact can potentially be reduced. Most environmental impact can be 

reduced by substituting animal proteins by the potato protein. So, from an environmental point of view, 

the most interesting food products to use the potato protein in as an ingredient are the food products 

where currently animal products are used in as the main source of protein. This study can serve as an 

example to show how new gene-editing techniques can actually help to improve food quality and make 

food production and consumption more sustainable. 
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1. Introduction 
At the moment, about 7.7 billion people live on earth. The forecast is that the world population 

will grow to 9.7 billion in 2050 and 11.2 billion in 2100 (UN, 2017, 2019a). Population growth 

drives the demand for food, putting more pressure on natural resources (FAO, 2019). For each 

year until 2050, farmers will have to feed an additional 40–86 million people (Fyles and 

Madramootoo, 2016). To meet the increasing food demand, solutions have to be found to secure 

food for everyone. However, it is not likely that the current global food production and 

consumption can match the increasing population growth patterns, which makes it unsustainable 

to provide enough food for the current and future population on earth (UN, 2019b). Besides, food 

production systems have a major impact on the environment. The global food system is a major 

driver of biodiversity loss, climate change, land-use change, freshwater depletion and pollution of 

aquatic and terrestrial ecosystems through nitrogen and phosphorus run-off from fertilizer and 

manure application (Campbell et al., 2017; Springmann et al., 2018). Springman et al. state in 

their paper that current and forecasted levels of agricultural production, in the absence of 

mitigation strategies and measures, will greatly affect the environment on earth (Springmann et 

al., 2018). Without any mitigation strategies and measures, increases are projected for the emission 

of greenhouse gasses (GHGs), demand for cropland use, phosphorus application and nitrogen 

application (Springmann et al., 2018). More and more researchers begin to acknowledge these 

problems that come with the current way food is produced in the world . They propose many 

different strategies and measurements on how to feed the worlds growing population in a (more) 

sustainable way. Some examples of strategies are reducing food loss and waste, change towards 

more plant-based diets, closing the yield gap, expanding aquaculture and increasing production 

limits (Fyles and Madramootoo, 2016; Godfray et al., 2010; Springmann et al., 2018) .  

 

Worldwide, cultures have different foods that they eat in the majority of their meals. These foods 

are called staple foods. In the western world (the U.S., Canada, many European countries, and the 

Oceanic regions) the main staple foods are potatoes, corn, wheat, rice and meat (Bumpres, 2017). 

Potatoes can be argued as one of the most versatile foods on the planet. They can be grown in 

almost any condition and there are endless options to use and process potatoes (Bumpres, 2017). 

Potatoes have high nutritional value and are an important source of vitamins, minerals, 

carbohydrates and proteins. In several parts of the world, potatoes are also grown for the extraction 

of potato starch, with dedicated industrial infrastructure. Production of starch is a bulk business 

with about 10.7 million tonnes produced in Europe yearly, of which potato starch accounts for 

approximately 2 million tonnes (Starch.EU, 2019). A starch potato roughly contains; water, starch, 

fibre, protein and others. The percentage of content of every component in one potato is shown in 

figure 1.  

 

 
Fig. 1. Content starch potato (Lyckeby, 2019).  
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A side stream that occurs during the potato starch production and extraction is a fruit juice rich in 

proteins (potato juice). In the potato juice, protein molecules are present in a dissolved condition 

(Kemme-Kroonsberg et al., 2000). In the same side stream, antinutritional components (i.e. 

glycoalkaloids) are enriched. To extract and purify the proteins from the side stream, a 

combination of thermal coagulation and acidic precipitation is most often used. The use of heat in 

the current process results in denaturation and loss of protein recovery and functionality  (Løkra 

and Strætkvern, 2009). This makes that currently the protein side stream does not meet the 

standards to be used for human food and can only be used as a component in animal feed (Alting 

et al., 2011; Johansson, 2020). The various steps in the industrial process of potato starch 

production are shown in figure 2. 

 
Fig. 2. Industrial process potato starch production. The black boxes represent the various processing steps for the 

production of potato starch and its side streams. The yellow boxes represent the final products after processing 

the potato starch and its side streams (Tereos, 2020).   

 

However, with the help of a genome-editing technique called CRISPR-Cas9 (Clustered Regularly 

Interspaced Short Palindromic Repeats -Cas9) the stability and extractability of the potato protein 

can be improved. By using the CRISPR-Cas9 technique a new potato variety can be developed. 

The new potato will have a slightly changed protein composition which will make the protein 

more resistant to the tough processing conditions it has to go through during the coagulation 

process. This will improve the ability to recover purer proteins from the potato juice (Andersson, 

2020). With the same technology, the content of the toxic glycoalkaloids in the new potato variety 

will also be reduced, which will have benefits on the removal process of the toxins accumulated 

with the protein (Johansson, 2020). 

 

With these improvements, the potato protein of this new potato variety can be used as an ingredient 

for human food instead (food-grade potato protein) of animal feed (feed-grade potato protein). By 

utilizing the potato protein as a product for human consumption instead of animal consumption 

value can be added to the use of the protein. Besides, the improved protein source can provide 

opportunities to replace other protein variants with higher environmental impact (FAO, 2020; 

Nordborg et al., 2017), but with similar nutritional value, such as animal proteins. Moreover, it  
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can become a new domestic plant-based protein source for the food industry in Sweden. The new 

protein can help to stimulate the ongoing protein shift from animal-based to a more plant-based 

diet. This would simultaneously benefit the conservation of biodiversity, land, water, energy, 

climate, human health and animal welfare (Aiking, 2011; Nordborg et al., 2017). Overall, this 

makes that the improved potato protein could help to make the production and consumption of 

potato starch and potato protein more sustainable. 

 

1.1 Aim  
The aim of this study is to assess what the environmental impact is of producing a food-grade 

potato protein from the new potato variety that can be used to substitute other protein sources.  

This is done to see in which food products the potato protein could be used in as an ingredient and 

to identify, from an environmental point of view, which other protein sources are most interesting 

to be substituted by the potato protein.  

 

2. Background 
The background covers more information on how reducing food loss or waste and changing 

towards a more plant-based diet can help to make the worlds food production system more 

sustainable. This chapter also gives an introduction to gene-editing and the attitudes towards 

genetic modification in Europe.  

 

2.1 Reducing food loss or waste 
The potato protein of the new potato variety can be used as an ingredient for human food. By 

utilizing the potato protein as a product for human consumption instead of animal consumption 

value can be added to the use of the protein. Food that was originally meant for human 

consumption, but gets removed from the human food chain is considered as food loss or waste 

(FAO, 2011). This is even the case if the food is directed to a non-food use such as animal feed 

and bioenergy. Although, when using food for non-food purposes (animal and bioenergy) the term 

food loss is used in particular (FAO, 2011; FUSIONS, 2014).   

 

Reducing food loss or waste is widely seen as an important way to improve food security and 

nutrition, contribute towards environmental sustainability, reduce production costs and increase 

the efficiency of the food system (FAO, 2019). Food loss and waste are considered a poor use of 

resources with negative impacts on the environment. In 2016, the UN published the 2030 Agenda 

for Sustainable Development with its 17 Sustainable development Goals (SDGs). SDG Target 12.3 

specifically addresses food waste and loss and calls for halving per capita global food waste at 

retail and consumer levels and reducing food loss along production and supply chains, including 

post-harvest losses, by 2030 (FAO, 2019; UN, 2015).  

 

Already for decades, several guidelines for general waste management in all types of sectors are 

in place. An example of a guideline like this is the EU waste hierarchy, which has been set in the 

European Waste Framework Directive and been part of the European policy since the 1970s 

(European Commission, 1975). The revised EU Waste Framework Directive sets out five steps for 

dealing with waste: prevention, preparing for re-use, recycling, recovery and disposal (European 

Commission, 2008). However, in the last decade, different kinds of guidelines specifically for the 

food sector are developed to identify food waste and food loss.  The reason for this was to make 

the waste hierarchy easier to use by businesses in the food and drink sector (WRAP, 2016). 

Examples of such guidelines are the Food Recovery Hierarchy in the United States (USEPA, 

2015), the Food Waste Hierarchy (Papargyropoulou et al., 2014) and the Food and Drink Material 

Hierarchy in the United Kingdom (WRAP, 2016). All frameworks prioritise prevention since that 

is the most resource-efficient. The other waste management options include downcycling and loss 

of the intended product (Naturvårdsverket, 2013). 
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The Food Recovery Hierarchy, which is shown in Figure 3, agrees with the general principles of 

the EU waste hierarchy (European Commission, 2008). Similar to the EU waste hierarchy are the 

different steps in the Food Recovery Hierarchy put in order from most preferred to least preferred. 

