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Global food production faces significant challenges owing to the growing population and 

limited resources including land and freshwater. Animal protein production consumes a 

major proportion of globally produced food resources, such as plant proteins, but accounts 

for only a small share of global protein intake. To maintain or improve future food 

security, alternative protein sources, such as insects and microbial proteins, have been 

proposed as a part of the solution. However, decision makers do not currently know 

whether alternative protein sources can enhance food security with minimal 

environmental impacts as quantitative evidence remains insufficient to form a reliable 

consensus. 

This thesis investigates the environmental impacts of several insect and microbial 

proteins in comparison to animal- and plant-based proteins. The investigated impact 

categories were related to greenhouse gas emissions, eutrophication, land use, and water 

use, and the studied protein sources were crickets, mealworms, flies, proteins derived 

from beekeeping, and microbial proteins from hydrogen oxidising bacteria. In addition, a 

novel approach to evaluating the added value of beekeeping was investigated. 

The results show that insect and microbial proteins can reduce greenhouse gas emissions 

compared to animal- and plant-based proteins. Excluding systemic benefits including 

added value from pollination services and biofertiliser production derived from waste 

management process, the best practices of insect and microbial protein production are 

estimated to generate 82% and 87% lower emissions than poultry production best 

practices, respectively. Compared to soybean, insect protein production generated 23% 

higher and microbial protein approximately 9% lower emissions. By replacing the most 

harmful animal- and plant-based protein production practices with insect and microbial 

proteins, significant emissions reductions could be achieved. When possible systemic 

benefits are also considered, the achieved benefits could outpace the emissions caused by 

production. Similar benefits exist for eutrophication as well as water and land-use 

impacts. 

Boundary conditions exist for the sustainable use of the investigated insect and microbial 

proteins. Depending on the energy source, species, production practices, feed sources, 

and production locations, the investigated proteins could have greater adverse 

environmental impacts than plant or animal proteins. For instance, cricket production 

with a low share of renewable energy was found to have larger climate impacts than 



broiler or swine production in colder regions. However, in most cases, use of the 

investigated proteins as a direct food source is more sustainable than the use of animal 

proteins. Compared to plant proteins, less greenhouse gas emissions are possible when 

non-fossil energy sources are used, and it is recommended that side-streams are used as 

a feed in insect production as well as a high share of renewable and/or production is 

adopted in suitable geographical locations for the produced insect species. For the other 

impact categories, microbial protein production was less affected by boundary conditions, 

and for insect proteins, similar boundary condition effects were observed as in the case 

of greenhouse gas emissions. 

If environmentally sustainable insect and microbial proteins are used to substitute the 

most harmful practices in current protein production, the saved resources, such as land, 

could be used for climate mitigation purposes or to improve biodiversity. Furthermore, 

pollination services can outpace the environmental impacts of beekeeping; thus, the 

implementation of pollination services to benefit crop production can improve food 

security without negative impacts and extra resource use. Finally, although this research 

focussed on several possible alternative protein sources and production pathways, many 

alternatives deserve further research. 

Keywords: alternative proteins, food system, insects, microbial proteins, life cycle 

assessment, sustainability
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1 Introduction 

This chapter describes the motivation and background of this thesis. The overall content 

relates to the challenges of sustainable food security and possible solutions to these 

challenges, with a focus on insects and microbial proteins as alternative protein sources. 

The human population is projected to reach near10 billion by 2050 and stabilise during 

the next century (UN 2019). According to Tilman et al. (2011), 110% more crop protein 

will have to be produced in 2050 compared to 2005 to sustain this increasing population. 

Similarly, Cole et al. (2018) showed that 70% more food calories must be available for 

human consumption by 2050 compared to 2010. Therefore, maintaining food security for 

a rapidly growing human population poses considerable challenges for the availability of 

resources including arable land area and freshwater, which are already limited 

(AQUASTAT 2016; FAO 2017; Ramankutty et al. 2008, 2018). The overuse of 

agricultural pesticides and herbicides, eutrophication, and groundwater salinisation due 

to the runoff of nutrients also have negative environmental impacts that can negatively 

affect the food production. In addition, approximately 24% of global greenhouse gas 

(GHG) emissions are released into the atmosphere by the agriculture, forestry, and other 

land use (AFOLU) sectors (IPCC 2014). These challenges are alarming, especially 

because many unsustainable agricultural practices are self-enhancing. For instance, 

climate change can have a negative impact on crop yields, which requires a larger land 

area for crop production, which further enhances GHG emissions from the AFOLU 

sectors (FAO 2017; Tubiello et al. 2014). 

Planetary boundaries (PBs) represent safe operational spaces for Earth systems in which 

humanity can sustainably operate. Currently, six of the nine studied PBs have already 

crossed safe operation spaces because of agricultural practices; freshwater use, land-

system change, and functional diversity have moved from safe operational spaces to areas 

of uncertainty, which means increasing risks for future generations; and safe operational 

spaces have exceeded uncertainty in the case of nitrogen, phosphorus, and genetic 

diversity. If these boundaries are crossed, human existence could be endangered in the 

long term. Thus, the influence of agriculture on PBs is significant (Figure 1). (Campbell 

et al. 2017; Rockström et al. 2009a, 2009b; Steffen et al. 2015.) Based on these 

assessments, the need to make today’s food sector more environmentally sustainable is 

clear. 
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Figure 1. The impact of agriculture on planetary boundaries (reproduced from Campbell et al. 

2017) 

 

It may not be necessary for humanity to produce more food in the future, however. Indeed, 

the agricultural sector produced sufficient food for over 10 billion people in 2013. Rather, 

the challenge is that food is not evenly distributed and requires dietary changes. (e.g., 

Barret 2010; Berners-Lee et al. 2018.) The possibility of reducing meat use (e.g., 

Springmann et al. 2018; Stehfest et al. 2009; Westhoek et al. 2014), reducing food waste 

(e.g., Grizzetti et al. 2013; Scherhaufer et al. 2018), and favouring sustainable (i.e., 

organic) food production (e.g., Lacour et al. 2018) can considerably improve future food 

security. However, all of these measures require changes in consumption habits, 

especially at the global level (e.g., de Boer et al. 2017; Reynolds et al. 2019; Tobler et al. 

2011). 

Although it is possible to feed the increasing human population without additional food 

production, current consumption trends do not favour this option. For example, the 

uneven distribution of nutrition (Imamura et al. 2015) and the increasing living standards 
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and human populations around the globe have resulted in more intensive meat 

consumption and food production (e.g., Sans & Combris 2015; Vranken et al. 2014). For 

instance, due to recent economic growth in Asia, diets have shifted towards Western diets 

containing an increasing number of dairy and livestock products (e.g., Pingali 2007). It 

has been estimated that increasing demand for meat could increase by 75% by 2050 

compared to 2007 demands (Alexandratos & Bruinsma 2012), and the shift towards more 

protein-intensive diets places additional stress to the environment (e.g., Henchion et al. 

2017; Nijdam et al. 2012; Tilman et al. 2011). Springmann et al. (2018) estimated that 

the environmental impacts of food systems could increase by 50–90% by 2050 if no 

mitigation measures are implemented. Feeding increasing livestock and human 

populations without increasing pressure on global ecosystems is a major challenge. For 

instance, Bilali et al. (2018) argue that it is not sufficient to make food production more 

environmentally sustainable because the transition should improve both future food 

security and environmental sustainability. Due to these issues, it can be argued that more 

resources need to be produced from fewer resources; more food is required to meet the 

increasing demand while fewer resources must be consumed to reduce the environmental 

burden of agriculture. 

There are already measures to hasten the transition toward sustainable food systems. For 

example, the European Commission (2020) recently published new Common 

Agricultural Policy (CAP) proposals, which outlines nine key objectives including social, 

environmental, and food security related issues. Decreasing the use of pesticides and 

herbicides, and increasing organic farming practices, are examples of concrete actions in 

the CAP, demonstrating an existing trend and the political will for establishing more 

sustainable food systems. However, previous CAP policies have criticised the lack of 

strong action toward a sustainable food system transition. For example, a small amount 

of funding is available to support climate-friendly and biodiverse faring regions, and the 

CAP has ineffective monitoring indicators (e.g., Scown & Nicholas 2020; Scown et al. 

2020; Pe’er & Lakner 2020). The same kind of criticism of inefficient action towards 

sustainable food systems has been described in the current version of the CAP (Pe’er et 

al. 2020). 

Campbell et al. (2016) argue future food security challenges are so great and already well 

known that the research culture should become more action-oriented, focus on identifying 

climate-smart options, address social inequality, and address mitigation challenges. 

Furthermore, food systems are global and, therefore, environmental sustainability should 

be considered globally. For instance, livestock production in the European Union (EU) 

uses imported soy from South America (e.g., Boerema et al. 2016), a portion of which is 

produced non-sustainably. This includes unsustainable soil management, which can result 

in nutrient-poor soils and deforestation (e.g., Barona et al. 2010; Fearnside 2001). For 

these reasons, to reduce the environmental impact of livestock production in the EU, 

either unsustainable soybean products need to be switched to alternative feed sources or 

soybean production practices need to be made more environmentally sustainable. 
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When planning environmentally sustainable food systems, one crucial question is how to 

measure the environmental sustainability of food products, as foods have different 

nutritional value (e.g., Grigoriadis et al. 2021: Saarinen et al. 2017). When measuring the 

environmental impacts of different diets, different nutritional qualities can influence the 

results (van Kernebeek et al. 2014). One approach is to measure environmental impacts 

based on protein production, as proteins are essential nutrients that we need in our daily 

lives (Diaz-Bonilla et al. 2000), and high-quality protein production causes major 

environmental impacts mainly due to animal-based production (e.g., Nijdam et al. 2012). 

For instance, livestock production uses approximately 65% of agricultural land and is 

responsible for 81% of agricultural GHG emissions in the EU (Leip et al. 2015). 

Excluding fibre, rubber, and tobacco production, approximately 43% of Earth’s ice-free 

and desert-free land is used for agricultural purposes (Poore & Nemecek 2018). In 

addition to food production, arable land presents potential conflicts with the forest 

industry, carbon stock conservation, and biodiversity conservation (e.g., Foley et al. 2005; 

Ramankutty et al. 2018; Gibbs et al. 2007). Animal production is a major user of land 

resources, accounting for approximately 83% of the world’s farmland. In addition to land 

use (LU), livestock production contributes 56–58% of other food-related emissions (i.e., 

from GHG emissions and LU), although it provides 37% of the global protein intake and 

18% of the calorie intake (Poore & Nemecek 2018). 

When environmental sustainability is evaluated, impacts related to LU and/or LU change 

are diverse. Deforestation, especially of rainforests, is one of the most important factors 

affecting carbon bound in biomass (e.g., Baccini et al. 2017). It also reduces biodiversity 

(Newbold et al. 2015) as well as nutrients via soil erosion (e.g., Templer et al. 2005). 

Furthermore, LU practices can reduce the quality of water systems through nutrient runoff 

or the over-exploitation of natural water resources (e.g., Hanjra & Qureshi 2010; Hooda 

et al. 2000). In addition, the impacts of LU change are, in many cases, interactive. For 

instance, carbon sink reduction through deforestation can enhance climate change, which 

can facilitate LU change by increasing desertification (Sivakumar 2007). However, LU 

changes can be positive. For example, if land is managed in a sustainable manner, the 

health of local ecosystems can be improved (e.g., Tuck et al. 2013) and/or the capacity of 

the land to act as a carbon sink increases (Betts 2000). However, the overall global trend 

of LU impacts on the environment is negative, mainly due to intense agricultural practices 

(Foley et al. 2005). Therefore, when designing a sustainable food system, it can be argued 

that reducing the amount of land required for food production is an essential indicator. 

There are many ways to reduce the environmental burden of high-quality protein 

production. Novel technologies and production practices, such as cultured meat (e.g., 

Tuomisto & de Mattos 2011) or using old sustainable practices, such as agroforestry (e.g., 

de Jalón et al. 2018; Smith et al. 2013) are examples of how to increase production with 

fewer resources. Alternative protein sources, such as protein-rich microbial-based 

biomasses called microbial proteins (MPs) and edible insects are also considered potential 

low-LU protein sources, which could be used to improve food security and environmental 

sustainability (e.g., Benemann 2013; Srividya et al. 2014; Tredici 2015;  van Huis et al. 
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2013; Volova & Barashkov 2010) MPs and insect-based proteins can be a substitute for 

conventional protein sources for food or feed purposes, having fewer environmental 

impacts by, for example, requiring less land than traditional protein sources (e.g., Pikaar 

et al. 2018; van Huis & Oonincx 2017). 

Currently, approximately 2 billion people use insects as a food source (Govorushko 2019) 

and there are more than 1,900 edible insects (van Huis, 2013). It has been predicted that 

the market for edible insects will surpass 710 million US dollars by 2024 (Baiano 2020). 

However, the use of insects is uncommon in Western countries. Recently, the European 

commission officially allowed the use of mealworms as a foodstuff in member states of 

EU (2021/882). In the case of other insect species, EU member states set separate 

permissions and restrictions under the Novel Foods Regulations (2015/2283). Some 

member states permit the use of certain insect species, such as house crickets and black 

soldier fly broods, although the regulation of insect use as food and feed in the EU remains 

unclear. For examples, although insects can use almost all kinds of organic biomass as a 

food source, most organic waste is not legally recognised as a feed source. Indeed, when 

using waste as a feed source, there are risks related to safety and hygiene (e.g., 

Lähteenmäki-Uutela & Grmelová 2016; van der Spiegel et al. 2013). At the same time, it 

has been shown that, for example, black soldier flies can reduce the pathogen content of 

some wastes when used as a feed source (Awasthi et al. 2020). 

Despite these challenges, there is a growing interest in insect foods in Western countries. 

One reason for this is their well-balanced nutritional characteristics, such as the black 

soldier fly (Hermetia illucens) (Barragan-Fonseca et al. 2017), mealworms (Tenebrio 

molitor) (Nergui et al. 2012), house crickets (Acheta domesticus) (Udomsil et al. 2019) and 

honeybee broods (Apis mellifera) (Finke 2005). For example, based on dry weight, house 

crickets have a protein content of 60–70% with 10–23% of lipids containing omega-3 

fatty acids (Udomsil et al. 2019). The nutritional content of the larvae of black soldier 

flies, which can be used as feed sources, also have a high protein (37–36%) and fatty acid 

(7–39%) content based on dry weight (Barragan-Fonseca et al. 2017). 

Many insects can be produced industrially, such as house crickets (e.g., Halloran et al. 

2016), mealworms (e.g., Macombe et al. 2019), and black soldier flies (Tomberlin & van 

Huis 2020). Importantly, industrial-scale insect production is thought to be an 

environmentally sustainable alternative to livestock production. For example, insects 

typically require fewer feed resources, grow faster, and require less space, e.g., facilities, 

for growth than conventional livestock production. One reason for the low feed 

conversion ratio (FCR), the ratio of how efficiently the bodies of livestock can convert 

the feed into product, and low resource use of insects is that they are cold-blooded (van 

Huis et al. 2013; van Huis 2013). In addition, as a natural food for many animals, insects 

can be used as fodder, including for fish and poultry. It has been shown, for example, that 

insects could partly replace all the soymeal used in animal feed without influencing the 

FCR value or nutritional value of the animal (e.g., Bovera et al. 2015; Khusro et al. 2012; 

Józefiak et al. 2016; Makkar et al. 2014). 
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When considering the growth rates of insects, crickets can grow from the egg phase to 

harvest-ready products in as little as 6–7 weeks when growing conditions are optimal 

(Clifford & Woodring 1990). In contrast, swine farming requires approximately six 

months. However, broiler production requires approximately the same time as cricket 

production depending on the species used. In term of growing space, it has been estimated 

that for house crickets, a minimum area of 2.5 cm2 per a cricket is required (Patton 1978), 

and for mealworms, as little as 0.2 cm2 per a mealworm is required (e.g., Thévenot et al. 

2018). For broiler production, growing conditions vary depending on the practices used, 

but stocking densities of over 16 birds per m2 suppress opportunities for behavioural 

expression (Bokkers et al. 2011), although higher stocking densities are common (de 

Jonge van Trijp 2013). For pigs, a space requirement of 1.2 m2 per pig is considered 

optimal for animal welfare and building utilisation (Fu et al. 2016). Thus, the mass rearing 

of insects requires significantly less space and same or less amount of time than 

conventional animal production. 

Due to recent interest in industrial-scale insect production in Western countries, studies 

evaluating the environmental impacts of insect production have increased including life 

cycle assessment (LCA) studies on black soldier fly production (e.g., Bava et al. 2019), 

mealworm production (e.g., Thévenot et al. 2018) and house cricket production (e.g., 

Suckling et al. 2020). Typically, insects require less land and fewer water resources than 

animal-based protein production systems (e.g., Sánchez-Muros et al. 2014; Salomone et 

al. 2017). In addition, they can be used as a part of the circular food waste and manure 

compositing (e.g., Salomone et al. 2017; Xiao et al. 2018). Salomone et al. (2017) argued 

that most of the benefits of insect production are related to their low LU needs, while the 

estimation of global warming potential (GWP) is still affected by many uncertainties. 

Furthermore, the environmental suitability of insects for feed purposes is unclear 

compared to their use as a human foodstuff. For example, some LCA studies have shown 

that insect production can have a higher GWP than soybean production (e.g., Thévenot et 

al. 2018). In contrast, some insect species and production pathways can provide 

sustainable low-GWP feed sources (e.g., Smetana et al. 2019). Currently, different 

production processes and the influence of insect species on environmental impacts are 

not known (e.g., Knudsen et al. 2016; van Huis & Oonincx 2017). Therefore, there is a 

need for a greater understanding of the GWP of industrial-scale insect production. 

Some insect species can be harvested from nature, such as tarantulas (Theraphosidae) 

(van Huis 2016; Ramos-Elorduy 2008), or can indirectly benefit food systems, such as 

honeybees (Apis mellifera) via pollination services (e.g., Lindström et al. 2016). 

Pollinators are essential for global food systems; it has been estimated that approximately 

35% of crops are dependent on pollinators (Klein et al. 2007). This is problematic given 

declining pollinator populations around the globe (e.g., Lebuhn et al. 2013; Potts et al. 

2010) in association with pesticide use (Brittain et al. 2014), LU change (Hendrickx et al. 

2007; Rader et al. 2014), pollution (Rortais et al. 2005), and decreased resource diversity 

(Biesmeijer et al. 2006). Pollination is also economically important; the global value of 

pollination was estimated at 153 billion in 2005 (Gallai et al. 2009). However, many LCA 

studies focussing on honey production do not include the avoided impacts of pollination 
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services (e.g., Mujica et al. 2016; Kendall et al. 2013). In addition, beekeeping with A. 

mellifera can provide products other than honey and pollination services, such as 

honeybee drone broods (DB) and pollen, which are protein-rich (Finke 2005; Lecocq et 

al. 2018; Jensen et al. 2016; Komisinska-Vassev et al. 2015).  

MPs can be divided into three categories—bacteria, yeast, and algae (Srividya et al. 

2014). Of these, the biomass doubling time of bacterial MPs is shortest, with the typical 

doubling times of all three types being 20–120 min (Litchfield 1989), 1–3 h, and 2–6 h, 

respectively (Anupama & Ravindra 2000; Upadhaya et al. 2016). In contrast, the biomass 

doubling time for soybean is 1–2 weeks (Øverland 2012) and 2–4 weeks for chickens 

(Day 2013). In addition, MPs can be produced using a range of media, they grow quickly, 

and use a low amount of resources (including land requirements) compared to 

conventional protein production (e.g., Pikaar et al. 2018; Upadhaya et al. 2016). 

Furthermore, MPs typically have well-balanced essential amino acid content and high-

quality lipids. Some MPs are already used for commercially, especially for feed purposes, 

but also as human food (Ritala et al. 2017). For example, the cyanobacterial biomass 

Spirulina (Arthrospira spp.) is high in protein (60–70% dry weight), vitamins, and 

omega-3 fatty acids. Spirulina is used in cosmetics and as a food ingredient (e.g., Soni et 

al. 2017). The yeast QuornTM is a protein source (12.2% protein dry weight) that has been 

successfully commercialised for food (e.g., Trinci 1992). Bacteria-based protein (71% 

protein dry weight) can be produced via methanotrophy on industrial-scale for feed 

purposes (e.g., Cumberlege et al. 2016). Due to the beneficial aspects of MPs and limited 

resources regarding conventional protein production, their use as food and feed is 

expected to increase in the future (e.g., Jones et al. 2020; Torres-Tiji et al. 2020). 

However, the current use of MPs as food or feed sources remains relatively limited (e.g., 

Ritala et al. 2017). 

Many MP production pathways have been identified. For example, in Finland, two 

factories produced protein-rich yeast using the Peliko process between 1982 and 1991 

primarily for feed purposes, although it was also investigated as a foodstuff (Koivurinta 

et al. 1976). Technologies have since matured, and current energy systems use an 

increasing number of renewables that can further decrease the environmental impacts of 

MP sources. Despite the growing interest in the use of MPs, partly, due to low resource 

requirements (Ritala et al. 2017), only a few studies have evaluated their environmental 

impacts (e.g., Knudsen et al. 2016; Matassa et al. 2016). For instance, it has been shown 

that Mycoprotein (QuornTM) is not an efficient protein source compared to plant-based 

protein, but it is more efficient protein source than animal-based protein, when 

environmental impacts are evaluated (Filho et al. 2019). In addition, it has been shown 

that bacteria-based protein production with multiple production pathways can be an 

environmentally sustainable alternative source of protein even compared to plant-based 

proteins, but there are exceptions (e.g., Pikaar et al. 2018). Because of the uncertainties 

regarding whether MP sources are environmentally sustainable alternatives, quantitative 

evaluation is essential. In particular, they are marketed as a low-resource protein source.  
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In addition to a lack of knowledge on the environmental impacts of alternative protein 

sources, there are many technological pathways with poorly known impacts. For example, 

it is possible to produce bacterial biomass using water electrolysis and hydrogen oxidising 

bacteria (HOB), e.g., Cupriavidus necator (Schlegel & Latterty 1965). Despite this 

technology being well established, there is significant potential for integrating the 

approach with renewable energy use and carbon capture via direct air capture (DAC) 

technologies (Jones 2011). Indeed, water electrolysis driven by renewable energy is 

considered a ‘Power-to-X’ (PtX) solution (e.g., Daiyan et al. 2020) and, therefore, 

protein-rich bacterial biomass production using renewable energy and water electrolysis 

could be considered a ‘power-to-food’ (PtF) application. There are numerous 

technological solutions for PtX applications, which may have a wide range of impacts 

(both good and bad) compared to their alternatives (e.g., Sternberg & Bardow 2015; 

Uusitalo et al. 2017; Zhang et al. 2017). For these reasons, understanding the key factors 

affecting the environmental sustainability of PtF applications is essential. 

Overall, insects and MPs are promising low-resource-use, high-quality protein sources 

for lowering the environmental burden of the agricultural sector, especially with respect 

to LU related impacts (Matassa et al. 2016; Salomone et al. 2017). By substituting 

conventional proteins with these alternative protein sources, it is possible to achieve 

major environmental benefits. For instance, Pikaar et al. (2018) simulated the potential 

substitution of feed sources with MP derived from HOB and its environmental benefits 

using the MagPie 2 model. As HOB-based MPs cannot efficiently replace all nutritional 

aspects of conventional feeds, such as fatty acids, not all feed sources were replaced in 

their model. Their simulations showed that it is possible to avoid 109 million ha of 

croplands, 40 Gt of avoided CO2 equivalent (CO2-eq), and 10 Tg of avoided nitrogen 

pollution. However, the model did not consider different technological designs for PtF 

applications. In addition, it is possible that some alternative protein sources are more 

harmful to environment than animal proteins. It has been shown, for example, that cricket 

production can have a higher GWP than poultry and pork production (e.g., Nijdam et al. 

2012; Suckling et al. 2020). Given the knowledge gaps relating to the different 

environmental impacts and sustainability of alternative protein sources, the full potential 

and boundary conditions for the sustainable use of alternative proteins remains unknown. 

Further research is, therefore, urgently needed to address these gaps.

 

1.1 Research objectives 

The overall aim of this thesis is to quantitatively investigate the environmental impacts 

of alternative protein sources and protein production pathways in comparison to 

conventional protein sources. 

The order of the studied alternative protein sources was based on their arable LU 

requirements. First, industrial insect protein sources, such as crickets, flies, and 

mealworms, which require direct or indirect arable land, were studied. Focus is then 
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placed on whether beekeeping can provide added value to conventional protein 

production by reducing arable land requirements and whether DB can be a sustainable 

insect-based protein source. The final part of the research focuses on HOB-based MPs, 

which can be produced without any arable land requirements. 

The studied protein production systems include multiple insect-based protein sources and 

novel production pathways for bacteria-based MPs using HOB. The first goal was to 

investigate the GWP of several insect species and determine the kinds of added value 

pollinators can provide for food systems. When investigating the environmental impacts 

of pollinators, a novel, systemic approach was developed as this has not been previously 

investigated. The second goal was to estimate whether state-of-the-art HOB-based protein 

production can produce proteins with minimal environmental impacts using renewable 

energy and CO2 from air, and to investigate how different technological solutions affect 

the environmental sustainability of PtF applications.  

The following specific research questions were formulated: 

• Are low-LU insect protein and HOB-based MP production climate-friendly 

alternatives compared to conventional proteins? 

• What other possible environmental impact benefits could be delivered through 

HOB-based MP and insect proteins? 

• What are the boundary conditions for the sustainable use of HOB-based MPs and 

insect proteins? 

1.2 Scope of the study 

In this thesis, the environmental sustainability of alternative protein sources and their 

arable land-use requirements are considered separately. The estimations are performed 

using a quantitative literature review, LCA, and integrated LCA and PB approaches, in 

which the results from LCA are normalised to PB criteria. Two articles with a quantitative 

literature review (I and III) and two LCA articles (II and IV) are presented, from which 

the integrated LCA and PB approach is applied (II). Overall, this thesis comprises four 

scientific, peer-reviewed articles: Publication I compares the GHG emissions of insect 

production pathways to currently used common protein sources, such as soybean as feed 

and broiler meat as food; Publication II researches the added value of beekeeping through 

pollination on food production, and the impact of different methodological approaches 

for sustainability. These impacts are also related to GHG emissions, and water and LU, 

in Publication II; Publication III reviews whether HOB production systems with DAC 

and in situ water electrolysis using renewables is a feasible pathway for MP production 

with respect to direct land and water use; and Publication IV modelled the impacts of 
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different PtF production pathways with respect to GHG emissions, water and LU, and 

nutrient use. 

Publication I compared the GHG emissions of different insect species and production 

pathways to soymeal and broiler based on peer-reviewed articles. The aim was to 

investigate whether European consumers can trust that food produced by insects can 

lower GWP compared to typical protein sources. In these studies, insects were used as 

either feed or food; in the case of feed, insects replaced soymeal in the feed during broiler 

production; when used as food, insects were compared to broiler production. In addition, 

the insect production pathways were divided into two categories depending on how the 

feeding material for insects is produced, i.e., insects produced using industrial composite 

feed and insects produced using side-streams of, for example, the food industry. A 

sensitivity analysis was also performed to identify the key factors affecting the GHG 

emissions from insect production. 

Publication II investigated the impacts related to GHG emissions, and land and water use, 

of beekeeping by considering the added value of pollination services and possible co-

products. These impacts were modelled using two different approaches. The first 

approach compared two systems—a food system with beekeeping and a food system 

without beekeeping. The first approach used consequential LCA to determine whether 

the products and services of beekeeping have less impact than a food system producing 

the same amount of substitutable food products. The impacts were then modified to 

represent PB criteria to determine the extent to which beekeeping systems have a negative 

or positive impact on PBs. The second approach evaluated the investigated impact on the 

product and service basis with different economic allocation methods. 

Publication III investigated the potential reduction of land and water use based on a 

quantitative literature review of bacterial biomass production using renewable wind and 

solar energy, in situ water electrolysis, HOB, DAC, and post-processes for biomass 

cultivation. The article identified the key processes of protein-rich bacterial-based protein 

production using the above-mentioned production approach, and combined energy and 

material flows of state-of-the-art technologies. The results were then compared to a 

widely used protein source with similar qualities to determine whether the application has 

potential to minimise the impact of protein production on land and water use. 

Publication IV studied the potential impacts related to LU, GHG emissions, water use, 

and nutrient use of different power-to-food approaches using attributional LCA. The 

base-case setup consisted of in situ water electrolysis, DAC, post-processes, heat pumps, 

and electricity produced via solar photovoltaics in Finland. The LCA study compared 

different electricity sources in different geographical locations and different technological 

choices to the impacts of the base case to identify the best technological solutions. After 

the best set-ups were identified for each impact category, their impacts were then 

compared to those of other MPs and conventional protein sources. 
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Together, the publications comprising this thesis investigated the multiple environmental 

impacts of alternative protein sources using several different approaches, as summarised 

in Table 1. 

Table 1. Key characteristics of peer-reviewed publications comprising this thesis. 

 I II III IV 

Protein source     

Insects x x   

MP   x x 

 
    

Environmental impacts     

Land use (x)* x x x 

Water use  x x x 

Eutrophication potential    x 

GWP x x  x 

 
    

Method     

Quantitative literature review 
LCA 

x  x  

Attributional-LCA  x  x 

Consequential-LCA  x   

LCA-PB  x   

 
    

Number of protein production 
pathways 

    

Several x x  x 

One    x  

*GWP derived from land use change considered 

Publication I reviewed possible environmental impacts from the perspective of European 

consumers; Publications II and IV considered the environmental impacts of production 

processes in Finland; and publication IV also included an impact evaluation for different 

latitudes in the EU. Publication III focussed on the used technology and its possible 

impacts in the U.S., which has a relatively high share of wind and solar energy production 

and is also a major soybean producer. The studied technologies are able to produce 

protein-rich biomass with a comparable quality to protein from soybeans using energy-

intensive production processes. All of the studied impacts can be applied to alternative 

geographical locations if country-specific information is used in modelling. 

The four publications focussed on different production pathways, products and services, 

and employed different methods; however, Publications I, II, and IV all adopt a cradle-

to-gate perspective and used LCA to investigate environmental impacts. Although 

Publication I is a quantitative literature review, it focussed on peer-reviewed insect-

related LCA studies that adopted a cradle-to-gate approach. In contrast to the other 
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publications, Publication III examined the potential of novel technologies for producing 

protein-rich biomass. In this case, potential was evaluated with two indicators—the direct 

impacts of land and water use. For this reason, Publication III did not assess life-time 

impacts. 

1.3 Structure of the thesis 

The four publications comprising this thesis are included at the end of this document. The 

rest of the thesis is structures as five chapters, as follows: 

Chapter 1. The background, research objectives, questions, and description of the thesis 

are presented in the introduction. 

Chapter 2. The methods used, materials, and case descriptions related to the publications 

are presented in this chapter. This chapter describes the key aspects of LCA, quantitative 

literature review, and a combination of LCA and PB approaches, and how they can be 

used to evaluate the environmental impacts of the studied alternative protein sources. In 

addition, this chapter describes how the environmental impacts of different protein 

sources were compared. 

Chapter 3. This chapter describes the results of the research. 

Chapter 4. The discussion chapter discusses the validity and generalisability of the 

results, interpretations, and implications; the possible limitations; and future research 

needs. 

Chapter 5. This chapter outlines the main conclusions of the research and lessons learnt. 
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2 Methods and case descriptions 

In this chapter, the methods used to evaluate the environmental feasibility of alternative 

protein sources are presented. The main methods used are LCA and quantitative literature 

review. LCA as a method is explained in more detail, as it is at the core of three 

publications. In addition, the use of these different methodologies in the agricultural 

sector is briefly reviewed. The data collection and data quality of each publication are 

also described. 

2.1 Life cycle assessment 

There are many different methodologies for evaluating environmental impacts. For 

example, the most commonly used methodologies for LU impacts are LCA, material flow 

analysis/input-output analysis, environmental impact assessment, and ecological 

footprint analysis (Perminova et al. 2016). There are also many different methodologies 

for water resource use assessment, such as water productivity and water footprint 

evaluation (Ran et al. 2016). In this thesis, LCA is used as one of the main tools for 

evaluating different environmental impacts. 

One of the best tools or methods for quantitative and scientific evaluation of the lifetime 

environmental impacts of a product or service is LCA (Bjørn et al. 2018a). LCA was 

developed in the 1960s when degradation of the environment and limited access to 

resources became more evident. The early-stage methods were called ‘Resource and 

Environmental Profile Analysis’ or ‘Ecobalances’, until LCA became a norm in the 

1990s. Gradually, LCA has undergone many methodological developments and has been 

accepted as an internationally recognised method; LCA is standardised by the 

International Organization of Standardization (ISO) via ISO 14040 and ISO 14044, which 

address the principles and framework of LCA (Bjørn et al. 2018b.) The following 

subchapters describes the key elements of LCA as a method. 

2.1.1 ISO 14040 and ISO 14044 and the Greenhouse Gas Protocol 

The framework and principles of LCA are presented in the ISO 14040 standard. This 

standard presents the scope, methods, terminology, and critical evaluation needs when 

conducting a LCA. LCA is an iterative method; for instance, i.e., the goal and scope of 

an assessment affect the results, which can iteratively affect the goal and scope. For this 

reason, each step in a LCA should be evaluated carefully to obtain reliable and valid 

results (ISO 14040). The main steps of a LCA are shown in Figure 2. 
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Setting goals 
and scopes

Inventory 
analysis

Impact 
assessment

Analysing the 
results

Main characters of LCA

Applications:
Improving products;
Strategic planning;
Political decision 

making;
Marketing...

 

Figure 2. Main steps of LCA (ISO 14040) 

 

The ISO 14040 standard provides the framework but does not provide detailed guidelines. 

For instance, there is a need to know how to set LCA goals and scope, how to perform 

reliable life cycle inventory analysis, how to undertake reliable impact assessment, and 

how to report the findings. Additional information on these topics is provided by ISO 

14044. Thus, ISO 14040 and ISO 14044 function as cornerstones for conducting a reliable 

LCA study. However, because of the iterative and relative nature of the method, the 

standards are open to some interpretation (Curran 2013). Indeed, different LCA 

guidelines are available for different contexts. For example, the Greenhouse Gas Protocol 

(2010) is an international accounting tool for companies and governments that has been 

implemented by multi-stakeholder partnerships with the help of the World Resource 

Institute and the World Business Council for Sustainable Development. This is one of the 

most used GHG accounting standards. The protocol provides guidelines for data 

collection, boundary setting, allocation, uncertainty evaluation, calculation of inventory 

results, and reporting. 
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2.1.2 Properly setting the goal and functional units of a LCA 

When the goal of a LCA is clearly defined, the system is simplified. For instance, defining 

system boundaries, which should include the raw material acquisition of a product or 

service and its processing and manufacturing, transportation/distribution, use phase, 

recycling, waste management, and the input and output flows of the main processes (ISO 

14040), becomes easier when the goal is clear. In addition, a clear goal guides the data 

collection effort and helps define the functional unit (FU), which is a quantified 

description of the performance of the service or product system under evaluation. The 

studied product or service, along with the goal, defines the FU used and vice versa (Curran 

2013).  

2.1.3 Allocation and system expansion 

ISO 14040 provides guidance on how to allocate environmental burdens to co-products. 

The allocation can be done based on, for example, mass, economic, and energy criteria. 

However, allocation should be avoided, if possible, by modelling sub-processes or by 

using system expansion to include processes related to co-products. Both approaches 

widen the system boundary and, thus, the model can become larger and more complicated 

than needed (Curran, 2013). System expansion can be understood as a tool to compare 

different scenarios when various main products or production pathways exist. In these 

cases, avoided or increased impacts are added to the alternative scenarios. ISO 14049 

provides examples of how to expand the study system. 

2.1.4 Attributional and consequential LCA 

According to ISO 14040, there are two types of LCAs—attributional LCA (aLCA) and 

consequential LCA (cLCA). When and how to use aLCA or cLCA is still disputed among 

the LCA community. The advantage of aLCA is that it aims to quantify the investigated 

impacts of a production system based on the mapping of lifetime input and output flows 

related to the studied system. The data used in cLCA represent the average data for all 

processes involved in a ‘bookkeeping’ approach. Allocation is typically used in aLCA-

type LCA studies. cLCA was developed to eliminate the weakness of aLCA related to the 

artificial separation of the investigated product from the rest of the economy. For instance, 

the cLCA of product x aims to model how the market responds to the change in demand 

for x (Bjørn et al. 2018b, 2018c.) 

2.1.5 Inventory data 

Inventory analysis collects information about the input and output flows relevant to the 

set goal and scope of a LCA. These flows are scaled according to the reference flow of a 

product or service that is relevant to the functional unit. Inventory analysis usually relies 

on other data originating from databases, because the studied systems typically become 
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too broad to model all together. These databases can, for instance, contain unit processes 

that represent the impact of certain transportation methods or electricity production 

pathways (Hauschild 2018). As the used data are key for the reliability of a LCA, only 

reliable sources of data should be used. 

2.1.6 Life cycle impact assessment 

Transforming inventory data into impacts is largely automated using LCA software. 

Although automated via a “black box” approach, whereby all the mechanisms affecting 

each impact do not need to be known, it is good practice to understand the key principles 

and factors to ensure a qualified interpretation of the results of a LCA (Rosenbaum et al. 

2018). The impact results are obtained by multiplying the individual inventory data with 

the factors representing each impact category. The factors are usually performed by life 

cycle impact assessment (LCIA), in which experts provide complete sets for LCA 

practitioners. It should be noted that the results of a LCIA should be evaluated as potential 

indicators rather than actual or precise environmental effects (European Commission 

2010). For instance, the Greenhouse Gas Protocol (2010) provides guidelines on how to 

evaluate uncertainty considering data quality, based on emission factors. 