The higher in the hierarchy, the less food is lost or wasted and the higher the benefits for the 

environment, society and economy are (USEPA, 2015). The most preferred action is to prevent 

raw materials, ingredients and products from being wasted in the first place. If food surplus cannot 

be prevented, redistribution to people in need is the second-best option. The third option is to use 

the food surplus for animal feed. The fourth option is to use the surplus for an industrial purpose 

as using it for the production of biogas. The fifth option is to use the food surplus as compost to 

feed and nourish the soil and the last and least preferred option is to dispose the food surplus or 

send it to a landfill, which is not allowed in a Swedish context (Naturvårdsverket, 2013).  

 
Fig. 3. The Food Recovery Hierarchy (USEPA, 2015). 

 

2.2 Changing towards a more plant-based diet 
Consuming more plant-based protein instead of animal protein is an example of changing towards 

a more plant-based diet. By improving conditions for the potato protein side stream that occurs 

during potato starch production and make the proteins available for human consumption, the 

improved potato protein can help to stimulate the ongoing protein shift from livestock to a more 

plant-based diet. The result of population growth is an increasing demand for protein due to their 

nutritional value (Alting et al., 2011). Therefore, new protein sources or protein isolation from 

existing side-streams is important. To yield 1 kg of high-quality animal protein, approximately 6 

kg of plant protein is needed (Pimentel and Pimentel, 2003). So, quite some (plant) protein gets 

“lost” in the livestock sector. Therefore, it is likely that direct human  consumption of plant protein 

is environmentally more beneficial than indirect consumption via meat (de Boer et al., 2006). The 

production of animal-based protein for human consumption have significant direct and indirect 

impacts on climate change and other environmental concerns (Beverland, 2014). At the moment, 

the livestock sector is responsible for approximately 14.5% of all anthropogenic greenhouse gas 

emissions in the world (FAO, 2020). It is argued that a transition towards more plant-based protein 

diets would simultaneously benefit the conservation of water, energy, land, biodiversity, climate, 

human health and animal welfare and would, therefore, be a giant step towards the goal to create 

a more sustainable food consumption (Aiking, 2011; de Boer et al., 2006). 
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2.3 Genome-editing 
Genome-editing is the ability to modify the genetic material of an organism rapidly and in a precise 

and predictable manner (Bortesi and Fischer, 2015; Fridovich-Keil, 2016). Research suggests that 

genome-editing techniques can help to increase food production, improve food quality and make 

agriculture more sustainable by breeding new crop varieties that are, for example, more disease -

resistant, can cope better with salinity and drought and use nutrients more efficiently (Björnberg 

et al., 2015).  

 

2.3.1 Legislations and attitudes towards genetic modification in Europe 
The genetical modification of organisms is a controversial topic. Although it seems a perfect 

solution to create more sustainable food production systems, some critics argue that genetically 

modified organisms (GMOs) can bring about a variety of risks for the environment and health 

(Björnberg et al., 2015). The European Union is sceptic about commercially breeding and selling 

GMOs and therefore conducted a directive to legislate the industrial production of GMOs in 

Europe. In March 2001, the directive 2001/18/EC was conducted, on the deliberate release into  

the environment and/or the placing on the market of GMOs, by the European Parliament and the 

council of the European Union (European Parliament and Council, 2001). Another name for this 

directive is the ‘GMO Directive’.  

 

A crop that is defined as a GMO can be approved to be cultivated on an industrial scale and sold 

on the market. However, this process will cost the applicant a lot of time and money what creates 

a high entry threshold to get the product on the European market (Abbott, 2015; Eriksson et al., 

2020; European scientists, 2018; Jansson and Sundström, 2016; Zimny et al., 2019) . To get a GMO 

product approved for deliberate release and/or placing it on the market a risk assessment has to be 

carried out (European Parliament and Council, 2001). After this, a reasoned proposal for the 

application of the GMO product has to be submitted to the European Food Safety Authority 

(EFSA). The EFSA decides if commercially growing and selling of the suggested GMO product 

may pose any possible risk to human and animal health and the environment (EFSA, 2017). Based 

on an independent assessment of the EFSA the GMO product will be approved or not. If the GMO 

product is approved, it is legally allowed to grow and sell the product. However, when putting the 

GMO product, on its own or processed in another product, on the market the product has to b e 

GMO labelled. This means that either on the label or the accompanying document of the product 

the words “This product contains genetically modified organisms” shall appear (European 

Parliament and Council, 2001). The legislation in the EU is that any GMO approved ingredient in 

food and feed exceeding 0.9% must be labelled (Eriksson et al., 2018; European Parliament and 

Council, 2003). This all makes the barriers for commercial applications of GM crops quite high. 

 

Several NGOs, in and outside Sweden, oppose against the use of GMOs. The anti-GMO campaigns 

organized by these NGOs influence the attitude of several organizations and consumers in Sweden 

negatively. All retailers agree that they do not anticipate marketing GM products in the current 

situation, as the risk of a general non-acceptance from consumers is too high (Björnberg et al., 

2015). A majority of the Swedish consumers is rather negative towards GM food (Magnusson and 

Koivisto Hursti, 2002). So, labelling is currently a major problem that stops companies to 

introduce GMO products on the market.   

 

2.3.2 The CRISPR-Cas9 technique 
A well-known technique among genome-editing technologies is the CRISPR-Cas9 technique 

(Andersson et al., 2018). This is also the genome-editing technique used to breed the new variety 

of starch potato to improve recovery and functionality of proteins from the starch processing side 

stream. The CRISPR-Cas9 technique is a mutagenesis technique and consists, unlike transgenesis, 

of a set of techniques which make it possible to alter the genome of a living species wit hout the 

insertion of foreign DNA (Court of Justice of the European Union, 2018). Mutagenesis techniques 

can be divided into two types: random and directed mutagenesis techniques. Although both 
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random and directed mutagenesis techniques are used in genetic engineering, the European Union 

treats them totally different (Abbott, 2015; European Commission, 2018). Random mutagenesis 

is also often referred to as ‘conventional mutagenesis’, and has been used extensively in plant 

breeding since the 1960s (SAM, 2017). Because random mutagenesis has conventionally been 

used in a number of applications and has, therefore, a long safety record according to the European 

Union, organisms obtained through this technique are exempted regulation and therefore not 

labelled as GMOs (Eriksson et al., 2020). Directed mutagenesis techniques, where the CRISPR-

Cas9 and other new genome-editing techniques fall under, are newer mutagenesis techniques 

(European Commission, 2018).  

 

The CRISPR-Cas9 technique was for the first time described in 2012 (Jinek et al., 2012). 

Therefore, it was not yet being applied to agricultural organisms during the conduction of the 

GMO Directive in 2001. For a long time, there has been a debate if the genome-editing technology 

CRISPR-Cas9 fell within the scope of the GMO Directive. This made the legal status of products 

produced via this technology uncertain (European Commission, 2018; Jansson, 2018). In Sweden, 

researchers wanted to get more clearance on this topic and asked the Swedish Board of Agriculture 

for their opinion. As a result, in November 2015, the Swedish Board of Agriculture confirmed the 

interpretation that some plants in which the genome has been edited using the CRISPR-Cas9 

technology do not fall under the European GMO definition and thus the scope of the GMO 

directive (Eklöf, 2015). This was positive news for the Swedish researchers because it meant that 

organisms bred with this technique could be grown without the strict regulations of the GMO 

directive. In addition, it became affordable for small enterprises to invest in research and 

development of the CRISPR-Cas9 technique because they did not have to meet the expensive 

regulations any more.  

 

However, this all changed in 2018 when the Court of Justice of the European Union decided that 

organisms obtained by the new techniques of directed mutagenesis, where the CRISPR-Cas9 

technology falls under, are a form of GMOs that should not be exempted regulation (European 

Commission, 2018). The Court came to this decision because the techniques and methods of 

directed mutagenesis have no history of safe use and alter the genetic material of an organism in 

a way that it does not occur naturally (Court of Justice of the European Union, 2018; European 

Parliament and Council, 2001). From that moment, in Europe, the CRISPR-Cas9 technology fell 

within the meaning of the GMO Directive (directive 2001/18/EC). This directive provides that 

GMOs must be authorised following an assessment of the risks  on human and animal health and 

the environment and also makes them subject to traceability, labelling and monitoring obligations 

(Court of Justice of the European Union, 2018). 

 

While some stakeholders see the overly strict regulations and legislations a round GMO breeding 

as a way to prevent harm to society and environment, others see this as a disproportionate 

threshold that hinders innovation that potentially could contribute to more sustainable agriculture 

and food security (Eriksson et al., 2020). As a reaction on the EU’s decision to put all organisms 

obtained by the new techniques of directed mutagenesis on the GMO list, scientists from 93 

leading European research centres and institutes endorsed a position paper. In this paper, they 

state that the current GMO directive is outdated and not in line with recent scientific evidence and 

progress in biotechnology. The European scientists who signed the position paper, but also other 

critics agree that the court ruling will stymie research, hamper global trade, reduce the EU’s 

competitiveness, delay the development of climate-smart crops, hinder progress in sustainable 

agriculture and create a regulatory nightmare. They argue for the adoption of modern, science-

based policies on directed mutagenesis and want to reform the GMO directive (Eriksson et al., 

2020; European scientists, 2018). 
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3. Methods and materials 
 

3.1 Introduction Life Cycle Assessment 
The method used in this study was a Life Cycle Assessment (LCA). LCA is a method used to 

assess all stages of a product’s life cycle. The specific LCA used in this study is an Environmental -

LCA (E-LCA). The purpose of an E-LCA is to investigate what the environmental impact is of a 

product through its entire life cycle, from the extraction of raw materials until the product’s end -

use. Assessing the environmental impact of a product's production makes it possible to measure 

the actual effects on humans, resources and ecosystems, instead of only tracking quantities like 

tons of emissions or gallons of fuel consumed as a result of production (Matthews et al., 2014). 

The framework and guidelines (ISO 14040 and ISO 14044) for this method have been established 

by the International Organization for Standardization (ISO, 2006a, 2006b). The ISO LCA 

framework can be summarized in four phases: goal and scope definition, inventory analysis, 

impact assessment and interpretation (ISO, 2006a). These four phases are shown in figure 4. 

 

 
Fig. 4. Overview of the LCA Framework (ISO, 2006a). 

 

In the goal and scope definition phase will be decided which product will be studied and what the 

intent of the study is (Baumann and Tillman, 2004; Matthews et al., 2014). This phase includes 

choosing the functional unit (expresses the function of the studied product in terms of quantity 

and serves as the basis for the calculations), system boundaries (which processes an and which 

not), types of environmental impacts being considered and level of detail (Baumann and Tillman, 

2004). In the inventory analysis phase, all the needed data will be collected and documented in a 

way that it meets the stated goal and scope definition (Baumann and Tillman, 2004). The method 

in this phase can also be called a life cycle inventory analysis (LCI). An LCI includes: construction 

of the flow model according to the chosen system boundaries, data collection of all the activi ties 

(processes and transports) in the chosen product system and calculation of the number of resources 

use and pollutant emission of the system in relation to the functional unit. In the impact assessment 

phase, the results found in the inventory analysis are turned into more environmentally relevant 

information, like information on impacts on the environment (e.g. global warming potential, 

acidification, eutrophication etc.) rather than just information on emissions and use of resources 

(Baumann and Tillman, 2004). Finally, the interpretation phase looks at the results  and puts them 
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into perspective, and may recommend improvements or other changes to reduce the impacts 

(Matthews et al., 2014). The double arrows between the four different phases in the LCA 

framework intent that the phases are interconnected. For example, after collecting inventory data 

and realizing there are challenges in doing so, the goal and scope definition might be adjusted. So, 

none of the phases is truly completed until the entire study is completed (Matthews et al., 2014).  

 

The LCA methodology has some limitations. Firstly, the LCA framework leaves much room to 

interpretation by the person conducting the assessment (Curran, 2014). This can lead to different 

results for seemingly the same product. Secondly, the results of the LCA is only one component 

in a comprehensive decision-making process (Curran, 2014). For decision making the LCA results 

should be supplemented by other tools like risk assessment, cost assessment, site-specific 

environmental assessment and others. However, despite these limitations, the LCA methodology 

offers a strong environmental tool that provides structure to investigate and highlight potential 

environmental trade-offs (Curran, 2014).   

 

The conduction of an LCA can be performed from two perspectives. The first perspective aims to 

describe the environmental relevant physical flows to and from a life cycle and its subsystems , 

which is called an attributional LCA (ALCA) (Ekvall, 2019). The second perspective aims to 

describe how environmental relevant flows will change in response to possible changes , which is 

called a consequential LCA (CLCA) (Ekvall, 2019). Depending on the goal of the study and the 

research question asked, it will be an ALCA or a CLCA. Based on the goal of this study, which 

was to identify the environmental impact of the potato protein, which protein sources can be 

substituted by the potato protein and how the environmental impact will be affected, a CLCA 

approach was chosen. The CLCA approach helps to give an estimate on how the environmental 

impacts are affected by the production and use of the studied product (Ekvall, 2019), the 

production and use of potato protein for human consumption. It is possible that the results of a 

CLCA will be negative. This will be the case if the change of production , which is called the 

substituted system in this study, causes a reduction in emissions greater than the emissions from 

the production of the studied product (Curran, 2014). This does not mean that the emissions from 

the production of the studied product are negative, but that the production of the product will cause 

a reduction in emissions somewhere else in the system.  

 

In this study, the LCA framework was used as a guideline to conduct a CLCA for the new food-

grade potato protein and help to structure the report. During the study, all four phases were 

completed. The goal and scope definition phase is documented in section 3.2 Goal and scope 

definition. The inventory analysis phase is documented in section 3.3 Inventory analysis potato 

protein and 3.4 Inventory analysis substituted systems. The impact assessment phase is 

documented in chapter 4. Results and the interpretation phase is described in chapter 5. Discussion. 

Figure 5 shows how the above-mentioned chapters and paragraphs are connected in this report by 

using the LCA framework.  
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Fig. 5. Overview of how the LCA framework was used in this study. The blue numbers refer to the sections or 

chapters were the phases are documented. 

 

3.2 Goal and scope 
In this section, the goal and scope of the conducted CLCA are described. This was done by 

defining the functional unit, scope and system boundaries and the chosen environmental impact 

categories used in this study.  

 

3.2.1 Functional unit  
The functional unit (FU) in this study was set to “one kg protein ready to use as an ingredient in 

a food product at the food supplier”. The FU applies to calculate the environmental impact of both 

the food-grade potato protein as the potentially substituted protein sources that were analysed in 

this study. 

 

The FU expresses the function of studied product or service in terms of quantity and serves as the 

basis for the calculations done in the study (Baumann and Tillman, 2004). The FU is the reference 

flow to which all other flows (inputs and outputs) in the LCA system are related. So, the FU is 

needed to “bridge” the function of the studied product with the inputs and/or  outputs. By explicitly 

stating units in the FU, the results of the study will be normalized by the FU (Matthews et al., 

2014).  

 

3.2.2 Scope and system boundaries 
The potato juice is a side-stream that occurs during the production of potato starch. Therefore, the 

potato protein that will be produced from the potato juice can be considered as a free resource. 

This means that the production process before the extraction of the potato juice (side -stream) 

during the production of the potato starch (main-stream) was left out of the LCA. So, the steps 

that were included in the LCA of the food-grade potato protein system were from the moment the 

potato juice is split from the main-stream up to and including the transport of the potato protein 

to the food supplier. The LCA for the production of potato protein was based on data obtained 

from the Swedish company Lyckeby Starch AB. This company conducts  the production and sale 
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of potato starch, fibre and protein products to the food and feed industry, the chemical and paper 

industry, as well as the production and sale of seed and fertilizers for agriculture (Lyckeby, 2020). 

 

Based on input from Lyckeby Starch AB and Orkla Food Sverige AB (producer of i.a. food, 

snacks, confectionery and biscuits in i.a. Sweden) five food products were identified where the 

potato protein could potentially be used in as an ingredient. These food products were: plant-based 

meat, quiche, sauces, wine and smoothies. By using the potato protein as an ingredient in these 

food products other protein sources, that are currently used in these products, could potentially be 

substituted. Table 1 shows the identified food products and the protein sources that are currently 

used in these food products. From table 1 it can be concluded that the new potato protein could 

potentially serve as a substitute for the following seven protein sources: soybean, yellow pea, beef, 

pork, chicken, egg and milk. The production and transport of these potential substituted protein 

sources were labelled as substituted systems.  

 
Table 1. Identified food products in which potato protein can potentially be used in as an ingredient and the 

current protein sources used in these food products that potentially could be substituted by using the potato protein 

(Edenbrandt, 2020). 

 

In this study, the food products, where the potato protein could potentially be used in as an 

ingredient, were used to create separate scenarios. The food products quiche and sauces were put 

together in one scenario because they both substitute the same protein source, egg to the same 

extend. Also, the food products smoothies and wine were put together in one scenario because 

they both substitute the same protein source, milk to the same extend. The scenarios are: 

 

Scenario 1: Using the potato protein as an ingredient in plant-based meat can potentially 

substitute the use of soybean protein, yellow pea protein, beef protein, pork protein or chicken 

protein as an ingredient in the food product. 

 

Scenario 2: Using the potato protein as an ingredient in quiche or sauces can potentially substitute 

the use of egg protein as an ingredient in the food product. 

 

Scenario 3: Using the potato protein as an ingredient in smoothies or in the process to produce 

wine can potentially substitute the use of milk protein as an ingredient in the food product. 