Weighting and normalisation are optional steps under ISO 14044. Normalised impacts 

give the midpoint or endpoint level and the relative share of the impact of the analysed 

system. Weighting assigns quantitative weights to different impact categories based on 

their relative importance. Under ISO 14044, the results gained using weighting should 

not be used in comparative studies intended for the public (European Commission 2010). 

2.1.7 LCA in the agricultural sector 

LCA has been used to evaluate the environmental impacts of food products for decades 

to identify sustainable food production practices and consumption habits as a tool for 

decision-making. However, LCAs for food products have methodological challenges 

compared to those for industrial products including the definition of functional units, 

weather conditions affecting crop yields, a lack of transparency in data, and the challenges 

of measuring LU and water use (Notarnicola et al. 2015, 2017a). More broadly, reliable 

inventory data are not widely available for the agri-food sector, which can influence 

negatively on the reliability of LCA results (Notarnicola et al. 2015). The validity of the 

datasets and methods of studies building a LCA model are reviewed in Section 2.6.  

Food products have multiple nutritional aspects, which can influence their function; 

therefore, evaluating impacts based only on product weight does not necessarily ensure 

comparability (van Kernebeek et al. 2014; Sonesson et al. 2017). For example, Sonesson 

et al. (2017) showed that using digestible protein as a FU yields more reliable results than 

the 1 kg protein FU typically used in this thesis (see Section 2.6); however, there are many 

factors affecting on digestibility of alternative protein sources, such as the cell walls of 

the MPs and used MP species (e.g., Jones et al. 2020; Tibbets et al. 2017), and the specific 
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focus of this thesis is not digestibility. In addition, using 1 kg of protein as a FU provides 

a more reliable evaluation than using only overall product weight -based FU.  

Another notable issue of LCA in the food sector is the allocation method. In many cases, 

food production practices produce multiple co-products, such as chickens in egg 

production or cows in dairy system (Bjørn et al. 2018c). Many LCA studies use economic 

allocation to divide environmental burdens between co-products, yet there is debate about 

whether economic allocation should be preferred. Ayer et al. (2007) argued that economic 

allocation should not be preferred in seafood production systems because it does not 

represent the biophysical flows of material and energy between the input-output flows of 

the production system. On the other hand, Mackenzie et al. (2017) showed that relying 

on biophysical flows does not necessarily result in a more accurate description of the 

studied systems, and in many cases, the model would be too complex in the case of 

agricultural systems. In addition, because economic allocation can be applied with 

methodological consistency between complex systems, it is frequently used (e.g., Berlin 

2002; Dalgaard et al. 2008) despite not always being the best allocation method. For these 

reasons, when conducting allocation, especially economic allocation, choices should be 

made transparent and the influence of the allocation choices on the results should be 

clearly stated (Mackenzie et al. 2017). 

2.1.8 LU in LCA 

There are multiple indicators for expressing LU in LCA. The physical indicators can be 

broadly divided into LU and LU change indicators. Land occupation indicators express 

the area used for activity per time; and LU change indicators express the net change in 

LU based on a certain quality or type. A key goal of a LCA study is to determine suitable 

LU indicators for the LCA model. For example, it is possible to express erosion 

resistance, groundwater protection, landscape quality, and many other qualities using 

different indicators (Lindeijer 2000). In this thesis, the focus is on LU occupation 

indicator and GHG emissions derived from LU change. 

2.2 Planetary boundaries 

The concept of PB was introduced by Rockström et al. (2009a), who defined nine PBs 

that humanity must not cross for living within an environmentally sustainable and safe 

operational space. The nine boundaries are climate change, biodiversity loss, 

stratospheric ozone depletion, ocean acidification, global freshwater use, LU change, 

atmospheric aerosol loading, chemical pollution, and the nitrogen and phosphorus cycles. 

Subsequently, the PBs were updated by Steffen et al. (2015), who adjusted some 

boundary values and added new logic behind their definition including dynamic 

interactions. In addition, PB research is dynamic, and the concept does not have a fixed 

framework or values. 
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Because the PB concept is trying to set a global limit for a variety of impact categories, 

which inevitably requires assumptions. This has gained some criticism, especially as the 

concept had been more widely adopted in political and scientific spheres. The critique is 

targeted at its framework and implementation. For example, the concept has been 

criticised for giving inadequate limits, being too long-term, and does not consider social 

aspects. Despite these criticisms, the PB concept has helped to better understand global-

scale environmental issues that need to be solved (Biermann & Kim 2020). 

Agriculture is a major cause of several environmental impacts and, therefore, there has 

been a recent interest in investigating its role based on the PB concept. The effect of the 

agricultural sector within the PB framework has been evaluated in several studies. For 

example, Campbell et al. (2017) and Conjin et al. (2018) showed that current agricultural 

practices are causing a major burden on the environment and discuss mitigation needs. 

Both of these studies underline that models require further improvement, and all the 

impact categories are not yet adequately covered. In a more recent study, Gerten et al. 

(2020) spatially modelled four impact categories under the PB framework, which showed 

the global hotspots of biosphere integrity, freshwater use, land system changes, and 

nitrogen flows.  

2.3 Combining LCA and PB 

LCA focuses on minimising or measuring the environmental impacts of certain products 

and services but not set criteria for sustainable practices (Bjørn et al. 2015). For instance, 

LCA does not set safe operating spaces in which some actions can operate (e.g., 

Klinglmair et al. 2014; Sanding et al. 2015). Another drawback identified by Notamicola 

et al. (2017) is that LCA thinking concludes that increasing yields are sufficient for 

ensuring eco-efficiency in agriculture, which is not necessarily true in the case of organic 

farming. For example, the use of yield-increasing herbicides and pesticides can result in 

biodiversity loss. The lack of biodiversity assessment in the LCA methodology can also 

cause biases when environmental sustainability is assessed. However, this critique 

focuses on how to implement LCA as a methodology rather than the methodology itself. 

Indeed, attempts have been made to include better evaluation tools for biodiversity 

impacts in LCA (e.g., Verones et al. 2015). 

One method to overcome some of the drawbacks of LCA is to combine the LCA and PB 

concepts (e.g., Bjørn et al. 2020; Sala et al. 2016; Sanding et al. 2015; Uusitalo et al. 

2019;). The integration of LCA and PB can be performed by normalising the LCA results 

to represent the absolute values of safe operational spaces. This requires the normalisation 

of unit changes and, typically, LCIA results are produced with different units to those 

representing PBs. For example, the safe operational space of climate change impact is 

given as parts per million (ppm) and LCIA results are given in kg of CO2-equivalent. 

Normalising LCA results to PBs has, therefore, been performed in several studies, 

although the conversion has not yet been conducted for all nine boundaries (e.g., Sanding 

et al. 2015; Uusitalo et al. 2019). In this thesis, such conversion was done for water use, 
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climate change, and LU impacts according to Uusitalo et al. (2019) in Publication III 

(Section 2.6.3). 

The normalisation of LCIA results to represent PB criteria can provide information 

regarding the magnitudes of each impact category (Sala et al. 2016), which helps to 

identify hotspots of certain actions at a planetary scale. For example, if a LCA indicates 

that several possible actions exist, each resulting in varying impact reductions in different 

impact categories, it is difficult to present the best solutions to decision-makers. This is 

related to the fact that different impact categories are not directly comparable. Thus, by 

knowing how much each impact category shifts relative to the PBs, it is possible to 

compare normalised results. The same applies when the results of the LCIA are 

normalised using downscaled PBs. In this case, downscaling factors divide emissions 

with different indicators, such as the emission allowance per country or capital (Ryberg 

et al. 2020). 

2.4 Quantitative literature review 

The review of research to form qualitative or quantitative synthesis is a common method 

in science, especially in the medical sciences, and has been used since the early 1900s 

(Tricco et al. 2011). Quantitative analysis, for example, meta-analysis, is also increasingly 

used in environmental sciences, such as ecology (Gates 2002) and in reviews of 

environmental impacts comparing similar LCA studies (e.g., Rocha et al. 2014). 

However, there is a risk of bias when conducting research based on the review of other 

studies. Biases can be formed, for example, due to differences in the methods used or the 

research subjects. Thus, there should be transparency in reporting, and there should be a 

set of criteria for the selected studies and how they are used in the review (Tricco et al. 

2011). 

2.5 Literature review of environmental impacts of different protein 

sources 

The publications in this thesis did not include a comprehensive review of the studied 

environmental impacts of all comparable proteins, as each publication has a different 

focus. For example, Publication I focussed on reviewing the GWP impacts of different 

insect species that are possible to produce industrially but did not include LU, freshwater 

use (FWU), or eutrophication potential impacts. Nevertheless, to comprehensively 

compare the environmental impact of different proteins, a literature review of GWP, LU, 

FWU, and eutrophication potential was conducted as a part of the synthesis of the results. 

Water use represents blue water consumption, and LU represents land occupation per 

year. A FU of 1 kg protein was used; if the results of the impact assessment were not 

given based on the FU of 1 kg protein in the examined studies, the average protein content 

of each source was used to convert the results based values presented on a study of Nijdam 

et al. (2012). For conventional protein sources, a wide range of geographical locations 
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was selected for impact review to ensure the validity of the data. However, in some cases, 

no broad literature references are available, especially regarding alternative protein 

sources and certain impact categories. Therefore, the values given were considered as 

estimates against which the results of this research could be compared. In addition, results 

can vary greatly depending on the location and life cycle inventory data used (e.g., 

Notarnicola et al. 2015). 

2.6 Case descriptions 

This section describes the methods used in each publication, and why and how different 

approaches and production pathways were considered. In addition, the data collection and 

quality of each publication is presented.  

2.6.1  Methodological aspects of Publication I 

The number of LCA studies on insect production has increased in recent years, and there 

exists a general consensus about how different impact categories compare to other 

conventional protein sources. For instance, according to Salomone et al. (2017), the most 

significant benefits of insect production are related to LU. The same cannot be said about 

GWP, as some insect protein production pathways have relatively high energy 

requirements. In addition, van Huis (2016) argues that insects are efficient in terms of LU 

but there is not enough evidence considering GHG emissions. For the above-mentioned 

arguments, a quantitative literature review of peer-reviewed insect-related LCAs was 

conducted to estimate whether insect protein production could feasibly reduce GHG 

emissions compared to other protein sources. Typically, meta-analysis is a preferred 

option for investigating results derived from multiple peer-reviewed studies; however, in 

this case, meta-analysis was not adopted as the source materials and studied production 

systems are highly heterogeneous (Table 1; Publication I). 

Because insects can be used either as feed or food, a scenario-based approach was used 

to compare their GWP. As a feed ingredient, insects are thought to substitute soybeans, 

which are widely used as protein sources in animal feed (e.g., Dei 2011). In addition, 

insects can partially or fully replace soybean meal or other protein sources used in fodder 

without hindering animal growth (e.g., Bovera et al. 2015; Khusro et al. 2012; Józefiak 

et al. 2016; Makkar et al. 2014). When insects are consumed directly as a food, poultry 

meat—in this case broiler—is considered the substitute as it is increasingly consumed in 

western countries (Westhoek et al. 2011) and is a relatively resource-efficient animal-

based protein source (e.g., Nijdam et al. 2012). Based on these arguments, the following 

three scenarios were considered. Scenario I described the range of GWP impacts 

considering broiler production in the EU. Scenario II described the GWP of broilers fed 

with insects when insects replaced soybean as a feed ingredient. Scenario III described 

the GWP impact of insects produced for human food purposes. Scenarios II and III 

separated GWP into two categories—insects fed with industrial composite feed and 

insects fed with side-stream feed. This distinction is important, as it is not certain whether 
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all types of side-stream fed insects can be used in the EU region due to safety and hygiene 

reasons (e.g., Lähteenmäki-Uutela & Grmelová 2016). If food industry side-streams can 

be used for insect production, insects can be part of a circular economy. Thus, this 

category separation also demonstrates the potential for insect production as a part of the 

circular bioeconomy. Other beneficial aspects include the possibility of utilising side-

streams as a feed source, including nutrient recycling and waste management (e.g., 

Smetana et al. 2019). 

As there are many production pathways and different insect species, GWP may be 

sensitive to a range of factors. In addition, min/max sensitivity analysis was performed to 

determine the impact of the worst- and best-case insect production practices on GWP. As 

early industrial insect mass production practices remain underdeveloped (Cortes Ortiz et 

al. 2016), there is the potential for improvement in the future. Therefore, the scenarios 

were formed using only the current best practices for each insect species. To calculate the 

GWP of insect feed and broiler production using insects as feed ingredients, Equations 1 

and 2 were used, respectively: 

𝐺𝑊𝑃𝑖𝑛𝑠𝑒𝑐𝑡𝑓𝑒𝑒𝑑 = (
𝑚𝑏𝑟𝑜𝑖𝑙𝑒𝑟

𝑝𝑏𝑝𝑟𝑜𝑡𝑒𝑖𝑛
∗ 𝐹𝐶𝑅) ∗ 𝑝 − %𝑖𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡 ∗ 𝑝𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∗ 𝐺𝑊𝑃𝑖𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡     (1) 

where, 

𝐺𝑊𝑃𝑖𝑛𝑠𝑒𝑐𝑡𝑓𝑒𝑒𝑑 = kgCO2-eq per kgbroilerprotein kgfeedingredientprotein 

𝐺𝑊𝑃𝑖𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡 = kgCO2-eq per kgfeedingredient 

 𝑚𝑏𝑟𝑜𝑖𝑙𝑒𝑟   = kgbroiler 

 𝐹𝐶𝑅  = kgfeed per kgbroilerprotein 

 𝑝𝑏𝑝𝑟𝑜𝑡𝑒𝑖𝑛  = kgbroiler per kgbroilerprotein  

 𝑝 − %𝑖𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡 = kgfeedingredient per kgfeed  

 𝑝𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛  = kgfeedingredientprotein per kgfeedingredient 

 

𝐺𝑊𝑃𝑖𝑛𝑠𝑒𝑐𝑡𝑓𝑒𝑑𝑏𝑟𝑜𝑖𝑙𝑒𝑟 = 𝐺𝑊𝑃𝑏𝑟𝑜𝑖𝑙𝑒𝑟 − 𝐺𝑊𝑃𝑠𝑜𝑦𝑚𝑒𝑎𝑙 + 𝐺𝑊 𝑃𝑖𝑛𝑠𝑒𝑐𝑡𝑓𝑒𝑒𝑑        (2) 

where, 

 𝐺𝑊𝑃𝑏𝑟𝑜𝑖𝑙𝑒𝑟  = kgCO2-eq per kgbroilerprotein 

 𝐺𝑊𝑃𝑠𝑜𝑦𝑚𝑒𝑎𝑙  = kgCO2-eq per kgsoymealprotein 
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2.6.2 Assumptions and data collection and quality of Publication I 

The data used for the quantitative literature review were collected from peer-reviewed 

LCA studies. The collected data consisted of peer-reviewed LCA studies that assessed 

the GWP impact of soybean meal production, broiler production in the EU, and insect 

production for food and feed purposes (Table 2). The collected data were used to form 

three scenarios, showing the GWP of each case. In addition, a criterion was established 

to avoid possible biases. A simplistic scheme considering the system boundaries is 

presented in Figure 3. The functional unit used was kgCO2-eq per kg protein with the 

GWP100 indicator. Selected soybean meal-related LCA studies included the impact of 

land-use change and meal derived from South America, which is a major import region 

of soybean meal to the EU (van Gelder et al. 2008). Broiler production was assumed to 

be located in the EU, as the aim was to investigate broiler consumption within the EU. 

Where cLCA of insect-related studies were available, scenarios investigating feed 

substitution were not included in the formed datasets to avoid double counting. 

Composite feed or insect 
based feed

Composite feed or 
sidestream/waste based 

feed

Broiler farming Insect farming

Slaughter + Processing Slaughter + Processing

Energy and material flows 
of feed production

 e.g., fertilisers, diesel, 
machines, pesticides, land 

use change

Avoided impacts (cLCA) 
e.g., fertilizer substitution 

or waste treatment

Broiler production Insect production

Energy and material 
flows of broiler/insect 

farming
 e.g., ventilation, heating, 

electricity

Energy and material flows 
of post-processes

 e.g., drying, mechanical 
separation

Figure 3. Simplistic system boundaries of selected LCA studies (reproduced from 

Publication I). 

 

Table 2. GWP values of the formed datasets (MIN., MAX., and MEAN. in kg of CO2-eq. / kg 

of protein). N = number of observations of different production practices. Values accounting for 

cLCA studies are given in brackets (based on Publication I) 



2.6 Case descriptions 

 

35 

PROTEIN SOURCE N MIN. MAX. MEAN. 

SOY MEAL FOR FEED (South America)         

Soybean meala-c 4 3.13 6.99 5.21 

CONVENTIONAL BROILER PRODUCTION (Europe)         

Broilerd-i 9 12,5 27,6 18,55 

INSECT PRODUCTION FOR FEED         

Insect fed with industrially produced composite 
feed 

        

Hermetia illucens j 1 10.89 10.89 10.89 

Tenebrio molitor k-l 5 4.43 13.48 7.66 

Zophobas morio l -m 4 5.22 15.87 9.58 

Acheta domesticus n 2 2.9 5.4 4.2 

Gryllus bimaculatus n-o 4 2.82 33.49 15.24 

 Total average       9.51 

Insect fed with side streams from food industry         

Hermetia illucens j,p-q 16  1,10  9.51 3.63 

(cLCA) (4) (-12.77) (2.53) (-5.74) 

Musca domestica L r 1 1,13 1.83 1.48 

Zophobas morio m 6 1,36 10.54 5.84 

Tenebrio molitor m 6 1,16 8.95 4.96 

Eisenia fetida s 2 3,09 9.32 6.70 

Total average 
   

4.52 

(Total average including cLCA)       (2.81) 

INSECT PRODUCTION FOR FOOD         

Insect fed with industrially produced composite 
feed 

        

Tenebrio molitorl-m 4 4.43 13.48 8.13 

Zophobas moriol-m 4 5.22 15.87 9.58 

Acheta domesticusn 2 2.94 5.38 4.16 

Gryllus bimaculatusn-o 4 2.82 33.49 15.24 

Total average       9.28 

Insect fed with side streams from the food industry         

Hermetia illucensp  4 1.38 6.81 4.46 

(cLCA) (2) (-12.77) (-7.51) (-10.14) 

Eisenia fetidas 1 8.21 9.32 8.73 

Zophobas moriom 6 1.36 10.54 5.84 
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Tenebrio molitorm 6 1.16 8.95 4.96 

Total average 
   

6.00 

(Total average including cLCA)       (2.77) 
References: aTallentire et al. 2018; bThévenot et al. 2018; cHörtenhuber et al. 2014; dda Silva et al. 2014; eGonzález-

García et al. 2014; fda Silva et al, 2012; gCesari et al, 2017; h Leinonen et al. 2012; iKatajajuuri et al. 2014; jBava et 

al. 2019: kThévenot et al. 2018; lOonincx & de Boer 2012; mJoensuu & Silvenius 2017; nHalloran et al.2017; oSuckling 

et al. 2020; pSmetana et al. 2019; qSalomone et al. 2017; rvan Zanten et al. 2015; sTedesco et al. 2019 

There are many LCA studies and dataset regarding broiler and soybean meal production; 

thus, the important factor considering data quality is that LCAs on insect production are 

robust and reliable. Because the insect industry is still in its infancy in Western countries 

and production practices are still developing (e.g., Cortes Ortiz et al. 2016), to ensure the 

robustness and validity of the used data, the LCAs selected were recent and most of the 

data were based on actual production facilities; the selected studies did not include major 

biases and most included sensitivity analyses. Based on this, the key characteristics of the 

selected LCAs was produced (see Table 1 in Publication I), which shows that the selected 

LCA studies are almost all located in Europe, most include sensitivity analysis for several 

key factors, and most are based on actual production facilities. In addition, the studies 

included non-ideal and ideal growing practices and processes; this avoided major 

production practice biases. For example, Bava et al. (2019) studied black soldier fly 

production fed with industrial composites made for broiler production, although most of 

the studies used organic waste for feed, which resulted in a considerably low GWP (e.g., 

Salomone et al. 2017; Smetana et al. 2019). On the other hand, Joensuu and Silvenius 

(2017) and Smetana et al. (2019) used a high share of renewables to generate the required 

energy for the processes, which reduced GWP impacts. In addition, many studies present 

multiple scenarios, some of which offer improvements and some not when considering 

GWP (e.g., Bava et al. 2019). 

The insect-based protein used for feed purposes was assumed to completely substitute the 

soybean meal-based protein as a feed ingredient. Although the complete substitution of 

soybean meal might not be favourable, with respect to GWP or animal nutrition, the 

results of these scenarios would still favour either soybean meal or insects as a feed 

ingredient because the relative GWP of feed ingredients does not change. In addition, the 

insects used for food purposes were assumed to be used for feed purposes, as there are no 

major constraints for this assumption. Furthermore, the review focussed on raw material 

production and did not include processes related to food preparation. 

2.6.3 Methodological aspects of Publication II 

Beekeeping has multiple products, such as honey, protein-containing pollen, and honey 

DB as well as providing a service that influences the surrounding environment through 

pollination (e.g., Lindström et al. 2016). However, when the environmental impacts of 

beekeeping have been evaluated using LCA, honey production is typically the sole focus, 

and the possible avoided impacts of pollination with multiple co-products have not been 

evaluated (e.g., Kendall et al. 2013; Mujica et al. 2016). Because of these knowledge 
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gaps, this study aimed to evaluate the environmental impacts of beekeeping in a broader 

context than previous studies, based on representative practices in Finland. The 

pollination service was assumed in terms of rapeseed yield (Figure 4), which is relatively 

major crop in Finland and the influence of pollination service to rapeseed is well-studied 

(e.g., Lindström et al. 2016). The considered impacts were GWP100 (CML methodology), 

freshwater use, and land occupation. In addition, a sensitivity analysis was performed to 

determine the key factors influencing the total impact values. 

 

Figure 4. System boundary of the studied beekeeping systems (reproduced from Publication II) 

 

The evaluation took two different approaches. The first focussed on possible impact 

reduction by conducting system expansion analysis, and the results were normalised into 

PB criteria to see what kind of possible shifts in distances of PBs can happen. The 

functional unit was a one-year operation of one beehive. Normalisation was performed as 

beekeeping is thought to have a possible positive impact on the surrounding environment 

through pollination (e.g., Aquilar et al. 2006; Klein et al. 2007). Therefore, the PB criteria 

can be used to consider possible impacts in a broader context, such as absolute 

sustainability. In addition, a comparison of the different impact results with the typical 

midpoint LCIA results was not possible. After the impact assessment, the results were 

compared to a reference situation, where the products of beekeeping were substituted with 

similar widely used products to evaluate the impact of properly conducted beekeeping on 

the food system. The system expansion analysis was conducted according to ISO 14049 
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to avoid allocation. The normalisation was performed according to Uusitalo et al. (2019) 

using the following equation: 

𝑛𝑖 =
𝑟𝑖

𝑧𝑖
      (3) 

where: 

n is the normalised results, 

r is the modified results from the LCA, 

z is the safe operational zone as an absolute value (Steffen et al. 2015), and 

i is the PB category. 

However, the method of comparing two systems raises some questions as it is possible 

that beekeeping solely focuses on honey production. In addition, beekeeping can produce 

multiple co/by-products with different functions; thus, it is not easy to predict which 

products are substituted and which are not. This challenge was also raised by Ulmer et al. 

(2020), who investigated the impact of honey production including the utilisation of DB. 

To overcome this problem, an economic allocation was conducted to share the 

environmental burden between products (e.g., Mackenzie et al. 2017). Thus, the second 

approach focussed on studying the impacts when allocated differently between the co/by-

products and pollination services. In this case, the functional unit was one kg of the main 

product. 

The alternative protein source studied in the publication was DB, which was compared to 

mealworm protein, which is relatively widely used and efficient insect species (e.g., 

Publication I). Another comparative protein was broiler as it is one of the widely used 

and efficient animal-based protein sources (e.g., Westhoek et al. 2011; Nijdam et al. 

2012). 

2.6.4 Assumptions and data collection and quality of Publication II 

The data of the life cycle inventory analysis were gathered using various sources and 

methods, as some of the production processes are not widely implemented in practice. 

Therefore, no reliable databases exist regarding the typical practices for these unit 

processes. For example, honey DB is not yet widely collected for commercial purposes 

in Finland; thus, there are no established practices for its collection and supply. Primary 

data were collected from Finnish producers and key informants through interviews with 

experts in the Finnish honey industry. The data were supplemented with beekeeper 

interviews. Secondary data, such as emission factors and the reference system, were 

obtained from the GaBi and Ecoinvent databases and literature. Because the model uses 

data related to agricultural practices, it was important that the data were up-to-date and 
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reliable (e.g., Notarnicola et al. 2015). For this reason, data quality was assessed using 

the GHG protocol (2011). Specifically, data quality was assessed using the following five 

different indicators: temporal representativeness, geographical representativeness, 

technological representativeness, completeness, and reliability. The data quality 

assessment, major materials, and energy flows are explained in Appendix A. 

When comparing the food-production systems with and without beekeeping, it was 

assumed that honey replaces sugar, protein from DB replaces broiler protein, and pollen 

replaces protein from rapeseed. The comparison of these two systems is problematic as it 

cannot be said with certainty which products are replaced or whether they are replaced at 

all. Therefore, the impacts of beekeeping were also investigated on product/service basis. 

Because of the ability to increase rapeseed yield without additional resources (e.g., 

Lindström et al. 2016), the foremost assumption for the product-based approach was that 

the same impact was avoided as the amount of rapeseed production increased. The 

allocation was based on the economic allocation of retail prices, where at the time of 

study, according to experts of the Finnish honey industry, the average prices are 13€, 65€, 

and 50€ for 1 kg of honey, pollen, and DB, respectively. To compare the environmental 

sustainability of DB protein, the GWP, LU, and FWU impacts of broilers and mealworms 

were also gathered from the literature (Publication II, Table 1).  

For the normalisation of the LCA results to the PB criteria, several factors were 

considered (Equation 3). GHG emissions were normalised based on the safe operational 

space of CO2 concentrations in the atmosphere, which is 350 ppm (Steffen et al. 2015). 

The unit of ppm was converted to kg of CO2-equivalent based on a rough calculation of 

how much a Gt of CO2 increases atmospheric ppm according to Uusitalo et al. (2019). 

LU change was normalised based on the assumption that the avoided LU through 

pollination reduces the need to use forest areas. Steffen et al. (2015) defined LU change 

as an area of forested land as a percentage of original forest. For Finland, forests were 

assumed to be boreal forests. Freshwater use normalisation was based on the safe 

operational space of annual consumption of water use defined by Steffen et al. (2015), 

which does not consider local water scarcity issues. 

2.6.5 Methodological aspects of Publication III 

The possibility of producing protein-rich biomass using HOB has long been known 

(Schlegel & Latterty 1965) but it has not yet been commercialised. The technology has 

matured, and the pressure to use low-land-use food production technologies has increased 

in recent years. For these reasons, HOB proteins have gained interest (e.g., Liu et al. 2016; 

Yu 2014). One interesting application to produce MP via HOB is to integrate DAC into 

the production process with renewables. However, renewables, such as wind and solar 

photovoltaics (PV), require land to generate electricity (Denholm and Margolis 2008). To 

investigate whether it is reasonable to produce MP via the above-mentioned technological 

design, potential direct LU and water use were investigated based on a quantitative 
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literature review. The literature review included energy and material flows of the state-

of-the-art unit processes required for MP production, which were then converted to direct 

LUs and water per 1 kg of protein (Equations 4 and 5). The sensitivities of key factors 

were also considered in the calculations. The direct land and water use of the studied 

approach were compared to those of soybean production. In addition, the feasibility of 

other factors was assessed to determine how the quality of protein, process safety, 

possible operational costs, disadvantages, and other possible environmental aspects 

compared to conventional protein sources considering the commercialisation of the 

technology. 

𝐿𝑎𝑛𝑑 𝑢𝑠𝑒𝑀𝑃 =
𝐿𝑎𝑛𝑑 𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛𝑘𝑊ℎ

𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑘𝑊ℎ × 𝑡𝑖𝑚𝑒
× 𝛴 (

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑀𝑃

𝑀𝑎𝑠𝑠𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 ) (4) 

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑀𝑃 = 𝛴 (
𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑀𝑃

𝑀𝑎𝑠𝑠𝑏𝑖𝑜𝑚𝑎𝑠𝑠
)   (5) 

2.6.6 Assumptions and data collection and quality of Publication III 

Publication III is a quantitative literature review that aimed to describe state-of-the-art 

application of HOB-based MP production using DAC and renewables, and estimate direct 

water and LU impacts. As there is no literature considering these applications with the 

material and energy flows of different unit processes, the data collection consisted of both 

literature and manufacturers presenting energy and material flow data of unit processes 

(Figure 5). The criteria for these data were that they were based on actual unit processes, 

geographical factors were considered, and and it was transparent (Material and methods; 

Publication III). 
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Figure 5. Simplistic scheme of the energy and material flows of MP production application 

(reproduced from Publication III). 

2.6.7 Methodological aspects of Publication IV 

Because there is potential feasibility to produce MP via the proposed approach that was 

proven in Publication III, there rises questions regarding how the possible designs of 

power-to-food applications impact to different environmental impact categories and what 

are possible life time impacts of those systems. In particular, because there are multiple 

design possibilities for PtF, as is the case for other PtX (e.g., Zhang et al. 2017), and it is 

possible to use other than renewables as energy sources for the process. In addition, LCA 

provides more reliable results than quantitative direct impact reviews. In total, seven 

different process designs were evaluated using different energy sources and for different 

geographical locations (Figure 6). Different geographical locations were modelled as this 

can have a relatively large influence on the total impacts when using renewables as an 

energy source and when the PtF application is energy intensive. The geographical 

locations were Finland, Germany and Cyprus. The scope was cradle-to-gate, and the 

functional unit was 1 kg of protein. The studied impacts were GWP100 and eutrophication 

potential (CML methodology), blue water consumption using weight as a measure, and a 

land occupation indicator, all of which are relevant impact categories in agriculture. 
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Figure 6. System boundaries of different PtF designs. Boxes with dashes represents studied 

system modifications (reproduced from Publication IV). 

 

Six different system modifications were modelled and compared with the base case. The 

selected technologies and energy sources for the base case were a bioreactor with in situ 

electrolysis, solar energy produced in Finland, thermal energy produced using a high-

temperature heat pump, DAC as the CO2 source, and post-processes. The six scenarios 

had the following modifications: 

• Mod1: The electricity-to-biomass efficiency of the bioreactor was changed from 

9.86 kWh to 25 kWh. 

• Mod2: External electrolysis was used instead of in situ electrolysis, which has an 

influence on electricity-to-biomass efficiency. 

• Mod3: The thermal energy for DAC and the post-processes was produced using 

natural gas. 
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• Mod4: Thermal energy was taken from waste heat sources, which were considered 

emission-free. 

• Mod5: S and P were taken from wastewater flows, which were counted as 

emission-free sources. 

• Mod6: CO2 was taken from the waste flows of organic sources (e.g. fermentation). 

This CO2 was counted as a neutral emission source resulting in zero GHG 

emissions. 

The model was based on theoretical designs to investigate which technological solutions 

with the PtF application would be best when environmental sustainability is evaluated. A 

theoretical design was used because there are currently no commercial-scale production 

facilities for PtF application from which to collect actual data. Therefore, the use of 

primary data was not possible. From the obtained results, the best design options were 

used to estimate the best-case impacts, which were then compared to similar impacts of 

existing MP production pathways and soybeans. 

2.6.8 Assumptions and data collection and quality of Publication IV 

The secondary data used were gathered from the literature and manufacturers 

representing different unit processes. The energy and material flows of the base case are 

listed in Table 3. In addition, some unit processes, such as nutrient production and energy 

generation, were obtained from GaBi databases. Because the PtF system can be 

considered an industrial system rather than an agricultural system, compared to the case 

considered in Publication II, there were no similar difficulties regarding the validity of 

the used data For this reasons, separate data quality assessments were not needed. 

However, the cases were based on theoretical applications; thus, there were some material 

and energy flows, such as minor nutrients, cultivation medium pumping, and material 

consumption during cleaning processes, which were neglected based on cut-off criteria. 

As it is theoretically possible to construct the facility everywhere, the transportation of 

material flows was also excluded from the assessment. In addition, the impact of the 

construction of the production facilities was not considered. 

Table 3. Energy and material flows of processes of the base case per one kg of produced 

biomass (reproduced from Publication IV). 

Direct air capture 
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Inputs Electricity 
[kWh]a 

Thermal energy 
[kWh]a 

Organic chemicals 
[kg]b 

 
Air 
* 

 

0.71 3.78 0.0036 
   

Outputs CO2             
[kg] 

water_cond                
[kg] 

    

1.76 3.53 
    

Bioreactor 

Inputs Electricity 
[kWh] 

Mineral phosphate 
[kg] 

Sulfphur 
[kg] 

Ammonia 
[kg] 

CO2 
[kg] 

Water 
[kg] 

9.86 c 0.140 d 0.14 d 0.16 c 1.76 c 0.11 c 

Outputs Biomass 
[kg] 

O2                                                             

[kg] 

    

1 1.31 c 
    

Post-process 
    

Inputs Electricity 
[kWh] 

Thermal energy 
[kWh] 

    

0.39 e 2.91 e 
    

Outputs Biomass 
[kg] 

Water 
[kg] 

    

1 0.11 c 
    

a (Climeworks 2019), b (Zhang et al. 2017), c (Liu et al. 2016), d (Publication IV, Section 2.1.1), e (Publication IV, 

Section 2.2.5), *amount of air is not measured, but the amount of separated water and CO2 are known 
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3 Results 

The order of the results presented is based on the land resource requirements of the 

considered alternative protein sources. First, the impact of protein sources directly or 

indirectly requiring arable land are presented. Then, the results of the situations 

throughout arable land requirements could be reduced by using insects and providing 

added value for conventional protein production are described. Results for those solutions 

not dependent on arable land requirements are then presented. 

Section 3.1 presents the results of Publication I, which relate to the GHG emissions of 

insect protein production in comparison to the GWP of broiler and soybean meal. Section 

3.2 presents the results of Publication II, which shows the systemic benefits of beekeeping 

including the impacts of DP, pollen, and honey production with avoided impacts via 

pollination services. Section 3.3 presents the results of MP production from HOB from 

Publications III and IV. This includes the assessment of the potential feasibility of HOB-

based MP production and environmental sustainability based on the LCA of the 

theoretical MP production pathways. Finally, section 3.4 presents the GWP, LU, FWU, 

and eutrophication potential impacts of different protein production sources and pathways 

with specific reference to the research objectives stated in Section 1.1. 

3.1 GWP of industrial-scale insect protein production 

The calculations based on data from datasets and Equations (1) and (2) show that broilers 

fed with insects using industrial composite feed typically have a larger GWP than soybean 

meal-fed broilers (Table 6, Publication I). On the other hand, using side-stream-fed 

insects as feed result in lower GWP in the case of minimum and mean values of 22% and 

8%, respectively. When insects are used directly as food, their GWP values compare well 

with those of broilers. Overall, the GWP was lower for insects in all cases except for one 

study (Suckling et al. 2020; Table 5, Publication I). If the systemic benefits are included 

in the evaluation, such as the possibility of using black soldier flies as a part of waste 

management, it is possible to gain net positive impacts even in the case of Scenario II. 

Net positive impact is possible only if the system replaces products from other systems 

and, therefore, the production itself is not net positive. However, many factors affect the 

GWP of insect protein production, as discussed in the following sections. 

3.1.1 Geographical location 

Some industrially produced insect species are adapted to tropical conditions. Because of 

this, climatic conditions must be artificially made suitable if optimal growing conditions 

are required. This requires energy, which can significantly increase GWP. A good 

example is the case of the cricket G. bimaculatus, which has the greatest GWP range in 

Scenarios II and III when industrial composite feed is used. It should be noted that this is 

the only insect species that has been subject to an LCA study outside the EU. Halloran et 

al. (2017) studied the production process occurring in an outdoor production facility with 
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no extra need for energy. However, it should be noted that optimized climatic conditions 

can achieve higher environmental sustainability than outdoor production facility. In 

comparison, Suckling et al. (2020) studied production in indoor production facilities due 

to unsuitable climatic conditions in the United Kingdom (UK), which resulted in high 

energy consumption. If cricket production occurs only in tropical climates, 

G. bimaculatus has one of the lowest GWPs among Scenarios II and III, which decreases 

the mean value by 14.9% and 30.6%, respectively. On the other hand, cricket production 

in the UK causes the highest GWP among the different insect species. 

3.1.2 Different insect species 

GWP values would be 20% or 67% lower than the total average of different insect species 

if only H. illucens or M. domestica are farmed using side-streams as a feed for broiler for 

feed purposes, respectively (Table 4, Publication I). Overall, the mean value of Scenario 

II using side-stream-fed insects decreased GWP impacts by 20%. A wide range of GWPs 

were also observed for the different insect species when considered for food use. 

3.1.3 Energy and feed 

Some LCA studies in databases have investigated the influence of feed type and energy 

sources on GWP impacts (e.g., Joensuu & Silvenius 2017; Smetana et al. 2019). Joensuu 

and Silvenius (2017) studied the GWP of a mealworm species (Z. morio) and estimated 

how much GWP can be decreased if feed or energy sources are changed to contain more 

energy from renewables or better feed sources in the context of GHG emissions. In the 

case of industrial composite feed, feed composition can influence as much as 22% of the 

impact according to a reference situation in the study of Joensuu and Silvenius (2017). 

Based on their results, if by-products are used as feed (i.e., insects are fed via side-streams 

from the food industry) and the share of renewables is increased, the reduction could be 

as much as 67% compared to the reference production practices. The best-case scenario 

of black soldier fly production using the highest share of renewable energy and feed from 

side-streams reduced the GWP impacts by 80% compared to the reference production 

practices in the study of Smetana et al. (2019). Bava et al. (2019) also studied the impact 

of black soldier fly production using different feed sources. Compared to industrial 

composite-fed insects, the results of these authors indicate that GWP reduction can be as 

much as 88% when using feed from side-streams. If avoided emissions are considered, 

by using flies to treat organic wastes for example, the lowest GWP impacts are obtained 

(Table 7, Publication I). Therefore, the feed source has a significant influence on GWP.  