 

Figure 6 shows an illustration of the four scenarios and the studied systems related to these 

scenarios. The arrows for the substituted systems (potentially substituted protein sources) are 

pointing outwards from the identified food products (plant-based meat, quiche, sauces, wine and 

smoothies). This was done to illustrate that these substituted systems potentially could be 

eliminated by using the potato protein as an ingredient in the food products.  

 

The production of the food-grade potato protein and the seven potential substituted protein sources 

were all done on different locations (farm, factory etc.). To create one “end destination” for all 

the studied protein sources (potato protein and the seven potential substituted protein sources) the 

transport from the production side to the factory of the food supplier was included in the LCA. In 

this study, the factory of Orkla Foods Sverige AB (Orkla) was chosen as the food supplier where 

the protein will be transported to. The factory of Orkla is located in Eslöv in the Swedish most 

southern province Scania. 

Identified food products  Potential substituted protein sources 

Plant-based meat  Soybean, yellow pea, beef, pork or chicken 

Quiche Egg 

Sauces (mayonnaise etc.) Egg 

Wine (used in fining process)  Egg or milk  

Smoothies Milk 
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Fig. 6. The studied systems: food-grade potato protein system and substituted systems.          =  The different steps 

in the products life cycle.           = The different food products during or at the end of the LCA.          = Food 

products where the potato protein and the substituted other protein sources could be used in (four scenarios). The 

orange dashed line outlines which parts of the studied system were included in the CLCA.  
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3.2.3 Chosen environmental impact categories  
The environmental impact categories considered in the study were selected based on their 

relevance to the study and the country where the study was conducted, Sweden. The environmental 

impact categories considered in the study were: global warming potential, eutrophication and land 

use.  

 

Global warming potential 

The impact category global warming potential focuses on the potential change of global 

temperature caused by the emission of greenhouse gasses (GHGs) (Acero et al., 2017). The climate 

on earth is determined by incoming energy from the sun and the reflection, absorption and 

emission of energy by the earth and its atmosphere (IPCC, 2007). The increase of GHG 

concentrations in the atmosphere increase the atmospheric absorption of outgoing radiation which 

tends to warm the surface (positive radiative forcing). Positive radiative forcing contributes to the 

increase in the global average temperature. Several GHGs occur naturally in the world but, over 

the last 250 years, the concentration of GHGs in the atmosphere has increased significantly due 

to human activities (IPCC, 2007). To calculate the global warming potential, data on the emission 

of different kinds of GHGs (e.g. Carbon Dioxide, Nitrogen Dioxide, Methane etc.) emitted during 

the life cycle of the studied product are included. Collected data on the emissions of different 

kinds of GHGS are converted to one unit to normalize the result. The standard unit for the impact 

category global warming potential is kg CO2 equivalent. Table 2 shows the outline of the impact 

category global warming potential.  

 
Table 2. Outline impact category global warming (Acero et al., 2017; Baumann and Tillman, 2004; SAIC, 2006). 

Impact category: Global warming potential (GWP) 

Scale  Global 

Examples of LCI Data Carbon Dioxide (CO2) 

Nitrous Oxide (N2O) 

Methane (CH4) 

Chlorofluorocarbons (CFCs) 

Hydrochlorofluorocarbons (HCFCs) 

Methyl Bromide (CH3Br) 

Unit kg CO2 equivalent 

Associated endpoints • Decrease in biodiversity (e.g. forest, coral reefs, soil moisture loss 

etc.)  

• Temperature disturbance, longer seasons and change in wand and 

ocean patterns, polar melt 

• Climatic disturbance (e.g. more powerful cyclones, torrential 

storms, etc.) 

 

Global warming is a pressing global problem and therefore also relevant to Sweden. It is estimated 

that global temperature, largely caused by human activities, has currently risen approximately 1.0 
oC above pre-industrial levels (IPCC, 2018). If globally the emissions of greenhouse gases are not 

sharply reduced, the global temperature will keep continuing to rise. Some effects global warming 

will have for Sweden are: change in precipitation patterns, sea-level rise and an increase in storms 

(Swedish Government, 2007).   

 

  



 13  
 

Eutrophication 

The impact category eutrophication focuses on the environmental impact that excessively high 

concentration of chemical nutrients have on an ecosystem (Baumann and Tillman, 2004). 

Eutrophication is mainly caused by humans using fertilizers such as nitrate (NO3
-) and phosphate 

(PO4
3-) (Boesch et al., 2006). This all leads to shifts in species composition and increased 

biological productivity, which causes, for example, excessive plant growth like algae in rivers , 

leading to severe reductions in water quality and animal populations (Acero et al., 2017). 

Eutrophication is a phenomenon that can influence both land and sea (terrestrial and aquatic) 

ecosystems (Baumann and Tillman, 2004). To calculate the eutrophication, data on the emission 

of different kinds of substances (e.g. Phosphate, Nitrogen Dioxides, Nitrate etc.) emitted during 

the life cycle of the studied product are included. Collected data on the emissions of different 

kinds of substances are converted to one unit to normalize the result. The standard unit for the 

impact category eutrophication is kg PO4
3- equivalent. Table 3 shows the outline of the impact 

category eutrophication.  

 
Table 3. Category outline impact category eutrophication (Acero et al., 2017; Baumann and Tillman, 2004; 

SAIC, 2006). 

Impact category: Eutrophication 

Scale  Local 

Examples of LCI Data Phosphate (PO4
3-) 

Nitrogen Dioxides (NOx) 

Nitrate  (NO3
-) 

Ammonia (NH3) 

Dioxygen (O2) 

Unit kg PO4
3- equivalent 

Associated endpoints • Nutrients (phosphorous and nitrogen) enter water bodies, such as 

lakes, estuaries and slow-moving streams, causing excessive plant 

growth and oxygen depletion 

 

Eutrophication of the Baltic sea and the other seas around Sweden has been a problem for decades. 

Eutrophication in this area of the world is to a big part caused by excessive inputs of nitrogen and 

phosphorus to coastal fjords, archipelagos and the open sea around Sweden (Boesch et al., 2006). 

Despite significant reductions in nutrient inputs from point sources over the past decades, 

eutrophication in the Baltic Sea has shown limited signs of improvement and continued to worsen.  

Therefore, reducing nutrient input is still important for Sweden.  

 

Land use 

The impact category land use focuses on the actual use of land (occupancy) as well as changes in 

land use (transformation). This category also handles the extent to which land use and land 

transformation lead to changes in biodiversity and to life support functions (e.g. biological 

production). In the inventory analysis, land use is measured as the area (in m2) that is used by the 

different activities in the products life cycle. The assessment of land use from the occupancy 

perspective is based on the fact that land is a limited resource since the surface of our planet is 

limited (Baumann and Tillman, 2004). Table 4 shows the outline of the impact category, land use.  
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Table 4. Category outline impact category land use (Acero et al., 2017; Baumann and Tillman, 2004; SAIC, 

2006). 

Impact category: Land use  

Scale  Global, regional, local 

Examples of LCI Data Quantity (m2) of land used 

Unit m2 

Associated endpoints • A shift in competition between different uses of land and change 

in land quality (e.g. from farmland to city land) 

• Change in and loss of biodiversity (reduction in the number of 

species 

• Impact on biological production  

 

The relevance of land use as an environmental impact category was based on the fact that 

potentially a lot of land area can be spared by using the new potato protein instead of other protein 

sources. The potato protein is a side-stream of the production of potato starch that can be 

considered as a free resource and therefore, does not use any extra land during its production.  

 

3.3 Inventory analysis of the potato protein 
The data for the inventory analysis was collected in collaboration with Lyckeby Starch AB. In this 

section, the emissions of the studied process steps of the potato protein production system are 

documented. The studied steps were the production of the potato protein and the transport to the 

food supplier (see also figure 6).   