3.1.4 Best practices of each insect species 

The insect-farming business is still developing and the technologies used are immature 

(Cortes Ortiz et al. 2016). For this reason, it is possible that production efficiency can be 

significantly improved in the future. When using only the best productions practices for 

each insect species, the GWP was lower than broiler production in all cases except 
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maximum and mean values using insects fed with industrial composite feed in Scenario 

II. However, by removing the largest value of insects produced with industrial composite 

feed and using the second-largest value (Table 2), all scenarios had a lower GWP than 

broiler production. The maximum value of broilers fed with insect feed was 11.5% lower 

than the maximum of broilers fed with soybeans. When GWP values from cLCA studies 

were considered, the results were net positive compared to existing systems (Table 7, 

Publication I). 

3.2 Environmental added value of beekeeping 

Section 3.2.1 presents the results of beekeeping based on a systemic approach normalised 

to the PB criteria, which are then compared to a reference system. The second approach 

presented in Section 3.2.2 shows product/service-based impacts. 

3.2.1 Impact evaluation of honey production and reference food production 

systems 

The results of honey production system representing the one-year operation of one 

beehive resulted in 32.6 kgCO2eq (GWP), 13.5 m2 (LU), and 936.5 kg (FWU). For 

comparison, the honey production system resulted in 60.5%, 97.8%, and 58.2% lower 

GWP, LU, and FWU impacts than in the base case. Sugar replacement with honey and 

extra resources needed for rapeseed cultivation were the decisive factors that resulted in 

high impacts in the reference system (Appendix Table 1, Publication II). To evaluate 

impacts based on the PB criteria, normalisation was performed according to Equation (3), 

which resulted in a situation in which the biggest benefit was gained in FWU (Table 4). 

The results show the importance of impact normalisation, as the highest reduction 

potential among the studied impacts was obtained for LU when evaluating non-

normalised results. When including sustainability criteria based on the PB concept, the 

situation become different. 

Table 4. Environmental impacts of the system expansion approach and normalised values to 

correspond with PB criteria (based on Publication II). 

 Honey production system (hive) Reference system* 

LCA results   

GWP (kgCO2eq) 32 83 

LU (occupation) (m2) 13 619 
FWU (kg) 937 2239 

Normalised results   

Climate change 7.4 × 10-12 1.9 × 10-11 

Land system change  1.3 × 10-12 6.2 × 10-11 

FWU  2.4 × 10-10 5.6 × 10-10 
*incorporates the environmental impacts of rapeseed, poultry protein, and sugar beet production without beekeeping 
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3.2.2 Product -and service-based approach 

The product-based and service-based impacts are shown separately along with their unit 

processes in Table 5. When pollen and DB are considered as by-products instead of co-

products, the impacts of honey production are higher, and the impacts of pollen and DB 

are lower. For instance, the GWP of honey was reduced by 32.3% when the impacts 

related to beekeeping processes were allocated between pollen and DB. When the avoided 

impacts via pollination are considered, the impacts of honey production become net 

positive for GWP and LU. Regarding FWU impacts, pollination services have no impact 

because no irrigation is used for rapeseed production in Finland. When pollen and DB are 

considered as by-products, the benefits from pollination are not allocated to them; 

however, if they are considered as co-products, the avoided impacts of the pollination 

service during beekeeping also makes them net-positive, which is similar to honey 

production. A net positive impact is also possible when considering the resources saved 

through pollination services. Otherwise, beekeeping management has an impact on all the 

studied products. 

Table 5. Global warming potential (kgCO2eq), LU (m2a), and FWU (kg) for honey, pollen, and 

DBs with different allocation factors (based on Publication II). 

1 kg of honey      

Allocation of beekeeping processes 100%  57%  

 GWP LU FWU GWP LU FWU 

Total without pollination 0.65 0.32 23.82 0.44 0.19 14.01 

Pollination -1.35 
-

14.13 0.00 -0.77 -8.06 0.00 

Total -0.70 
-

13.81 23.82 -0.33 -7.86 14.01 

1 kg of pollen protein      

Allocation of beekeeping processes 0%  37%  

 GWP LU FWU GWP LU FWU 

Total without pollination 5.93 0.67 6.51 12.20 4.56 296.64 

Pollination 0.00 0.00 0.00 -17.21 -179.70 0.00 

Total 5.93 0.67 6.51 -5.01 -175.14 296.64 

1 kg of drone brood protein     

Allocation of beekeeping processes 0%  6%  

 GWP LU FWU GWP LU FWU 

Total without pollination 3.46 1.16 0.00 15.73 8.78 568.09 

Pollination 0.00 0.00 0.00 -33.70 -351.86 0.00 

Total 3.46 1.16 0.00 -17.97 -343.08 568.09 

 

When DB is compared to other protein sources, the GWP, LU, and FWU impacts were 

minimal, especially LU and FWU (Table 6; Table 1, Publication II). When DB is 

considered as a co-product and pollination services are not included, the GWP is higher 
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than in the case of mealworms, and approximately the same as that of broilers. However, 

when the pollination service is included, GWP and LU become net-positive, making DB 

superior compared to broilers and mealworms in the context of environmental 

sustainability. 

Sugar production for feeding bees and transportation causes the biggest impacts among 

the different unit processes (Table 3, Publication II), and transportation is responsible for 

a major share of the GWP. Sugar production has a major impact on all the studied impact 

categories. Therefore, the sensitivity of sugars and transportation were further 

investigated. Sugar production accounts for 11.2 m2 LU, 890 kg FWU, and 10.4 kgCO2eq 

GWP based on an average sugar consumption of 20 kg per hive per year. If sugar is 

consumed at a rate of 15–25 kg per hive per year, the impacts would be in the range of 

7.8–13.0 kgCO2eq for GWP, 8.4–14.0 m2 for LU, and 667.5–1112.5 kg for FWU. 

Regarding transportation, assumed average of 40 km leads to a GWP of 8.6 kgCO2eq; 

however, transportation within the range 5–375 km corresponds to a GWP of 1.1–80.6 

kgCO2eq. 

3.3 Environmental sustainability of HOB-based protein 

Section 3.3.1 focuses on the potential direct water and LU benefits of HOB-based MP 

production based on the quantitative literature review and in comparison, with other 

protein sources. Section 3.3.2 then presents the environmental impact results of different 

theoretical production pathways for PtF applications. 

3.3.1 The potential of HOB-based protein application 

Based on material and energy flows reported in the literature and by manufacturers, and 

Equations (4) and (5), the direct water use and LU of HOB-based protein production 

compare well with MP produced using bacteria capable of methanogenesis. Compared to 

soybeans, direct LU and water use are many times lower with MP. MP produced via solar 

energy has direct LU impacts of 0.18–0.26 m2 per kg of protein compared to 0–0.04 m2 

per kg protein when produced using wind energy. The direct water use was calculated to 

be 0.82 l per kg protein (Table 2, Publication III). Compared to conventional protein 

production, MP production has other beneficial attributes, such as a controllable 

production environment with no need for pesticides and herbicides (Table 6). Indeed, 

based on a range of qualities, MP production via the proposed approach is feasible, 

although further research is required before commercialisation. In addition, because of 

the high energy requirements of the process, the MP via the application is not cost-

efficient with current electricity prices. 

Table 6. Comparison of soybean protein and MP attributes produced using different forms of 

energy (based on Publication III). 

Attributes Soybean MPSolar MPWind MPMethane 
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Sterile production 
environment 

No Yes[1] Yes[1] Yes[1] 

Pesticides and 
herbicides use 

Yes No[2-3] No[2-3] No[2-3] 

Fertilizer run-offs Yes No[2-3] No[2-3] No[2-3] 

Controllable production 
process 

No Yes[1-3] Yes[1-3] Yes[1-3] 

Seasonal dependence Yes No[2-3] No[2-3] No[2-3] 

Need for arable land Yes No No No 

Sources: 1Lee, 2015; 2 Israelidis, 1987; 3 Pikaar et al., 2017  

3.3.2 LCA of PtF design possibilities 

The results of the different impact categories of the six system modifications of the PtF 

application, with the influence of the electricity source for the base case, are shown in 

Figures 7–10. 

Global warming potential 

The energy consumption of the bioreactor and thermal energy source had the greatest 

impact on the GWP among the studied technological setups. The best-case scenario used 

external water electrolysis and obtained nutrients, CO2 for biomass growth, and heat from 

side-flows. However, the largest impact arises from the electricity source used. If an 

average grid mix is used in Finland, this has the largest GWP. In comparison, the lowest 

GWP was obtained using nuclear energy. However, a core interest is to use renewables 

to power PtX processes and, therefore, the focus should be on the impacts of renewables. 

Considering wind and solar energy, the lowest GWP was obtained for MP production in 

the lower latitudes. However, the impact of PtF production on the GWP is not significant 

between the high and low latitudes when the process relies on wind energy. 
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Figure 7. Global warming potential (GWP) of different system modifications of PtF application: 

PtF application with different material sources and technologies (left); Sensitivity of overall 

impact to electricity source (right). The horizontal line in the right-hand plot shows the GWP 

value of the reference base case (reproduced from Publication IV). 

 

With the combination of modifications using solar and wind energy, the best-case system 

of MP production was obtained for production in Cyprus, with approximately 1.00 and 

0.81 kg kgCO2-eq kgprotein
-1

 in Cyprus, respectively. The best-case PtF setup consisted of 

external water electrolysis and waste or side-flow sources of CO2, thermal energy, and 

nutrients. Ammonia production accounted for 64–90% of the total GWP impacts among 

the best-case system modifications across different locations. 

Land occupation 

The source of thermal and electrical energy had the greatest impact on the land occupation 

indicator. In the best-case system modifications (Section 3.2.1.1), the impacts of PtF 

using solar energy and wind energy were 0.060 and 0.029 m2 kgprotein
-1 y-1 in Cyprus, 

respectively. 

 

Figure 8. Land occupation of different system modifications of PtF application. The land 

occupation indicator estimates the annual area required for protein production: PtF application 

with different material sources and technologies (left); Sensitivity of overall impact to electricity 
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source (right). The horizontal line in the right-hand plot shows the land occupation indicator 

value of the reference base case (reproduced from Publication IV). 

 

Eutrophication 

The eutrophication potential was described in terms of P equivalents. The production of 

ammonia and electrical energy generation sources had the largest impact on 

eutrophication, with best-case scenario indicating 0.000333 kgP-e kgprotein
-1 using wind 

energy in Cyprus. 

 

Figure 9. Eutrophication values based on phosphorus equivalent of different PtF systems. 

Material and energy inputs and outputs of energy production and substance needs are included 

in the life cycle analysis: PtF applications with different material sources and technologies 

(left); Sensitivity of overall impact to electricity source (right). The horizontal line in the right-

hand plot shows the eutrophication value of the reference base case (reproduced from 

Publication IV). 

 

Blue water consumption 

The main share of the life cycle water consumption is caused by electricity generation 

and DAC processes. For direct water consumption, most of the impacts were caused by 

the bioreactor process (Table 3). Solar energy generation also consumes considerably 

more water than the wind energy generation. The best-case setup using wind or solar 

energy in Cyprus resulted in 1 and 3.8 kgwater kgprotein
-1, respectively. 
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Figure 10. Blue water consumption values of PtF systems. Material and energy inputs and 

outputs of energy production and substance needs are included in the life cycle analysis. PtF 

applications with different material sources and technologies (left); Sensitivity of overall impact 

to electricity source (right). The horizontal line in the right-hand plot shows the blue water 

consumption value of the reference base case (reproduced from Publication IV).  

3.3.3 Impacts of protein from PtF setups compared to other protein sources 

The environmental impacts of the best-case PtF application were minimal compared to 

soybean production (Table 2, Publication IV). Indeed, the GWP was lower for PtF 

compared to other MP production pathways. Compared to the average GWP of soybean 

production, MP via PtF application had between two- and two-and-a-half-times lower 

GWP. Land and water use impacts were also lower than for soybean and mycoprotein, 

but similar to MP production pathways using methane. The direct water consumption of 

the PtF process was also minimal, and the eutrophication potential was ten-times lower 

than that of soybean production.  

However, protein protection from PtF application can have a higher impact than other 

protein production systems when non-renewable electricity is used and when the 

electricity-to-biomass efficiency of the bioreactor is poor (Figure 7–10; Table 2, 

Publication IV). Under this scenario, PtF is not feasible in terms of GWP compared to 

soybean production, but can be competitive with other impact categories. In these cases, 

MP production using methane is a better alternative than PtF application. 

3.4 Synthesis of the environmental impacts of different protein 

production systems 

The first research question posed in Section 1.1 was whether the studied MP and insect 

proteins could be produced with lower climate impact than conventional protein sources. 

Based on the study results, it is possible to produce HOB-based MPs with a lower GWP 

than soybean; the best production practice resulted in a 9% lower GWP than the best 
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soybean production practice. Pulses, a plant-based protein, had the lowest GWP values. 

Compared to animal proteins, MP production had a minimal GWP. In most cases, the 

insect proteins had a lower GWP than animal proteins when used directly as food. For 

instance, the best-case insect protein had an 82% lower GWP than the best-case poultry 

production practice. The results also showed that insects do not necessarily have a lower 

GWP compared to plant-based proteins. Indeed, insect protein were found to have up to 

79% higher GWP than soybean production based on the worst-case impact scenarios. 

However, if the best practice soybean production is not adopted or the best practices of 

insect production is adopted, insect production can have a lower GWP (Table 7.) 

The second research question was whether insect and MP proteins have other than GWP-

related environmental impact benefits. It was found that insect protein and MPs have low 

resource use requirements and environmental impacts compared to animal protein 

production. For example, HOB-based MP and DB showed clear reduction potential in all 

of the studied impact categories. HOB-based MP had the lowest impact on land use, water 

use, and eutrophication potential, being up to 99% lower than the lowest impacts of 

soybean production. Furthermore, insect-based protein production was found to have a 

lower GWP and lower LU impacts even compared to plant-based proteins. From insects, 

comparative data were found only for mealworm production in each of the impact 

category. For mealworm production, the FWU and eutrophication potential impacts were 

similar or lower than those for animal proteins but higher than those for plant-based 

proteins (Table 7). 

The third research question of this research concerned boundary conditions for the 

sustainable use of HOB-based MP and insect proteins. According to results, in almost all 

cases, insect production had less impact than animal protein production; however, if 

production occurs in cold regions and the required energy is not produced with a high 

share of renewables, it is possible that production will have a higher GWP (Section 3.1). 

For HOB-based protein production, no sustainability constraints were identified 

compared to animal proteins (Table 7).  

The environmental benefits of HOB protein can be greater than those of plant proteins 

depending on the production pathways and practices used. For HOB-based MP, the use 

of non-fossil energy sources is a boundary condition for lower GWP compared to plant 

proteins. There are no boundary conditions for the other studied environmental impacts 

(Table 7, Section 3.2.2). For insects, several boundary conditions exist when used as feed 

ingredients or as a replacement for plant proteins as food. The feed source, energy source, 

geographical location, and species can all have a notable influence on environmental 

impact. For instance, if insects are to be used as a climate-friendly feed ingredient, they 

should be produced by using side-streams as feed, and the energy sources should be non-

fossil ones. On the other hand, if insects are produced under ideal climatic conditions, the 

growing process does not require much energy. Furthermore, net-positive impacts are 

possible when including systemic benefits, such as waste management or added value 

from pollination services. These positive impacts can outpace the impacts derived from 
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animal protein production. Therefore, systemic benefits should be further evaluated 

(Table 6, Publication I; Table 7, Section 3.1).  

Table 7. Environmental impacts of various protein sources. 

Protein source GWP  

[kgCO2-eq/kgprot] 

LU  

[m2/kgprot] 

FWU 

[m3/kgprot] 

Eutrophication 
potential P/N  
[gP/N-eq/kgprot] 

Plants 
   

Soybean 0.89-3.74ab 5.24-6.04b 0.152c 0.357-60.265de / - 

Soybean meal 1.58-6.99f-h 6.76h 0.176c -/ 6.74i 

Pulses 0.21-10jk 4-21.07jk 0.503c 4.8-8.3j / - 

Canola 1.77–9.81lmn 26.37-63.67l 1.074c - / 11.16-14.46n 

Animals 
    

Seafood from 
aquacult. 

4-75k 13-30k 0.968o 21.84-416.21p / - 

Poultry 6.4–30kq 17.6–40 kq 1.05-3.67r 55.1-92st/ 105q 

Pork 16.1–55ku 40–75k 2.155-2.435r 116.5-142uv / - 

Cattle 43–640kw 37–2100k 2.325-3.415 r 175,5-710w / 3110-
8255w 

Insects 
    

Crickets 2.28-33.49xy - 0.478-1.424 xy * 0.492-9.12 xy **/- 

Mealworms 1.16-15.28zåä 6.35-9.37zå 2.78ö 23.3z / - 

Flies 1.387- 10.89a1-d1 0.05-8.135a1 0.0001-2.58a1d1* 0.4-1.22d1** / - 

(cLCA) -12.77-166.9 a1 -7.116-132.2 a1 -0.352-0.611a1* - 

Honey bee drones 29-3.36 ٭e1 1.16-17 e1 0.568 - 

(Pollination service 
inc.) 

-17.97 -343 0.568 - 

Microbial proteins 
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Quorn 15-38.4f1g1 2.6-7.5f1g1 - - 

MP_methane 1.73-2.23h1 0.033h1 0.019h1 - 

MP_H-

O_renewables ٭ 

0.81-3.288 0.029-0.082 0.00101-0.0283 0.00033-0.00041 / - 

MP_H-O_range12.6-0.81 ٭i1 0.029-1.78 0.00101-0.0636 0.00033-0.00239 / - 

Algae 14.7-196.3 j1 1.7-5.4 j1 0.3-3.9 j1* - / 40.6-105.3 j1 

 * Water resource depletion, ** freshwater eutrophication,  Includes results from this thesis ٭ 

References: ada Silva et al. 2010; bAdom et al. 2012; cMekonnen and Hoekstra 2011; dJekeyinfa 2013; eZortea et al. 

2018; fTallentire et al. 2018; gThévenot et al. 2018; hHörtenhuber et al. 2014; iDalgaard et al. 2008; jTidåker et al. 

2021; kNijdam et al. 2012; lGustafson et al. 2013; mMacWilliam et al. 2016; nMoeller et al. 2017; oPahlow et al. 2015; 

pGhamkhar et al. 2021; qPutman et al. 2017; rMekonnen and Hoekstra 2012, sKalhor et al. 2016;tCesari et al. 2017; 

uReckmann et al. 2013; vReckmann et al. 2016; wde Vries et al. 2015;xHalloran et al. 2017; ySuckling et al, 

2020;zThévenot et al. 2018; åOonincx & de Boer 2012; äJoensuu & Silvenius 2017; öMiglietta et al. 2015; a1Smetana 

et al. 2019; b1 Salomone et al. 2017; c1van Zanten et al. 2015; d1Bava et al. 2019; e1Ulmer et al. 2020;f1Head et al. 

2011;g1Smetana et al. 2015; h1Cumberlege et al. 2016; i1Järviö et al. 2021;j1 Smetana et al. 2017 
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4 Discussion 

In this Chapter, Section 4.1 discusses the main results of the publications deriving from 

this research. Sections 4.2 and 4.3 then describe the limitations of the research, followed 

by a discussion of the practical and theoretical implications of the results (Section 4.4) 

and future research needs (Section 4.5). 

4.1 Environmental sustainability of insect and MPs compared to other 

protein sources 

Insect and MPs can be produced with many times lower GWP, LU, FWU, and 

eutrophication potential than animal proteins. However, for insects, there are a few 

boundary conditions for some impact categories. Compared to plant-based proteins, the 

studied insect proteins and MPs have more boundary conditions that need to be 

considered to be environmentally sustainable alternatives to animal-based proteins 

When proteins from industrially produced insects are used directly as food, in most cases, 

they have lower impacts compared to animal-based proteins. The exception is cricket 

production in colder regions, which can have a higher GWP than poultry production due 

to high energy demand and non-sustainable energy sources. In other cases, GWP is either 

lower or falls within the range of the GWP of different animal proteins. For LU, FWU, 

and eutrophication potential, insects typically have lower or similar impacts than animal 

proteins, but there is not currently sufficient data to form a reliable consensus. Data for 

each impact category were only available for mealworms among the insect species 

considered in this research. When insects are produced using side-stream feed, they have 

a major reduction potential for different impact categories, making them environmentally 

sustainable alternatives to plant-based proteins, which can in turn increase future food 

security in the EU with a lower environmental burden than animal proteins. However, if 

the environmental sustainability of these proteins is to be maximised, insects should be 

produced in warmer regions, such as Central or Southern Europe, while utilising side-

streams and renewable energy or use waste heat. 

Climate friendly insect feed sources seem reachable. This requires use of best-practice 

production methods including the use of side-streams as feed materials. The climate 

friendlyness is futher facilitated by the use of renewable energy sources as in other food 

and feed production systems. In the case of cricket and mealworm production, the FWU 

and eutrophication potential were higher than those of plant proteins, while LU 

requirements were slightly lower. Flies are the best type of insect species to be used for 

feed purposes, especially when used to process waste and for biofertiliser generation. In 

these cases, it is possible to achieve net positive impacts regarding GWP and the other 

studied impact categories when flies are fed to broilers. Net positivity can be achieved 

only by product substitutions, such as switching to organic fertilisers. Thus, 
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environmental sustainability could be achieved by utilising insects as a part of the circular 

economy. If side-stream utilisation is possible, using insects as a feed ingredient can 

reduce the environmental burden of the food sector while enhancing the circular economy 

and, at the same time, increasing food security in the EU or other parts of the world. In 

fact, some companies outside of Western countries already utilise black soldier flies to 

produce fatty acids and proteins for feeding purposes, and at the same time use them to 

process waste. 

When considering DB as an insect protein, the product-based GWP, LU, and FWU 

impacts are either lower or similar to animal proteins depending on how the impacts are 

allocated. By including pollination services as a part of beekeeping management, and 

considering the added value it can provide, the GWP and LU impact of DB can become 

net-positive. Similar net-positive impacts are possible for other products derived from 

beekeeping, such as protein-containing pollen granulates and honey. The added value of 

pollination services can be more than the possible net positive impacts of honey, DB, and 

pollen granulates, as these simultaneously increase the yield of pollinated crops. For 

example, for rapeseed, pollination services were found to increase yields by 10–15% in 

Northern Europe without extra resource requirements (Korpela 1988; Lindström et al. 

2016). The greatest impact reductions can be observed in the case of LU impacts, 

although GWP and FWU impacts were more than twice as low as in the case of the 

reference system. In addition, it has been shown that pollination can increase the 

resilience of food systems by increasing the genetic variability of crops, and it can also 

improve crop quality (Stein et al. 2017), which is important factors for maintaining future 

food security. Thus, the efficient utilisation of pollination services worldwide is both 

viable and important. 

Currently, for most regions of the world, MP from PtF application is not yet a viable 

alternative in the context of climate impacts due to existing energy systems, although it 

will likely prove a feasible option in the future. Nevertheless, PtF-derived proteins can 

already reduce eutrophication potential and arable land and water use requirements 

compared to soybeans, if the PtF application can be commercialised. Indeed, a feasible 

and commercialised bacterial-based MP protein source already exists, such as methane 

oxidation-based MP (e.g., Cumberlege et al. 2016; Ritala et al. 2017). The sustainability 

of these products is not as dependent on the energy source used, and has already been 

implemented in practice. However, if the world shifts to using more renewables, the price 

of electricity can become considerably lower, and lower impacts from electricity use 

should make PtF applications more feasible than MP producing using methane. In 

addition, renewables cause fluctuations in the grid, which need to be balanced using 

different smart grid solutions (e.g., Phuangpornpitak & Tia 2013). Methane is an excellent 

energy source that can be used to balance the grid by producing energy when needed via 

gas turbines (e.g., Jentsch et al. 2014). Therefore, depending on future energy and food 

systems, it will be more logical to use methane for energy systems rather than for food 

systems for MP production, especially in countries with high renewable energy potential 

and uncertain food and water security. In addition, as the production of HOB-based MP 
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is not directly dependent on climatic conditions, and production is relatively quick, it 

should be possible to use employ PtF applications in response to catastrophes, such as 

famine due to natural disasters (e.g., García Martínez et al 2021). 

Importantly, the environmental benefits gained from insect and MP sources could be 

greater than those identified in this research. For instance, insects can be part of a circular 

bioeconomy by processing organic wastes and side streams into value-added products, 

such as proteins and biofertilisers (Smetana et al. 2019). Pollination services can also have 

positive impacts on natural plants (e.g., Potts et al. 2010) and can save resources, such as 

land and fertilisers, for other purposes. In addition, MP does not cause nutritional runoff, 

does not require pesticides or herbicides, and does not require arable land. In addition, it 

has been suggested that it is possible to obtain the nutrients required for bacterial growth 

from wastewater (e.g., Matassa et al. 2015), which would further reduce nutrient runoff 

and environmental pollution. In all the cases, it is also possible to substitute conventional 

proteins with the studied low-LU alternative protein sources, which can save land and 

other resources for other purposes, such as reforestation. Such LU substitutions could 

improve biodiversity and increase carbon sinks. 

4.2 Validity and generalisability of the publications 

This section discusses the validity and generality of the results of the publications deriving 

from this thesis as well as methodological aspects related to Publication II. Specific focus 

is placed on Publication II as this used a different approach to typical LCAs conducted 

for beekeeping, and generated results normalised to the PB criteria. 

4.2.1 Publication I 

The data used to calculate the GWPs of different insect production practices are 

heterogeneous and recent. The data were derived from several peer-reviewed LCA studies 

in which different environmental impacts were modelled. The majority of the studies 

considered active insect farms in Europe as the basis for their models, while some were 

based on pilot-scale, theoretical, or laboratory-scale insect production. In addition, most 

of the studies modelled several production pathways and conducted sensitivity analyses 

for key variables (Table 1, Publication I). The considered studies include non-ideal and 

ideal production practices, indicating no major biases regarding production practices. For 

example, Ooninxc & de Boer (2012) considered laboratory-scale production, which 

resulted in the highest GWP among the mealworm-related studies. On the other hand, 

Joensuu & Silvenius (2016) studied the theoretical production of mealworms using 

different feed and energy sources, which resulted in the lowest GWP among the 

mealworm-related studies. As some of the included studies were not based on practicing 

insect farms, and both non-ideal and ideal production practices are considered, the results 

should be evaluated as indicative estimates. It should also be noted that industrial insect 

production is, in many cases, still relatively immature (Cortes Ortiz et al. 2016). As such, 

there is potential to improve production efficiency further, which could reduce the 
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impacts beyond those identified in this study. For this reason, Publication I included a 

best-case evaluation of each insect species (Table 7, Publication I), which showed clear 

GWP reduction potential for all scenarios. 

If insect production takes place under optimal climatic conditions for each insect species, 

significant sustainability improvements could be achieved, similar to the case for cricket 

production in Thailand compared to the UK (Halloran et al. 2017; Suckling et al. 2020). 

Because the transportation of food commodities contributes only a small share of the total 

impacts of food products (e.g., Notarnicola et al. 2017b), production occurring in places 

other than the EU might be reasonable, and might make, for instance, insect feed 

production more reasonable even without side-stream utilisation in the context of 

sustainability. 

This study only considered soybean production in South America considering LU change 

impacts as a major share of the imported soybeans coming into the EU and, crucially, 

there are several sustainability issues for soybeans derived from tropical areas (e.g., 

Barona et al. 2010; Fearnside 2001). Therefore, the obtained results were intentionally 

not generalised for all cases using soybean meal as a feed ingredient. In addition, the 

protein derived from soybeans can be more environmentally efficient than many other 

suitable protein sources for feed (e.g., Table 7); thus, replacing all soybean production 

with insect production was not the intention of this research. Consequently, the results 

can be used to estimate whether GWP reduction potential exists in the EU when replacing 

imported soybean meal from tropical areas with insects either wholly or partially. 

4.2.2 Publication II 

The data quality assessment for the study was based on the criteria of the GHG protocol 

(Appendix A) shows that the data are, in most cases, good or very good. However, the 

completeness of data lowers the quality to fair in many cases. Completeness refers to the 

degree to which the data are statistically representative; in this case, beekeeping practices 

in Finland. As the focus of this study was to investigate the environmental impacts of 

average practices of beekeeping in Finland, it cannot be verified whether the used data 

represent over 50% of the actors in the beekeeping business, as many of the used statistics 

did not represent the whole sector. However, in many cases, the data used are taken from 

statistics representing the practices of several beekeepers, and unknown practices were 

completed with experts in Finnish beekeeping. When there was higher uncertainty about 

the average practices, conservative estimations were preferred to prevent positive bias. 

For these reasons, the data used for the inventory analysis are considered reliable. 

The validity of the results of the product-based approach can be evaluated based on 

previous studies, although such studies typically focus only on honey production. 

Beekeeping management causes the majority of the impacts related to honey production, 

as discussed in Publication II (e.g., Kendall et al. 2013; Mujica et al. 2016). The carbon 

footprint of honey production without co/by-products and pollination is in good 



4.2 Validity and generalisability of the publications 

 

61 

agreement with previous studies when sensitivities are considered. For instance, if the 

sensitivity of the maintenance distance is considered, honey production produces 0.4–

2.27 kgCO2eq kg-1. In contrast, Kendall et al. (2013) and Mujica et al. (2016) calculated 

honey production impacts of 0.67–2.5 kgCO2eq kg-1. When system expansion was used to 

model the impacts between two comparable systems (i.e., honey production and reference 

systems), there was high uncertainty related to the alternative ways to produce food. In 

particular, DB is a relatively new product and there are no appropriate direct 

replacements. However, the model developed for this study showed that protein 

replacement would have an insignificant role compared to sugar replacement with honey, 

which is explained by the higher production quantities of honey compared to pollen and 

DB. Nevertheless, the results from the system expansion approach should be considered 

with caution if they are used as a case example to show the benefits of beekeeping. 

Because of this unreliability, the avoided impacts of pollination were modelled 

separately. 

A challenge with generalisation of the results of Publication II relates to the crop species 

used, as the reduction differs greatly depending upon the plant or crop being pollinated. 

However, the yield increases with pollination services can be even higher than the yield 

increases used in Publication II. For example, Bartomeus et al. (2014) studied the yield 

increases of several food products when using open pollination services in Europe. These 

authors reported yield increases of between 18% and 71% depending on the crop; 

rapeseed and strawberry yields increased by approximately 20%, field bean yield 

increased by approximately 40%, and buckwheat yield increased by as much as 71%. 

Based on the impact results of Publication II and the possible yield increases with other 

crop products and in other geographical locations, it is highly likely that even greater 

benefits than the studied system can be gained when considering avoided impacts through 

pollination services. For these reasons, pollination services should be implemented in 

areas where crops will benefit from pollination. By doing so, it should be possible to 

increase food production without additional resources, which can enhance future food 

security. However, to obtain a reliable estimate of the added value of pollination services 

in different locations, location-specific and crop-specific factors should be implemented 

in the model. 

4.2.3 Publication III 

The direct land and water use requirements of different MP production pathway using 

renewable energies, direct water electrolysis, DAC, and post-processes to obtain dry 

protein-rich biomass were examined. The material and energy requirements were taken 

from the literature and technology manufacturers; this analysis was not, therefore, based 

on practicing production facilities. Accepting this, it is possible that some minor 

production energy or material requirements were neglected. Nevertheless, the energy and 

water requirements must be multiplied several times to outpace the direct impacts derived 

from soybean production. In addition, renewable energy generation facilities and MP 

production facilities can be located in areas where they do not require arable land. The 



4 Discussion 

 

62 

LU-related impacts were also determined based on average values in the U.S. Therefore, 

the LU results are not considered directly comparable with other geographical locations. 

However, the results show major reduction potential for direct water use and LU, even 

when a maximum estimate of land requirement was used. Thus, it can be argued that the 

proposed technological solution would also result in resource savings in other locations. 

For direct water consumption, the geographical location did not have an impact. 

The key unit process for MP production pathway is the bioreactor, owing to its high 

energy consumption (Figure 5). The study assumed the use of a state-of-the-art 

laboratory-scale bioreactor that has significantly lower energy requirements than other in 

situ water electrolysis bioreactors reported in the literature (e.g., Torella et al. 2015). 

Specifically, an electricity-to-biomass efficiency of 54% can be achieved using state-of-

the-art technology, compared to 13% reported by Torella et al. (2015). Although it has 

been shown that up-scaling MP production-related technologies is possible, the energy 

requirement of the used processes should not be considered set in stone if the technology 

is commercialised. In addition, it may prove more reasonable to use other technological 

designs for MP production than those considered in this study, which might be further 

developed or scaled up, or overall energy efficiency increased or decreased. It is, 

therefore, highly possible that energy requirements will change in the future. With this in 

mind, while the results show the potential for the studied technology, it cannot provide 

overall insights into the different design possibilities. 

4.2.4 Publication IV 

The validity of LCA for the different theoretical MP production pathways can be 

estimated by comparing the results of Publication IV with those of a similar study. Järviö 

et al. (2021) conducted an LCA using a pilot-scale production facility, expert interviews, 

and data from the literature to form inventory data, which were more comprehensive than 

the data used in this thesis. The inventory analysis consisted of, for example, the material 

requirements for production facilities, cleaning processes, transportation of nutrients, and 

a broader range of nutrients required for microbial growth, which were not considered in 

this study. However, according to the results of Järviö et al. (2021), these material flows 

have only a minor impact on the different impact categories, especially when compared 

with other protein sources. The most important factor in both studies affecting 

environmental sustainability was the energy requirement of the bioreactor. This study 

assumed an energy requirement of 7.8–41.6 kWh per kg MP protein, and the base 

situation assumed 16.4 kWh per kg MP protein. In contrast, Järviö et al. (2021) assumed 

an energy requirement of 21.7–28.6 kWh per kg MP protein, which the lower values in 

these ranges representing the base cases. The difference between the energy demands of 

bioreactors in base cases can be explained by the use of a laboratory-scale state-of-the-

art in situ water electrolysis bioreactor in this study, while Järviö et al. (2021) assumed 

an in situ water electrolysis pilot-scale bioreactor with different design. The lowest energy 

requirement used in this study was based on outside, external, water electrolysis systems, 

where hydrogen (H2) and oxygen (O2) are fed into the bioreactor from outside. In 



4.2 Validity and generalisability of the publications 

 

63 

addition, this study investigated the possibility of providing CO2 via DAC, and of 

producing thermal energy with different technological solutions. For these reasons, the 

range of the environmental impacts of different technological designs considered in this 

study is broader than that of Järviö et al. (2021). 

In this study, when considering the impacts of PtF application using base case designs 

and average gridmix in Finland as an energy source, the GWP was approximately 6 kgCO2-

eq per kg protein, which compares to 11.6 kgCO2-eq per kg protein reported by Järviö et al. 

(2021). However, the energy demand of the overall process reported by Järviö et al. 

(2021) was approximately 35% higher than in this study, which in itself results in a 

significant difference in GWP between these two studies. In addition, Järviö et al. (2021) 

assumed steam power for post-processes, to dry the biomass, which was responsible for 

2.2 kgCO2-eq per kg protein, and is considerably higher than the GWP of the total post-

processes assumed in this study (0.58 kgCO2-eq per kg protein assuming electrically-driven 

drying process). Therefore, the energy demand and differences in post-processes alone 

can explain the majority of the GWP differences between these studies. 

Indeed, when the differences in MP production pathway designs are considered, the 

impact values of these two studies become similar in many cases. The results of this study 

can, therefore, be used to help design optimal production pathways for MP. The 

differences between these studies further outline the importance of technological choices 

when designing PtF applications. Because the impacts were modelled in three different 

locations based on latitude, the results can also be used to identify the most viable 

locations. Although Järviö et al. (2021) argue that it is not viable to generate energy by 

using solar PVs in Finland, it has been proven that it is possible to utilise solar PV 

economically without subsidies, even at high latitudes, such as in Finland (Simola et al. 

2018). Thus, solar energy-powered PtF applications could offer a viable production 

option in Finland. However, because these results are based on theoretical production 

facilities, they must be considered as estimates of how different design options might 

impact overall environmental sustainability. 

4.2.5 Methodological aspects of Publication II 

The results from the system expansion approach resulted in high uncertainty because it 

was difficult to estimate which products were replaced in the markets, and there exist 

three functionally different beekeeping products, i.e., honey, pollen granulates, and DB. 

However, system expansion makes it possible to avoid the allocation between different 

products, and allocation is not a desired option in any case (e.g., Ayer et al. 2007). Despite 

the challenges related to system expansion, the method can be used to evaluate impacts 

in a broader context than using a product/service-based approach. The systemic approach 

is relevant, as beekeeping can increase food production through pollination services and 

provide protein along with honey. However, because of the high uncertainty related to 

product substitution, a product-based approach was also investigated. In that approach 

the impacts were allocated between the products. 
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The environmental impacts of honey and the reference system without normalisation 

showed clear impact reduction potential, the largest of which was 98% lower LU for the 

honey system than for the reference system. In numerical terms, under this production 

system, the greatest impact reduction was calculated for FWU. However, the midpoint 

results from the LCA do not indicate which impact category is more relevant among the 

studied categories in the context of sustainability; the comparison of different types of 

impact is, therefore, challenging. Nevertheless, estimating which impact category is more 

relevant is becoming increasingly important due to broad and different challenges 

regarding environmental sustainability. For example, the nexus approach attempts to 

address these challenges but lacks a suitable tool for impact evaluation (e.g., Mannan et 

al. 2018). 