 

3.3.1 Production of potato protein  
Over the last century, global energy consumption has dramatically increased due to humans quest 

for a higher standard of living and the increasing world population. On a global basis, most of the 

energy used comes from fossil fuels. Burning fossil fuels leads to emission of GHGs what in 

particular can increase global warming (Bose, 2010). Currently, Sweden is working hard to reach 

their goal of a 100% renewable electricity production by 2040. In 2017 the energy supply in 

Sweden was roughly divided into 30% fossil fuels, 39% renewable energy and 31% nuclear energy 

(Swedish Energy Agency, 2019). Renewable energy sources are considered as “clean” sources of 

energy that have minimal impact on the environment when optimally used, produce little 

secondary wastes and are sustainable based on current and future economic and social societal 

needs (Panwar et al., 2011). Renewable energy sources that meet energy requirements have the 

potential to provide energy services with zero or almost zero emissions of both air pollutants and 

greenhouse gases. The main renewable energy sources in Sweden are hydropower (water) and 

biomass (forest). Hydropower is mainly used for the generation of electricity and biofuels are 

mainly used for the generation of heat (Swedish Energy Agency, 2019). Nuclear power is 

mentioned as a separate energy source because it can neither be placed under fossil fuels nor under 

renewable energy sources. Uranium which is the resource used to produce nuclear power can be 

used for a significantly longer time than most of the fossil fuels. Besides, nuclear power does not 

emit carbon dioxide into the atmosphere (Pioro and Kirillov, 2013). During the production of 

nuclear power radioactive wastes is created and there are still problems with reprocessing and 

finding ways to ultimate safe storing the nuclear wastes (Pioro and Kirillov, 2013).  
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The production process to create potato protein from potato juice consists of three steps: 

coagulation, centrifugation and drying (figure 2 & 6). It was identified that the steps of both the 

production of the current feed-grade potato protein and the new food-grade potato protein will be 

more or less the same. However, according to the producer (Lyckeby Starch AB) will the use of 

energy for the production of the food-grade potato protein most certainly be higher than the current 

production of the feed-grade potato protein (Johansson, 2020). During the conduction of this 

study, the production of the food-grade potato protein was still in the early phases of development, 

which made that there was no clear number for the increase of energy use yet. Therefore, the 

increase of energy use for the production of the food-grade potato protein was for this study 

estimated at 10%. The main energy source used in Lyckeby Starch’s protein production factory is 

gas oil (Johansson, 2020). To produce 1 kg feed-grade potato protein from the potato juice side-

stream approximately 13 MJ energy is needed (Johansson, 2020). Thus, the energy required for 

the production of the food-grade potato protein will be approximately 14.3 MJ. To calculate the 

total emissions of the used energy for the production of 1 kg food-grade potato protein, the amount 

kg CO2 eq./FU had to be calculated. For 1 MJ (gas oil) are the emissions 0.072 kg CO2 eq./MJ 

(appendix A). So, the total global warming potential of producing 1 kg food-grade potato protein 

(requiring 14.3 MJ of gas oil) will be 1.03 kg CO2 eq./FU. 

 

During the production of potato protein from potato juice, no fertilizers were used. So, the 

eutrophication potential of producing 1 kg food-grade potato protein will be 0 kg PO4
3- eq./FU. 

 

The production of the potato protein is carried out in the factory of Lyckeby Starch. However, the 

amount of land used in the factory to produce the potato protein will be so small that this data is 

negligible. So, the land use of producing 1 kg food-grade potato protein will be 0 m2/FU.    

 

3.3.2 Transport of potato protein 
Although transport is one of the largest contributors to GHG emissions in developed countries, 

food supply chains transportation generally does not have that much environmental impact. How 

significant the role of transportation is in an LCA of a food product is dependent on the specific 

supply chain and the modes of transport used (Wakeland et al., 2012). 

 

After production, the food-grade potato protein will be transported to the factory of food supplier 

Orkla in Eslöv. Here the potato protein is used as an ingredient in human food. The production of 

the potato protein takes place in the factory of Lyckeby Starch AB in Kristianstad, which is located 

in the south of Sweden. The distance for transporting the potato protein from the production site 

in Kristianstad to the food supplier Orkla in Eslöv is 68 km (figure 7). The routing was made on 

the road network, optimized by time. For the transport of the potato protein, an 18t rigid truck was 

chosen as the means of transportation. The load capacity of an 18t rigid truck is approximately 

9000 kg (Motorvation, 2020). To calculate the total kg CO2 eq./FU (unit for impact category global 

warming potential) for transportation, the online calculation tool from NTM (Network for 

Transportation Measures), NTMCalc Basic 4.0, was used. This gave a global warming potential 

of 0.01 kg CO2 eq./FU for the transport from Kristianstad to Eslöv.  

 

During the transportation of the potato protein from Kristianstad to Eslöv, no fertilizers were used. 

So, the eutrophication potential for the transport of 1 kg food-grade potato protein will be                

0 kg PO4
3- eq./FU. 

 

The transport of the potato protein from Kristianstad to Eslöv was done on the road network in 

Sweden. However, the roads are not only constructed and used for the transportation of potato 

protein. Therefore, the land used to transport this potato protein on the road will be so small that 

this data is negligible. So, the land use for transporting of 1 kg food-grade potato protein will be 

0 m2/FU.  
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3.4 Inventory analysis potentially substituted systems  

3.4.1 Production of potentially substituted systems  
To calculate the environmental impact of the production of the seven protein sources that 

potentially could be substituted by the potato protein (substituted systems), data from already 

conducted LCAs on the production of these seven products were collected and used. When 

gathering the data of the seven potential substituted protein sources, data of the earlier chosen 

impact categories: global warming potential (GWP), eutrophication and land use were collected. 

Table 5 shows a summary of the collected data of the chosen impact categories for the seven 

protein sources that have the potential to be substituted. The data in this table are per 1 kg of the 

original product (e.g. 1 kg soybeans, 1 kg yellow peas etc.).  

 
Table 5. Data from chosen impact categories for the production of 1 kg product of the potentially substituted 

systems. 

Product  

 

GWP 

kg CO2 eq./kg 

Eutrophication 

kg PO4
3- eq./kg 

Land 

use 

m2/kg 

Location 

end of 

production 

Source 

Soybean 

(1kg) 
0.85 0.0067 0.22 

Rotterdam 

Harbour 

(NL) 

(Eriksson et al., 

2018; Rocha et al., 

2014) 

Yellow pea 

(1kg) 
0.16 0.0035 2.85 

Östergötland 

(SE) 
(Persson, 2019) 

Egg (1kg) 1.62 0.0144 4.80 
Skara  

(SE) 

(Sonesson et al., 

2008) 

Milk (1kg) 1.10 0.0060 1.93 
Rossared  

(SE) 

(Cederberg and 

Mattsson, 2000) 

Beef (1kg) 

organic  
21.70 0.0661 154 

Revingehed 

(SE) (Cederberg and 

Nilsson, 2004) 

Pork (1kg) 

organic  
4.60 0.0495 32 

Röstånga  

(SE) 

(Carlsson et al., 

2009; Svarta 

Svängens, 2020) 

Chicken 

(1kg) 

organic 

1.44 0.0209 7.40 
Blentarp  

(SE) 

(Widheden et al., 

2001) 

 

The chosen sources for the data collection of the yellow pea, egg, milk, beef, pork and chicken 

were selected because they were all based on LCAs conducted on farms in Sweden. Therefore , all 

the numbers in table 6 are the result of LCAs conducted on Swedish farms , except for the data on 

the soybean production. The data used for soybean production is based on the production in 

Argentina until shipment to the Rotterdam Harbour in the Netherlands. For the collection of data 

on the production of beef, pork and chicken in Sweden only useful sources based on LCAs 

conducted on organic farms could be found. This is why the data of these three protein sources 

are based on organic farming and the data on the other four protein sources (soybean, yellow pea, 

egg and milk) are based on conventional farming.  
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3.4.2 Conversion to the functional unit 
To be able to conduct the CLCA, the collected data on the environmental impact categories (global 

warming potential, eutrophication and land use) of the other protein sources were converted to the 

functional unit (FU). The FU in the study was set to “one kg protein ready to use as an ingredient 

in a food product at the food supplier”. To convert the data of the other protein sources (table 6, 

now expressed in 1 kg product) to the FU, the collected numbers of the different environmental 

impact categories were multiplied by the conversion factors which are shown in table 6. These 

conversion factors were based on the content of protein (kg) in 1 kg of the product.  
 

Table 6. Content of protein in 1 kg product of the other protein sources and the conversion factor to 1 kg 

protein. 

Product  

 

kg protein in 1 kg 

product 

Conversion factor 

to 1 kg protein 

Source  

Soybean 0.365 2.74 (FDC, 2019) 

Yellow pea 0.215 4.65 (Livsmedelsverket, 1989) 

Egg 0.123 8.16 (Livsmedelsverket, 2009) 

Milk 0.034 29.59 (Livsmedelsverket, 2015) 

Beef 0.222 4.50 (Livsmedelsverket, 2011) 

Pork 0.206 4.85 (Livsmedelsverket, 1997a) 

Chicken 0.231 4.33 (Livsmedelsverket, 1997b) 

 

The calculated conversion factors were used to convert the collected data on the selected 

environmental impact categories (table 6) from impact per 1 kg of product to impact per 1 kg 

protein (FU). Table 7 shows the results after the conversions were made.  

 
Table 7. Data the chosen impact categories for the production of 1 kg protein (FU) of the potentially 

substituted protein sources studied. 