One possibility for comparing different impact categories is to normalise LCA results 

based on PB criteria (e.g., Sala et al. 2016). In this study, following normalisation, the 

results showed that the highest reduction potential was achievable for FWU; the FWU 

reduction potential was 82% higher than for LU when the normalised value of the honey 

system was reduced from the normalised value of the reference system (Table 5). Thus, 

in this case, the main reason to switch to the honey system would be the resulting 

reduction in FWU impact. However, the normalisation criteria were lacking in one critical 

aspect; normalisation did not include local water scarcity issues in the model, which 

means that the calculated reduction in FWU impacts is somewhat questionable. In 

particular, there are no current major water shortage problems in Finland. In addition, the 

normalisation did not consider possible downscaling factors, which are usually used when 

expressing emissions using PB criteria. Downscaling factors divide emissions using 

different indicators; Hachaichi and Baouni (2020) downscaled emissions to the city-scale, 

where a city has a specific amount of emissions they are permitted to emit. Such 

downscaling can be performed based on, for example, country, capital, individual, or 

industrial sectors (Ryberg et al. 2020). Although the normalisation of LCA results to PB 

criteria is still not a mature method and has uncertainties (e.g., Crenna et al. 2019), it can 

be used in a flexible manner to compare the importance of different impact categories. In 

addition, the same principle can be used if the normalisation includes the downscaled PB 

criteria. 

The product-based approach showed the extent to which the results can be modified using 

different allocation possibilities, and how much pollination services impact product 

environmental sustainability. Although it is important to know avoided impacts, 

guidelines on how to use allocation should be formulated to avoid ‘cherry-picking’ from 

the data. For instance, the impacts of DB have major differences (40%) depending on 

whether considered a co-product or by-product. In addition, when the beekeeper gets 

financial benefits from pollination service, the allocation of avoided impacts should be 

divided between products and services differently. In those cases, the pollination should 

be counted as a service to which the impacts are divided as a part of beekeeping 

management. 
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4.3 Limitations of the publications 

The studied insect proteins and MPs represent only a few possible alternative protein 

sources. Therefore, this thesis only partly illustrates the possibilities of alternative protein 

sources for sustainable food production. In total, ten edible insect species studied out of 

1,900 possible edible species. In addition, different production pathways exist for the 

studied protein systems, and all the cases were based on relatively immature practices. 

The studied system boundaries are shown in Figures 3, 4, and 6. 

The lifetime impacts from insect production and MP production were investigated and 

compared to other protein sources in the EU area only. In addition, the ongoing transition 

towards low-carbon energy generation, future improvements in production practices, and 

possible new alternative feed ingredients could all decrease the environmental impacts of 

insect protein production; these specific considerations were not the focus of this thesis. 

When evaluating the possible added value from beekeeping, which focussed on a system 

located in Finland, the geographical limitations must be acknowledged. In addition, other 

pollinator species were not considered. It is known, for example, that food production is 

not as efficient in Northern Europe as in lower latitudes as the growing season is longer 

and crop productivity is typically lower. For these reasons, the results of this study cannot 

be easily applied to other regions. However, the model provides a novel approach for 

estimating the added value of beekeeping, and if crop- and location-specific factors are 

used in the model, it is possible to generate data for other locations. 

This thesis mainly used LCA or literature sources to determine sustainability impacts. 

Because LCA is not a precise method, while it is one of the best tools to estimate lifetime 

impacts, there exist uncertainties regarding its assumptions, data, and methods. For 

example, geographical and temporal factors affect the data sources used and may contain 

additional uncertainties. Furthermore, precise data are rarely available. In the case of 

Publication IV, no precise data were available for the amine production required for the 

DAC device. In addition, the assumptions regarding which technological design 

possibilities were investigated strongly affected the results in Publication IV. With 

regards to methodological choices, an economic allocation was used in Publication II, 

which might have resulted in different results to other allocation methods, such as the 

weight-based approach. However, the economic allocation was considered most suitable 

as there are many different products with different functions. Overall, given the range of 

assumptions required during the data collection and the different methodological choices, 

results could vary. Similarly, results may vary when LCA results are normalised to the 

PB criteria if different factors are used, such as downscaled PBs. 

4.4 Implications 

The following two sections discuss the practical and theoretical implications of this thesis. 
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4.4.1 Practical implications 

Due to interest in alternative protein sources, the results of this thesis can help decision-

making concerning which kind of protein production pathways and sources should be 

favoured over others. The results provide guidelines on the factors that affect the GWP 

impacts of insect production and show that in all cases, insect production is not favourable 

when planning a production facility in cold climate regions and when the insects are to 

be used for feed purposes. For food purposes, insect proteins are, in most cases, climate-

friendly alternatives to conventional proteins. The use of organic side-streams as a fodder 

for insects and low-carbon energy sources plays a key role in achieving low-resource 

insect-based protein production, but the possibility of side-stream utilisation is not certain 

in all cases in the EU region because of safety and hygiene-related constraints. For 

instance, the regulation EY/767/2009 forbids the use of some side streams and wastes, 

such as manure and some food wastes like former groceries including animal or fish. 

Thus, currently, the utilisation of side-streams is an important boundary condition for 

sustainable insect production for feed purposes. By using best insect farming practices 

and industrial composite feed, sustainable protein production can be achieved. However, 

this requires careful feed source selection and the use of a higher share of renewables to 

provide the required energy for production. 

Publication II provides evidence that beekeeping with pollination services should be 

implemented in areas with crops benefitting honeybee pollination. In addition, DB offers 

a feasible protein alternative that can contribute to environmental sustainability. The 

comparison of different allocation methods in Publication II shows the importance of 

setting proper guidelines on how the impacts of beekeeping should be presented. On the 

other hand, the low impacts derived from beekeeping can be used to market pollination 

services as a sustainable practice, and shows the importance of including avoided impacts 

in LCA models. The added value from beekeeping can further deepen our understanding 

of how to plan more sustainable food systems. 

When considering the possible commercialisation of HOB-based MP production, 

Publications III and IV provide evidence for environmentally sustainable design solutions 

involving PtF application. Crucially, the key factor is the energy source used. 

4.4.2 Theoretical implications 

The theoretical implications of this research are mainly related to Publication II. 

Specifically, the importance of expanding impact evaluations to include systemic benefits 

has been demonstrated, especially for systems that impact other systems. Indeed, system 

expansion can have a crucial impact on product and service sustainability. Normalisation 

to PB criteria further showed that it is possible to use this approach when evaluating the 

relevance of different impact categories in a flexible manner, although the approach still 

has some challenges. The use of two approaches for impact evaluation, i.e., system 

expansion and a product-based approach, demonstrated the advantages and disadvantages 
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of both approaches. Overall, this work can help develop guidelines on how best to 

evaluate the environmental impacts of beekeeping with pollination services. 

4.5 Future research 

This thesis focused on the environmental sustainability of novel alternative protein 

sources. The results highlight that information gaps still remain, especially regarding 

comparable FWU and eutrophication potential impacts. In addition, there are many 

alternative protein sources for which environmental impacts remain poorly known (e.g., 

Knudsen et al. 2016). Further research is needed, therefore, to gain a better understanding 

of the environmental impacts of a broader range of alternative protein sources and their 

possible production pathways, especially in comparison to conventional protein sources. 

Identifying suitable products or services that can be replaced without avoiding major 

biases remains challenging, such as when comparing different systems in Publication II 

or when using cLCA. To overcome this, guidelines and recommendations on appropriate 

substitution assumptions are required. One possibility is implementation of the carbon 

handprint methodology developed by the Technical Research Centre of Finland and the 

Lappeenranta-Lahti University of Technology. In this case, when comparing GHG 

emissions of different products or services, the substituted product or service must be 

recognised within the same market area and within a certain timeframe, and it should have 

similar functions (Grönman et al. 2019). To be able to identify the possibilities when 

replacing, for instance, MP feed with soybean feed, the applicability of the handprint 

method should be investigated as a way considering a broader context than GHG-related 

emissions. 

To be truly sustainable, the studied protein sources should be sustainable not only 

ecologically, but also economic and social manner. The economic feasibility of HOB-

based MP production is questionable with current electricity prices in the EU. The 

economic aspects of HOB production pathways have been studied by Nappa et al. (2020) 

and Verbeeck et al. (2020), who show that HOB-based MP production can be 

economically viable but better alternatives MP sources exist. In addition, Nappa et al. 

(2020) showed that continuous production of HOB would be essential because of high 

investment costs and, therefore, PtF technology acting only as a demand-response tool 

would not be viable. To be economically competitive, energy prices play a key role. Due 

to possible technological developments, price increases of conventional protein sources 

and possible reductions in electricity costs due to increasing shares of renewables may 

make HOB-based MP a price-competitive alternative in the future.  

There are also economic feasibility challenges for insect production as, currently, 

production is not as automatized as other animal protein production systems, having 

higher labour cost implications. In addition, because MP production is a novel technology 

that does not require farmers to produce food or feed, the large-scale use of the technology 

could result in unwanted socio-economic changes. For instance, many farmers could lose 
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their livelihoods due to product substitution. Because the agricultural sector places a 

heavy burden on the environment, appropriate levels of MP production considering socio-

economic changes should be investigated further. This requires greater understanding of 

the lifetime costs of alternative proteins, focusing on improving production efficiency. In 

addition, as a goal of the EU is to improve the sustainability of the food sector, appropriate 

funding systems for, for example, developing novel food ingredients should be explored. 

One interesting possibility of the studied PtF application could be its integrations with 

biogas production facilities similar to that described by Verbeeck et al. (2020). Anaerobic 

digestion produces biogas, which can be further improved to contain a higher share of 

biomethane by removing CO2 via various technologies (e.g., Ardolino et al. 2020). The 

removed CO2 can then be used for PtF applications. In addition, it is possible to remove 

nutrients, such as phosphates and nitrates, from the digestate (Shi et al. 2018), which 

could also be used for PtF processes. In particular, amine production accounts for a 

relatively large share of total environmental impact (see Results in Publication IV). 

Therefore, this kind of system could reduce nutrient runoff, reduce GHG emissions, 

provide energy in the form of biomethane, and provide circularity to food and energy 

systems. The evaluation of environmental benefits using system expansion, and 

comparing integrated PtF and food production systems without such a system, could 

further improve understanding of the potential environmental sustainability of MP 

derived from PtF.
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5 Conclusion 

The studied alternative proteins show potential for reducing environmental burdens in the 

food sector, but there are important boundary conditions. Typically, for industrially 

produced insects using industrial composite feed, the environmental impacts are lower 

than those of animal-based proteins. However, if production occurs in non-ideal climatic 

conditions and the energy production pathway is carbon-intensive, the impact on climate 

change can be higher than that of poultry or pork production. Insect production has lower 

LU requirements; for FWU and eutrophication potential, there is not currently sufficient 

information to form a reliable consensus on whether insect-derived proteins are better 

alternatives. However, the FWU and eutrophication potential of mealworms are similar 

to or less than those of animal proteins. For feed purposes, insects cannot compete with 

plant proteins when farmed using industrial composite feed. If it is possible to use side-

streams or wastes as feed ingredients, insects can be a competitive alternative, even 

compared to plant proteins. This is especially true if systemic benefits are considered, 

such as waste management possibilities while producing protein from flies. However, 

there are safety, hygiene, and regulative issues to be solved before side-stream fed insects 

can be used for food or feed purposes. For instance, the use of manure is currently 

prohibited for feed purposes. 

The environmental benefits of beekeeping can outpace the impacts derived from beehive 

management, including logistics, product processing, and packaging, when added value 

through pollination services are considered. Even without pollination service, the 

produced proteins, DB, and pollen granulates, have similar or lower environmental 

impacts than animal proteins, making them environmentally favourable protein sources. 

Publication II showed the importance of the impact evaluation approach used as well as 

the possibility of evaluating the relevance importance of different impact categories when 

normalising LCA results to the PB criteria. However, further investigation is required to 

consider spatial factors when normalising LCIA results to the PBs. 

There are multiple production pathways for HOB-based MP production of which not all 

are sustainable. The key unit process affecting environmental sustainability is the 

bioreactor, which accounts for a major share of the energy demand of this process. 

Overall, technological design plays a key role in planning sustainable HOB production 

pathways. Because MP production is energy intensive, the energy source has the greatest 

influence on the environmental and economic sustainability of HOB-based production. 

With current energy systems in the EU, HOB-based MP production is not a sustainable 

alternative in most locations. However, the ongoing energy transition towards renewables 

should make HOB production an economically and environmentally feasible option in 

the future. 
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Importantly, the studied alternative protein sources have additional benefits compared to 

conventional protein sources other than the environmental impacts studied here. In all 

cases, the LU impact is small, and substituting practices with high LU requirements with 

low-LU production systems can release land for carbon storage and biodiversity 

conservation. In addition, in the case of HOB, production can have no arable land 

requirements at all, and beekeeping can enhance the resilience in food systems and even 

increase biodiversity. However, further research is required to understand the potential of 

alternative protein sources. In addition, more comparative information regarding all 

impact categories requires further study to reach a consensus on the scale of these impacts. 

When considering global sustainability targets and the transition towards safe operational 

spaces, insect proteins and MPs can play a significant role. This thesis shows that the 

studied protein protection systems and sources can produce more food with less 

resources, and can be part of a closed circular bioeconomy. Benefits beyond reducing the 

environmental impact of the food sector are also possible, such as improving the 

resilience of food systems by utilising pollination services. As most of the studied proteins 

require fewer resources, including water and land, they are excellent food products for 

areas where these resources are already limited. In addition, in many cases, these protein 

sources can be produced faster than animal or plant proteins; they can be used to quickly 

establish food production after catastrophes such as droughts. In order for these protein 

sources to become more widely utilised, their safety-related aspects require further 

investigation, and their economic feasibility should be investigated considering possible 

future changes in agricultural funding systems. Given that these protein sources have been 

shown to cause less environmental impact, compensation schemes should also be 

investigated if used to substitute conventional protein sources. 
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Appendix A: Data quality 

Data quality was assessed based on the instructions of the Greenhouse Gas Protocol. The 

quality assessment was based on five different indicators of (1) temporal 

representativeness, (ii) geographical representativeness, (iii) technological 

representativeness, (iv) completeness, and (v) reliability. Quality was represented using 

the following scale: very good, good, fair, and poor. More detailed instructions can be 

found in the Greenhouse Gas Protocol. 
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The main unit processes     

     

Products from beekeeping     

     

Amount of honey  39 19 56 kg/hive 

Amount of pollen 5 - - kg/hive 

Amount of DB 1 - - kg/hive 

Amount of beeswax 1 - - kg/hive 

 
    

Material and energy flows of beekeeping     

 
    

Amount of consumed sugar 20 - - kg/hive 

Sugar from sugar beet* 
- - - 

kgCo2-
eq/kg_sugar 

 
    

Electricity consumption of electric owen 0.792 - - kWh/kgbeeswax 

Electricity consumption of honey separation 0.23   kWh/kghoney 

Electricity consumption of DB separation 

0.08 - - kWh/kgDB 

Electricity consumption of coldchain 1.4   kWh/kgproduct 

Energy consumption of drying of pollen*  - - - MJ/kgpollen 
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Gridmix FIN*  - - - kgCo2_eq/kWh 

 
    

Polypropein moulding for plastic paggage 
honey*  

- - - 
kgCo2_eq/kg_Hon

ey 
Polypropein moulding for plastic paggage 
pollen*  

- - - 
kgCo2_eq/kg_Poll

en 

Polyprotein film for DB*  - - - kgCo2_eq/kg_DB 

 
    

Maintanence distance 40 25 70 km/hive 

Distance to centralised honey, DB and pollen 
processing 

30 - - km/hive 

Sugar transportation distance to hives 100 - - km 

 
    

EURO 4 class truck 2.7t-payload*  - - - kgCo2/km 

EURO 4 class diesel van 2-l engine*  - - - kgCo2/km 

 
    

Dieselmix*  - - - kgCo2/kg_diesel 

 
    

Material and energy flows of rapeseed production    

 
    

Increase of rapeseed yield 11 11 15 % 

Rapeseed yield 1400 - - kg/ha 

Amount of Nitrogen fertiliser 111 - - kg/ha_oilcrop 

Amount of Phosphorou fertiliser 11 - - kg/ha_oilcrop 

Amount of Potassium fertiliser 23 - - kg/ha_oilcrop 

 
    

Nitrogen fertilizer*  - - - kgCo2_eq/kg_N 

NPK 15-15-15 fertilizer*  - - - kgCo2_eq/kg_Ph 

Potassium fertilizer*  - - - kgCo2_eq/kg_Po 

 
    

Amount of consumed diesel 90 - - l/ha 

Tractor*  
- - - 

kgCo2_eq/kg_dies
el 

 
    

Dieselmix*  
- - - 

kgCo2_eq/kg_dies
el 

     

     

* Due to IP reasons some units cannot be represented    
** Data unit vary depending on evalueated impact category. For instance, if the land use is 
measured the unit changes to m2 per a. 
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** 

The main unit processes        

        

Products from beekeeping        

        

Amount of honey  
V 

1985-
2016 

FIN V V P G 

Amount of pollen V 2016 FIN V V P G 

Amount of DB V 2019 FIN G F P F 

Amount of beeswax V 2019 FIN F F P F 

 
       

Material and energy flows of 
beekeeping 

       

 
       

Amount of consumed sugar V 2018 FIN G V P G 

Sugar from sugar beet* 
V 2016 

Globa
l 

G V S G 

 
       

Electricity consumption of electric owen G 2018 FIN F G S F 

Electricity consumption of honey 
separation 

V 2017 FIN F G P F 

Electricity consumption of DB separation G 2019 FIN F G S/P F 

Electricity consumption of coldchain G 2019 FIN F G S F 

Energy consumption of drying of pollen*  
V 2017 

Globa
l 

F G S F 

 
       

Gridmix FIN*  V 2015 FIN V V S G 

 
       

Polypropein moulding for plastic 
paggage honey*  

V 2015 
Europ

e 
G V S G 

Polypropein moulding for plastic 
paggage pollen*  

V 2015 
Europ

e 
G V S G 

Polyprotein film for DB*  
V 2017 

Globa
l 

F V S F 

 
       

Maintanence distance 
V 

2013-
2018 

FIN G V P G 
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Distance to centralised honey, DB and 
pollen processing 

V 2019 FIN F G P F 

Sugar transportation distance to hives V 2019 FIN F F P F 

EURO 4 class truck 2.7t-payload*  G 2017 EU G G S G 

EURO 4 class diesel van 2-l engine* G 2017 EU G G S G 

Dieselmix* V 2014 EU G V S G 

Material and energy flows of rapeseed 
production 

Increase of rapeseed yield 
V 

1988; 
2016 

FI/SW
E 

F V S F 

Rapeseed yield 
V 

2016-
2017 

FI V V S V 

Amount of Nitrogen fertiliser G 2017 FIN G V S G 

Amount of Phosphorou fertiliser G 2017 FIN G V S G 

Amount of Potassium fertiliser G 2017 FIN G V S G 

Nitrogen fertilizer*  V 2017 DE G V S G 

NPK 15-15-15 fertilizer* V 2017 DE G V S G 

Potassium fertilizer*  V 2017 DE G V S G 

Amount of consumed diesel 
V 2014 

Globa
l 

F V S F 

Tractor* 
V 2017 

Globa
l 

G V S G 

Dieselmix* V 2014 EU G V S G 

* Data with less than 3 years difference (very good); Data with less than 6 years difference
(good); Data with less than 10 years difference (Fair); Data with more than 10 years
difference (poor);
Data quality is given based on following
colours: 
Very good

Good

Fair

Poor
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Technology representativeness, temporal representativeness and geographical representativeness 
are either good or very good. However, in the case of completeness and reliability there exists some 
unit processes that are categorized as fair. In those cases, conservative estimation was preferred. In 
many cases the unit process was categorized fair because there are no broad data available about 

the average practice. Most of the cases the reason for this is that the production of pollen and DB is 
not widely used practice, or the data is taken from a few actors. For these reasons, the authors did 
not want to evaluate the completeness of the data too good, although it might represent the actual 

situation well. 
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A B S T R A C T   

As part of the current climate change debate, concerns have been raised over the rapid expansion of soybean 
cultivation as the major protein source to feed animals for human consumption. At the same time, insect-based 
protein is rapidly emerging as an alternative protein source to animal-based protein, both as a potential sub-
stitute for soybean-based protein for the use in animal feed, and for direct human consumption. The assessment 
of climate impacts and market potentials of novel animal feed and food products related to such insect-based 
protein requires an assessment of their carbon footprints. This paper explores the extent to which insect pro-
tein could help to reduce the Global Warming Potential (GWP) associated with food consumption in Europe. The 
results from a quantitative review and scenario analyses provide two key insights. First, they support previous 
research suggesting that insect protein has the greatest potential to reduce the carbon footprints of European 
consumers, if insects are directly consumed as food. Second, they suggest not only that the use of insects as 
animal feed can substantially contribute to the sustainability of broiler production systems with regard to 
lowering GWP, but also that low-value side streams are key for improving this potential.   

1. Introduction 

In the face of increasing environmental, biodiversity and welfare 
concerns associated with traditional animal-based food production 
(Grunert et al., 2018; Bonnet et al., 2020; Bohnes and Laurent, 2021; 
Raven and Wagner, 2021), the search for new and alternative plant, 
insect and lab-based protein sources has accelerated (He et al., 2020; 
Santo et al., 2020; Kyriakopoulou et al., 2021). These protein sources 
have not only the potentials to replace traditional meat products 
designated for human consumption, but also to direct the use of feeds in 
animal production towards more sustainable practices (Hawkey et al., 
2021; Williams, 2021), and contribute through better exploitation of 
side streams towards a more sustainable circular economy (Ghinoi et al., 
2020; Ojha et al., 2020). To assess these potentials in terms of their 
climate impact, it is instrumental to understand the carbon footprint 
implications of switching from animal-based protein for human con-
sumption to alternative protein sources, such as insect proteins 
(Sánchez-Muros et al., 2014). Carbon footprint-based analyses have thus 

emerged to complement taste-focused studies for the assessments of 
market potentials and consumer acceptance of novel food product at-
tributes and protein sources (Burnier et al., 2021; Castro et al., 2020; 
Frigerio et al., 2020; Grebitus and SteinerVeeman, 2016; Llagostera 
et al., 2019; Steiner and PeschelGrebitus, 2017). 

The production and consumption of animal-based food causes major 
environmental impacts (Poore and Nemecek, 2018), especially when 
ruminants are involved (Dyer et al., 2020; Röös et al., 2014). When 
considering the environmental impacts of different animal production 
systems, such as with regard to Global Warming Potential, the impact of 
broiler production is typically proportionally smaller when compared to 
other meat types (e.g., Nijdam et al., 2012; Dyer et al., 2020). We also 
observe and continue to expect that Western consumption patterns will 
continue to shift from red meat to white meat (González et al., 2020), in 
spite of the fact that animal-based protein intake of European consumers 
has gradually increased in the past, with a particular rise in the con-
sumption of poultry (Westhoek et al., 2011). However, there is a 
growing interest and need to change European diets towards 
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environmentally friendlier ones (e.g., da Silva et al., 2009; Kearney, 
2010; Westhoek et al., 2014; Yang et al., 2021). In light of the above 
evidence, we chose broiler meat as the base scenario for the carbon 
footprint assessment in this paper, aiming to explore the extent to which 
insect protein could help to reduce the Global Warming Potential asso-
ciated with food consumption in Europe. 

A range of previous studies have assessed the potential for climate 
change mitigation of switching to alternative protein production and 
consumption options. Alternative options include the replacement of 
soybean-based feeds with other feed options (Ikiamba et al., 2021) and 
the replacement of animal-based proteins with alternative protein 
sources, including lab-grown and insect-based sources of protein 
(Alexander et al., 2017; Tuomisto, 2019; Bohnes and Laurent, 2021; 
Painter et al., 2020; Williams, 2021). Noting the land-use efficiency of 
insects and the fact that insects are typically nutritious with healthy high 
protein content, the use of insect-based protein promises to provide 
significant potentials for increasing food security and environmental 
sustainability of food (Bodenheimer, 1951; van Huis, 2013; Alexander 
et al., 2017). Insects do not use energy to maintain a high body tem-
perature and are therefore very efficient in converting feed into edible 
meal protein (Nijdam et al., 2012; van Huis, 2013). When insects are 
mass produced, they can also contribute to the bioconversion of large 
quantities of food waste (Salomone et al., 2017; Fowles and Nansen, 
2020; Guo et al., 2020; Ites et al., 2020). Further, insect protein pro-
duction systems promise to have lower levels of environmental impacts 
due to a relatively lower carbon footprint (Blonk et al., 2008; 
Sánchez-Muros et al., 2014), and due to lower land and water re-
quirements as compared to crop or animal protein production systems 
(Sánchez-Muros et al., 2014; Alexander et al., 2017; Salomone et al., 
2017). Furthermore, the use of insect protein as a sustainable 
feeding-alternative in aquaculture is gaining significant attention in 
research and practice (Riddick, 2014; Llagostera et al., 2019; Lu et al., 
2020; Toviho and Bársony, 2020; Poveda, 2021). 

Despite a growing interest and research base on the potential of in-
sect protein, evidence on the environmental sustainability of insects as 
an alternative protein source for the poultry industry in the European 
context is sparse (Netherlands: Blonk et al., 2008; Smetana et al., 2016, 
2019; Germany: Ites et al., 2020), and previous studies focusing on 
insect-based food and feed production, in general, show large un-
certainties (Salomone et al., 2017). Smetana et al. (2016, 2019) pro-
vided a life cycle assessment (LCA) of insect-based food and feed 
production at the industrial level. Tallentire et al. (2018) studied the 
environmental impacts of incorporating novel ingredients such as insect 
protein into broiler diet formulations to replace soybean protein im-
ported from outside Europe. Allegretti et al. (2017) evaluated the pro-
duction and processing of Hermetia illucens (black soldier fly) larvae for 
insect meal as compared to the use of soybean meal in Brazilian poultry 
production systems. Abro et al. (2020) assessed the potential 
socio-economic benefits of using larvae meal for the Kenyan poultry 
sector. (Roffeis et al. 2018, 2020) provide an ex-ante life cycle impact 
assessment of insect-based feed production and use a life cycle inventory 
analysis as a basis to analyze the economic performances of insect-based 

feed production systems for the West Africa context. Ites et al. (2020) 
assess the modularity of insect production and processing as a path to 
efficient and sustainable food waste treatment. They conduct an LCA 
assessment for Tenebrio molitor (mealworm) and H. illucens production, 
with specific consideration on the conditions of production in Germany. 

The objective of this study is to contribute to the above debate by 
exploring the potential of insect protein to reduce the carbon footprint 
associated with European food consumption. We introduce three sce-
narios to compare alternative insect-based feed and food production 
systems with soybean-based feed and broiler meat production systems. 
In our scenarios, soybean meal-based feeds are replaced with insect- 
based feeds for broiler production, and broiler meat is replaced with 
food products made from insects for human consumption. Further, we 
compare industrially produced composite feeds based on insect protein 
production with alternative feeds produced from industrial side streams. 
Through these scenarios we address the following research question: 
how are European consumers’ carbon footprints changing when they 
alter their food consumption patterns, by partially or completely 
replacing broiler meat with more insect-based protein food products? To 
answer this research question, we perform a quantitative review to 
assess the potential reduction in the carbon footprint associated with an 
average European consumer’s diet. 

The remainder of this paper is structured as follows. Section 2 in-
troduces the study approach and methods, provides a selected review of 
relevant LCA studies applied to insect proteins, and describes the 
development of our data sets. This serves then as the basis for the se-
lection of variables, calculation of functional unit and the scenario as-
sessments. Section 3 discusses the scenario results, and the results of the 
sensitivity analysis. Section 4 outlines the study’s conclusions, data 
validity, limitations, and indications for future work. 

2. Materials and methods 

First, we conduct a short and thematically focused literature review 
on the Global Warming Potential (GWP) values of broiler, insect, and 
soybean meal production from a variety of LCA studies (sections 2.1. and 
2.2.), to generate a data set for further analysis. Based on the literature 
review, we assess the compatibility of insects as a protein source to 
replace soybean meal in broiler diets. The criteria for the studies 
included in our data set are presented in section 2.3. We used this data 
set to first assess the global warming impact associated with the con-
sumption of conventionally farmed broiler meat, broiler meat farmed 
with insects or food products based on insects, and then outline three 
scenarios (Section 3). 

Fig. 1 illustrates the construction of items that we used in the analysis 
of the GWP of broiler and insect production. 

We could in the following meta-analysis validate the robustness of 
the data, yet in the case of LCA, the quantitative analysis is challenging 
due to the heterogeneous nature of the studies. The production practices 
and processes of insect protein vary widely and contribute to this het-
erogeneity. For instance, the production of H. illucens as a part of the 
waste management processes for providing feed for the flies (Smetana 

Fig. 1. The construction of items used in the analysis of the GWP of broiler and insect production (Source: own).  
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et al., 2019), and Acheta domesticus (house cricket) production using 
industrial feed sources (Halloran et al., 2017) are fundamentally 
different protein production systems. In addition, there is a lack of 
peer-reviewed LCA studies on the production of specific insect species. 
Therefore, we attempted to improve the usefulness and validity of the 
results and data sets by conducting a sensitivity analysis, and by iden-
tifying the major factors affecting the results. In addition, it could be 
argued that because of the novelty of the insect industry, there are yet no 
best-practice examples and corresponding data available to inform in-
sect production, to move towards lower GWP options. This is reflected in 
the fact that several of our source LCA studies use only one insect farm or 
a pilot scale farm as a case example, which we also indicated in the 
summary of characteristics of the insect-related LCA studies (Table 1). 
For these reasons, we examined scenarios by using only the best 
knowledge on production practices for each insect species. 

2.1. Soybean meal as feed ingredient and its substitution with insects 

Soybean meal is a widely used and major source of protein for broiler 
feed (van Gelder et al., 2008; Dei, 2011), yet it is also an ingredient that 
can contribute to negative environmental impacts in broiler feed pro-
duction, for example due to its land use (e.g., Fearnside, 2001; Barona 
et al., 2010; Salomone et al., 2017), as well as through contributing 
negatively to social sustainability measures (Jia et al., 2020). 

Soybean meal is a concentrated protein source from which most of 
the oil has been separated from soybeans. It is high on protein and 
contains a well-balanced composition of essential amino acids (Bansz-
kiewicz, 2011). The average protein content of soybean meal is 46.0% 
(Florou-Paneri et al., 2014). Based on a literature review of the LCA 
studies on broiler production, the share of soybean meal in broiler feed 
ranges from 20.1% to 39.0%, and the value of the feed conversion rate 
(FCR) ranges from 1.6 to 2.8. However, typically the FCR in broiler 
farming is approximately 2.0, and average soybean meal content in 

broiler feed is 36.8% in EU (van Gelder et al., 2008; Boggia et al., 2010; 
Thévenot et al., 2013; González-García et al., 2014; Cesari et al., 2017). 

Insects are nutritionally rich in essential amino acids, and some in-
sect species provide high good-quality fatty-acids (van Huis et al., 2013; 
Kouřimská and Adámková, 2016). It has been shown that insects can 
replace partly or all the soybean meal used in the feed without 
compromising the FCR value (Khusro et al., 2012; Makkar et al., 2014; 
Bovera et al., 2015; Józefiak et al., 2016; Lu et al., 2020). In our 
following analysis, we assume that replacing 1.0 kg soybean protein 
with the same amount of insect protein has no effect on the FCR value in 
broiler farming. 

2.2. Insects as feed and food 

The general EU legislation on insects for feed or food has distin-
guished insects as animals that are farmed to produce food or feed 
(Spiegel et al., 2013; Finke et al., 2015; Lähteenmäki-Uutela and 
Grmelová, 2016). The EU Commission defines Novel Food as food that 
had not been consumed to a significant degree by humans in the EU 
before May 15, 1997, when the first Regulation on novel food came into 
force. The Novel Food Regulation requires an authorisation before a 
novel food product can be placed on the EU market, which is then fol-
lowed by a stringent scientific assessment from the European Food 
Safety Authority (EFSA). EFSA verifies, based on available scientific 
evidence, that the food does not pose a safety risk to human health. The 
regulation on novel foods has recently been revised, and has from June 
1, 2021, authorized the placing on the market of dried yellow mealworm 

Table 1 
Characteristics of the insect related LCA studies. A-LCA means attributional LCA. C-LCA means consequential LCA. Values accounting C-LCAs are given in brackets.         

Sensitivity analysis  

Literature 
source 

Year Country Insect species Type 
of LCA 

The base 
approach of 
the study 

Number of 
observations 

One or two 
key 
parameters 
studied 

Several key 
parameters 
studied 

Methodolodical 
choices studied 

Uncertainty 
analysis 
performed 

Joensuu & 
Silvenius 

2017 Finland Tenebrio 
molitor; 
Zophobas 
morio 

A-LCA Theoretical 
case 

9  x   

Thévenot 
et al. 

2018 France Tenebrio 
molitor 

A-LCA Several insect 
farms 

1  x  x 

Bava et al. 2019 Italy Hermetia 
Illucens 

A-LCA Lab scale 4 x    

Oonincx & 
de Boer 

2012 Netherlands Tenebrio 
molitor; 
Zophobas 
morio 

A-LCA Several insect 
farms 

1     

Halloran 
et al. 

2017 Thailand Acheta 
domesticus; 
Gryllus 
bimaculatus 

A-LCA Insect farm 2  x   

Suckling 
et al. 

2020 UK Gryllus 
bimaculatus 

A-LCA Insect farm 2  x   

Smetana 
et al. 

2019 Netherlands Hermetia 
Illucens 

A- 
LCA/ 
C-LCA 

Pilot-farm/ 
theory 

8 (4)  x x x 

Salomone 
et al. 

2017 Italy Hermetia 
Illucens 

A- 
LCA/ 
C-LCA 

Pilot-farm 5  x   

van Zanten 
et al. 

2015 Netherlands Musca 
domestica L 

A- 
LCA/ 
C-LCA 

Lab-scale 1  x   

Tedesco 
et al. 

2019 Italy Eisenia fetida A-LCA Insect farm 2  x x x  
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as a novel food.1 

Several LCAs focus on insect production for human food (e.g., 
Oonincx and de Boer, 2012; Halloran et al., 2017), although the same 
insect species can also be produced for animal feed (e.g., Thévenot et al., 
2018). We could argue that if the nutritional quality of insects produced 
beyond the farm gate is good enough for direct human consumption, the 
use of unprocessed insects should be acceptable also for feeding animals. 
For instance, SucklingDruckman et al. (2020) studied the production of 
A. domesticus for use in food and feed when the same production pro-
cesses are applied while assuming that if insects are produced for food, 
they could also be used for feed production. However, we should also 
note that while most insect species are suitable for use in feed, the same 
species are not necessarily suitable for human consumption, keeping 
also EU hygiene regulations in mind (e.g., Regulation No 852/2004 and 
Regulation No 183/200). 

2.3. LCA studies used to generate the data set 

LCA is a standardized method which is internationally used to 
quantify the environmental impacts of a product throughout its entire 
life cycle (ISO 14040). The use of LCA has rapidly increased as a tool 
when studying environmental impacts of agricultural and food products 
(e.g. Ponstein et al., 2019; Roy et al., 2009; Thomas et al., 2020). The 
LCA studies that we selected for this study can be divided into 

attributional LCAs (A-LCA) and consequential LCAs (C-LCA). Broadly 
speaking, the A-LCAs focus on describing the impacts of existing pro-
duction systems, and the C-LCAs focus on describing how the impacts 
could change based on decisions (Curran et al., 2005; Yang, 2016). 

For those studies included in our analysis that encompass more than 
one insect species produced by the same production processes (e.g., 
Oonincx and de Boer, 2012; Halloran et al., 2017), we consider different 
insect species as a separate observation in the same studies. To ensure 
study validity and a robust, data-driven approach to the construction of 
the scenarios, we used only peer-reviewed studies (Table 1) that are 
comparable by the use of variables and parameters. 

For LCAs to be comparable, they should apply equivalent definitions 
of the system boundaries for the alternative production systems, and 
they should make similar delimitations within the systems (Tillman 
et al., 1994). To suit the context of our study, the LCAs should include 
similar system boundaries, a functional unit (FU) using mass unit or 
protein content, the GWP as an environmental indicator, and the results 
should be expressed in CO2-equivalents (CO2-eq.). We describe the re-
quirements for similarities in greater detail in the following sub-sections. 

2.3.1. System boundaries 
Ideally, the LCA studies we used for our analysis should evaluate the 

various environmental impacts of broiler meat and insect products over 
their entire life cycle. However, in the literature (Tables 3–5), the im-
pacts of broiler and insect farming are typically evaluated until the 
slaughter and/or package stage, and do not consider later stages, such as 
retail, use and disposal. For our study, we included (Fig. 2, below) LCAs 
which encompass also processing stages beyond the farm gate, such as 
drying, slaughter, mechanical separation and/or package (e.g., 
González-García et al., 2014; van Zanten et al., 2015; Cesari et al., 2017; 
Halloran et al., 2017; Thévenot et al., 2018), while keeping in mind that 
the LCAs on broiler and insect production consider different processing 
stages beyond the farm gate, yet as a commonality they consider that the 

Fig. 2. Simplistic system boundaries of the LCAs included (Source: own).  