Product  

 

GWP 

kg CO2 eq./FU 

Eutrophication 

kg PO4
3- eq./FU 

Land use 

m2/FU 

Soybean protein (1kg) 2.33 0.0182 0.61 

Yellow pea protein (1kg) 0.74 0.0163 13.95 

Egg protein (1kg) 13.22 0.1175 39.18 

Milk protein (1kg) 32.54 0.1769 56.95 

Beef protein (1kg) 

organic  
97.67 0.2974 693.07 

Pork protein (1kg) 

organic  
22.33 0.2403 155.34 

Chicken protein (1kg) 

organic 
6.23 0.0903 32.03 
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3.4.3 Transport of potentially substituted systems 
The used data to analyse six of the seven potentially substituted protein sources were based on 

LCAs conducted on Swedish farms. The only exception was the LCA on soybean production. The 

LCA conducted on soybean production was based on the production of soybeans on a farm in 

Argentina up to and including the shipment of the product to the Rotterdam Harbour in the 

Netherlands.  

 

For the potato protein and the seven potentially substituted protein sources, the transportation 

from the production site or end of shipment to the food supplier (Orkla’s factory in Eslöv) was 

included in the LCA. Figure 7 shows the roads the studied protein sources have to travel to get 

from their production site to the food supplier’s factory (Orkla) in Eslöv. 

 

 
Fig. 7. Transport from production locations of the different products to food supplier (Orkla in Eslöv).  

 

For the calculation of the transport of the seven potentially substituted protein sources from 

production site or end of shipment to the food supplier, similar specifications were used as for the 

calculation of the transport of the potato protein from the production site to the food supplier ( see: 

3.3.2 Transport potato protein). To calculate the total kg CO2 eq./FU for the transport of 1 kg of 

the protein content of the seven potentially substituted protein sources the online calculation tool 

NTMCalc Basic 4.0 was used. Were necessary, ferry links in the route were avoided. Table 8 

shows the outcomes of the calculation.  
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Table 8. kg CO2 eq./FU for the transport from the farm, factory or end shipment to food supplier (Orkla in Eslöv). 

Product Distance (km) kg CO2 eq./FU 

Soybean protein (1kg) 1062 0.14 

Yellow pea protein (1kg) 368 0.05 

Egg protein (1kg) 340 0.04 

Milk protein (1kg) 229 0.03 

Beef protein (1kg) 24 ≈ 0.00 

Pork protein (1kg) 23 ≈ 0.00 

Chicken protein (1kg) 44 0.01 

 

3.5 Sensitivity analysis of energy use in the production of potato 

protein 
During the conduction of an LCA, uncertainties can occur. This was also the case for the conducted 

LCA on the food-grade potato protein. The uncertainties in the LCA were mainly caused by the 

fact that the production of this food-grade potato protein was still in the early phases of 

development during the conduction of this study. The LCA of the food-grade potato protein 

showed some uncertainties in the energy use for the production of the protein. These uncertainties 

were: (1) the type of energy source used and (2) the increase of energy use.  

 

To determine the uncertainties on energy use in the life cycle of the food-grade potato protein, a 

sensitivity analysis was conducted. A sensitivity analysis is a quantitative way of determining to 

what extent results change when an input variable is changed. By conducting a sensitivity analysis 

one input variable or assumption at a time will be changed, while others will be held constant 

(Matthews et al., 2014). This gives a good overview of how much variation in results would be 

expected from changing just that one input variable. In the sensitivity analyses conducted in this 

study, the type of energy source used and the uncertain increase in energy use were analysed and 

studied. 

 

3.5.1 Type of energy source used 
The current source of energy used in the production of potato protein in the factory of Lyckeby 

Starch is gas oil (Johansson, 2020). Gas oil is an excellent fuel to use for heating, which is essential 

for the different production steps (coagulation, centrifugation and drying) during the production 

of the potato protein.  Gas oil is a fossil fuel that is limited either physically or economically, thus 

making them finite and non-renewable natural resources. This is the case because of the fact that 

the formation of fossil fuels takes millions of years, while the deposits are extracted rapidly (Höök 

and Tang, 2013). This makes it impossible for the rate of creation to keep up with the rate of 

extraction. Moreover, fossil fuels are the dominating source for GHG emissions (Höök and Tang, 

2013). The increase of GHG emissions in the atmosphere is having a noticeable effect on the 

global climate (Acero et al., 2017; Matthews et al., 2014; Rosa and Dietz, 2012)  causing an 

increased temperature in the world (IPCC, 2018). 

 

To decrease the environmental impact of producing the potato protein, the producer can decide to 

change to an energy source that has less impact on the environment.  An energy source that is used 

as an energy source for heating (just like gas oil) and which is available in large quantities in 

Sweden is the biofuel: wood pellets. Wood pellets are a renewable energy source, which is 

produced from industrial wood waste (Laschi et al., 2016). Renewable energy sources are 

considered as “clean” sources of energy that have minimal impact on the environment when 
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optimally used, produce little secondary wastes and are sustainable based on current and future  

economic and social societal needs (Panwar et al., 2011). Renewable energy sources that meet 

energy requirements have the potential to provide energy services with zero or almost zero 

emissions of both air pollutants and greenhouse gases.  

 

To get a better sense of the energy source spectrum, coal was also included as a fuel option for 

the production of potato protein. Coal is a fuel that is widely used as an energy source for heating 

with characteristics quite similar to gas oil. Sweden’s neighbouring countries Denmark and 

Germany are producers of coal, which makes the fuel easy to obtain for Sweden (Mohr and Evans, 

2009). In table 9 the conversion factors of the different fuels (wood pellets, gas oil and Coal) from 

MJ to kg CO2 eq. is shown. 
 

Table 9. Emissions in kg CO2 eq./MJ for the energy sources wood pellets, gas oil and coal (Gode et al., 2011). 

Fuel kg CO2 eq./MJ 

Wood pellets 0.005 

Gas oil 0.072 

Coal 0.107 

 

3.5.2 Increase in energy use 
According to the producer (Lyckeby Starch AB) will the use of energy for the production of the 

food-grade potato protein most certainly be higher than the current production of the feed -grade 

potato protein (Johansson, 2020). The breeding process of the potato variety that will contain a 

food-grade potato protein was still ongoing during the conduction of this study. This made that 

the actual increase of energy use was still uncertain and only an estimation of the increase could 

be made. In this study, the estimated increase in energy use for the production of the food-grade 

potato protein was set on 10%. To get a better sense on what the energy use would have been when 

the increase of energy use was estimated differently, the energy use for an increase of 5% up to 

and until 40% was calculated. Table 10 shows the increased amount of energy use (in MJ) with 

increasing steps of 5%, compared with the current energy used to produce the feed -grade potato 

protein. 

 
Table 10.  Increase in energy use (MJ/FU) for the production of the food-grade potato protein (0% up to and 

until 40%) compared to the feed-grade potato protein 

 
Feed-grade Food-grade 

Increase energy use 

in percentage 
0% 5% 10% 15% 20% 25% 30% 35% 40% 

Energy use 

production (MJ/FU) 
13 13.7 14.3 15.0 15.6 16.3 16.9 17.6 18.2 
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4. Results 
In this chapter, the results on the studied impact categories global warming potential (GWP), 

eutrophication and land use and the conducted sensitivity analysis are shown. The results from the 

impact categories show both positive and negative numbers that represent emissions (in the case 

of global warming potential and eutrophication) or use of resources (in the case of land use) . The 

positive numbers refer to the emissions or use of resources that originate from the production 

and/or transport of the potato protein. The negative numbers refer to emissions and use of 

resources that are being reduced by using the potato protein as an ingredient in food products 

instead of the other protein sources. Both the positive and negative number together create the net 

value. In this study, the net value indicates if the use of the potato protein as an ingredient in the 

food products instead of the other protein sources will potentially increase (+) or reduce (-) the 

environmental impact.  

 

4.1 Global warming potential  
The global warming potential for the production and the transport of the potato protein is in total 

1 kg CO2 eq./FU. This number consists of the used energy during the production of the potato 

protein (1 kg CO2 eq./FU) and the transport of the potato protein to the factory of the food supplier  

(≈0 kg CO2 eq./FU). Figure 8 shows the effect on the global warming potential when the potato 

protein is used as an ingredient in the five identified food products (plant-based meat, wine, sauce, 

quiche and smoothie) instead of the other protein sources. In this study, the identified food 

products were used to create different scenarios: 

 

Scenario 1: When using the potato protein as an ingredient in plant-based meat it can potentially 

substitute the use of soybean protein, yellow pea protein, beef protein, pork protein or chicken 

protein as an ingredient. The net global warming potential when using the potato protein as an 

ingredient in plant-based meat varies from -97 (beef protein) to 0 (yellow pea protein) kg CO2 

eq./FU. 

 

Scenario 2: When using the potato protein as an ingredient in quiche or sauces it can potentially 

substitute the use of egg protein as an ingredient. The net global warming potential when using 

the potato protein as an ingredient in quiche or sauces is -12 kg CO2 eq./FU. 

 

Scenario 3: When using the potato protein as an ingredient in smoothies or in the process to 

produce wine it can potentially substitute the use of milk protein. The net global warming 

potential when using the potato protein as an ingredient in smoothies wine is -32 kg CO2 eq./FU. 
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Fig. 8. The global warming potential (kg CO2 eq./FU) when using the potato protein as an ingredient in the five 

food products instead of the other protein sources. The blue sections indicate which other proteins sources 

could be substituted. 