1 On 1st June 2021, the Commission has adopted the regulation (EU) 2021/ 
882 authorising the placing on the market of dried T. molitor larva as a novel 
food under Regulation (EU) 2015/2283 of the European Parliament and of the 
Council, and amending Commission Implementing Regulation (EU) 2017/2470. 
https://ec.europa.eu/food/food/novel-food/authorisations/approval-first-inse 
ct-novel-food_en; https://eur-lex.europa.eu/legal-content/EN/TXT/? 
uri=CELEX%3A32021R0882&qid=1622617276506. 
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actual product is ready for use. 
The use of C-LCAs differ most strikingly in terms of system bound-

aries. For instance, farming of H. illucens for food or feed produces 
compost, which stems from the production and use of feed sources, and 
comes in the form of, for example, biowaste or manure. For this case, it is 
possible to include consideration of the avoided impacts, such resulting 
for example from differences in fertilizer use or waste treatment (e.g., 
Smetana et al., 2019), thus allowing for a subsequent data set to assess 
and highlight the systemic benefits of protein production from H. illucens 
as compared for example to protein production from broiler. However, 
the LCAs reporting the impact estimates of production of insect meal 
from H. illucens for substitution of other protein sources (e.g., van Zanten 
et al., 2015; Salomone et al., 2017) do not include consideration of the 
avoided impacts as this would create double counting. Which factors to 
include in C-LCA models is vital for the reliable evaluation of the impacts 
(e.g., Sillman et al., 2020). Therefore, we separately indicate which data 
was provided by the C-LCAs. 

2.3.2. Functional unit (FU) 
A well-defined functional unit (FU) allows to make adequate and 

informative evaluations across LCAs. The FU should be linked to one or 
more of the characteristics that are in common between the products. In 
the data sources employed, the LCA results are represented in terms of 
kg of CO2-eq. per kg of protein. Most of the studies report their results 
per kg or tonne of product at the processing or slaughterhouse gate. For 
our study, the nutrient-based FU was of primary importance, because we 
aim to present the results to inform recommendations for the con-
sumption of protein-based food. Thus the FUs used in the literature are 
converted from kg of product to kg of protein based on the protein 
contents of the products, as applicable. 

2.3.3. Global Warming Potential (GWP) 
Protein production systems are sources of Greenhouse Gas (GHG) 

emissions, such as carbon dioxide (CO2), methane (CH4) and nitrous 
oxide (N2O). The impact of these emissions can be evaluated in different 
impact categories or by types of indicators (Hellweg and i Canals, 2014). 
The characterization factors used to convert GHG emissions other than 
CO2 into the common unit of the GWP impact category (CO2-eq) were 
derived from Myhre et al. (2013). In the data sources selection we used 
GWP100 as the environmental indicator. 

2.3.4. LCAs with different allocation methods 
Some food and feed production systems may produce more than one 

single product. For example, H. illucens production systems may also 
include co-production in waste treatment and processing facilities. For 
such systems, the global warming impacts must be allocated to the 
various inputs and outputs of the production processes and divided over 
the products resulting from the system by using, for example, the eco-
nomic, mass and energy allocation methods. Several problems are 
involved with the use of such allocation methods, because the use of the 
method, and the choices and assumptions made prior to the LCA analysis 
may all influence the robustness of the results (e.g., Ekvall and Finn-
veden, 2001; Cederberg and Stadig, 2003; Svanes et al., 2011). In other 
words, not considering these allocations could overestimate the actual 

impact of production in multiple-product systems. Therefore, for our 
data set, we used LCAs with diverse allocation approaches. 

2.3.5. Selection of LCA studies on soybean meal, broiler and insect 
production 

Most of the soybean meal used in the broiler industry is imported into 
the EU from Brazil and Argentina (van Gelder et al., 2008; Voora et al., 
2020). To get the relevant data linked with appropriate analysis ap-
proaches, we selected LCAs focusing on the use of soybean meal from 
South America. Because the impact of land use or land use change on the 
total GHG emissions of soybean meal production is significant 
(Hörtenhuber et al., 2014), we considered only LCAs including land use 
or land use change impacts. 

As the focus of this study is on European consumers, the LCA studies 
we selected have a corresponding focus on broiler production in the EU. 
Further criteria for selection was that soybean meal production must be 
included as a feed-ingredient variable in the broiler production function. 
This criteria could not be applied for the insect studies, because the 
European markets are yet to capitalize on the potential of insects for 
food and feed, and the corresponding value chains in emerging markets 
are highly globalized. Therefore, LCAs on insect production for regional 
feed and food systems need to take a global perspective. 

2.4. Generation of data sets and scenarios 

2.4.1. Scenario I 
Broiler production was selected as a baseline for scenario develop-

ment and analysis. Broiler production systems can be categorised by 
farming programs into free-range broiler systems, where broilers have 
free access to pasture area, and conventional broiler systems, where 
broilers are grown indoors. In both systems, broilers are fed with 
industrially produced feed as their base diet (e.g., Lima and Nääs, 2005; 
Coletta et al., 2012). In this scenario, we assessed the carbon footprint of 
conventionally farmed broiler meat against the potential of reducing the 
food carbon footprint of protein consumption through an increase in 
insect consumption. We assumed that the protein intake from conven-
tionally farmed broiler meat remains constant. 

2.4.2. Scenario II 
Emissions from feed production are typically the main source of 

environmental burden in broiler production. The protein sources used in 
feed and the feed efficiency rate have significant impacts on the GWP of 
broiler production systems (e.g., González-García et al., 2014; Leinonen 
and Kyriazakis, 2016; Cesari et al., 2017). Therefore, in this scenario, we 
assessed the GWP of insect meal production relative to soybean meal 
production, to examine the potential of insects as a more 
climate-friendly protein source for broiler feed. In this scenario, we 
examined how consumers’ food carbon footprints change if they shift 
their protein consumption from conventionally farmed broiler meat, 
where soybean meal is typically used, to protein consumption from 
broiler meat farmed with insect-based feeds. To assess this scenario 
required that we first calculated the data sets for scenario I and scenario 
III. 

2.4.3. Scenario III 
Insects are generally assumed to be more environmentally sustain-

able compared to conventional animal-based protein sources (Alexander 
et al., 2017). This is largely due to relatively high FCRs and reproduction 
rates, because insects are cold-blooded (van Huis, 2013; van Huis et al., 
2013). To further assess the degree of their environmental sustainability, 
we evaluated LCA data on the GHG emissions from insect production. In 
this scenario, we investigated how consumers’ food carbon footprints 
will change if they were to replace protein consumption from broiler 
meat with protein consumption from insect-based food products. 

Table 2 
GWP values of soybean meal production with the impact of land use change 
included in South America (MIN., MAX., and MEAN in kg of CO2-eq. per kg of 
protein). N means the number of observations of different production practices.  

SOYBEAN MEAL FOR FEED N MIN. MAX. MEAN 

Soybean meala-c 4 3.13 6.99 5.21 

References. 
a Tallentire et al. (2018). 
b Thévenot et al. (2018). 
c Hörtenhuber et al. (2014). 

A. Vauterin et al.                                                                                                                                                                                                                               



Journal of Cleaner Production 320 (2021) 128799

6

2.4.4. Calculations for scenario II 
To be able to compare the GWP of the broiler protein production by 

using either soybean meal or insects as a feed ingredient, first, the 
impact of the feed ingredients must be known. Then, the amount of the 
consumed insect ingredients is to be calculated. We used the FCR value 
of 2 in the following calculations. For the mean value, we used the 
average of 36.8% as the share of soybean meal content in broiler feed. 
For the minimum and maximum (minmax) values, we used the shares of 
20.1% and 39.0%, respectively (see section 2.1.). We used the GWP 
impact of total average (Tables 2–5) to calculate the mean value, and 
calculated the GWP of insect and soybean ingredients by using the 

following equation: 

GWPfeedingredient =
mbroiler

nbroilerprotein
*FCR*m

− %ingredient*nfeedingredientprotein*GWPingredient (1)  

where. 

GWPfeedingredient = kgCO2-eq. per kg of broiler protein 
GWPingredient = kgCO2-eq. per kg of feed ingredient protein 
mbroiler = kg of broiler 
FCR = kg of feed per kg of broiler protein 
nbroilerprotein = kg of broiler per kg of broiler protein 
m − %ingredient = kg of feed ingredient per kg of feed 
nfeedingredientprotein = kg of feed ingredient protein per kg of feed 
ingredient 

Once we calculated the GWP of the insect feed ingredients, we 
calculated the GWP of insect-fed broiler. We calculated this by using the 
minmax and mean values in the following equation: 

GWPinsectfedbroiler =GWPbroiler − GWPsoybean meal + GWPinsectfeed (2)  

where. 

GWPbroiler = kgCO2-eq. per kg of broiler protein 
GWPsoybean meal = kgCO2-eq. per kg of broiler protein 
GWPinsectfeed = kgCO2-eq. per kg of broiler protein 

2.4.5. Data sets 
The scenarios I, II and III are developed from the data sets summa-

rized and represented in Tables 2–5, which list the GWP values as 
minimum (MIN.), maximum (MAX.) and mean (MEAN). The GWP 
values are represented in kg of CO2-eq. per kg of protein. The number of 
observations (N) and reference sources from which the original values 

Table 3 
GWP values of broiler production in EU (MIN., MAX., and MEAN in kg of CO2-eq. 
per kg of protein). N means the number of observations of different production 
practices.  

CONVENTIONAL BROILER PRODUCTION N MIN. MAX. MEAN 

Broilera-g 9 12.50 27.60 18.55 

References. 
a (2014). 
b González-García et al., 2014. 
c da Silva et al., 2012. 
d Cesari et al. (2017). 
e Leinonen et al. (2012). 
g Katajajuuri et al. (2014). 

Table 4 
GWP values for insect production for broiler feed (MIN., MAX., and MEAN in kg 
of CO2-eq. per kg of protein). N means the number of observations of different 
production practices. The values accounting for the C-LCA results are given in 
brackets. The protein content values (where 1 = 100%) indicate the values 
obtained from the original data in the source LCAs.  

INSECT PRODUCTION 
FOR FEED 

PROTEIN 
CONTENT 

N MIN. MAX. MEAN 

Insects fed with 
industrially 
produced composite 
feeds      

Hermetia illucens a 0.53 1 10.89 10.89 10.89 
Tenebrio molitor b-d 0.53–0.65 5 4.43 13.48 7.66 
Zophobas morio c-d 0.45 4 5.22 15.87 9.58 
Acheta domesticus e 0.63 2 2.90 5.40 4.20 
Gryllus bimaculatus e-f 0.56 4 2.82 33.49 15.24 

Total average     9.51 
Insects fed with 

feeds from 
industrial side 
streams      

Hermetia illucens a,g-h 

(C-LCA) 
0.17–0.56 16 

(4) 
1.10 
(− 12.77) 

9.51 
(2.53) 

3.63 
(− 5.74) 

Musca domestica L i 0.42–0.68 1 1.13 1.83 1.48 
Zophobas morio j 0.45 6 1.36 10.54 5.84 
Tenebrio molitor j 0.53 6 1.16 8.95 4.96 
Eisenia fetida k 0.64–0.72 2 3.09 9.32 6.70 
Total average (Total 

average including C- 
LCA)     

4.52 
(2.81) 

References. 
a Bava et al. (2019). 
b Thévenot et al. (2018). 
c Oonincx and de Boer (2012). 
d Joensuu and Silvenius (2017). 
e Halloran et al. (2017). 
f SucklingDruckman et al., 2020. 
g Smetana et al. (2019). 
h Salomone et al. (2017). 
i (2015). 
j Joensuu and Silvenius (2017). 
k Tedesco et al. (2019). 

Table 5 
The GWP values for insect production for food (MIN., MAX., and MEAN in kg of 
CO2-eq. per kg of protein). N means the number of observations of different 
production practices. The values accounting for the C-LCA results are given in 
brackets. The protein content values (where 1 = 100%) indicate the values 
obtained from the original data in the source LCAs.  

Insect production for food Protein 
content 

N MIN. MAX. MEAN 

Insects fed with 
industrially produced 
composite feeds      

Tenebrio molitora-b 0.53–0.65 4 4.43 13.48 8.13 
Zophobas morioa-b 0.45 4 5.22 15.87 9.58 
Acheta domesticusc 0.63 2 2.94 5.38 4.16 
Gryllus bimaculatusc-d 0.56 4 2.82 33.49 15.24 
Total average     9.28 
Insects fed with feeds 

from industrial side 
streams      

Hermetia illucense 0.17 4 1.38 6.81 4.46 
(C-LCA) (2) (-12.77) (-7.51) (-10.14) 
Eisenia fetidaf 0.64–0.72 1 8.21 9.32 8.73 
Zophobas moriob 0.45 6 1.36 10.54 5.84 
Tenebrio molitorb 0.53 6 1.16 8.95 4.96 
Total average     6.00 
(Total average including 

C-LCA)     
(2.77) 

References. 
a Oonincx and de Boer (2012). 
b Joensuu and Silvenius (2017). 
c Halloran et al. (2017). 
d SucklingDruckman et al., 2020. 
e Smetana et al. (2019). 
f Tedesco et al. (2019). 
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were obtained are also given in the tables. 
Based on the Dutch Food Composition Database (NEVO),2 which 

contains data on the composition of foods, Nijdam et al. (2012) esti-
mated that the average protein content of poultry is 20.0% (without 
bones). We used this value in our study, where we compared the GWP 
values of broiler production in the different scenarios (Table 3). 

In our analyses, we assumed that the insects are fed to broilers 
(Table 4) or consumed directly as food (Table 5). The production of 
insects was also divided into two feed categories: insects fed with 
industrially produced composite feed, and insects fed with industrial 
side streams. The specific insect species and their respective impacts are 
accounted for in Tables 4 and 5. Where the source LCA reported several 
protein content values for a given insect product, we used the average 
and minmax protein content values to calculate the impact values. 

3. Results 

The results of scenarios I to III are represented in Table 6. Scenario I 
uses the calculated data from Table 3. Scenario II uses the calculated 
data from Tables 2 and 4, which is the data from which the GWP of 
broiler production with insect feed was calculated using equations (1) 
and (2). Scenario III uses the data from Table 5. 

By comparing the minimum (MIN.) GWP values for broiler produc-
tion in baseline scenario I and scenario II, we can see that switching to 
feeding broilers with insects that are fed with industrially composite 
feeds can reduce the GWP impact of broiler production to a lesser extent 
than if broilers were fed with conventionally produced soybean meal. 

When broilers are fed with insects produced with feeds from indus-
trial side streams, the GWP impact is lower for both the minimum and 
mean value cases, 22.0% and 8.0%, respectively. However, scenario II 
also indicates that the maximum GWP value for insect-fed broiler pro-
duction can be higher than that for conventional broiler production. In 
scenario III, where insects are used directly as a protein source for 
human consumption, the GWP values are lower in all considered cate-
gories, except for the maximum value of insects fed with industrially 
produced composite feeds. Further, when we consider in scenarios II and 
III also the systemic benefits by including in our scenario assessments 
the GWP values from the C-LCAs, the results show net-positive GWP 
impacts when H. illucens is used in waste processing for compost. 

3.1. Sensitivities of different factors considering insect production 

The results show a wide range of GWP values in scenarios II and III. 
Greatest uncertainty and impact on the sensitivities concern the location 
of production, insect species and sources of feed and energy. 

3.1.1. Climatic conditions 
The insect species G. bimaculatus (field cricket) shows the greatest 

range of GWP when industrially produced composite feeds are used, for 
both scenarios II and III. It also has the highest mean GWP value, being 
38.0% higher than the total mean average (Table 4). If G. bimaculatus is 
not used to feed broilers in scenario II, the mean and maximum values 
decrease by 9.4% and 42.0%, respectively. We note that the GWP values 
for the species G. bimaculatus are obtained from two different LCA 
studies, which both use broiler feed as a feed source for crickets, and 
present scenarios to decrease the environmental impacts from 
G. bimaculatus production processes. The difference between both 
studies is related to the conditions of production, which is also the 
reason for the widely varying range of GWP values. Halloran et al. 
(2017) studied the production of G. bimaculatus in outdoor facilities and 
climatic conditions that are natural for species productivity, which 
means less energy is needed in the farming processes. SucklingDruck-
man et al. (2020) studied the case of UK production of G. bimaculatus in 
warm indoor facilities, where higher energy consumption is required to 
secure optimal levels of humidity and temperature. Consequently, the 
species of G. bimaculatus show lowest values in terms of GWP if the 
production systems are operated in optimal climatic conditions. The low 
GWP values associated with G. bimaculatus decrease the mean values in 
scenario II by 14.9%, and in scenario III by 30.6%. The other LCAs 
studied the production of other than cricket species, and the production 
systems under investigation were located in Europe (Table 1), which 
cannot be considered to explain the differences in GWP values. 

3.1.2. Insect species 
The use of different insect species may significantly influence the 

GWP of broiler production. If, for the example considering scenario II, 
industrial side streams would be used in the production of the fly species 
H. illucens and M. domestica as ingredients for broiler feed, the GWP 
values could be considerably lower. The mean values for H. illucens and 
M. domestica are 20.0% and 67.0% lower than the total average 
(Table 4). In other words, the mean value for the case of scenario II 
where industrial side streams are used to produce insects could decrease 
the overall GWP impacts in scenario II by 20.0%. The review of the GWP 
of different insect species for food use produces a similar wide range of 
GWP values. Only for the cricket species and if produced in the UK, the 
GWP of production is greater than that of broiler production (Suck-
lingDruckman et al., 2020, Table 5). 

3.1.3. Feed and energy 
If climatic conditions are not considered, feed and energy con-

sumption are the major contributors to the total GWP of insect protein 
production. Some LCA studies investigated the extent of influence of the 
feed and energy sources on the GWP impacts (e.g., Joensuu and Silve-
nius, 2017; Smetana et al., 2019). Specifically, Joensuu and Silvenius 
(2017) studied the GWP of Z. morio (mealworm) production processes 
and estimated the potential for GWP reduction, when feed or energy 
sources are changed to contain higher levels of renewable energy and 
better meet GHG reduction targets. The authors estimated that the GWP 
impact may change even by 22.0%, depending on the composition of the 
industrially produced composite feeds. When by-products are used as a 
feed and the share of renewables are increased, a GWP reduction of 
67.0% can be achieved, when compared to reference production prac-
tices in this study. Smetana et al. (2019) studied the GWP of H. illucens 
production by using different shares of feed from side streams and re-
newables. Considering the best-case scenario with the highest amount of 
feed from side streams and the highest share of renewable energy, the 

Table 6 
GWP values (MIN., MAX., and MEAN in kg of CO2-eq. per kg of protein) for each 
scenario and the number of observations. N means the number of observations of 
different production practices. The values accounting for the C-LCA results are 
given in brackets.  

SCENARIO PRODUCTION OF 
PROTEIN FOOD 

N MIN. MAX. MEAN 

Scenario I Broilers fed with soybean 
meal 

9 12.50 27.60 18.55  

Scenario II Broilers fed with insects 
produced with industrially 
composite feeds 

16 12.21 75.14 25.82  

Broilers fed with insects 
produced with feeds from 
industrial side streams 

31 10.65 33.97 17.38 

(C-LCA) (4) (-2.19) (19.60) (0.01)  

Scenario 
III 

Insects fed with 
industrially produced 
composite feeds 

14 2.87 33.49 9.28  

Insects fed with feeds from 
industrial side streams 

17 1.16 10.54 6.00 

(C-LCA) (2) (-12.77) (-7.51) (-10.14)  

2 https://www.rivm.nl/en/dutch-food-composition-database. 
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GWP impact is reduced by 80.0% compared to the reference production 
practice in this study. Bava et al. (2019) studied the impacts of H. illucens 
production by using different feed sources. The GWP reduction can be 
88.0% when insects are fed with feeds from side streams instead of 
industrially produced feeds. If avoided emissions are considered, e.g., by 
using flies to treat organic waste, the lowest GWP impacts are gained 
(Table 6). 

3.1.4. Best practices 
Table 7 summarizes the best practices for our three scenarios. In all 

cases – except for the maximum and mean values in scenario II where 
broilers are fed with insects produced with industrially composite feed – 
the GWP is lower than for the base case of broiler production. If we 
exclude from our calculations the high GWP values for the H. illucens 
species produced with industrially produced composite feeds (Tables 4 
and 5), then we obtain for all scenario cases that the GWP of production 
insects as a protein source for feed and food is lower than the GWP of 
conventional broiler production. Furthermore, when the GWP values 
from the C-LCAs are considered, the results are net-positive in all cases. 

3.2. Discussion of scenario results and data validity 

Most of the cases in scenarios II and III with insects fed with feed 
from industrial side streams suggest that the protein produced causes 
less GWP than protein production in scenario I. The values in scenario III 
suggest that insects are a good alternative protein source to reduce GHG 
emissions. The mean values in scenarios II and III are 6.3%, 50.0% and 
67.8% lower than the mean value in scenario I, respectively. However, 
an even greater reduction potential exists, when using the best practices 
of insect production (Table 7) or when larvae are used to process organic 
waste (e.g., Smetana et al., 2019). By considering avoided impacts, the 
use of insects as animal feed can substantially contribute to the sus-
tainability of the broiler production system with regard to lowering 
GWP. Our scenarios suggest that even net-positive impacts are possible. 

However, although the data on insects used in this study is recent, it 
is relatively heterogeneous (Table 1). The LCA studies on insects that 
were selected for scenario assessments differ in the use of functional 
units and allocation methods. Further, the studies apply different types 
of LCA (attributional LCAs (A-LCA) and consequential LCAs (C-LCA), see 
section 2.3.), which has an impact on the way the production processes 
around the system are investigated, while including or excluding con-
siderations of the avoided impacts. Thus, our study should not be un-
derstood as a comparison between systems, but rather as a cross- 
evaluation of the systems. Furthermore, the scenarios presented pro-
vide indicative estimates for the GWP of broiler and alternative insect 
protein consumption. Especially because the included peer-reviewed 
insect-related LCA studies are in many cases describing pilot scale, 
small scale, or even hypothetical insect production facilities, the results 
need to be interpreted with caution. On the other hand, state-of-the-art 
technologies for insect mass production are still in their early develop-
ment stages (Cortes Ortiz et al., 2016), and therefore we could expect 
further considerable GWP improvements in the future. 

The data sets we generated include non-ideal and ideal growing 
practices and processes, thus likely providing a realistic reflection of 
actual production practices. For instance, some of the high impacts are 
due to non-ideal growing conditions or due to the fact that the feed 
employed is not the most preferred one with respect to GHG emissions. 
Some studies like Bava et al. (2019) explore the production of flies by 
using industrial composite feed made for broiler production. In contrast, 
there were studies evaluating the impacts by using renewable energy 
sources and feed sources that are associated with low emissions (e.g., 
Joensuu and Silvenius, 2017; Smetana et al., 2019). 

The data describing the GWP of soybean meal production is taken 
from studies focusing on soybean production in Southern America, 
which consider emissions from land use changes. By substituting non- 
sustainable practices with sustainable soybean production, the GWP 

reduction would be lower in scenarios II and III. For instance, if certified 
soybean that was not farmed in tropical areas was used instead of Bra-
zilian soybean typically farmed in such areas, then the minimum value 
of soybean meal would be approximately 47.0% lower (e.g., 
Hörtenhuber et al., 2014). Beyond such obvious GWP reductions, our 
analysis including the comparison of insects-based protein and soybean 
meal from South America adds further insight with regard to emissions 
from land use, considering that the increasing soybean field expansion 
and associated deforestation as a result of incentives to produce more 
food and feed is likely not going to disappear any time soon (e.g., Feh-
lenberg et al., 2017), considering ongoing significant social sustain-
ability issues (e.g., Brockhaus and Di Gregorio, 2014), and considering 
the fact that a major part of EU imports of soybean meal continues to 
come from South America (van Gelder et al., 2008; Karlsson et al., 
2021). 

4. Conclusions, limitations and further work 

This study has explored the potential of insect-based protein to 
reduce the carbon footprint associated with food consumption in Europe 
through a quantitative review, focusing on Global Warming Potentials 
(GWP). Overall, it supports previous research suggesting that insect 
protein has the greatest potential to reduce the carbon footprints of 
European consumers, if insects are directly consumed as food. However, 
the results from our scenario analyses suggest that insect proteins 
considered may not necessarily perform better with regard to their GWP 
compared to broiler proteins. Depending on location of production and 
insect species used, the GWP of insect protein may be larger than that of 
broiler protein, even if insects are used for direct human consumption. In 
such a context, our study reveals that current practices of insect pro-
duction for feed purposes are not yet efficient enough to significantly 
contribute toward a GWP reduction in European food consumption. As 
such, the study indicates that a precondition to achieve a GWP reduction 
of protein consumption is that side streams will need to be shown to be 
safe and thus allowed to be used as insect fodder. Even if that would turn 
out not to be the case, a careful selection of insect species for human 
consumption could unleash significant environmental sustainability 
benefits. Besides hygiene and legislation, also technological develop-
ment choices can have an important impact on the potential to which 
insect-based protein may reduce food-based carbon footprints. Espe-
cially the energy sources affect potential climate benefits, and efficient 
upscaling is required for financial affordability to consumers. 

Since insect-based feed has overall been found to have a lower po-
tential to reduce the GWP compared to direct use of insect-based protein 
for human food, more research on product development, consumer 
acceptance and legal aspects of insect-based proteins will be decisive for 
the exploitation of the potentials of insect proteins in the future. In spite 
of the recently revised regulation on novel foods which has from June 
1st, 2021 authorized the placing on the market of dried yellow meal-
worm as a novel food, in spite of other legal challenges that are currently 
in place for health reasons (e.g. EU Regulation No, 2016/429 on trans-
missible animal diseases), and in spite of undeveloped production 
practices and questions related to consumer willingness to use insects, 
there seems to be a clear market potential, especially if stakeholders 
cooperate (Cortes Ortiz et al., 2016; van Huis, 2020). Considering the 
potential benefits with which insect-based proteins could further 
contribute with respect to land use, GWP, and food security (Alexander 
et al., 2017; van Huis, 2013; Salomone et al., 2017), and considering 
these in the context of the EU’s Circular Economy and Green Deal 
strategy (Domenech and Bahn-Walkowiak, 2019; Ghinoi et al., 2020; 
Johnson et al., 2021), it seems likely that insects will contribute more 
significantly with solutions for decreasing the burden of Europe’s food 
systems on the environment. In particular, there seem large scale po-
tentials for utilizing manure (Scarlat et al., 2018), and for utilizing 
biowaste from vegetable and animal sources (Lorenz et al., 2013). Both 
of these waste sources could be utilized as feed ingredient for insects, 
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such as through flies, yet hygiene and safety issues remain to be 
resolved. If wastes were allowed to be used in insect production, insects 
could enhance food security with limited environmental impacts as part 
of novel circular economy strategies. As our results suggest, in 
best-case-scenarios, insects could even provide net-positive impacts, yet 
future research must demonstrate that side streams are safe to use. 

On top of the above issues, there are also technological and thus 
efficiency aspects related to upscaling to be resolved, before mass pro-
duction of insects becomes feasible (e.g., Cortes Ortiz et al., 2016; van 
Huis, 2020; Ites et al., 2020). To anticipate some of these technological 
potentials and to see what kind of potentials for reducing GWP there 
might be in the future with regard to insect production practices, the 
scenarios in this paper were based on only the best results of each insect 
species, which showed considerably lower GWP emissions in each sce-
nario using insects (Tables 6 and 7). The results of the best-case sce-
narios suggest that there is potential in all of the insect species studied, 
yet the variation of the GWP values among different species is large. 

In spite of the above insights, our paper suffers from a number of 
limitations. First, and while we acknowledge the need to include a multi- 
indicator approach to environmental sustainability, our analysis is 
limited to the extent that it focuses on GWP as the single impact cate-
gory. Further, the data used for this study is relatively heterogeneous, 
largely due to the diversity of available comparable studies underlying 
the analysis. Thus, the assessments presented in this study should be 
considered indicative (see e.g., Foster et al., 2006; Wiedemann et al., 
2020; Röös et al., 2014), although our scenario analyses aimed to 
contribute to the robustness of the results. In light of the above data 
limitations, the results presented should not be understood as a com-
parison between production systems but rather as an approximate 
cross-evaluation of the systems. This is also the case because of the 
significant heterogeneity underlying broiler and insect-based food pro-
duction. For example, differences in chicken breed, intensity of pro-
duction, feeding programs, duration of chicken’s life cycle, etc. will lead 
to differences in the carbon footprint of the final product (Castellini 
et al., 2012; Williams, 2021; Pelletier, 2008; Boggia et al., 2010). Similar 
heterogeneities apply to the insect-based food industry (van Huis, 2016; 
Payne et al., 2016; Thévenot et al., 2018; Hunts et al., 2020; Pippinato 
et al., 2020). Furthermore, and despite their novelty, the scenarios 
constructed in this study need to be interpreted with caution, since they 
are indicative and relate to the carbon footprint of broiler and insect 
protein only. This is also the case because a sensitivity analysis in the 
form of Monte Carlo-based sensitivity analysis (e.g., Ponstein et al., 
2019) could not be performed due to the nature of the underlying data. 
In spite of these limitations, we hope that this study’s results provide a 
basis for an urgently needed clarification of the global warming impacts 
of broiler versus insect-based protein consumption and production 
(Ellingsen and Aanondsen, 2006; Weindl et al., 2020), for making a 

contribution to transitioning toward more sustainable food systems. 
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Röös, E., Ekelund, L., Tjärnemo, H., 2014. Communicating the environmental impact of 
meat production: challenges in the development of a Swedish meat guide. J. Clean. 
Prod. 73, 154–164. https://doi.org/10.1016/j.jclepro.2013.10.037. 

Roy, P., Nei, D., Orisaka, T., Xu, Q., Okadome, H., Nakumura, N., Shiina, T., 2009. 
A review of life cycle assessment (LCA) on some food products. J. Food Eng. 90 (1), 
1–10. https://doi.org/10.1016/j.jfoodeng.2008.06.016. 

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S., Savastano, D., 2017. 
Environmental impact of food waste bioconversion by insects: application of Life 
Cycle Assessment to process using Hermetia illucens. J. Clean. Prod 140, 890–905. 
https://doi.org/10.1016/j.jclepro.2016.06.154. 

Sánchez-Muros, M.J., Barroso, F.G., Manzano-Agugliaro, F., 2014. Insect meal as 
renewable source of food for animal feeding: a review. J. Clean. Prod. 65, 16–27. 
https://doi.org/10.1016/j.jclepro.2013.11.068. 

Santo, R.E., Kim, B.F., Goldman, S.E., Dutkiewicz, J., Biehl, E., Bloem, M.W., et al., 2020. 
Considering plant-based meat substitutes and cell-based meats: a public health and 
food systems perspective. Front. Sustain. Food Syst. 4, 134. https://doi.org/ 
10.3389/fsufs.2020.00134. 

Scarlat, N., Fahl, F., Dallemand, J.-F., Monforti, F., Motola, V., 2018. A spatial analysis of 
biogas potential from manure in Europe. Renew. Sustain. Energy Rev. 94, 915–930. 
https://doi.org/10.1016/j.rser.2018.06.035. 

Sillman, J., Uusitalo, V., Tapanen, T., Salonen, A., Soukka, R., Kahiluoto, H., 2020. 
Contribution of honeybees towards the net environmental benefits of food. Sci. Total 
Environ. 756, 143880. https://doi.org/10.1016/j.scitotenv.2020.143880. 
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• Shifts in distances to planetary bound-
aries were quantified using LCA.

• Beekeeping reduced environmental im-
pacts of protein and sugar systems.

• Water use was reduced more than land
use and climate change.

• Sugar use and transportation induced
most beekeeping impacts.

• Including pollination revealed the net-
positive impact of beekeeping.
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Beekeeping provides honey, protein-containing drone broods and pollen, and yield-increasing pollination ser-
vices. This study tested the hypothesis that beekeeping can result in net-positive impacts, if pollination services
and protein-containing by-products are utilised. As a case example, Finnish beekeeping practices were used. The
studywas performed using two different approaches. In both approaches, the evaluated impacts were related to
climate change, land use, and freshwater use, andwere scaled down to represent one beehive. The first approach
considered honey production with pollination services and the replacement of alternative products with co-
products. The impacts were normalised to correspond with planetary boundary criteria. The second approach
evaluated the impacts of the different products and services of beekeeping separately. In the first approach the
honey production system moved towards a safe operational space. Freshwater use was the impact category
with the largest shift towards a safe operational space (39% shift). The second approach caused a global warming
potential of honey production of 0.65 kgCO2-eq kg−1, when pollen and drone broods were considered as by-
products and the influence of pollination services were not included. When honey, pollen, and drone broods
were considered as co-products and pollination services were included, the impacts regarding land use and cli-
mate change were net-positive. The impact of freshwater use was relatively small. For honey, the impacts on the
climate change, land use, and freshwater use were−0.33 kgCO2-eq kg−1, −7.89 m2 kg−1, and 14.01 kg kg−1, re-
spectively. The impact allocation with co-products and pollination services was conclusive. A lack of consider-
ation for the impact reduction of pollination led to beekeeping having a negative impact on the environment.
Basedon these results, beekeeping enhances food securitywithin planetary boundaries, provided that pollination
services and protein-containing by-/co-products are utilised.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

The phenomenon of declining pollinator populations worldwide has
gained awareness (e.g., Potts et al., 2010; Lebuhn et al., 2013) due to the
key role of pollinators in food production. Klein et al. (2007) estimated
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that around 35% of global crop production is dependent upon animal pol-
linators,which alsomaintain the biodiversity ofwild plants (Aquilar et al.,
2006). The decline in pollinators is due to land use (LU) change
(Hendrickx et al., 2007; Rader et al., 2014), pesticides (Brittain et al.,
2014), pollution (Rortais et al., 2005), and decreased resource diversity
(Biesmeijer et al., 2006). The decline is critical due to the need to provide
food for a growing population with shrinking resources (FAO, 2017;
Campbell et al., 2017). In addition to the pollination-induced yield in-
crease, pollinators can provide honey and protein sources, such as drone
broods (DBs) (Finke, 2005; Lindström et al., 2016). Alternative protein
sources have gained increasing interest in recent years for numerous rea-
sons, including possible sustainability advantages (e.g., Lindberg, 2016;
van Huis, 2013).

Pollination increases crop yields without additional LU and resource
inputs, and honeybee hives can be effectively located for this purpose
(Lindströmet al., 2016). The honeybee (Apismellifera) is a unique pollina-
tor as it provides multiple by-products in addition to pollination services.
Honey can be used as a sweetener to replace sugars from sugarcane or
sugar beet production, which require agricultural land. DBs and pollen
provide protein that can replace animal or plant-based protein sources
(Finke, 2005; Jensen et al., 2016; Lecocq et al., 2018; Komisinska-Vassev
et al., 2015). DBs have previously been regarded as waste or not consid-
ered as a product, thus they were not collected from hives. Recently,
there has been an increase in awareness concerning the potential use of
DBs and pollen as a protein source and healthy food product. However,
honey and DB production have environmental impacts through beekeep-
ing, product processing, packaging, and transporting.

Life cycle assessments (LCAs) of beehives usually focus solely on
honey production (e.g., Kendall et al., 2013; Mujica et al., 2016), despite
the importance of pollination as an ecosystem service being well-
known (Tamburini et al., 2019). There are several studies concerning
the inclusion of pollination services in LCAs, but the focus is mainly on
economic aspects or biodiversity impacts (e.g., Arzoumanidis et al.,
2019; Crenna et al., 2017; Ulmer et al., 2020). Ulmer et al. (2020)
analysed the global warming potential (GWP) of DB production with
honey production. However, pollen was not considered as a by-
product or co-product, and pollination services were considered using
an economic allocation that transfers someof the impacts of beekeeping
to pollination services. Nonetheless, the utilisation of pollination ser-
vices and by-products might cause net-positive environmental impacts
through increasing crop yields and replacing land-based protein pro-
duction. A net-positive environmental impact refers to a situation
where the impact of an activity is not negative towards the environment
(e.g., Renger et al., 2014; Grönman et al., 2019; Bjørn and Hauschild,
2012). To our knowledge, the environmental impacts of honey produc-
tion, such as GWP, LU, and freshwater use (FWU), with the inclusion of
pollination services and by-products, such as DB and pollen protein,
have not yet been evaluated.

One method for approaching the evaluation of the environmental
impacts of beekeeping is the planetary boundary (PB) concept
(Rockström et al., 2009; Steffen et al., 2015; Kahiluoto, 2019), to
which LCAs can be integrated (e.g., Uusitalo et al., 2019; Salas et al.,
2016). The combined results can help address several limitations of
LCA studies. For instance, the results of LCA focus onminimizing ormea-
suring the environmental impacts of certain products and services, but
LCA does not set a criterion for sustainable practices (Bjørn et al.,
2015).The results of combined LCAs and PBs indicate the extent to
which a certain system leaves or remains within a safe operation
space. Current challenges associated with the combined approach in-
clude climate change, biogeochemical flows, biosphere integrity, FWU,
and land system change, all of which impact future food security
(Campbell et al., 2017; Hanjra and Qureshi, 2010; Steffen et al., 2015).
There is an urgent need for solutions that help food systems to remain
within or return to a safe operational space.

The aim of this studywas to assess the environmental impacts of bee-
keeping while including pollination services and protein-containing by-

products to decipher whether beekeeping can result in net-positive im-
pacts. The assessment consisted of a system-level comparison and
product-based environmental impacts with various allocation options.
The investigated environmental impacts were related to the PBs of cli-
mate change, land system change, and FWU. We hypothesised that
honey productionwould help to achieve food security within a safe oper-
ational space.

2. Materials and methods

An LCA, which was mainly based on the instructions of ISO 14040
and 14044, was used to analyse the environmental impacts of a honey
production system. All modelling was carried out using GaBi 8.7
software.

2.1. Goal and scope

The function of the LCA is to estimate the environmental impacts of
food products, such as rapeseed and beekeeping beekeeping-related
products. Honey production has numerous side-products, such as DB,
pollen, and wax, as well as providing pollination services for plants.
The aim of this study was to assess the environmental impacts of
honey production systems by providing information on the LU, FWU,
and GWP of different products. These impacts were compared to alter-
native processes that serve the same function. The honey production
system was located in Finland. To answer the research questions, two
different analyses were carried out:

1. A system expansion assessment for a comparison of the LU, GWP,
and FWU of a reference system without honey production and a
new system with honey production. The system expansion was car-
ried out specifically to study the impacts of pollination andwasbased
on the instructions of ISO/TR 14049. The functional unit was a one-
year operation related to a hive.