 

The results show that in the category global warming potential, substituting 1 kg beef protein by 

using 1 kg potato protein gives the most negative net value (-97 kg CO2 eq./FU). This means that 

using the potato protein as an ingredient in (plant-based) meat instead of beef protein has the most 

potential to reduce global warming potential. Substituting 1 kg yellow pea protein by using 1 kg 

potato protein gives a neutral net value (0 kg CO2 eq./FU). This means that using potato protein 

as an ingredient in using the potato protein as an ingredient in plant-based meat instead of yellow 

pea protein has the no potential to reduce global warming potential. 

 

4.2 Eutrophication 
The eutrophication potential for the production of the potato protein is 0 kg PO 4

3- eq./FU because, 

the potato juice, where the potato protein is made from, is a free resource released as a by-product 

of potato starch production. This means that the production process before the extraction of potato 
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juice was no part of the LCA. In the included steps in the LCA of the potato protein production, 

no extra substances contributing to the eutrophication potential were emitted. Figure 9 shows the 

effect on the eutrophication potential when the potato protein is used as an ingredient in the five 

identified food products (plant-based meat, wine, sauce, quiche and smoothie) instead of the other 

protein sources. In this study, the identified food products were used to create different scenarios:  

 

Scenario 1: When using the potato protein as an ingredient in plant-based meat it can potentially 

substitute the use of soybean protein, yellow pea protein, beef protein, pork protein or chicken 

protein as an ingredient. The net eutrophication potential when using the potato protein as an 

ingredient in plant-based meat varies from -0.30 (beef protein) to -0.02 (both for soybean protein 

and yellow pea protein) kg PO4
3- eq./FU. 

 

Scenario 2: When using the potato protein as an ingredient in quiche or sauces it can potentially 

substitute the use of egg protein as an ingredient. The net eutrophication potential when using the 

potato protein as an ingredient in quiche or sauces is -0.12 kg PO4
3- eq./FU. 

 

Scenario 3: When using the potato protein as an ingredient in smoothies or in the process to 

produce wine it can potentially substitute the use of milk protein. The eutrophication net potential 

when using the potato protein as an ingredient in smoothies or wine is -0.18 kg PO4
3- eq./FU. 

 

 
Fig. 9. Eutrophication potential (kg PO4

3- eq./FU) when using the potato protein as an ingredient in the five 

food products instead of the other protein sources. The blue sections indicate which other proteins sources 

could be substituted. 
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The results show that in the category eutrophication, substituting 1 kg beef protein by using 1 kg 

potato protein gives the most negative net value (-0.30 kg PO4
3- eq./FU). This means that using 

the potato protein as an ingredient in (plant-based) meat instead of beef protein has the most 

potential to reduce eutrophication. Substituting 1 kg soybean protein or 1 kg yellow pea protein 

by using 1 kg potato protein gives the least negative net value (-0.02 kg PO4
3- eq./FU). This means 

that using potato protein as an ingredient in using the potato protein as an ingredient in plant -

based meat instead of soybean protein or yellow pea protein has the least potential to reduce 

eutrophication. 

 

4.3 Land use 
Land use for the production of the potato protein is 0 m2/FU because, the potato juice, where the 

potato protein is made from, is a free resource released as a by-product of potato starch production. 

This means that the production process before the extraction of potato juice was no part of the 

LCA. In the included steps in the LCA of the potato protein production, no extra areas of land are 

used. Figure 10 shows the effect on land use when the potato protein is used as an ingredient in 

the five identified food products (plant-based meat, wine, sauce, quiche and smoothie) instead of 

the other protein sources. In this study, the identified food products were used to create different 

scenarios: 

 

Scenario 1: When using the potato protein as an ingredient in plant-based meat it can potentially 

substitute the use of soybean protein, yellow pea protein, beef protein, pork protein or chicken 

protein as an ingredient. The net land use when using the potato protein as an ingredient in plant-

based meat varies from -693 (beef protein) to -1 (soybean protein) m2/FU. 

 

Scenario 2: When using the potato protein as an ingredient in quiche or sauces it can potentially 

substitute the use of egg protein as an ingredient. The net land use when using the potato protein 

as an ingredient in quiche or sauces is -39 m2/FU. 

 

Scenario 3: When using the potato protein as an ingredient in smoothies or in the process to 

produce wine it can potentially substitute the use of milk protein. The net land use when using 

the potato protein as an ingredient in smoothies or wine is -57 m2/FU. 
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Fig. 10. The use of land (m2/FU) when using the potato protein as an ingredient in the five food products 

instead of the other protein sources. The blue sections indicate which other proteins sources could be 

substituted. 

The results show that in the category land use, substituting 1 kg beef protein by using 1 kg potato 

protein gives the most negative net value (-693 m2/FU). This means that using the potato protein 

as an ingredient in (plant-based) meat instead of beef protein has the most potential to reduce land 

use. Substituting 1 kg soybean protein by using 1 kg potato protein gives the least negative net 

value (-1 m2/FU). This means that using potato protein as an ingredient in using the potato protein 

as an ingredient in plant-based meat instead of soybean protein has the least potential to reduce 

land use. 
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4.3 Sensitivity analysis 
Uncertainties in the conducted LCA were mainly present in the energy used during the production 

process. To study the uncertainties regarding the energy use during the potato protein production 

a sensitivity analysis was conducted. The sensitivity analysis was executed to determine what the 

effect is on the global warming potential (1) if the type of energy source is changed and (2) if the 

increase of energy use (in %) to produce the food-grade potato protein instead of feed-grade potato 

protein is changed. Figure 11 shows for the global warming potential (kg CO2 eq./FU) for the 

three analysed energy sources (wood pellets, gas oil and coal) when the energy use for the 

production of a food-grade potato protein increases (in %) compared to the production of the feed-

grade potato protein.  

 

The current main energy source used for the production of potato protein is gas oil (Johansson, 

2020). The use of wood pellets as a renewable energy source shows a global warming potential of 

about a factor 14 times less compared to the use of gas oil as the main energy source. On the other 

hand, the use of coal as a fossil fuel shows a global warming potential of about a factor 1.5 higher 

compared to the use of gas oil (appendix B). 

 

A linear increase of global warming potential occurs as the energy use, to produce the food-grade 

potato protein instead of feed-grade potato protein, increases. When using wood pellets as the 

main energy source the increase in global warming potential from 0% to 40% was 0.02 kg CO2 

eq./FU. When using gas oil as the main energy source the increase in global warming potential 

from 0% to 40% was 0.37 kg CO2 eq./FU, and when using coal as the main energy source the 

increase in global warming potential from 0% to 40% was 0.56 kg CO2 eq./FU (appendix B). So, 

the lower the global warming potential of the energy source is, the slower the global warming 

potential rises with increased energy use.  

 

 
Fig. 11. The amount of kg CO2 eq./FU (GWP) for the three analysed energy sources (wood pellets, gas oil and 

coal) when the energy use for the production of a food-grade potato protein increases compared to the 

production of the feed-grade potato protein. 
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5. Discussion 
With the use of the new genome-editing technique CRISPR-Cas9, the quality of the potato proteins 

is improved to withstand the tough extraction process better. As a result, the potato protein can be 

used as protein for human consumption (food-grade), instead of animal consumption (feed-grade). 

The use of a food product for human consumption, instead of animal consumption is ranked higher 

on the Food Recovery Hierarchy which implies that less food is lost or wasted (USEPA, 2015). 

Although it is better to use a side-stream of a food product for animal feed instead to dispose it on 

a landfill, using any type of food for human consumption instead of animal consumption will 

always be a better and more efficient way of using food products what benefits the environment, 

society and economy (USEPA, 2015).  

 

Potato protein is produced from potato juice that occurs as a side-stream during the production of 

potato starch. Every starch potato contains approximately 2% potato protein. So, in the production 

of potato starch, the production of potato protein is relatively small. However,  since potato is a 

high yielding crop, the amount of protein per hectare is actually quite high if you compare it with 

soybean for example. In 2018, was the global yield approximately 21 ton/ha for potatoes versus a 

global yield of approximately 3 ton/ha for soybeans (Our World in Data, 2019). Besides, this study 

is only one example of how the use of a side-stream that occurs during the production or processing 

of food can be put to better use. There are many more side-streams that are lost or wasted during 

the production or processing of food all over the world. Side-streams that are often wasted during 

the production or the process of food are, for example, grape pomace during wine production, 

apple pomace during apple juice production and potato peels during fries production (Schieber, 

2017). There are numerous improvements to make in various kinds of food production or 

processing systems. Although some improvements seem insignificant on its own, all minor 

improvements together can have a significant impact on waste reduction in the food sector in 

general. From a technological point of view, obtaining valuable components from side-streams in 

significant quantities should not be a problem. There are already numerous conventional and new 

technologies developed for the processing of side-streams (Schieber, 2017). In conclusion, there 

is no reason not to start using more side-streams in a better way.  