2. The environmental impacts of LU, GWP, and FWUwere calculated for
themain products of a honey production system: honey, DB protein,
and pollen protein. The environmental burden was then allocated
between these products. The impact analyses were based on the in-
structions of ISO 14067. The functional unit was the production of
1 kg of the main products.
Honey production systems consist of various life cycle stages, as pre-

sented in Fig. 1. In addition, Fig. 1 shows the system boundaries and
logic for the system expansion. Themain assumption for the system ex-
pansionwas that the same amounts of products and services (honey, DB
protein, pollen protein, and crops through pollination) were produced
in the honey production and reference systems. The alternative produc-
tion pathways of the reference system consisted of expanded crop pro-
duction without pollination for rapeseed and alternative sugar
production using sugar beet. The comparable protein source for DBs
was poultry, which is relatively sustainable and a widely used animal-
based protein (de Vries and de Boer, 2010), while that for pollen was
rapeseed protein. In addition, rapeseed protein and sugar from sugar
beets are already considered among the examined system of beekeep-
ing. Beeswax is also a by-product of honey production. However, bees-
wax is used for the production of newhives and therefore is assumed to
be utilised inside the system boundaries. The impact categories selected
for the system expansion were GWP (CML methodology), FWU, and
land occupation. The results from the system expansion comparison
are presented as absolute values and normalised using the PBs frame-
work according to the method introduced by Uusitalo et al. (2019).

Themain aim for the second approachwas to calculate the GWP, LU,
and FWU of themain products using allocation methodology. Themain
product of apiaries is honey. In addition, pollen and DBs are possible co-
products due to their potential economic value (e.g., Jensen et al., 2016;
Lecocq et al., 2018; Komisinska-Vassev et al., 2015). However, DBs and
pollen were previously not usually utilised nor collected from beehives.
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Therefore, therewere two options for calculating the environmental im-
pacts of DBs and pollen. The first was to consider them as co-products
with economic value and perform an allocation procedure between
honey, DBs, and pollen. The other option was to consider them as
waste products without economic value and only include processes
that are needed for further processing in the environmental impact as-
sessment. In this case, the impacts from beekeepingwere only allocated
to honey. In general, apiaries do not get paid for pollination services in
Finland, and therefore pollination services were not considered a prod-
uct. However, the substituted impacts of pollination services can be al-
located to the different products, which was carried out using
economic allocation due to the different natures of the products. The al-
locationwas based on the price of the product for the retailer. According
to experts of Finnish honey production, the prices per kg for honey, pol-
len, and DBs were 13€, 65€, and 50€, respectively. To evaluate the sus-
tainability of the selected products, the impacts were compared to
those of similar products. Sensitivity analysis was performed by using
one-at-a-time method.

2.2. Life cycle inventory analysis (LCIA)

Themodelling of the honey, DB, and pollen production systemswere
based on primary data collected from Finnish producers and key infor-
mants. The initial primary data were collected via interviews with ex-
perts of the Finnish honey industry, which was supplemented with
beekeeper interviews. Secondary data, e.g., related to emission factors
and the reference system,were gathered fromGaBi and Ecoinvent data-
bases and literature. Finland has a relatively old fleet of vehicles
(LIPASTO, 2020); thus EURO4 type vehicles were used, when transport
processes were modelled. When there was uncertainty with data qual-
ity, conservative estimates were preferred. Data quality assessment
based on the Greenhouse Gas Emissions Protocol (2011) can be found
in the attachment.

2.2.1. Beekeeping
According to the experts and productivity survey (Finnish

beekeeper's association, 2020) of beekeeping, a hive annually produces
an average of 39 kg of honey, 1 kg of DB, and 5 kg of pollen. In addition,
for efficient beekeeping, beehives consume approximately 20 kg of
granulated sugar to feed the honeybees (Lukea, 2020). Sugar was

assumed to be produced from sugar beets, which was modelled using
the global average sugar beet sugar production based on the Ecoinvent
database. On average, a beehive annually produces 1 kg of beeswax. It
was assumed that the beeswax was collected and transported to a
centralised separation facility, where it was melted. The melting of the
beeswax occurred in an electric oven, for which the energy consump-
tion was estimated at 0.792 kWh kg−1 of beeswax.

According to Finnish statistics, the average mobility required for
beekeeping throughout the season is approximately 40 km per hive
(Lukea, 2020). However, there can be large variation regarding the mo-
bility. If thehives are located close to the beekeeper's home, themobility
may be marginal. However, due to long distances to the hives, small-
scale apiary mobility was 375 km per hive. The beekeeper's mobility
was modelled using a EURO 4 class diesel van with a 2-l engine.

Honey, DBs, beeswax, and pollen were then transported an average
of 30 km for centralised separation, production, and packaging. This dis-
tancewas estimated using actual apiary locations by using a database of
the locations of hives (Apismap, 2020) in a region of Päijät-Häme in
Finland. In this study, the centralised solution for the environmental im-
pact evaluation was used because the distributed solution is not seen as
economically feasible when large-scale production is favoured, accord-
ing to the experts. Transportation was modelled based on a EURO 4
class truck with a 2.7-t payload.

2.2.2. Honey processing and packaging
Electricity consumption in honey separation is approximately 0.23

kWh kg−1
honey based on energy consumption in an example apiary. Elec-

tricity production is modelled using an average grid mix for Finland.
Honey is packaged into 0.45 kg plastic containers, which is typical in
Finland. Empty plastic containers weight is 0.01 kg. Manufacturing of
plastic containers are modelled using GaBi database process for injec-
tion molding polypropylene part. Transportation distance for packed
honey to retail is approximately 10 km based on the situation in
Päijät-Häme region and it is assumed to be operated by EURO 4 class
truck with 2.7 t payload.

2.2.3. Drone brood processing and packaging
DBs were frozen and separated via screening, for which the electric-

ity consumption was estimated at 0.08 kWh kg−1, based on the energy
consumption of the separation device. DBs were packaged into plastic

Fig. 1. System boundaries and logic for the system expansion method.
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bags. Plastic bag production wasmodelled using the GaBi database pro-
cess for plastic film production. After separation and packaging, the DBs
were returned to a freezer for health and safety reasons. The electricity
consumption of the cold chain was assumed to be 1.4 kWh kg−1, based
on the energy consumption of a freezer. Electricity production was
modelled using an average grid mix for Finland. As with honey, the
transportation distance to retail was 10 km, which was modelled
based on a EURO 4 class truck with a 2.7-t payload. The nutritional con-
tents of DBs are well suited for human consumption. DBs have a rela-
tively high protein content, as well as good quality fatty acids and
carbohydrates. The protein content of 100 g of fresh DBs is approxi-
mately 9.4 g (Finke, 2005). The Finnish beekeeper's association has ap-
plied for DBs to be accepted as a safe food for human consumption
according to the novel food Regulation (EU) 2015/2283.

2.2.4. Pollen processing and packaging
Pollenwas collected separately. For transporting, the samevehicle as

that used for maintenance driving was used. According to an example
beekeeper, the mobility required for 1 kg of pollen was approximately
5 km. There are several ways of drying pollen, e.g., electric-oven and
air-drying. In this study, to represent a conservative estimation, it was
assumed that light fuel oil was used for drying. Based on the average
drying process in GaBi and appliedmoisture contents, drying consumes
approximately 0.5 MJ of thermal energy for 1 kg of pollen. The pollen
was cooled and frozen, which consumes 1.4 kWh kg−1 of electricity
from the Finnish grid. Then, the pollen was packed into 0.25 kg plastic
packages. The plastic package production was modelled similarly to
that for honey. The transportation distance to retail was 10 km, which
was modelled based on a EURO 4 class truck with a 2.7-t payload. Bee-
collected pollen is high in nutrients and contains an average of 22.7%
protein, among other nutrients (Komisinska-Vassev et al., 2015).

2.2.5. Pollination services and crop production system
Honeybees impact crop yields through pollination. The impacts of

pollination on rapeseed yields have been chosen as a case example.
The effects of pollination were calculated based on the results of
Lindström et al. (2016), in which it was shown that rapeseed yields in
the presence of approximately two hives per hectare increased by 11%
compared to the control fields with no added hives. A similar crop in-
crease (11–15%) was presented by Korpela (1988). In this study, it
was assumed that there was the same number of beehives per hectare,
and rapeseed production increased by 11%. The protein content of rape-
seed varies between 17 and 26% (Day, 2013), with an average of 21.5%.

Rapeseed production wasmodelled based on the average in Finland
between 2016 and 2017, which was 1400 kg ha−1 (The Finnish Cereal
Committee, 2019). According to Farmit (2017), the average fertiliser
use per hectare for oil crops in Finland is 111 kg of nitrogen, 11 kg of
phosphorous, and 23 kg of potassium. Fertilising was modelled using
the GaBi database processes for N-P-K, ammonium nitrate, and potas-
sium chloride fertilisers. It was assumed that 1% of the nitrogen from
fertilisers reacted to form N2O (Brandao et al., 2011). For the rapeseed
cultivation, the agricultural machinery was assumed to utilise 90 l of
diesel per hectare (Uusitalo et al., 2014). Cultivation was modelled
using universal tractor operations from the GaBi database. In Finland,
rapeseed is not typically irrigated, thus the direct FWU was assumed
to be zero.

2.2.6. Alternative sugar production system
In the system expansion approach, sugar was replaced with honey.

For this, sugar was assumed to be produced from sugar beets and
modelled using the global average sugar beet production based on the
Ecoinvent database. Typically, honey is regarded as sweeter than
sugar, with honey sweetness estimates varying from 1.0 to 1.5 times
the sweetness of sugar (National Honey Board, 2011). In the model, it
was assumed that 1 kg of honey can replace 1.25 kg of sugar.

2.2.7. Alternative protein production systems
DB and pollen proteins were compared to existing animal- and

plant-based proteins. There is a relatively high uncertainty concerning
the protein sources that are actually replaced, but for this study it was
assumed that DB replaces poultry protein and pollen replaces rapeseed
protein. In addition, we compared the environmental impacts of single
products from honey production systems to possible alternatives. Poul-
try is a widely used animal-based protein source and is relatively sus-
tainable compared to other common protein sources (Nijdam et al.,
2012; Mekonnen and Hoekstra, 2012). As for insects, there are several
possibilities that could be used for comparison. Mealworms are rela-
tively well studied and an efficient protein source. Thus, mealworms
were used as an insect-based protein source for comparison
(e.g., Siemianowska et al., 2013; Miglietta et al., 2015). Due to a lack of
studies concerning the environmental impacts of the selected products,
the impacts do not necessarily represent those caused by production in
Finland. Thus, all impacts should be considered as estimates. The im-
pacts of different protein sources are presented as the impact per kg of
protein. The protein content of poultry and mealworms are 20% and
18.6%, respectively (Nijdam et al., 2012; Miglietta et al., 2015). The
water use was measured as the FWU per kg of protein and LU as the
land occupation value per kg of protein. The averages and ranges of
the impacts of the selected comparable products are listed in Table 1.

2.3. Normalising LCA results to correspond to the PB criteria

Steffen et al. (2015) defined PBs for several human impacts using ab-
solute values. Concerning LCA studies, at least some of the results from
can be modified to represent the criteria used to quantify PBs
(e.g., Uusitalo et al., 2019; Salas et al., 2016). This method has also
been proposed for integrating LCA and PB by Ryberg et al. (2016).
These values can be normalised in relation to the safe operation zone
of PBs. Uusitalo et al. (2019) used the following normalisation equation:

ni ¼
ri
zi

where:

n is the normalised results,
r is the modified results from the life cycle assessment,
z is the safe operational zone as an absolute value (Steffen et al.,
2015), and
i is the PB category.
In this study, we focused on three PB categories, including climate

change, FWU, and land system change. Regarding PBs, climate change
is defined according to the CO2 concentration in the atmosphere. The
PB has been assessed to be 350 ppm (Steffen et al., 2015). Uusitalo
et al. (2019) roughly calculated that one GtCO2 increases the atmo-
spheric concentration by 0.0796 ppm. The uncertainty related to this
enables the modification of CO2 emissions from an LCA to ppm in the
atmosphere.

Table 1
Global warming potential, LU and freshwater consumption of poultry and mealworm
proteins.

GWP
kgCO2-eq/kgprotein

LU
m2/kgprotein

FWU
kg/kgprotein

Poultry 15 (10–30)a 31.5 (23–40)a 742 (596–887)b

Mealworm 9,7 (5,3–14)c,d,e 13,3 (8,6–18)c,d 2780f

a Nijdam et al. (2012).
b Mekonnen and Hoekstra (2012).
c Thévenot et al. (2018).
d Oonincx and de Boer (2012).
e Joensuu and Silvenius (2017).
f Miglietta et al. (2015).
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Land-use change was defined by Steffen et al. (2015) as an area of
forested land as a percentage of the original forest, and for boreal, tem-
perate, and tropical forests, as a percentage of the potential forest. The
current state of global forests is 62%. The boundary for boreal forests is
85% (Steffen et al., 2015). According to the Global Forest Atlas (2018),
boreal forests span approximately 16,600,000 km2.

Finally, the PB for FWUwas set at 4000 km3 a−1 (Steffen et al., 2015).

3. Results

3.1. Honey production system, reference system, and normalised PB values

The honey production system had a lower GWP, LU (occupation),
and FWU than the reference system without honey production
(Table 2). From the perspective of PBs, applying a honey production sys-
tem can assist in returning an area to a safe operational zone.

The GWP of the reference system was almost three times higher
than that of the honey production system. The maintenance driving
for apiaries (10 kgCO2eq), sugar production (8 kgCO2eq) and honey/
wax production (6 kgCO2eq) contributed to a major portion (77%) of
the GWP impacts of honey production. In the reference system, most
of the GWP impacts were caused by rapeseed cultivation (53 kgCO2eq)
and sugar production (24 kgCO2eq). The GWP of honey production
would be significantly higher if longer maintenance driving distances
were required. This could occur for various reasons, including small-
scale production when the beekeeper does not live close to the hives.
From the LU (occupation) perspective, honey production systems re-
quire significantly less land area. The majority of the honey production
related LU was caused by sugar production (11 m2). In the reference
system, rapeseed cultivation (551 m2), sugar production (27 m2), and
rapeseed production for proteins (39 m2) caused the majority of the
LU. The FWU of the reference system was approximately 2.4 times
higher than that of the honey production system. The FWU during
sugar production (890 kg) was the dominant factor in the honey pro-
duction system. In the reference system, the main life cycle stage that
uses freshwater was sugar production (2170 kg) (Appendix Table 1).

According to Table 2 and Fig. 2, both the honey production and ref-
erence systems impact the climate change, FWU, and land system
change. From the perspective of PBs, freshwater consumption appears
to be themost important aspect, followed by land-system change. Com-
pared to the reference system, the honey production system seems to
support the return of an area to a safe operational zone, as it causes
net-positive impacts.

3.2. Environmental impacts of beekeeping products

Table 3 presents the GWP, LU, and FWU of honey, pollen, and DBs.
For the first method, all impacts of the shared processes, such as bee-
keeping, sugar use, and pollination, were allocated to honey. For this,
we assume that DBs were previously discarded as waste. In addition,
pollen collection has just recently started, and honey production sys-
temsdonot focus on their production. For the secondmethod, the emis-
sions from the shared processes were allocated between the products
based on their economic value. The impacts of pollination were pre-
sented as negative through the increased crop production of rapeseed.

The impact depends upon the allocation method. When the impact
reduction via the inclusion of pollination services was not considered
in the calculations and the pollen and DBs were considered as by-

Table 2
Environmental impacts of the systemexpansion approach and normalised values to corre-
spond with PB criteria.

Honey
production
system (hive)

Reference
systema

LCA results
GWP (kgCO2eq) 32 83
LU (occupation) (m2) 13 619
FWU (kg) 937 2239

Results modified for PB normalisation
Climate change (ppm) 2.6 × 10−9 6.6 × 10−9

Land system change (km2) 1.3 × 10−5 6.2 × 10−4

FWU (km3) 9.4 × 10−7 2.2 × 10−6

PB normalisation factors
Normalisation factor for climate change (ppm) 350 350
Normalisation factor for land system change
(km2)

10,054,000 10,054,000

Normalisation factor for fresh water use (km3) 4000 4000

Normalised results
Climate change 7.4 × 10−12 1.9 × 10−11

Land system change 1.3 × 10−12 6.2 × 10−11

FWU 2.4 × 10−10 5.6 × 10−10

a Incorporates the environmental impacts of rapeseed, poultry protein, and sugar beet
production without beekeeping.

Fig. 2. Normalised impacts in the PB framework for honey production and reference systems.
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products, the GWP of 1 kg of honey production was approximately 0.65
kgCO2eq. However, when DBs and pollen were considered as co-
products, the GWP reduced by 32%. Furthermore, the inclusion of polli-
nation services caused a further reduction in the GWP. For these cases,
the impacts became net-positive. Therefore, honey production can
help an area to stay within the PBs. Compared to by-products, the
GWP was reduced by approximately 50% for pollen and 75% for DBs
when allocated as co-products. When pollination services were in-
cluded in the calculations, the impact becamenet-positive. Similar shifts
occur for other impact categories of different products when different
methods of impact distribution are performed.

When the sustainability was evaluated via environmental impacts
without pollination services, by-products containing protein compared
well with the alternative products (Tables 1 and 3; Appendix Table 1).
The impacts of DBs on the GWP, LU, and FWU were minimal compared
to those of poultry production.When the impactswere allocated to DBs,
the difference becomes moderate. However, the DBs are still the most
sustainable alternative in all studied impact categories. Notably, the dif-
ference between the FWUs was significant. When comparing the

sustainability of DBs and mealworms, DBs were favoured when consid-
ered a by-product. When DBs were considered a co-product, the GWP
and LU impacts were very similar. However, the impact of DBs on the
FWUwas significantly lower than that of mealworms.When the impact
reduction of pollination services was included, the impact of DBs was
net-positive, making DBs superior compared to poultry or mealworms
regarding sustainability.

3.3. Sensitivity analysis

Maintenance driving and sugar consumption cause significant
shares of emissions for different beekeeping products. In addition,
both factors have a relatively large range of values, of which the average
estimate was used in the GaBi model. Hence, the sensitivities of these
variables were investigated. Maintenance driving and the amount of
sugar have both good data quality (attachment).

Sugar for feeding bees is responsible for 32% of GWP, 83% of LU and
95% of FWU of beekeeping, when 20 kg sugar is needed per hive. This
leads to 10.4 kg kgCO2eq, 11.2 m2 LU and 890 kg FWU. If varying sugar
use from 15 to 25 kg per hive the results would vary for GWP
7.8–13.0 kgCO2eq, for LU 8.4–14.0 m2 and for FWU 667.5–1112.5 kg.

Maintenance driving is one of the key factors in GWP but it does not
have a significant impact on LU or FWU. The basic assumption was that
total maintenance driving is 40 km per hive which leads to 8.6 kgCO2eq.
If hives are close to the farmer's home and the required driving is only
5 km then GWP is only 1.1 kgCO2eq. With some of the small-scale apiar-
ies that are located far from farmers' home driving can be 375 kmwhich
would lead to 80.6 kgCO2eq. However, this can be considered not as a
typical case.

4. Discussion

4.1. Sustainability and validity of the findings

The results show clear environmental benefits from the perspectives
of GWP, LU, and FWU, when comparing food production with beekeep-
ing to food production without beekeeping. When only the impacts of
beekeeping were considered, the GWP, LU, and FWU were impacted.
However, when considering systemic benefits, e.g., pollinating services
or product replacement, the impact reductions were significant. In
fact, beekeeping can have a net-positive impact on the system. Including
the impact reduction of pollination serviceswith beekeeping causes less
land occupation and greenhouse gas emissions than the beekeeping
alone. Regardingwater use, the studied system caused FWU impacts de-
spite the inclusion of pollination services. However, rapeseed farming
does not typically require irrigation in Finland, thus an increase in the
rapeseed yieldwas not apparent in the FWU value. If the studied system
requires irrigation, the FWU can also become net-positive.

To decipher the validity of the impact evaluation, the results of this
study were compared to those of other studies. Provided that the im-
pacts of shared processes were solely allocated to honey and the bene-
fits of pollination were not considered, the carbon footprint of honey
was 0.65 kgCO2eq kg−1. Kendall et al. (2013) calculated that the carbon
footprint of honey produced in the U.S. was 0.67–0.92 kgCO2eq kg−1, for
which the main contributor was the transportation of beehives. Mujica
et al. (2016) calculated the carbon footprint of honey production in
Argentina. According to their study, the carbon footprint of honey pro-
duction was approximately 2.5 kgCO2eq kg−1, of which honey extrac-
tion was responsible for 90.7%. In our study, unlike in the U.S.,
honeybees and hives were not transported. In addition, the honey
extraction emissions in this study were significantly lower than those
presented byMujica et al. (2016) due to the significantly lower electric-
ity consumption during the extraction process. The demand for electric-
ity aswell as the amount of sugar consumed per hive as assumed in this
study, was similar to that presented by Ulmer et al. (2020) for two ex-
ample cases in Germany.

Table 3
Global warming potential (kgCO2eq), LU (m2a), and FWU (kg) for honey, pollen, and DBs
with different allocation factors for the beekeeping processes.

1 kg of honey

Allocation of beekeeping
processes

100% 57%

GWP LU FWU GWP LU FWU

Maintenance driving by a
farmer, hives, and wax

0.23 0.02 0.00 0.13 0.01 0.00

Sugar production 0.27 0.29 22.82 0.15 0.16 13.01
Honey transportation for
processing

0.01 0.00 0.00 0.01 0.00 0.00

Honey processing 0.15 0.02 1.00 0.15 0.02 1.00
Honey transportation for retail 0.00 0.00 0.00 0.00 0.00 0.00
Total without pollination 0.65 0.32 23.82 0.44 0.19 14.01
Pollination −1.35 −14.13 0.00 −0.77 −8.06 0.00
Total −0.70 −13.81 23.82 −0.33 −7.86 14.01

1 kg of pollen protein

Allocation of beekeeping
processes

0% 37%

GWP LU FWU GWP LU FWU

Maintenance driving by a
farmer, hives, and wax

0.00 0.00 0.00 2.87 0.23 0.00

Sugar production 0.00 0.00 0.00 3.40 3.66 290.13
Pollen collecting and
transportation for processing

3.93 0.30 0.00 3.93 0.30 0.00

Pollen processing 1.99 0.37 6.51 1.99 0.37 6.51
Pollen transportation for retail 0.01 0.00 0.00 0.01 0.00 0.00
Total without pollination 5.93 0.67 6.51 12.20 4.56 296.64
Pollination 0.00 0.00 0.00 −17.21 −179.70 0.00
Total 5.93 0.67 6.51 −5.01 −175.14 296.64

1 kg of drone brood protein

Allocation of beekeeping
processes

0% 6%

GWP LU FWU GWP LU FWU

Maintenance driving by a
farmer, hives, and wax

0.00 0.00 0.00 5.62 0.45 0.00

Sugar production 0.00 0.00 0.00 6.65 7.17 568.09
Drone brood transportation for
processing

0.09 0.01 0.00 0.09 0.01 0.00

Drone brood processing 3.35 1.15 0.00 3.35 1.15 0.00
Drone brood transportation for
retail

0.02 0.00 0.00 0.02 0.00 0.00

Total without pollination 3.46 1.16 0.00 15.73 8.78 568.09
Pollination 0.00 0.00 0.00 −33.70 −351.86 0.00
Total 3.46 1.16 0.00 −17.97 −343.08 568.09
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The impact evaluation of the comparison between the honey pro-
duction and reference systems includes high uncertainty related to the
products that were replaced with pollen and DB. In addition, it is possi-
ble that because pollen and DBs are new products, there are no appro-
priate direct replacements. This uncertainty was also raised by Ulmer
et al. (2020). However, our results show that the replacement of poultry
and rapeseed proteins has amarginal impact on the results compared to
sugar replacement and the advantages of pollination services. There-
fore, changes in the assumptions related to crop productivity with rape-
seed pollination, sugar required for beekeeping, and sugar replacement
by honey may have considerable impacts on the results. In addition,
when investigating the impact reduction of pollination services, the re-
duction differs greatly depending upon the crop, fruit, or berries that are
used. Therefore, when using the approach presented in this study to in-
vestigate the possible net-positive impacts of other food production sys-
tems with beekeeping, impact reduction should be evaluated case by
case depending upon the target of the pollination services. In addition,
the focus of this study was beekeeping in Finland. Different locations
have specific climatic conditions that influence crop yields and beekeep-
ing. For these reasons, the results cannot be used to estimate the impact
of beekeeping in countries with different climatic and ecological condi-
tions. To estimate the exact environmental impacts of beekeeping in
other countries, the effects of pollination services and other factors
should be estimated according to those countries. Despite these uncer-
tainties, the results show clear environmental benefits. Thus, it can be
argued that beekeeping should be maintained or improved in areas
with crops requiring pollination, which could result in net-positive en-
vironmental impacts.

The impacts of the different products became more case dependent
after system expansion, when using different allocation methods, and
after product replacement. By using different allocation methods, the
assessment can be modified to achieve the wanted values. Thus, the al-
location method should be standardised for LCAs considering beekeep-
ing. For instance, the variation in the environmental values of DBs is
greatly dependent upon how the impacts are allocated and whether
the DBs are considered by-products or co-products (Table 3). When
the impact reduction of the pollination services was included in the cal-
culations, the results provided a more systematic evaluation of the im-
pacts of beekeeping. Without beekeeping, no benefits can be gained
from pollination services. With this in mind, the situation for bee-
keepers is unfavourable, if the impact reduction of pollination services
is given to crop farmers or not considered at all.

In Finland, the most important product from beekeeping is honey.
However, DBs and pollen havehigher economic values per kg of the prod-
uct. The amount of DBs and pollen produced is over ten times less than
that of honey and their use is still marginal. Considering the bulk prices
of the products in Finland, honey accounts for over 57% of the economic
value of the products from beekeeping, if DBs and pollen are utilised.
However, life cycle cost analysis was not performed in this study. Thus,
more detailed research is required to investigate whether it is economi-
cally feasible to produce DBs and pollen as protein sources along with
honey. Considering how the impacts are divided among different prod-
ucts of beekeeping, the situation becomes different for honey production
in other countries where pollination services account for a major portion
of the economic value (e.g., Ulmer et al., 2020). In these cases, the eco-
nomic allocation should be conducted differently (e.g., Arzoumanidis
et al., 2019). Furthermore, future variation in the prices of pollen and
DBs due to changes in the supply and demand will have an influence on
how the impacts are distributed among the products.

4.2. Limitations of the LCA PB approach

The conversion of the LCA results to the absolute values of PBs pro-
duces some shortcomings (e.g., Bjørn et al., 2019; Ryberg et al., 2016).
For instance, this study did not consider local water scarcity issues and
the LU was estimated based on the occupied area. In this study, it was

assumed that the unused land area was boreal forest, which is not nec-
essarily the case. In addition, the occupied boreal forest does not influ-
ence the climate change values in this study. Another limitation of the
method used in this study is how companies, organisations, or institu-
tions understand their roles in comparison to others, especially others
operating in the same market segments, when considering safe opera-
tional space. Despite these uncertainties, this study shows that it is pos-
sible to use the methodology developed by Uusitalo et al. (2019) to
other kinds of systems than their example in a flexible manner. This
study integrated LCA and PB to a systemwith different kinds of products
and services and compared them with other similar systems. However,
further research is required to overcome the shortcomings related to
the methodology of combined LCAs and PBs.

Biodiversity is a PB that has exceeded the safe operation space
(Campbell et al., 2017; Steffen et al., 2015). However, this impact category
was not modelled in this study. The impacts on biodiversity are complex
and there are several influencing factors regarding pollinators, such as cli-
mate change, LU, pesticides, pollination services, and local conditions
(Biesmeijer et al., 2006; Brittain et al., 2014; Hendrickx et al., 2007;
Rader et al., 2014; Rortais et al., 2005). Methods incorporating LCAs to
evaluate the biodiversity impacts of pollinators are still being developed
(Crenna et al., 2017), which is why the impacts on biodiversity were
not included in this study. However, the results of decreased greenhouse
gas emissions and LU indicates that honey production can have a positive
influence on biodiversity. In addition, beekeeping can be seen to have
positive impacts on biodiversity, for instance by increasing the pollination
services for wild plants (Potts et al., 2010).

4.3. Honey production can enhance food securitywithout the additional use
of resources

Regarding the DB and pollen production capacity, the production is
relatively minor, with approximately 1 kg of DBs and 5 kg of pollen
per hive per year. According to the Finnish beekeeper's association
(2020), there are approximately 70,000 active hives in Finland. There-
fore, theoretically, the maximum production capacities of DBs and pol-
len are 70 and 350 tons, respectively. This corresponds to 6.6 tons of
protein from DBs and 79.5 tons of protein from pollen. Regarding
honey, the annual production is approximately 2730 tons per year.
However, the annual increase in the yields of crops, fruits, and berries
due to pollination services might be more significant than the honey
production itself, as is shown in the case of rapeseed production. For in-
stance, the production capacity of rape and rapeseed in Finland was ap-
proximately 71 thousand tons in 2018 (Lukeb, 2020). If all cultivation
areas of rape and rapeseed have at least two bee hives per hectare,
which increases the yield by 11%, this would mean that approximately
7036 tons of rapeseed are annually produced due to bee farming. As-
suming that the average protein content is 21.5%, this corresponds to
a production of 1512 tons of plant-based protein per year. Based on
these assumptions, beekeeping can have a positive impact on food secu-
rity through increased protein and sweetener production with reduced
environmental impacts. However, these values are based on assump-
tions. Therefore, more research is required concerning the influence of
honeybees on the pollination of crop yields in large-scale.

Given that similar net-positive impacts are possible for other food
systems, the phenomenon of decreasing pollinator populations is severe
in the context of sustainability goals and food security issues, as approx-
imately 35% of cultivated crops are dependent upon pollinators. In an
economicalmanner pollination has a huge impact on agriculture. For in-
stance, it has been estimated that pollination has a direct economic ben-
efit of approximately 585€ per hectare for oilseed rape farming in
Ireland (Stanley et al., 2013; Breeze et al., 2016). Globally, the value of
pollination has been evaluated at 153 € billion in 2005 (Gallai et al.,
2009). If the phenomenon of decreasing populations is not halted, an al-
ternative method for influencing food production is required.
Otherwise, food security is in danger of being compromised due to
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decreased crop yields and the loss of products from honey production.
However, the results of this study show that it is possible to increase
food production without the additional use of resources in areas with-
out proper beekeeping practices. To create the possibility of net-
positive impacts and increase food security by increasing the yields of
some crops and co-products of beekeeping, beekeeping with crops re-
quiring pollination services should bemaintained and possibly even im-
proved. For instance, the balance between a suitable amount of
pesticides and beehives in different crop production areas should be in-
vestigated, as the use of pesticides contributes towards the declining
pollinator populations (Brittain et al., 2014).

5. Conclusions

In this study, a novel approach was used to estimate environmental
impacts of beekeeping. The results of LCA were converted to represent
PB criteria and consider the impact of pollination services, which has
previously not been done. The results show that beekeeping can help
the food sector to remain within safe operation spaces concerning
three impact categories. The impact categories were GWP, LU, and
FWU. From the perspective of PBs, the biggest impact reduction was
FWU. When the impacts were considered as product-based, the GWP
and LU impacts were net-positive, given that pollination services were
included in the calculations. Based on the impact values of the assess-
ment, it is strongly recommended that beekeeping is increased in
areas where possible, as there are clear benefits regarding sustainability
and food security. The knowledge can help decision makers plan more
sustainable food systems and aid beekeepers in estimating their positive
influence on food systems and marketing their pollination services.
However, more research is required concerning different systems with
different crops to show how beekeeping affects overall food systems
and their environmental impacts.
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Appendix A

Appendix Table 1
Environmental impacts of the system expansion approach.

Honey production system

GWP LU (occupation) FWU

kgCO2eq m2 kg

Maintenance driving by a farmer and hives 8.6 0.6 0.0
Sugar production 10.4 11.2 890.0
Transportation for processing 0.4 0.0 0.0
Honey and wax processing 6.0 0.7 39.2
Pollen processing 2.3 0.4 7.4
Drone brood processing 0.3 0.1 0.0
Pollen collecting 4.4 0.3 0.0
Transportation for retail 0.1 0.0 0.0
Total 32.6 13.5 936.5

Reference system

GPW LU (occupation) FWU

kgCO2eq m2 kg

Rapeseed cultivation 52.8 551.2 0.0
Poultry protein production 1.4 3.0 69.7
Sugar production 24.3 27.4 2169.4
Rapeseed protein production 3.6 37.8 0.0
Transportation 0.4 0.0 0.0
Total 82.5 619.4 2239.1

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.143880.
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A B S T R A C T

The global food demand is projected to significantly increase. To maintain global food security in the future,
protein production needs to become more efficient regarding the use of limited land and water resources.
Protein-rich biomass can be produced via direct air capture of CO2 with the help of H2-oxidizing bacteria and
renewable electricity in a closed, climate-independent system. This quantitative literature review conservatively
estimated the direct land and water use of bacterial protein production relying on secondary data for the
components of the technology and for the reference protein sources. A several times higher potential protein
yield per land area can be achieved by this technology with approximately one-tenth of the water use compared
to that required for soybean production.

1. Introduction

The growing human population and the projected decline of agri-
cultural yields due to climate change challenge global food security
(Godfray et al., 2010; Porter et al., 2014). To provide the increasing
population with a sufficient amount of protein, approximately 110%
more crop protein will have to be produced in 2050 than in 2005, ac-
cording to the estimate of Tilman et al. (2011).), while the availability
of additional arable land and water for agricultural use is limited (FAO,
2017). Currently, agriculture (excluding fibre, rubber and tobacco)
accounts for 43% of the World’s ice-free and desert-free land area
(Poore and Nemecek, 2018) and 70% of freshwater use (AQUASTAT,
2016). There are also competing claims for land and freshwater use
from urbanization, the forest industry, biofuel production and carbon
stock conservation (e.g., Gibbs et al., 2007) via forests. In addition,
agriculture, forestry and other land uses cause approximately one
quarter of anthropogenic greenhouse gas emissions and most nutrient
emissions (FAO, 2017; Smith et al., 2014). The production of animal
proteins accounts for the major part of the use of these resources, even
though their share of the global protein consumption is approximately
one third only (Campbell et al., 2017; Rojas-Downing et al., 2017;

Rosegrant et al., 2009). Consequently, there is a need for novel ap-
proaches to realise environmentally sustainable, climate-resilient pro-
tein production that is less dependent on land and water and has the
ability to adapt to climate change (FAO, 2017; Campbell et al., 2016).

Proteins are one of the main components in food, and their avail-
ability, quality and environmental impacts are good indicators by
which to measure food security (Coles et al., 2016). The lack of access
to high-quality protein due to unequal distribution in the world causes
malnutrition, especially in developing countries. For example, millions
of children subsist on poor sources of essential amino acids (Semba,
2016). In the future, the access to high-quality protein will become even
more challenging due to the increase in protein demand along with
population growth and increase in wealth under climate change. To
produce high-quality proteins to maintain food security with minimal
environmental impact, microbial proteins (MPs), especially bacteria-
based MPs, are seen as promising alternatives compared to traditional
animal- and plant-based proteins (Litchfield, 1989; Matassa et al.,
2016). For example, in animal feed, MPs from gram-negative soil bac-
terium Curpiavidus necator have been found to be comparable with
those from basic protein sources, such as soymeal and fishmeal, and
include all essential amino acids required for growth (Volova and
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Barashkov, 2010; Schøyen, 2007).
There are several beneficial characteristics that bacterial proteins

have over other protein sources. Bacteria-based MPs have high protein
contents ranging from 50% to 83% of the dry biomass, and the bacteria
have high growth rates relative to other protein sources (Anupama and
Ravindra, 2000; Jørgensen, 2011; Litchfield, 1989; Matassa et al., 2016;
Srividya et al., 2014; Upadhaya et al., 2016.). The bacterial conversion
efficiency from substrates to protein-rich biomass is high compared to
that of other MP sources, such as yeasts and fungi, and to that of tra-
ditional protein sources. MP production is usually based on inexpensive
carbon substrates, including waste, which are available in large quan-
tities (Matassa et al., 2015, 2016; Upadhaya et al., 2016; Øverland,
2012; Steinkraus, 1986). In addition, the production process for MPs
can be designed as a closed system highly independent of seasonal
changes, making efficient nutrient use without runoff to the sur-
rounding environment possible, and the system does not require her-
bicides or pesticides (Israelidis, 1987; Pikaar et al., 2017). MP pro-
duction applications can have higher solar-to-biomass efficiencies than
those of crops, but efficiencies among different applications vary
greatly. Regarding the biomass of crops that can be harvested annually,
the yearly average solar-to-biomass efficiency does not typically exceed
1%. During the growing season, the energy use efficiency may reach
3.5% for C3 plants, such as most staple cereals and vegetables, and
4.3% for C4 plants, such as maize (corn), sorghum and sugarcane, and
even the theoretical efficiency is limited to 6% (Blankenship et al.,
2011; Zhu et al., 2008). Using the cyanobacterium Arthrospira plan-
tensis, an efficiency of 2% has been reached (Tredici and Zittelli, 1998),
while significantly higher solar-to-biomass efficiencies of up to 10%
have been achieved using H2-oxidizing bacteria (Liu et al., 2016).

The possibility of producing MP using H2-oxidizing bacteria has
long been known (Schlegel, 1965). H2-oxidizing bacteria are able to
utilize H2 as an energy source, with the help of CO2 and O2, for mi-
crobial growth (Yu, 2014). H2 and O2 can be produced by electrolysing
water inside a bioreactor (Schlegel, 1965), and CO2 can be separated
from the atmospheric air by adsorbents (Leung et al., 2014). Although
CO2 separation and water electrolysis are energy-intensive processes,
there exists a growing interest in opportunities for MP production,
because renewable energy sources can be used. (e.g., Matassa et al.,
2016; Liu et al., 2016).