 

Another advantage of making (better) use of an already existing side-stream is that the products 

made out of the side-stream can be considered as a free resource. This means that the production 

process before the extraction of the side-stream (in this study the potato juice) during the 

production of the main-stream (in this study the potato starch) is outside the system boundaries of 

the potato protein production. Thus, the environmental impact of producing the side-stream is only 

calculated from the moment the side-stream is separated from the main-stream. This means that 

most of the time producing a product from a side-stream has a lower impact on the environment 

than producing a virgin product. This study shows a clear example of this. From the three studied 

environmental impact categories in this study, the production of the potato protein from the potato 

juice only showed an effect on global warming potential. The results show in most cases a 

reduction of environmental impact when using the potato protein as an ingredient in the identified 

food products instead of the other protein sources.  

 

Results of the consequential Life Cycle Assessment (CLCA) show that, in general, there is a high 

potential to reduce environmental impact when substituting the animal protein sources beef, pork, 

chicken, egg and milk by the potato protein. On the other hand, the potential to reduce 

environmental impact is much lower when substituting the plant -based protein sources soybean 

and yellow pea by the potato protein. When using the potato protein as an ingredient in plant -

based meat instead of yellow pea protein, the global warming potential even showed a slightly 

positive net value. This means that the production of the potato protein has a slightly higher impact 

on the global warming potential, compared to the production of the yellow pea protein. Thus, from 

an environmental point of view, the most interesting food products to use the potato protein in as 

an ingredient are the food products where currently animal protein sources are used for. In 

particular, this applies to the substitution of beef protein by potato protein. This study shows that 



 28  
 

for all three environmental impact categories studied, the substitution of beef protein by potato 

protein gives the highest reduction of environmental impact. The result that the production of 

plant-based protein sources has a lower impact on the environment than the production of animal 

proteins is generally known. To yield 1 kg of high-quality animal protein, approximately 6 kg of 

plant protein is required (Pimentel and Pimentel, 2003). So, quite some (plant) protein gets “lost” 

in the livestock sector. Therefore, the direct human consumption of plant protein is 

environmentally more beneficial than indirect consumption via meat (de Boer et al., 2006). 

 

The production and transport of the potato protein showed a result of zero for both environmental 

impact categories eutrophication and land use. It can be argued that, in reality, for the production 

and transport of a product the land use can never be completely zero. During the production and 

transport of the potato protein space in the factory and on public roads are used. However, the 

factory and public roads are not only built for the production of potato protein. The factory and 

public roads will also be used for other purposes, which makes the data on land use will be so 

little that the date is neglectable.  

 

When the potato protein is continued to be used for animal feed, it will keep stimulating the 

livestock industry in some way. Therefore, making the potato protein side-stream available for 

human consumption will stimulate the ongoing protein shift from livestock to a more plant-based 

diet. However, when the potato protein is not used for animal feed, livestock farmers, that 

currently use the potato protein to feed their cattle, will most likely start to search for other 

available (plant) protein sources to feed to their animals. It is possible that the production of the 

protein source the farmers choose to use instead (e.g. soybeans, peas etc.) has a higher 

environmental impact than the production of the feed-grade potato protein. Besides, when the 

protein source the farmers choose to use instead was originally meant for human consumption, it 

will be considered as food loss (FAO, 2011).  

 

The final impact the production of the potato protein has on the environment is mainly affected 

by the energy used during production. The type of fuel used for the production of potato protein 

affects the environmental impact category global warming potential. Currently, gas oil is used as 

the main energy source during the production of potato protein from the potato juice. The results 

of the sensitivity analysis show, when using a renewable energy source like wood pellets as the 

main energy source, the global warming potential of the production of the potato protein becomes 

almost 14  times less than using gas oil. On the other hand, to get a better sense of the spectrum, 

when using coal as the main energy source the global warming potential of the production of the 

potato protein becomes almost 1.5 times more than using gas oil. So, the type of fuel (energy 

source) used for the production of a product has a large effect on the actual environmental impact 

of the production process. In addition, show the results of the sensitivity analysis that the lower 

the global warming potential of the energy source is, the slower the global warming potential rises 

with increased energy use. Which means, when wood pellets are used as the main energy source 

in the production of the food-grade potato protein, the increase of energy use does not change 

much on the total global warming potential created by the production.  

 

For the production of the potato protein, the genome-editing technique CRISPR-Cas9 is used to 

improve the protein stability in the starch potato to make the potato protein fit for human 

consumption. This study is an example of how improving plants with the help of new genome -

editing techniques like the CRISPR-Cas9 technique, can help to make the production and 

processing of food more sustainable. In Europe, currently, plants cultivated through new genome-

editing techniques like the CRISPR-Cas9 technique fall under the GMO directive. However, in 

Europe food products containing GMOs are virtually non-existent (Dannenberg et al., 2011). 

There are several reasons for this. Firstly, when a producer wants to put a crop that falls under the 

EU GMO directive on the market an environmental risk assessment has to be conducted. The 

process of the risk assessment and approval of putting the crop on the market wi ll cost the 

applicant a lot of time and money. This creates a high entry threshold to put GM product s on the 

European market (Abbott, 2015; Eriksson et al., 2020; European scientists, 2018; Jansson and 
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Sundström, 2016; Zimny et al., 2019). Secondly, the attitude of the majority of European 

consumers towards GMO produced crops is negative (Björnberg et al., 2015; Ceccoli and Hixon, 

2012). Most consumers in the EU value non-GM food higher than GM food (Dannenberg et al., 

2011). What kind of food products producers decide to put on the market is strongly dependent on 

consumer desires and demand. The majority of the retailers do not anticipate marketing GM 

products in the current situation, as the risk of a general non-acceptance from consumers remains 

too high (Björnberg et al., 2015; Edenbrandt, 2020). Thirdly, when the GM crop is approved, it is 

legally allowed to grow and sell the product on an industrial scale. However, when putting the 

GM product (GM content higher than 0.9%) on the market the product has to be GMO labelled 

(European Parliament and Council, 2003). With the current negative attitude towards GM products 

by the majority of the European consumers, products with GMO labelling that actually make it to 

the retail store have a high chance of not been picked because of the lower appreciation 

(Dannenberg et al., 2011). As a result, the chance of marketing a crop developed by new genome-

editing techniques like the CRISPR-Cas9 technique is almost impossible in the EU at the moment. 

Therefore, to make it possible to introduce a crop like the improved starch potato variety on the 

European market, the EU has to change their GMO policy and/or consumers have to change their 

attitudes towards GMOs (Björnberg et al., 2015; Dannenberg et al., 2011).  
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6. Conclusion 
Using the potato protein as an ingredient in a food product instead of other protein sources gives 

the potential to reduce environmental impact. Substituting animal protein sources showed the 

highest potential in the reduction of environmental impact. So, from an environmental point of 

view, the most interesting food products to use the potato protein in as  an ingredient are the food 

products where currently animal products are used in as a source of protein.  The new genome-

editing technique CRISPR-Cas9 makes it possible to improve the protein stability in the starch 

potato to make the potato protein fit for human consumption. When using the potato protein side-

stream for human food instead of animal feed less food is lost, the side -stream (free resource) is 

put to better use and it could stimulate the ongoing protein shift from livestock to a more plant -

based diet. This all makes the use of the potato protein more sustainable than the current use of 

the potato protein. However, currently, the food-grade potato protein will have to be labelled as 

GMO what makes it nearly impossible to put it on the European market as a food product. This 

study can serve as an example to show how new gene-editing techniques like the CRISPR-Cas9 

technique can actually help to improve food quality and make food production and consumption 

more sustainable.  
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Appendix 

 
Appendix A: 
 

Emissions in kg CO2 eq./MJ for the energy sources wood pellets, gas oil and coal (Gode et al., 2011). 

Fuel kg CO2 eq./MJ 

Wood pellets 0.005 

Gas oil 0.072 

Coal 0.107 

 

 

Appendix B:  
 

The kg CO2 eq./FU (GWP) for the energy sources wood pellets, gas oil and coal when the energy use for the 

production of a food-grade potato protein increases compared to the production of the feed-grade potato 

protein. 

 
Feed-grade Food-grade 

Increase energy use 

in percentage 
0% 5% 10% 15% 20% 25% 30% 35% 40% 

  kg CO2 eq./FU (GWP) 

Wood pellets 0.07 0.07 0.07 0.08 0.08 0.08 0.09 0.09 0.09 

Gas oil 0.94 0.98 1.03 1.08 1.12 1.17 1.22 1.26 1.31 

Coal 1.39 1.46 1.53 1.60 1.67 1.74 1.81 1.88 1.95 

 

 

 

 

 

 





 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