The growing capacity of wind and solar power increases utility
fluctuation, leading to occasional oversupplying of power. In particular,
the availability of solar energy is increasing due to the rapid decline in
its production costs. Thus, flexible applications capable of using elec-
trical loads for demand response are needed in the future (Lehner,
2014; Park et al., 2016). The electricity oversupply can be used to
produce MP from H2-oxidizing bacteria. C. necator survives night cycles
when the required substances cannot be provided to the bioreactor
through renewables and continues to grow again during daytime (Liu
et al., 2016). Food-insecure regions with high amounts of non-arable
land area could be used for producing solar or wind energy, which
could be directed to MP production upon oversupply or when required.
For instance, the International Renewable Energy Agency (2014) has
estimated for Africa annual theoretical energy production potentials of
660 PWh and 460 PWh for photovoltaics (PVs) and wind energies, re-
spectively (Hermann et al., 2014). The energy production potentials
exclude the areas used for agriculture and exceed the global annual
electricity demand of 25 570 TWh in 2017 (IEA, 2018).

Despite the growing interest in MP production, the environmental
sustainability of MP production has been quantitatively evaluated only
in a few studies (e.g., Cumberlege et al., 2016; Knudsen et al., 2016;
Pikaar et al., 2018). In a comparison of different MP production tech-
nologies, production via water electrolysis requires the least land and
causes the lowest greenhouse gas emissions (Pikaar et al., 2018).
However, to our knowledge, no studies have evaluated the land and
water needs of MP production by H2-oxidizing bacteria, taking into
account the energy requirements of state-of-the-art technology using

direct air capture (DAC), bioreactors with an in situ water electrolyser
and separation of the bacterial biomass from the cultivation medium.
Separating CO2 from ambient air to produce MP by binding CO2 to the
biomass without increasing atmospheric CO2 makes the application
less-dependent on location compared solutions with point sources of
CO2 (e.g., Matassa et al., 2015; Pikaar et al., 2018; Yu, 2014). The
greatest potential of the approach is to decouple protein production
from the use of agricultural land and minimal water use, in comparison
with traditional protein sources, whereas the climate impact crucially
depends on the used energy source. Here we have assumed a renewable
energy source, which increases the land use, and thus provide a con-
servative estimate of the potential to reduce land and water use.

The aim of this study is to quantify the potential reduction in land
and water use from bacterial MP production via the use of direct air
capture of CO2, a water electrolyser and renewables in comparison with
soybean production and other MPs available on markets having studied
requirement of land and water. Soybeans are a widely used plant-based
protein source with a high protein content and high yields, making
soybean protein a well-suited plant-based protein for comparison (Day,
2013; Mekonnen and Hoekstra, 2012; FAOSTAT, 2018). The land and
freshwater use were assessed based on the energy and raw material
requirements of the system components reported in the literature.

2. Materials and methods

2.1. System boundary and methods

The studied system consists of the determined energy and material
consumption of the components of technologies of MP production. The
performance data from the best electricity-to-biomass efficiency of a
lab-scale bioreactor found in literature was used for energy consump-
tion calculations. For other processes, the electricity consumptions of
commercially available products and estimates from literature were
used. The energy requirements for producing nutrients for microbial
growth were neglected. The theoretical energy and material require-
ments of the application were determined by calculating the stoichio-
metry of the substance requirements for biomass growth and by com-
bining experimental data from system components found in the
literature. The production process was assumed to be a closed system.
Thermal energy was assumed to be taken from waste heat sources. The
technologies selected consisted of direct electrolysis in the bioreactor,
post-processing to dry the biomass, and DAC to provide the source of
CO2, and the bacterial species used was C. necator. The simplistic
scheme of the application can be seen in Fig. 1.

The conservative land and water requirements of MP production
were compared to the requirements of soybean and FeedKind® pro-
duction using a quantitative literature review. FeedKind® is a bacterial
MP used for feed purposes in markets (Cumberlege et al., 2016). The
land use comparison between MP and soybean production is based on
direct land use values in the U.S, which is one of the major soybean
producers in the world. The land use was estimated according to the
direct land occupation of protein production per year similarly to, e.g.,
Nijdam et al. (2012) and Nguyen et al. (2010). The production facilities
for MP have only a minor impact on land use, and they can be located
on non-arable land or even under the ground; thus, their impact are
excluded from the analysis. MP production is energy-intensive and uses
renewables as energy sources. The land area required by energy pro-
duction and the related infrastructure was included in the calculation.
The land occupation of energy production required for MP production
was calculated by multiplying the energy consumption per produced
biomass and land occupation per energy generation and time:
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For the water requirement of soybean production, values including
green and blue water requirements for soybean production was used for
comparison. Green water measures the volume of rainwater consumed,
and blue water measures the ground and surface water consumed
during the growth period (Mekonnen and Hoekstra, 2014). The water
consumption of MP was calculated based on the stoichiometry of the
production process:
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2.2. The description of the case technology

2.2.1. Hydrogen-oxidizing bacteria cultivation in bioreactors
Microorganisms can be cultivated in bioreactors, where they can be

grown on a wide variety of substrates. H2-oxidizing bacteria, also called
Knallgas bacteria, are able to use H2 as an electron donor and O2 as an
electron acceptor to fix CO2 to build up their biomass. In addition, some
nutrients are required to increase the biomass in the cultivation
medium. There exist different species of H2-oxidizing bacteria, such as
C. necator (also called Ralstonia eutropha and Alcaligenes eutrophus),
Rhodococcus opacus, and Hydrogenobacter thermophiles. H2-oxidizing
bacteria are mostly aerobic and facultative chemolithoautotrophs using
Calving cycle for carbon fixation. They can derive their energy through
chemosynthesis or grow heterotrophically using organic substrates
(Aragno, 1998; Kuenen, 1999.; Lee, 2015.).

Microorganisms can be cultivated in batch or continuous bior-
eactors. There are several different types of bioreactors, such as stirred-
tank, bubble column, trickle-bed, membrane-based, and U-loop reactors
(Munasinghe and Khanal, 2010; Petersen et al., 2016). In addition to
the various technological approaches for splitting water using elec-
tricity (Section 2.2.3), it is also possible to produce H2 and O2 externally
or internally. External water electrolysis uses a separate unit process
outside the bioreactor, and internal electrolysis is performed directly in
the cultivation medium in the bioreactor.

Supplying the required gases from outside the reactor is a more
conventional method of growing H2-oxidizing bacteria, but the chal-
lenge of this approach is the low mass transfer of H2 and O2 to the
aqueous solution (Yu, 2014). In addition, H2 and O2 can produce
flammable mixtures in the reactor headspace, which may be ignited, for
instance, by measurement instruments in the bioreactor and cause an

explosion (C&EN, 2016). Therefore, controllable gas solubility is es-
sential. Problems with the mass transfer of gases and safety in the
cultivation of H2-oxidizing bacteria can be avoided, at least to some
extent, by performing the electrolysis directly in the bioreactor. The
application in the studied case employs internal water electrolysis, and
thus, only CO2 is supplied from outside the bioreactor.

2.2.2. Direct air capture of CO2
CO2 is required as the carbon source for the growth of bacteria. CO2

supplied to the reactor can be taken from many sources. Flue gases from
combustion process (Leung et al., 2014) and by-products of fermenta-
tion or air are a few examples of sources of CO2. The studied case ap-
plication uses DAC, which is an emerging technology for the collection
of CO2 directly from the atmosphere. Ambient air passes through either
a solid or a liquid medium in which CO2 molecules are retained. When
energy is introduced into the medium, concentrated CO2 is released,
enabling it to be collected, stored, or used. Absorption refers to the case
in which a liquid medium is used in the capture process, and adsorption
is defined as the process in which a solid medium is used in the capture
process (APS, 2011; Bajamundi et al., 2019; Jones, 2011; Jones, 2015;
Zeman, 2014.). Most DAC systems are based on an adsorption/deso-
rption process (e.g., Carbon Engineering, 2016; Climeworks, 2016;
Global Thermostat, 2016; Infinitree, 2016; The Center for Negative
Carbon Emissions, 2016). The scheme of an adsorption-based direct air
capture device is illustrated in Fig. 2.

In principle, a pure CO2 source could be omitted, and atmospheric
air could be used as the carbon source for bacteria. According to Liu
et al. (2016), the electricity-to-biomass efficiency decreased from 54%

Fig. 1. The scheme of MP production by the selected technology. U refers to voltage and I refers to electric current.

Fig. 2. Adsorption-based direct air capture device (Fasihi et al., 2019).
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to 20% when atmospheric air was supplied to the headspace of a reactor
instead of 100% CO2, even though the partial pressure of CO2 was re-
duced by 2500 times.

2.2.3. Electrolysis of water
Currently, alkaline water electrolysis is the most mature and widely

exploited water electrolysis technology for water splitting (Bertuccioli
et al., 2014). However, proton exchange membrane (PEM) technology
is currently challenging alkaline technology by producing higher cur-
rent densities, thereby offering a more compact design and higher ef-
ficiency (Carmo et al., 2013). Efficiencies based on the higher heating
value of H2 for the present PEM electrolysers have been reported to be
65–82%, whereas the alkaline electrolyser efficiencies have been re-
ported to be significantly lower, at 59–70% (Zeng and Zhang, 2010).
Solid oxide electrolysers are still in the R&D stage (Ursúa, 2012).

Direct electrolysis in a bioreactor was invented in the 1960s
(Schlegel, 1965), but owing to its high voltage requirement, its con-
version efficiency was poor. An electricity-to-biomass efficiency of 54%
has been achieved by applying direct electrolysis in a bioreactor, which
would approximately correspond to a 10% solar-to-biomass efficiency,
assuming 18% efficiency for photovoltaics (Liu et al., 2016). Similar
kind of electricity-to-biomass efficiency has been achieved by using
external water electrolysis (Yu, 2014). The challenge in direct electro-
lysis is to find the balance between a suitable environment for bacteria
in the cultivation medium, a reasonable efficiency of electrolysis, and a
sufficient H2 formation rate (Liu et al., 2016). Therefore, the design of
electrode structures, anode and cathode materials and the optimization
of growth conditions play key roles in improving the conversion effi-
ciency. In addition, when using internal water electrolysis to grow
bacterial biomass for food or feed purposes, it must be ensured that no
toxic components are dissolved from the electrodes or from salts used in
the cultivation medium. A typical electrode material in bioelec-
trochemical systems has been rare and expensive platinum, but new
materials have also been found, such as cobalt phosphate CoPi for the
anode and NiMoZn, stainless steel (Liu et al., 2016; Torella et al., 2015).

2.2.4. Post-processing of bacterial biomass
Separation of the bacterial biomass from the cultivation medium is

challenging, as the bacterial cells are small (1–2 μm), their density is
close to that of water (1.003 kg l-1), and the cell dry weight densities at
the end of cultivation are relatively low (10–30 g l-1) (Lee, 2015). The
separation is typically carried out by centrifugation (Litchfield, 1989),
but microfiltration via a membrane can also be used (Frenander and
Jönsson, 1996). After solid–liquid separation, other post-treatment
processes, such as thermal disruption, acid treatment, flash drying, and
grinding, can be implemented depending on the end-product properties
desired (Brocklebank, 1987). Various cell components such as lipids or

polyhydroxyalkanoates can also be separated from the protein fraction
using solvent extraction. To estimate the energy needed for post-pro-
cessing, centrifugation and evaporation were chosen as example pro-
cesses.

2.3. Material and energy requirements of the case technology

The amount of required input substances can be approximated by
the stoichiometry of the bacteria. Liu et al. (2016) reported the fol-
lowing stoichiometry for C. necator biomass formation when the bac-
teria were cultivated using direct electrolysis in the bioreactor:

+ + → +CO 0.24 NH 0.525 H O CH O N 1.02 O2 3 2 1.77 0.49 0.24 2

According to this stoichiometry, 0.38 kg of H2O, 1.76 kg of CO2, and
0.16 kg of NH3 are required to produce 1 kg of biomass. In addition,
1.31 kg of O2 is produced per kilogram of biomass. Usable protein
content of 50–65% of dry biomass are typical estimates for C. Nectator
(Anupama and Ravindra, 2000; Chee et al., 2019; Volova and
Barashkov, 2010). Assuming that the protein content of the biomass is
60%, the water consumption is approximately 0.6 L kgprotein-1. The ac-
tual water consumption is higher because there is always some residual
moisture after solid–liquid separation that is then removed via drying.
In addition to H2, O2, and CO2, bacteria also require a mineral salt
medium containing essential nutrients, such as nitrogen, phosphorus,
and sulphur (Rittman and McCarty, 2001).

The estimated material and energy flows required to produce 1 kg of
bacterial biomass are illustrated in Fig. 3. The energy input for pro-
ducing bacterial biomass consists of the energy required for the elec-
trolysis of water, CO2 capture and post-processing of the biomass. An
electricity-to-biomass efficiency of 54% for C. necator bacteria has been
achieved using direct electrolysis, assuming the free energy gain from
CO2 to biomass to be ΔrG° = 479 kJmol-1 (Liu et al., 2016), which
corresponds to an electric energy consumption of the electrolysis of
9.86 kWh per 1 kg of produced biomass. The energy consumption of
CO2 capture depends on the technology applied. Climeworks an-
nounced that their CO2 capture device has a thermal energy demand of
1.8–2.5 kWh kg-1 CO2 and an electric energy demand of 0.35–0.45 kWh
kg-1 CO2 (Climeworks, 2016). According to the stoichiometry, the
average energy consumption of CO2 capture would thus be 0.71 kWh
electric energy and 3.78 kWh thermal energy per 1 kg of produced
biomass. At the end of the cultivation process, the biomass concentra-
tion in the medium can be assumed to be 2.5% (Lee, 2015). Davis et al.
(2016) estimated an average value of 1.35 kWh m-3 for centrifugation
to obtain a biomass concentration of 20%. Therefore, to harvest 1 kg of
biomass via centrifugation, 40 kg of reactor solution must be treated,
which leads to 0.05 kWh kgbiomass

-1. If evaporation is used to achieve a
biomass concentration of 90%, 3.89 kg of water has to be evaporated.

Fig. 3. Approximated main material and energy flows required to produce 1 kg of bacterial biomass.

J. Sillman, et al. Global Food Security 22 (2019) 25–32

28



With the heat requirement for water vaporization of 2260 kJ kg-1 and
the estimated thermal efficiency of 84%, 2.91 kWh of heat is needed for
evaporation per 1 kg of biomass. As the electricity consumption for
water evaporation is 87 kWh m-3, 0.34 kWh is needed per 1 kg of bio-
mass.

2.4. Land use of renewable energy

The direct land area impact of renewables consists of land directly
occupied by solar arrays and wind turbine pads, access roads, substa-
tions, service buildings and other energy infrastructure physically oc-
cupying land area. According to the national renewable energy la-
boratory, the generation-weighted direct land area impact of solar PV
varies within the range of 0.010–0.014m2 kWh-1 y-1 in U.S. In the case
of wind energies, the capacity-based direct land area impact is within
the range of 0–0.002m2 kWh-1 y-1 in U.S, when the average capacity
factor of 0.367 is used (Denholm et al., 2009; Ong et al., 2013.).

2.5. Land and water use of soybean production

To evaluate the yields of soybean production in U.S, the yields of the
last ten years were taken from National Agricultural Statistic Service of
United States Department of Agriculture. The top maximum and
minimum values were not used for the evaluation as they were counted
as exceptions. The range of the yields were 2.4–5.95m2 kg-1y-1 in the
years 2008–2018 in U.S (USDA, 2019). The soybean protein content
varies between 35% and 40% (Day, 2013). If the average protein
content is used, the yield of soybean protein varies between
6.40–15.86m2 kg-1y-1. In the case of water use, the range of green-blue
water use of soybeans is approximately 2.67–6.67 L kgprotein-1 (Konar
et al., 2013; Mekonnen and Hoekstra, 2014), when using the average
protein content.

2.6. Land and water use of the another bacterial MP

Cumberlege et al. (2016) evaluated FeedKind® commercial products
in terms of water use and land occupation. FeedKind® is produced from
bacterium capable of methanotrophy, thus methane is required for the
bacterial growth. The land occupation values are in range of
0–0.052m2 kgprotein-1 and the water consumption in the range of
10–29 L kgprotein-1 depending on how the product is post-processed. The
high water consumption is due to energy used and vegetable oil in the
finalized product. The land occupation included only the land re-
quirement of vegetable oil production. For impacts of MP via methane
to be comparable with the studied MP, only the impacts of protein
production were included in the evaluation. When the impacts of en-
ergy and vegetable oil are omitted, the results are approximately
0.5–1.45 L kgprotein-1 for water consumption and zero for land occupa-
tion.

3. Results

The sum of the electrical energy consumed during the electrolysis
and the average value of the range given for CO2 capture together with
the estimated requirement for biomass drying would be 10.96 kWh
kgbiomass

-1. The consumed energy per kilogram of produced protein
would be 18.26 kWh (Fig. 3). The bioreactor within-situ electrolyser
uses most of the resources in the production process of bacterial protein
(Table 1). The land use of main components of the case technology
originates in the calculation by multiplying the range of direct land
occupation of electrical power generation (Section 2.4) with electricity
demand of the main components in the technology (Equation (1);
Section 2.1). The water consumption of MP production originates in
calculation according to Equation (2) (Section 2.1).

The land use and water consumption of bacterial MP via studied
technology are clearly lower than the land use and water consumption

of soybean production and have similar kind of impacts than MP via
methane production (Table 2). The direct land occupation of bacterial
protein have ten times lower land area requirement per a year than
soybean production in the case of the highest land occupation value of
solar energy generation. The results show that land occupation of MP
production is minimal, especially, when wind energy is relied upon.
The MP production consumes approximately one tenth of the water
compared to soybean production. The characteristics of MP via me-
thane and the studied MP production are assumed to be the same as
both processes can be designed to be closed systems.

The efficiency of electricity-to-biomass of 54% reported in this
paper is high compared with other values found in the literature (e.g.,
Torella et al., 2015). For instance, if the electricity requirement of the
electrolysis would increase by 10% per produced amount of biomass,
the increase in the demand for electricity would be approximately
0.99 kWh, which would decrease productivity, land use per produced
protein, by approximately 8%. The protein content of the final MP
product is also affecting the productivity. When calculating land use by
using 50% and 65% protein contents of MP, the productivity decreases
by 16% or increases by 10%. Other process sensitivities to the total
electricity demand are minor compared with that of electrolysis
(Table 1).

4. Discussion and conclusions

4.1. Land and water use of MP production and other characteristics

The main finding of this study was that MP protein production using
CO2 capture from air and renewables needs many times less land area
and water than does soybean production. Although, the studied case
technology uses energy intensive DAC devise to provide CO2 for the
process, the results of this study are similar kinds with those of studies
estimating the land and water use of other MP production methods
(e.g., Pikaar et al., 2018; Cumberlege et al., 2016). The electricity-to-
biomass efficiency of electrolysis majorly affected the energy demand
and, thus, should play a key role in the application design.

Table 1
Water and land use of the main components in the case technology.

DAC Bioreactor Post-processes Total

Land use [m2 kgprot-1]
MPSolar 0.01–0.018 0.16–0.23 0.0065–0.0091 0.18–0.26
MPWind 0–0.0026 0–0.033 0–0.0013 0–0.04

Water use [L kgprot-1]
Input - 65.82 65.18 -
Output - −65.18 −65 -
Net use - 0.63 0.18 0.82

Table 2
Water and land use of soybean and MPs with other production characteristics.
Sources:

Land and water requirement Soybean MPSolar MPWind MPMethane

Water consumption [L kgprot-1] 2.67–6.67 0.82 0.82 0.5–1.45
Land use [m2 kgprot-1 y-1 ] 6.40–15.86 0.18–0.26 0–0.04 0
Other characteristics
Sterile production environment No Yes[a] Yes[a] Yes[a]

Pesticides and herbicides use Yes No[b-c] No[b-c] No[b-c]

Fertilizer run-offs Yes No[b-c] No[b-c] No[b-c]

Controllable production process No Yes[a-c] Yes[a-c] Yes[a-c]

Seasonal dependence Yes No[b-c] No[b-c] No[b-c]

Need for arable land Yes No No No

a Lee (2015).
b Israelidis (1987).
c Pikaar et al.(2017).
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Pikaar et al. (2018) simulated avoided land use, nitrogen flows and
greenhouse gas emissions in agriculture, if bacterial MPs from different
pathways replaces traditional protein sources. The results showed sig-
nificant reduction potentials. The pathways were MP via water elec-
trolysis, sugarcane-to-MP, cellulose gasification-to-MP and biomethane-
to-MP. MP via water electrolysis had the most significant reduction
potential from the above mentioned MPs. The MP via water electrolysis
uses similar hydrogen oxidizing bacterium species to produce biomass
as the studied case technology, but the production technology was
different, e.g., bioreactor, external water electrolysis, and point sources
of CO2 were different. By using DAC instead of point sources to provide
CO2 opens new possibilities for mitigation, adaptation and location
purposes for MP production as CO2 is taken from air and the production
facility is not bound to specific locations.

MP production via the proposed method can be a competitive al-
ternative to conventional protein production also because of other
beneficial characteristics and potential environmental advantages re-
lated to land and water use. Because the application can be designed as
a closed system, climate change has no impact on the growing condi-
tions and it is possible to recycle nutrients until they are completely
used, resulting in high nutrient utilization efficiency without run-offs
(Lee, 2015). Another beneficial aspect is that MP production does not
require pesticides and herbicides, the use of which might cause biodi-
versity losses. In addition, it is possible to use wastewaters as a nutrient
sources, which would reduce the fresh water and nutrient consumption
of the application. However, the safety and process sterility of waste-
water use has to be ensured (Matassa et al., 2015). Owing to the
abundance and availability of the required raw materials to cultivate
MP this method of protein production is highly independent of place
and climate and, therefore could be exploited in food production even
where there is no arable land. Due to the rapid growth rate of microbes,
the method can be fast implemented when food or feed availability
becomes challenging.

4.2. Usability of MP as food and feed

Until now, the main use of bacterial protein has been a feed for
animals, an application that has been widely studied and implemented
in an industrial scale, e.g., Methylophilus methylotrophus using me-
thanol as an energy source (Litchfield, 1989). Furthermore, animals are
typically inefficient in converting plant-based proteins into animal
proteins (Steinkraus, 1986), and thus, a large amount of plant-based
proteins are consumed as feed resources. The provision of MP as feed
would save plant-based proteins, such as soybean protein, for human
consumption or land and water for other uses. However, as Pikaar et al.
(2018) showed in their simulations, MPs can replace only a certain
amount of nutrition value apart from protein in feed, but with other
sustainable practices, MPs could be a part of the solution in transition
towards sustainable food systems.

Despite the superior growth rate, low resource needs and high
protein content, in general, bacterial biomass still has some dis-
advantages which limit its wider use. These limiting factors are related
to the downstream processes after cultivation, regulation, and safety
challenges. For instance, it must be ensured that the selected bacteria
are not pathogenic to humans or animals and do not contain toxic
compounds. Another challenge is to provide a sterile production en-
vironment because contaminating microorganisms typically grow well
in the culture medium (Lee, 2015; Litchfield, 1979, 1989; Ritala et al.,
2017).

MP for example fromMethylophilus methylotrophus or C. necator have
amino acid profiles and a nutritive value comparable with fishmeal and
soybean meal but have high nucleic acid concentrations. The high nu-
cleic acid content of the bacterial biomass is not a problem for rumi-
nants, and monogastric animals tolerate it (Litchfield et al., 1979;
Srividya et al., 2014). For humans, the consumption of more than 2 g/d
of nucleic acids may lead to kidney stone formation and gout, and the

cell walls of bacteria are indigestible for non-ruminant animals. The cell
walls can be destroyed and the nucleic acid concentration can be re-
duced by mechanical, chemical, or enzymatic means (Lee, 2015;
Nasseri et al., 2011). Bacterial biomass has already been commercia-
lized as animal feed, but the nutritional and toxicological testing re-
quired for its approval for food purposes may take several years and
cost millions of euros (Lee, 2015; Dominique et al., 2016). The use of
bacteria as food seems also to be unacceptable to many people, even
though, for instance, lactic acid bacteria play a key role in many fer-
mented foods (Caplice and Fitzgerald, 1999). Some products, such as
yoghurts, are even marketed based on the presence of lactic acid bac-
teria. Examples of successful commercialization of unconventional mi-
crobial protein sources, such as the mycoprotein Quorn, exist, in-
dicating that there are commercial possibilities for microbial food
products.

4.3. Reliability of the analysis and future research needs

Currently, soybeans are the most important source of plan-based
protein for feed purposes, thus, we used only them as a plant-based
reference protein. Other commonly used alternatives for fodder are
mainly side streams from other products (e.g., sunflower and oilseed
rape), the sources are mainly used for crop rotation, specific sources are
not used so widely for feed than soybeans are (e.g., legumes) or the
sources have low protein contents (e.g., maize and barley). In addition,
the content and quality of the studied protein is comparable to soymeal.

The study was based on values given in the literature and by tech-
nology manufacturers. The energy requirements of the unit processes
excluded from the study have only a negligible effect on the total en-
ergy consumption. Similarly, the material flows of production process
and the impact of the MP production facilities excluded from the ana-
lysis on direct land area requirement, are minimal. The potential con-
servative land and water use estimation of the state-of-the-art tech-
nology has many disadvantages compared to soybeans. The nutrient use
is more efficient than that of soybeans due to closed production system,
the land use of MP production includes the land use of renewables and
the production does not require pesticides or herbicides. In addition,
the land occupation of energy production depends on the location, used
technology and energy sources available, which can have a major effect
on the requirements of land area. For example, a significant amount of
PV solar power plants can be installed on the roofs of buildings, and
wind farms can be located offshore resulting in a minimal direct land
area requirement.

The proposed protein production method is highly energy-intensive
compared with conventional production practices in agriculture
(Woods et al., 2010). Approximately 90% of the energy demand of the
application comes from the electrolysis process, and thus, the energy
requirement is highly dependent on the electrolysis efficiency and the
mass transfer of H2 and O2. The used electricity-to-biomass efficiency
was based on a lab-scale bioreactor; thus, scaling up the process is es-
sential when larger production volumes are preferred. Although it has
been shown that scale-up of designs for producing H2-oxidizing bac-
teria-based biomass is not a problem (Reed et al., 2015), piloting a
facility with a larger production capacity is essential to validate the
results of this study.

With current electricity prices, only the cost of energy required to
produce MP using the application is higher than the price of soybeans
(USDA, 2018), even if the capital and other operational costs are not
taken into account. In the future, the situation may change, as elec-
trobioreactors could be used to provide demand-response services for
the grid, electricity prices could go down, or the price of soybeans could
go up. The energy-related costs can also be reduced by using different
technologies than the ones presented in this method. Thus, techno-
economic research is preferred before commercialising the proposed
application.

H2-oxidizing bacteria survive night cycles when no electricity is
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used to provide substances for biomass growth and continue their
growth during day cycles when renewable electricity is available. Thus,
the production of bacterial biomass could be balanced according to the
varying production and load of the grid, which is known as a demand
response, and can lead to reduced electricity costs and/or incentive
payments (Albadi and El-Saadany, 2008). However, further research is
needed to conclude the suitability of the application for use as a de-
mand-response tool. Especially, the time required to achieve the op-
timum productivity of MP is a topic of interest.

Because the application binds atmospheric CO2, investigating the
greenhouse gas emissions of the entire production process would also
be of interest. To study the different environmental impacts over the
product’s lifetime, a life-cycle approach can be used (Finkbeiner, 2011).
A pilot-scale application can help in estimating the actual energy and
material flows of the production processes and in estimating reasonable
production scales. A cradle-to-grave impact assessment takes into ac-
count the supply chains for product distribution, materials for pro-
duction facilities and other material flows. Another research need
would be to estimate the available amount of renewable energy for MP
production and to which extent MPs could replace plant-based feeds
while considering, for example, the entire nutrient value and post-
processing requirements of the alternative feed protein sources.

4.4. Conclusions

The land and water requirements of H2-oxidizing bacteria-based MP
via the carbon capture and renewable energy had not been previously
studied. We have shown that this technology exhibits a minor direct
land occupation and water consumption compared to traditional pro-
tein sources such as soybeans. Currently, MPs are not widely used
protein sources; thus, there is much progress that can be made by using
the proposed MP production technology to improve food security and
sustainability of food or feed chains. Therefore, the technology should
be considered as a promising tool for sustainable agricultural devel-
opment. However, before the commercialization of the studied tech-
nology, ensuring the safety as food and piloting with larger production
capacities including a techno-economic and a more comprehensive
environmental assessment is essential.
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Abstract
Purpose Renewable energy produced from wind turbines and solar photovoltaics (PV) has rapidly increased its share in global
energy markets. At the same time, interest in producing hydrocarbons via power-to-X (PtX) approaches using renewables has
grown as the technology has matured. However, there exist knowledge gaps related to environmental impacts of some PtX
approaches. Power-to-food (PtF) application is one of those approaches. To evaluate the environmental impacts of different PtF
approaches, life cycle assessment was performed.
Methods The theoretical environmental potential of a novel concept of PtX technologies was investigated. Because PtX ap-
proaches have usually multiple technological solutions, such as the studied PtF application can have, several technological setups
were chosen for the study. PtF application is seen as potentially being able to alleviate concerns about the sustainability of the
global food sector, for example, as regards the land and water use impacts of food production. This study investigated four
different environmental impact categories for microbial protein (MP) production via different technological setups of PtF from a
cradle-to-gate perspective. The investigated impact categories include global warming potential, blue-water use, land use, and
eutrophication. The research was carried out using a life cycle impact assessment method.
Results and discussion The results for PtF processes were compared with the impacts of other MP production technologies and
soybean production. The results indicate that significantly lower environmental impact can be achieved with PtF compared with
the other protein production processes studied. The best-case PtF technology setups cause considerably lower land occupation,
eutrophication, and blue-water consumption impacts compared with soybean production. However, the energy source used and
the electricity-to-biomass efficiency of the bioreactor greatly affect the sustainability of the PtF approach. Some energy sources
and technological choices result in higher environmental impacts than other MP and soybean production. When designing PtF
production facilities, special attention should thus be given to the technology used.
Conclusions With some qualifications, PtF can be considered an option for improving global food security at minimal environ-
mental impact. If theMP via the introduced application substitutes the most harmful practices of production other protein sources,
the saved resources could be used to, for example, mitigation purposes or to improve food security elsewhere. However, there still
exist challenges, such as food safety–related issues, to be solved before PtF application can be used for commercial use.

Keywords Renewable electricity . Life cycle assessment . GHG emissions .Microbial protein . Sustainability . Power-to-food

1 Introduction

Natural biogeochemical cycles of the Earth such as the carbon,
nitrogen, and phosphorus cycles, as well as the water cycle are
disturbed by human activities. The resulting changes in the
balance of natural cycles have led to sustainability challenges
like global warming, eutrophication, soil salinization, and a
decline in available freshwater resources (e.g., The Royal
Geographical Society 1998; Vörösmarty et al. 2010). While
providing humanity with food, agriculture is a major actor
imposing strains on natural cycles and resources (Cambpell

Shabbir Gheewala

* J. Sillman
jani.silman@lut.fi

1 School of Energy Systems, Sustainability Science, LUT University,
P.O. Box 20, 53851 Lappeenranta, Finland

2 VTT Technical Research Centre of Finland, P.O. Box 1000,
FI-02044 Espoo, VTT, Finland

The International Journal of Life Cycle Assessment
https://doi.org/10.1007/s11367-020-01771-3



et al. 2017). Limited arable land and freshwater resources,
climate change, and a growing human population are endan-
gering global food security. On current trends, maintaining
food security will become increasingly difficult, if present
agricultural practices are not adapted to mitigate their effects
on natural cycles (Calicioglu et al. 2019; Pretty et al. 2010;
Vermeulen et al. 2012). The questions of food security and the
environmental impacts of agriculture are well recognized and
studied, and there is a need for a shift to a more action-oriented
research agenda (Campbell et al. 2016).

Recently, a lot of research has focused on utilization of
CO2 into added-value products such as hydrocarbons
(Godoy et al. 2017; Khunjar et al. 2012). Hydrocarbons can
be produced using bacteria employing the Calvin cycle, in
which carbon atoms from CO2 are used to build three-
carbon sugars, such as most species of H2-oxidizing bacteria
(Kuenen 1999). One focus of previous research has been
power-to-X (PtX) technologies to produce hydrocarbons from
renewable electricity via water electrolysis and CO2 from dif-
ferent sources (Koj et al. 2019; Chehade et al. 2019). There is
no formal definition for PtX applications, but commonly, they
refer to technologies producing something from renewable
electricity through water electrolysis and additional processes
(e.g., Koj et al. 2019; Uusitalo et al. 2017; Zhang et al. 2017).
This definition of PtX is used in this paper. The research
interest towards PtX is partly due to the forecast rapid growth
of renewable energy capacity using energy generation re-
sources such as solar and wind power, and due to environ-
mental challenges, such as anthropogenic climate change and
eutrophication, humanity has to solve to move towards sus-
tainable development. The increasing share of renewables
does not happen without problems as they cause fluctuation
in energy generation resulting in occasional oversupply. To
overcome this problem, different demand response solutions
are proposed (e.g., Aghaei and Alizadeh 2013; Zehir et al.
2016). Fortunately, PtX applications can be designed to utilize
electricity as a demand response, when electricity prices are
low, and to balance the grid (Uusitalo et al. 2017; Zhang et al.
2017). Several life cycle assessment studies have shown that
PtX processes in most cases lead to reductions in climate
change impacts compared to fossil hydrocarbons (e.g.,
Uusitalo et al. 2017; Zhang et al. 2017; Sternberg and
Bardow 2015). Power-to-gas is one example of a PtX appli-
cation and it is seen as a promising technology for large-scale
and long-term energy storage (Zhang et al. 2017).

When considering agricultural products, it is possible to
produce bacterial-based protein-rich biomass, also called mi-
crobial proteins (MP), for feed and food purposes using a PtX
approach. H2-oxidizing bacterium can produce protein-rich
biomass suitable for feed or food purposes by utilizing H2,
O2, and CO2 with additional substances. H2 and O2 can be
produced via water electrolysis and CO2 can be provided from
sources such as air. (Sillman et al. 2019) Here, the approach is

called a power-to-food (PtF) application. The main compo-
nents of the PtF approach consist of a CO2 source, bioreactor,
water electrolysis, and post-processes for separating biomass
from the cultivation medium and for drying. The possibility to
produce biomass using the H2-oxidizing bacterium
Cupriavidus necator has gained interest in previous studies
due to high electricity-to-biomass efficiencies (e.g., Liu et al.
2016; Yu et al. 2013; Yu 2014). In addition, unlike traditional
protein production, production of MP is seen as climate inde-
pendent as the climatic conditions do not influence on the grow-
ing conditions of a closed production system and bacterium has
a fast growth rate (Upadhaya et al. 2016; Srividya et al. 2014).

The nutritional value of some MP sources, such as MP
from C. necator, is comparable to nutritional recommenda-
tions and to traditional protein sources such as fishmeal and
soymeal based on essential amino acids that must be supplied
in feed, as the animals themselves cannot synthesize them
(Srividya et al. 2014; Volova and Barashkov 2010; WHO/
FAO 1973.). MP fromC. necator has been shown to be useful
for 25–50% of the diet depending on the species and age of the
animals (Volova and Barashkov 2010). Protein content of bac-
terial MPs from 50 to 83% is found in literature. However, the
usable protein content is usually lower than the absolute raw
protein content of the bacterial biomass. (Anupama and
Ravindra 2000; Kunasundari et al. 2013) There are three main
types of MP sources, which are fungus, yeast, and bacterial
protein. The doubling time of bacterial protein is the fastest
among the types of MP sources. (Srividya et al. 2014.)
Quorn, spirulina, UniProtein®, and FeedKind® are examples
of MP-based products available in the market.

Although bacterial MP is seen as an environmentally sus-
tainable alternative to conventional protein sources, there exist
only few MP-related LCA studies focusing on food or feed
production. (e.g., Cumberlege et al. 2016; Knudsen et al.
2016). LCA study has been conducted for a bacterial MP
known as FeedKind®, which is produced by the biotechnol-
ogy company Calysta. FeedKind® is a bacterial protein
source produced for feed purposes. The bacterium uses meth-
ane to build up its biomass, thus it is calledMP via methane in
this study (Cumberlege et al. 2016). Another example of a MP
source that has undergone LCA is microalgae. Their use as
food or feed has gained interest in recent years, but the re-
search has mainly focused on their utilization as a rawmaterial
for biofuel production (Aresta et al. 2005; Mata et al. 2010;
Sander and Murthy 2010; Quin and Davis 2015). Pikaar et al.
(2018) used the MagPie model (Pop et al. 2010) to simulate
avoided cropland expansion areas, greenhouse gas emissions,
and nitrogen pollution impacts of several bacterial MP pro-
duction pathways. The biggest avoided impacts were gained
by using MP via water electrolysis, which is a similar kind of
pathway to produce MP than the studied PtF application has.
In addition, it has been shown based on quantitative literature
review that it is possible to produce MPs with less direct land

Int J Life Cycle Assess



occupation area and freshwater use than conventional protein
production by using renewable energy, in situ water electrol-
ysis, direct air capture technology, and post-processes to sep-
arate microbial biomass from cultivation medium (Sillman
et al. 2019). However, to the extent of our knowledge, there
are no LCA studies comparatively evaluating MP production
via different PtF approaches, even though there are several
LCA studies focusing on different PtX technologies (Koj
et al. 2019). Different PtF approaches have many technolog-
ical system modifications, of which the energy sources used,
origin of substances needed in the production processes, the
bacterium species used, and the selected process optimization
are a few examples. These technological system differences
influence different categories of the environmental life cycle
impacts of the production processes; thus, it is essential to
knowwhich kind of technological choices should be preferred
in terms of environmental sustainability.

As the overall environmental impact of various system
modifications of PtF applications is not known, it is necessary
to compare how different system modifications impact LCA
categories and which approaches have the least environmental
impacts. The sustainability can be evaluated by investigating
categories related to the planetary boundaries presented in
Steffen et al. (2015). The concept of planetary boundaries
defines a safe operational zone for humanity for nine environ-
mental activity categories. Water use, land use, biodiversity
loss, climate change, and nutrient flows are examples of ac-
tivities in which agriculture has a major role and which have
either exceeded or are close to exceeding safe operation spaces
(Cambpell et al. 2017; Steffen et al. 2015). The selected cat-
egories for evaluating the sustainability of different modifica-
tions of the PtF process are related to climate change, land use,
freshwater use, and eutrophication. As regards impacts related
to biodiversity loss, there are severe limitations to including
biodiversity impacts in LCA methodology (Notamicola et al.
2017). Therefore, biodiversity impacts are not assessed in this
study.

The aim of this study is to investigate whether a climate-
independent PtF technology can be designed to produce
protein-rich biomass that has minimal sustainability impacts
compared to other protein-rich sources and, furthermore, to
establish which PtF system modifications are the most envi-
ronmentally sustainable. The hypothesis is that protein via PtF
application can be designed to cause less environmental im-
pacts than comparable protein sources. The comparable pro-
tein sources are soybean and a few other MPs. Soybean is
chosen as it is a widely used plant-based protein source and
the nutritional value is comparable with protein via PtF appli-
cation. Other protein sources are selected to compare the sus-
tainability of PtF to other MPs. If the hypothesis is true, the
knowledge can be used for mitigation of the impact of food
systems on the natural environment. For instance, by
substituting protein sources with higher land use impact with

ones having lower land use impact, the saved land could be
used, e.g., as sinks for atmospheric CO2. This study provides
novel information about how food production can be integrat-
ed with electrical power production via PtF applications and
information about the environmental impacts of PtF
applications.

2 Materials and methods

The study was carried out using a life cycle assessment (LCA)
methodology based on the ISO 14040 (2006) standard, and
GaBi 6.0 life cycle assessment software was used in the life
cyclemodeling and impact assessment. A professional database
of GaBi software was used to provide initial data for the model,
particularly information related to inputs such as the impact of
nutrient and energy production. Additional initial data, for ex-
ample, the amount of inputs, were gathered from literature.

2.1 Goal and scope definition

The aim is to assess four different impact categories related to
planetary boundaries. GWP can be used to measure impacts
related to climate change. The land occupation indicator is
describing land use. Eutrophication potential is describing nu-
trient flows and blue-water consumption describes freshwater
use. Blue-water consumption does not include water scarcity
issues. These impacts can be compared with impacts of alter-
native protein sources.

A base setup was used as a reference for evaluation of the
environmental impacts of different modifications of PtF. The
base setup is described in Section 2.2.6, and the selected PtF
technologies are described in Sections 2.2.1, 2.2.2, 2.2.3, 2.2.4,
and 2.2.5. To evaluate the sustainability of the PtF approaches,
the environmental impacts of MP production via PtF are com-
pared with other MP products and with conventional plant-
based protein sources. In this study, the production of MP via
PtF is assumed to be in Europe. Soybeans are a widely used and
efficient plant-based protein source with high protein content
and high yields and have similar protein quality than the stud-
ied MP, and Europe imports large quantities of soybeans
(FAOSTAT 2019; Volova and Barashkov 2010; WHO/FAO
1973). These characteristics make soybean protein a well-
suited protein for comparison. The environmental sustainability
comparison between the modeled MP production, other MPs,
and soybean protein, based on literature, was performed using
an attributional approach. Sensitivity analysis was performed
using a one-at-a-time method for base setup.

Different food products are not equal as their nutritional
values per kilogram of product vary. Consequently, a direct
comparison based only on the weight of the product is unrea-
sonable. Proteins have previously been used to evaluate food
security (Diaz-Bonilla et al. 2000) and the idea of MP
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products is to act as substitute proteins for conventional pro-
tein sources; thus, 1 kg of protein is used as a functional unit.

2.2 Life cycle inventory analysis

The cultivated bacterium species is C. necator (also called
Ralstonia eutropha and Alcaligenes eutrophus) (Aragno
1998), which can produce microbial biomass with a usable
protein content of 50 to 65% of dry biomass. (Anupama and
Ravindra 2000; Kunasundari et al. 2013; Yu 2014; Volova and
Barashkov 2010). In this study, a protein content of 60% is used
when environmental impacts are modeled as the production
process is assumed to be designed as close to optimal.

The studied processes for H2-oxidizing-based MP produc-
tion are amine production, CO2 sources, electricity generation,
bioreactors with in situ and external electrolysis, and post-
processes for biomass cultivation and water removal. The pro-
duction processes are considered closed systems with no run-
offs. The closed system refers to a process in which the material
and energy flows can be controlled. The controllable processes
make it possible to efficiently utilize nutrients with no nutrient
run-offs to the surrounding environment. Major material and
energy flows are included in the cradle-to-gate assessment. The
construction phase of production facilities, minor nutrients in
the cultivation medium, and minor unit processes, e.g., cultiva-
tion medium pumping into the bioreactor are neglected based
on cutoff criteria. As the production facilities can be located
nearly everywhere, the logistics impacts are neglected. The sys-
tem boundary with the different process modifications of the
cradle-to-gate assessment is presented in Fig. 1.

2.2.1 Nutrient and CO2 consumption

Nutrients included in the LCA models are ammonia, phos-
phates, and sulfur. Other substances are neglected due to their
low concentration in the solution medium and due to data
availability issues. The cultivation medium contains several
minerals, e.g., KH2PO4 and MgSO4, with concentrations of
a few grams per liter (e.g., Akiyama et al. 2003; Liu et al.
2016; Volova and Barashkov 2010). Based on stoichiometry
of production of 1 kg biomass of C. necator, approximately
1.76 kg of CO2 and 0.16 of NH3 are needed (Liu et al. 2016).
The amount of carbon is used to estimate the required amounts
of phosphates (P) and sulfur (S). Molar ratios of 1:50 P:C and
0.03:1 S:C are typical for aquatic bacterium (Faberbakke et al.
1996), which accounts for approximately 0.141 kg of S and
0.140 kg of P per 1 kg of biomass. Nutrient use and CO2

utilization efficiencies are assumed to be 100% as the produc-
tion process can be designed to be a closed system making it
possible to utilize nutrients until they are completely depleted
(Lee 2015).

NH3 is assumed to be produced by the Haber-Bosch
process and the H2 needed is produced from natural gas,
which is the most commonly used route to produce NH3.
S is assumed to be derived as a side product from an oil
refinery and P from mineral phosphate containing 32% of
P2O5. The environmental impacts of S, NH3, and P are
modeled using average impacts found in the GaBi data-
base for the EU region. A few studies have proposed
taking S and P from wastewaters (e.g., Matassa et al.
2015). Impacts, if S and P are taken from wastewaters,
are studied via one of the system modifications.

Fig. 1 System boundaries of the
studied PtF approaches. Boxes
with dashed lines represent
modifications of PtF technologies
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2.2.2 Electricity and thermal energy generation

In this study, renewable wind and solar energy are considered
as the main electrical energy sources for the PtF applications.
However, climatic conditions affect the environmental im-
pacts of renewables, thus the location of electricity generation
can have a major role, when thinking overall impacts of PtF
applications. To study how latitude affects the overall envi-
ronmental impacts of PtF systems, the production locations
selected for study are in different latitudes in Europe. The used
production values are average values of the selected locations,
which are Finland, Germany, and Cyprus. Finland represents
conditions in Northern Europe, Germany conditions in
Central Europe, and Cyprus conditions in Southern Europe.
The effect of latitude is studied for renewable energies only.
Of course, it is possible to use sources other than wind or solar
power for electricity generation, and thus the impacts of non-
renewable electrical energy sources are also studied.
Electricity sources compared are solar energy from photovol-
taics, wind energy, nuclear energy, and the average electricity
mix in Finland. GaBi databases are used to model impacts of
electricity production.

Thermal energy is produced using either high-temperature
heat pumps, combustion of natural gas, or energy taken from
point sources producing waste heat. Natural gas is a widely
used fossil fuel–based energy source with relatively low envi-
ronmental impact; thus, its use is considered in this study.
High-temperature heat pumps are preferred over basic heat
pumps, because of the required temperature to regenerate
amine-based sorbents in the direct air capture (DAC) process
(Section 2.2.3). Liu et al. (2016) have estimated that up to 4.54
kWh thermal energy per kg biomass can be formed in a bio-
reactor, but H2-oxidizing bacteria grow at relatively low tem-
peratures (approximately 30 °C), which makes utilization of
the excess heat difficult. Thermal energy created in the biore-
actor is thus not considered to be used in this study.

The required electrical energy of heat pumps to produce
thermal energy is dependent on the coefficient of performance
(COP) value. COP refers to the ratio of useful heating or
cooling provided to the work required. A heating COP value
of 2.1 to 2.6 has been achieved with a temperature source of
30 to 120 °C using high-temperature heat pumps but even
higher COP values are possible (Arpagaus et al. 2018). In this
study, a COP value of 2.5 is used when producing thermal
energy using electricity.

2.2.3 Source of CO2

Two sources of CO2 are studied in this LCA study. The base
setup consists of direct air capture technology (DAC). DAC is
seen as a plausible technology capable of reducing CO2 from
ambient air that can be used to mitigate climate change (Sanz-
Perez et al. 2016). The second option uses a side flow of pure

CO2 from non-fossil sources without additional material and
energy requirements. For example, a fermentation process can
supply CO2 to the bioreactor.

DAC technology uses amine-based sorbents to separate
CO2 from air. CO2 is absorbed into amines, which can be
regenerated at a temperature of approximately 100 °C
(Climeworks 2019). During the regeneration process, the
bound CO2 is released and fed to the bioreactor, where the
bacterium uses it to build up its biomass. However, small
amounts of amines are consumed during the process. The
amine production needed has been modeled as described by
Zhang et al. (2017). According to Zhang et al. (2017), no
information is publicly available regarding the actual process-
es that are needed to produce the amines used in the
Climeworks DAC device. Thus, general organic chemicals
are used to estimate environmental impacts from amine pro-
duction. The amount of consumed organic chemicals is
0.0036 kg per kilogram of produced biomass, which is calcu-
lated using the weight ratio of needed CO2 and consumed
organic chemicals. The impacts of amine consumption are
estimated by using the GaBi database of generic organic
chemicals including amine. The electricity and thermal energy
requirement of the DAC device are 1.8–2.5 kWh/kgCO2 and
0.35–0.45 kWh/kgCO2, respectively (Climeworks 2019).

CO2 is not the only substance that can be provided by a
DAC device. If there is moisture in the air and the air temper-
ature is sufficient, liquid water is formed during the separation
process. In humid conditions with a temperature of + 25 °C,
the molar ratio of separated H2O per CO2 is 4.9 (Elfving et al.
2017). If the separated water does not hold any harmful im-
purities, it can be used to replace fresh water consumed in
production processes. Based on stoichiometry, the amount of
formed water is 3.53 kg per 1 kg of biomass. In the case of
provided CO2, the purity of the CO2 can exceed the purity
levels of 99.99% by volume (IPCC 2005).

2.2.4 Electricity-to-biomass efficiency of a bioreactor

Using in situ electrolysis in a bioreactor to grow H2-oxidizing
bacterium is an old innovation (Schlegel and Lafferty 1965).
Since that time, the electricity-to-biomass efficiency has grad-
ually improved (e.g., Liu et al. 2016; Schuster and Schlegel
1967; Torella et al. 2015). Liu et al. (2016) achieved an effi-
ciency of 54% by using in situ water electrolysis, which cor-
responds to 9.86 kWh per produced biomass. In contrast, ef-
ficiencies of 4.8% and 13% were reported in the studies of
Schuster and Schlegel (1967) and Torella et al. (2015), respec-
tively. When studying the environmental impacts, a base sit-
uation uses state-of-the-art electricity-to-biomass efficiency
with electrical consumption of 9.86 kWh. In one case, the
electricity-to-biomass efficiency is assumed to be in the range
of 13–54% to demonstrate the importance of the bioreactor
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process on the overall impacts. In that case, the energy con-
sumption is 25 kWh per kilogram of biomass.

The conventional approach for providing a bioreactor with
H2 and O2 is to use external water electrolysis rather than in
situ electrolysis. In such cases, water electrolysis can be con-
sidered as a separate unit process. The challenge of external
electrolysis is the low mass transfer of H2 and O2 to aqueous
solution, which inhibits the growth rate of bacterial biomass
(Yu 2014). In addition to H2 and O2, also CO2 has to be fed
into the bioreactor. Typically, the used volumetric ratio of
CO2, O2, and H2 gases for growth of a hydrogen-oxidizing
bacterium is 1:2:7 (e.g., Volova et al. 2013; Zhila et al. 2015)
and, thus, the amount of H2 and the H2 conversion efficiency
to biomass determine the energy requirement of a water elec-
trolysis process. Based on stoichiometry of C. necator, the
amount of required H2 is 71.4 g per kgbiomass (Liu et al.
2016). Matassa et al. (2016) have achieved H2 conversion
efficiency of 81% on average using a continuous reactor type,
and thus, the required amount of H2 is 88.1 g per kgbiomass. In
this study, proton exchange membrane (PEM) water electrol-
ysis is used to produce H2 because of its compact structure,
wide partial load range, and high energy efficiency (Chi and
Yu 2018). The system efficiency of PEM water electrolysis
has been reported to vary in a range of 62–77% defined by the
higher heating value (HHV) of hydrogen of 39.41 kWh per
kgH2 (Decourt et al. 2014). A stack efficiency of 80% (HHV)
has been measured for a commercial 5 kW PEM stack under
differential pressure (Koponen et al. 2017). The Balance of
Plant (BOP) energy consumption of the hydrogen production
unit has been estimated to be 8% of the PEM stack energy
consumption including the stack power supply losses (Colella
et al. 2014). Therefore, the overall energy consumption of the
PEM electrolysis based H2 production unit is estimated to be
53 kWh per kgH2 and 4.7 kWh per kgbiomass.

2.2.5 Post-processes

The post-processes are designed similarly than described in
study Sillman et al. (2019). It can be assumed that the culti-
vation medium has a biomass concentration of 2.5% (Lee
2015). First, the concentration of bacterial biomass is in-
creased to 20% from 2.5% by the help of centrifugation, thus
40 l of cultivationmedium needs to be processed. This process
requires 0.05 kWh electrical energy per kg bacterial biomass
based on energy consumption of 1.35 kWh per m3 (Davis
et al. 2016). Then, the remaining water is evaporated until
the biomass concentration is 90%. The evaporation requires
approximately 2.91 kWh thermal energywith the efficiency of
84%. After the post-processes the bacterial biomass contains
residue water, thus, 0.11 kg of water is consumed per kg
bacterial biomass. There exist other technical solutions for
water removal than evaporation and centrifugation, such as

filtration, flash drying, or grinding. In this study, these other
technical alternatives are not modeled.

2.2.6 Studied system modifications

The base setup acts as a comparative for different system
modifications when the environmental impacts are analyzed.
The base setup consists of the DAC process, the in situ elec-
trolysis with electricity-to-biomass efficiency of 54%, the
post-processes described in Section 2.2.5 Ammonia is pro-
duced via the Haber-Bosch process, sulfur is taken from side
flow of an oil refinery, phosphor is taken from mineral phos-
phate, and the required thermal energy is produced with elec-
tricity. The electricity is generated with PV solar power in
Finland. The material and energy flows of the base setup of
the PtF processes are presented in Table 1.

The study models the base situation and 13 modified tech-
nological setups for MP production using the bacterium
C. nectator. Country-specific and process-specific data for
the modeling are taken from GaBi databases. Grid mix, plant
production, rawmaterial for energy production, and electricity
distribution are included in environmental impacts of electric-
ity. When studying the impacts of different electricity sources
and locations, the modifications are named according to loca-
tion and energy source. The system modifications of the PtF
processes are presented below:

& Base setup: Material and energy flows are given in
Table 1. The selected technologies and energy sources
are a bioreactor with in situ electrolysis; solar energy pro-
duced in Finland; thermal energy produced using a high-
temperature heat pump; DAC is used to provide CO2; and
post-processes are designed according to Section 2.2.5.

& Mod1: The electricity-to-biomass efficiency of the biore-
actor is changed from 9.86 to 25 kWh.

& Mod2: External electrolysis is used instead of in situ elec-
trolysis. Energy flows are modeled according to
Section 2.2.4.

& Mod3: The thermal energy for DAC and the post-
processes is produced using natural gas.

& Mod4: The thermal energy is taken from waste heat
sources, which are considered emission free.

& Mod5: S and P are taken from wastewater flows, which
are counted as emission-free sources.

& Mod6: CO2 is taken from waste flows of organic sources
(e.g., fermentation). The CO2 is counted as a neutral emis-
sion source resulting in zero GHG emissions.

& FInuc: The electricity used is nuclear energy in Finland.
& FIwin: The electricity used is wind power in Finland.
& FImix: The electricity used is the grid mix in Finland.
& CYsol: The electricity used is photovoltaic solar power in

Cyprus.
& CYwin: The electricity used is wind power in Cyprus.
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& GEsol: The electricity used is photovoltaic solar power in
Germany.

& GEwin: The electricity used is wind power in Germany.

2.2.7 Other reference systems: soybean and selected MP
productions

FeedKind® is a bacterial MP using methanogenesis to build
up its biomass. The powder form of FeedKind®, which does
not hold any substances other than bacterial biomass has a
carbon footprint of 2.229 kgCO2 per kgprotein but can achieve
a lower carbon footprint value if the natural gas used in the
process is replaced with biogas. Water consumption for the
powder form of FeedKind® is approximately 10 kg water per
kg protein, and land occupation is 0 m2 per kg protein.
(Cumberlege et al. 2016). The average value of protein con-
tent of Quorn, mycoprotein, is 0.16 kg per kg product, which
is used to evaluate environmental impacts of mycoprotein
production. Mycoprotein has global warming potential
(GWP) and land use values of 38.4–15 kgCO2-eq and 2.6–7.5
m2 per kg protein, respectively (Head et al. 2011; Smetana
et al. 2015). Water requirement for mycoprotein production
and eutrophication values for MP via methane and
mycoprotein production were not found in literature.

Soybean is one of the most important plant-based protein
source for feed and human food (FAOSTAT 2019). However,
it has been reported to have various negative environmental
impacts, for example, from land use in tropical regions (e.g.
Barona et al. 2010; Fearnside 2001). Eutrophication, land use,

water use, and GWP impacts of soybean production are highly
dependent on the production practices used and the growing
location, and thus the values used for comparison does not
cover all the production practices there are. However, they
provide directional estimate for impacts of soybean produc-
tion. Protein content of soybean from varies 32 to 43% per kg
product. Average protein content of 35% per kilogram of soy-
beans (Damian et al. 1999; Dornbos and Mullen 1992) is used
for impact estimations on soybean production. Comparable
eutrophication value of soybean protein production for P-
equivalent is 0.019 kg per kg protein (Jekeyinfa et al. 2013).
Climate change impact varies from 0.89 to 3.74 kgCO2-eq per
kg protein, and land use varies from 5.24 to 6.04 m2 per
kilogram of annual protein production. Water consumption
of soybean production is approximately 6.3 kg of water per
kg protein (Adom et al. 2012; da Silva et al. 2010; Mekonnen
and Hoekstra 2012).

2.3 Life cycle impact analysis

The GaBi software is designed to measure different impacts
on the environment rather than the impact allowed within
planetary boundaries. However, knowledge gained from
LCA studies can be used to design systems that cause the least
impact on the environment. By substituting systems with high
environmental impacts with those having less impact, the
overall burden on the environment decreases and the
system moves towards the safe operation space. In this
paper, the environmental impacts of protein production
is the system studied.

Table 1 Energy and material flows of processes of the base situation per 1 kg of produced biomass

Direct air capture

Inputs Electricity [kWh]a Thermal energy [kWh]a Organic chemicals [kg]b Air*

0.71 3.78 0.0036SSSS

Outputs CO2 [kg] water_cond [kg]

1.76 3.53

Bioreactor

Inputs Electricity [kWh] Mineral phosphate [kg] Sulfur [kg] Ammonia [kg] CO2 [kg] Water [kg]

9.86 c 0.140 d 0.14 d 0.16 c 1.76 c 0.11 c

Outputs Biomass [kg] O2 [kg]

1 1.31 c

Post-process

Inputs Electricity [kWh] Thermal energy [kWh]

0.39e 2.91e

Outputs Biomass [kg] Water [kg]

1 0.11 c

a Climeworks (2019), b Zhang et al. (2017), c (Liu et al. 2016), d Section 2.2.1, e Section 2.2.5, *amount of air is not measured, but the amount of separated
water and CO2 are known
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Global warming potential, land occupation indicator, eu-
trophication potential, and blue-water consumption are
modeled for every system modification. GWP and eutrophi-
cation potential are modeled using CML 2001–2015 GWP
100 weighting and the land occupation indicator is used to
model land use. Blue-water consumption includes freshwater
consumption and excludes rainwater. The water use has been
calculated using weight as a measure and it does not account
for regionalized impact in terms of water scarcity.

3 Results

Global warming potential, land occupation indicator, eutro-
phication potential, and blue-water consumption of PtF sys-
tem modifications are investigated in Section 3.1. The results
are discussed in Section 3.1.5.

3.1 GWP, land occupation, eutrophication, and blue-
water consumption of system modifications

Life cycle GWP, land occupation, eutrophication, and blue-
water consumption of different system modifications are pre-
sented in Sections 3.1.1, 3.1.2, 3.1.3, and 3.1.4. The different
system modifications are compared to the base situation to
ascertain critical processes as regards the studied impacts.
The impacts of different system modifications are modeled
from Mod 1 to Mod 6. For modifications named FI, CY, or
GE, only electricity sources and the location of energy pro-
duction have been changed. For each system variation, a best-
case technological setup is formed based on the best-case sce-
nario in the impact category of GWP.

3.1.1 Global warming potential

For the different technological setups of PtF, the electricity-to-
biomass efficiency of the bioreactor and the method used to
provide the process with thermal energy and CO2 have the
greatest influence on GWP. Of the studied systems, the best-
case scenario is to use point sources of waste heat and external
water electrolysis and to take the required CO2 and nutrients S
and P from side flows. The least favorable solutions are to use
low electricity-to-biomass efficiency bioreactors and a DAC
process using natural gas as a thermal energy provider (Fig. 2).

The electricity source has the biggest impact on the GWP,
as seen in Fig. 2. FInuc has the lowest impact and the highest
impact is found with FImix. FInuc uses nuclear power and
FImix uses the current grid mix in Finland as the energy
source. However, because of the increasing interest of PtX
processes using renewables are increasing, this study focus
on impacts of renewables. The availability of solar and wind
energy is dependent on climate conditions, and the location of
the production facilities thus has an impact on GWP when

wind or solar energy sources are relied on. Only FImix using
the Finnish grid mix as the energy source causes higher GWP
impact than the base situation. Wind energy and solar energy
in southern latitudes cause the lowest GWP impact values of
the studied renewable energy sources.

When combining the best-case system modifications of the
studied systems using solar and wind energy in different lo-
cations, the MP production causes approximately 1.00 kgCO2-
eq kgprotein

−1 and 0.81 kg kgCO2-eq kgprotein
−1 in Cyprus, 1.11

kgCO2-eq kgprotein
−1 and 0.83 kgCO2-eq kgprotein

−1 in Germany,
and 1.15 kgCO2-eq kgprotein

−1 and 0.82 kgCO2-eq kgprotein
−1 in

Finland, respectively. The best-case system modifications
consist of external water electrolysis and waste or side flow
sources of CO2, thermal energy, and nutrients. Ammonia pro-
duction has a high impact value in the best-case system mod-
ifications, accounting for 64-90% of total GWP impacts.

3.1.2 Land occupation indicator

The studied system modifications in Fig. 3 show that the elec-
tricity used and the thermal energy source have the greatest
influence on the land occupation indicator. The impacts
caused by production facilities are neglected. The nutrients
S, P, and NH3 have low impact on the land occupation indi-
cator. In best-case system modifications, described in
Section 3.1.1, the impacts of PtF using solar energy and wind
energy are 0.060 m2 kgprotein

−1 year−1 and 0.029 m2 kgprotein
−1

year−1 in Cyprus, 0.084 m2 kgprotein
−1 year−1 and 0.036 m2

kgprotein
−1 year−1 in Germany, and 0.085 m2 kgprotein

−1 year−1

and 0.031m2 kgprotein
−1 year−1 in Finland, respectively.

3.1.3 Eutrophication potential

The impact of the eutrophication potential of the different
system modifications was modeled for P equivalent.
Ammonia production and the used electricity source have
the greatest impact on eutrophication (Fig. 4). The best-case
setup resulted in 0.000333 kgP-eq kgprotein

−1 and was found for
wind energy in Cyprus.

3.1.4 Blue-water consumption

Of the studied impact categories, the blue-water consumption
shows the biggest difference for the studied system modifica-
tions (Figs. 3, 4, and 5). Although direct water consumption is
highest in the bioreactor process, in most of the cases the
biggest life cycle water consumption is caused by electricity
generation and DAC processes. The water consumption in the
process is around 0.8 l per produced kgprotein (Table 1). Using
solar energy as an energy source consumes significantly more
water compared to the solution using wind energy. The best-
case setup using wind or solar energy resulted in 1 kgwaterkg-

protein
−1 and 3.8 kgwaterkgprotein

−1in Cyprus, respectively.
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3.1.5 Environmental impacts of PtF setups compared to other
protein sources

When comparing impacts of best-case system modifications
for bacterial MP produced via PtF in Cyprus to the impacts of
other protein sources taken from literature (Section 2.2.7;
Table 2), it can be seen that PtF-based MP production causes
minimal environmental impacts with only the life cycle blue-
water consumption being higher than that of soybean protein
production. GWP of PtF protein is lower than MP via meth-
ane, Quorn, and the average GWP value of soybean produc-
tion. The best-case systems can cause between two to two and
a half times lower GWP impacts compared to the average
impact of soybean production. In the case of land use, the
PtF process has significant advantages compared to
mycoprotein and soybean production and has the same kind
of land requirements as MP via methane. Life cycle water
consumption can be designed to be lower than MP via meth-
ane and soybean production but using PV as an energy source
consumes significantly more blue water than using wind as
the energy source. Considering only the process stoichiome-
try, the process can produce more water than it consumes, if
DAC is implemented in humid conditions. The production of
MP consumes approximately 0.18 kg of water per kg protein
and produces approximately 5.89 kg of water per kg protein.
The capacity to produce water can be beneficial in areas hav-
ing a high demand for water but limited water resources. In the
case of the eutrophication, PtF causes tenfold less eutrophica-
tion impact than soybean production.

4 Discussion

The LCA in this study shows that compared to soybean pro-
duction, bacterial biomass can produce protein many times
faster with less water use, lower land area requirements, less
eutrophication, and lower GWP impacts. Especially the best-
case setups of the studied technologies can produce high-
quality bacterial-based protein with significantly reduced en-
vironmental impacts. Even when best-case setups of PtF ap-
plications are not used, the environmental impacts in the stud-
ied categories are in many cases smaller than the other protein
sources studied (Table2; Figs. 2, 3, 4, and 5). The exception is
blue-water consumption, especially when solar energy and
DAC is used, but then again, the direct water consumption is
not so great. Therefore, the PtF technology has many design
options causing relatively small environmental impacts. The
flexible design can be beneficial from the perspective of opti-
mal design for local resources and local climate conditions.
For instance, the production system can be designed as a
closed system, and as such, it will not cause nutrient runoff
to the environment. In addition, the production is location and
climate independent (Srividya et al. 2014).

The life cycle assessment consists of the major material and
energy flows of the PtF applications based on secondary data
found in literature and by manufacturers. The impacts of
amine consumption of the DAC process are based on esti-
mates of generic organic chemicals; thus, the impacts of pre-
cise amine-based chemicals should be investigated. The facil-
ities for MP production, minor nutrients in the cultivation

Fig. 3 Land occupation of different system modifications of PtF
application. The land occupation indicator estimates the annual area
required for protein production. PtF application with different material

sources and technologies (left). The sensitivity of electricity source and
location to overall impacts (right). Highlighted horizontal bar shows Land
occupation indicator value of the reference base setup

Fig. 2 Global warming potential of different system modifications of PtF application. PtF application with different material sources and technologies
(left). The sensitivity of electricity source and location to overall impacts (right). Highlighted horizontal bar shows GWP value of the reference base setup
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medium and minor unit processes were omitted from the
study. In addition, the safety-related aspects, such as contam-
ination and pH control, might slightly cause impacts during
the maintenance, which were also omitted. The cumulative
impacts of these omitted materials, unit processes, and facili-
ties should be investigated, to gain a better understanding of
the lifetime impacts of the PtF applications. The energy and
material requirement of the studied bioreactors were
laboratory-scale reactors; thus, the material and energy re-
quirement of bioreactors with larger capacity should be tested,
although scaling up the capacity would appear to be unprob-
lematic (Reed et al. 2015). Overall, this study gives valuable
information when designing sustainable PtF systems.

The countries of the EU import millions of tons of soymeal
and soybeans for food and feed purposes. Most of the
imported soybeans and soymeal comes from the United
States of America and South America. Imports from South
America are problematic as there are many sustainability chal-
lenges related to soy crop production, for instance, challenges
related to soybean farming in former rainforest areas (Barona
et al. 2010; Fearnside 2001). By substituting imported
soymeal and soybeans produced in South America with
protein produced via a PtF system, many environmental
impacts can be alleviated, and the food production system
can move towards remaining within planetary boundaries as
regards climate change, nutrient flows, water use, and land
use. It should be noted that the results of this study give an
overview of the impacts but do not account for all indirect

impacts in transition from one protein source to another. In
addition, the amount of substitutable protein is limited and
protein from soybean is not the only source the MP via PtF
can substitute. For example, Pikaar et al. (2018) estimate that
approximately 10–19% of the protein content in feed is sub-
stitutable. However, the MP via PtF is not yet commercial-
ized; thus, the production process must undergo several
safety-related tests before it can be used either for food or feed
purposes (Dominique et al. 2016).

Although biodiversity is a major category in environmental
impact analysis, it is not quantitatively researched in this
study. Biodiversity is not commonly studied in life cycle im-
pact assessments due to difficulties measuring biodiversity
impact reliably without knowledge of local conditions
(Notamicola et al. 2017). However, as pesticides and herbi-
cides are not used in the PtF production processes (Srividya
et al. 2014) and there is a possibility to use non-arable land for
production facilities, there is a strong indication that the bio-
diversity impact of MP production is minimal compared to
traditional protein production in agriculture. For instance, the
worldwide reduction in insects is one alarming indicator of the
collapse of our surrounding biodiversity. The main drivers of
insect reduction are intensive agriculture and widespread use
of pesticides (Sánchez-Bayo and Wyckhuys 2019; Geiger
et al. 2010). Furthermore, the majority of soybeans and
soymeal imported to the EU originates from South America,
mainly Brazil and Argentina. These areas have been identified
as being at risk of loss of biodiversity due to increased

Fig. 4 Eutrophication values based on phosphorus equivalent of PtF
systems. Material and energy inputs and outputs of energy production
and substance needs are included in the life cycle analysis. PtF
applications with different material sources and technologies (left). The

sensitivity of electricity source and location to overall impacts (right).
Highlighted horizontal bar shows the eutrophication value of the
reference base setup

Fig. 5 Blue-water consumption values of PtF systems. Material and
energy inputs and outputs of energy production and substance needs are
included in the life cycle analysis. PtF applications with different material

sources and technologies (left). The sensitivity of electricity source and
location to overall impacts (right). Highlighted horizontal bar shows blue-
water consumption value of the reference base setup
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pressures from soy production (WWF 2014). Future research
is needed on how PtF for MP affects biodiversity and its
potential to free land from crop production for other purposes,
for example, as carbon sinks by afforestation.

When utilizing nutrients from waste flows, as suggested,
for example, by Matassa et al. (2015) and Matassaa et al.
(2016), questions remain regarding safety aspects of product
sterility (Ritala et al. 2017). However, according to results
gained from LCA, using wastewaters as P and S sources
causes only a small reduction in the studied impact categories,
and thus, there is no significant environmental benefit gained
by using wastewaters. In the case of the ammonia or ammo-
niac source, most of today’s NH3 is produced with the Haber-
Bosch process using natural gas as an energy source and to
provide H2 to the process. Thus, only NH3 from natural gas
was considered in this study. Current practice for NH3 pro-
duction is fossil dependent and has high environmental impact
(Udvardi et al. 2015). However, it is possible to produce NH3

by supplying H2 using alternative technologies, which may
reduce the environmental impacts of NH3 production (e.g.,
Murakami et al. 2005). For example, ammonium sulfate can
be recovered from biogas digestate at the sanitation phase. The
process has lower systemic energy cost than NH3 production
with the Haber-Bosch process (Törnwall et al. 2017). NH3 can
also be recovered directly from the biogas digester through a
semi-permeable membrane, which not only produces ammo-
nia but also improves the digester efficiency (Lauterböck
et al. 2014). In view of these alternative NH3 production
methods, the possibility of reducing the impacts of PtF by
using novel production practices for NH3 supply should be
investigated.

Electricity generation and the unit process consuming most
of the electricity, i.e. the bioreactor with electrolysis, have a
major effect on the studied environmental impacts. Thus, for
the PtF application to be more sustainable than other compa-
rable protein sources, the source of electricity should be cho-
sen carefully. For example, FImix using the grid mix in
Finland as an electricity source for the PtF application causes
higher GWP, land occupation, and blue-water consumption
values than soybean production, even though a major part of
the Finnish grid mix consists of renewables and nuclear

energy. As regards the electricity-to-biomass efficiency of
the bioreactor, the use of external water electrolysis can result
in lower energy consumption than using in situ electrolysis,
but there are safety aspects that need to be considered. For
example, the gases fed to the reactor may ignite, when they
are in contact with measurement instruments in the bioreactor,
causing an explosion (C&EN 2016). In addition to the elec-
tricity source and bioreactor efficiency, the source of CO2 has
a pronounced effect on the overall sustainability of the PtF
process. If there are no reasonable point sources of pure
CO2, using DAC can be beneficial. DAC can separate water
from air, making the process produce more water than it con-
sumes. Water separation could be advantageous in areas hav-
ing high water demand. However, using DAC increases the
environmental impacts by approximately 10% as the unit pro-
cess consumes energy and amines. Nevertheless, a PtF setup
with a DAC unit process may have less environmental impact
than other sources of protein.

Different PtX applications are usually energy-intensive
technologies (Koj et al. 2019; Sternberg and Bardow 2015)
and PtF is not an exception. It could be argued that the PtX
technologies with the least environmental impacts and the
least energy-consuming solutions should be preferred to limit
the increase of energy demand (e.g. Sternberg and Bardow
2015). However, there are several aspects that should also
be considered. For instance, what products from PtX technol-
ogies should replace and what different kinds of environmen-
tal impacts should be considered, whenmaking the choices. In
the case of protein from PtF technology, there are several
impact categories that are relevant in the agricultural sector.
Land use, water use, fertilizers use, and biodiversity related
impacts can each be the most important impact category de-
pending on what product and where the product is produced.
Another aspect is that is the limit of possible renewable energy
an issue. It is known that the potential of renewables exceeds
many times the energy needs of humankind; thus, it is theo-
retically possible to construct 100% renewable energy sys-
tems (e.g., Barbosa et al. 2017; Connoly et al. 2016).

Electricity consumption in MP production via the PtF ap-
proach is higher than in soybean production. However, the
trend of the price of renewable energy is falling and

Table 2 Environmental impact
values of different protein sources GWP [kgCO2-eq kgprotein

−1] LU [m2 a kgprotein
−1] Water use

[kgwater kgprotein
−1]

Eutrophication
[kgP-eq kgprotein

−1]

MPPtF wind 0.81 0.029 1.01 0.00033

MP PtF solar 1.00 0.060 3.75 0.00039

MPMethane 2.23a 0a 10a -

Mycoprotein 15-38.4bc 2.6-7.5bc - -

Soybean 0.89-3.74de 5.24-6.04d 6.3f 0.016g

a Cumberlege et al. (2016), b Head et al. (2011), c Smetana et al. (2015), d da Silva et al. (2010),e Adom et al.
(2012), fMekonnen and Hoekstra (2012), g Jekeyinfa et al. (2013)
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production of bacterial MP could be balanced according to the
varying production and load of the grid, leading to reduced
electricity costs, and/or incentive payments (Zehir et al. 2016).
A possible future increase in the cost of food might transform
production costs in favor of MP production. Thus, a topic of
great interest would be to research the critical tipping point for
the economic feasibility of PtF for MP production. Such re-
search should also include techno-economic assessment to
establish the best economical setup of PtF application in dif-
ferent locations.

5 Conclusions

The PtF process can be designed so that it causes significantly
lower environmental impacts in all the studied categories than
most of the other studied protein sources. Major environmen-
tal benefits can be gained from substituting conventional pro-
tein sources with MP produced via PtF technology. In partic-
ular, the land occupation indicator is minimal compared to
soybean production, which brings the possibility of
converting land currently used for crop production to other
purposes, for instance, with afforestation, which can be used
for carbon sinks and to tackle biodiversity losses. However,
the environmental sustainability of PtF depends greatly on the
electricity source used and the electricity-to-biomass efficien-
cy of the bioreactor. In addition, before PtF technology is
commercially feasible, techno-economic assessment should
be done and larger production capacity reactors should be
piloted. Overall, it can be concluded that producing MP via
a PtF process has the potential to reduce the environmental
burden of agriculture and play a role in mitigation and adap-
tation to climate change.
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