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Food production account for significant share of global environmental impacts. Impacts are 

global warming, fresh water use, land use and some non-renewable substance consumption like 

phosphorous fertilizers. Because of non-sustainable food production, the world is heading to 

different crises. Both food- and freshwater crises and also land area and phosphorous fertilizer 

shortages are one of many challenges to overcome in near future. The major protein sources 

production amounts, their impacts on environment and uses are show in this thesis. 

In this thesis, a more sustainable than conventional way of biomass production for food use is 

introduced. These alternative production methods are photobioreactor process and syngas-based 

bioreactor process. The processes’ energy consumption and major inputs are viewed. Their 

environmental impacts are estimated. These estimations are the compared to conventional protein 

production’s impacts. The outcome of the research is that, the alternative methods can be more 

sustainable solutions for food production than conventional production. However, more research 

is needed to verify the exact impacts. Photobioreactor is more sustainable process than syngas-

based bioreactor process, but it is more location depended and uses more land area than syngas-

based process. In addition, the technology behind syngas-based application is still developing 

and it can be more efficient in the future. 
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Ruuantuotanto kattaa merkittävän osan globaaleista ympäristövaikutuksista. Vaikutuksia ovat 

ilmastonmuutos, puhtaan makean veden käyttö, maankäyttö sekä joidenkin uusiutumattomien 

aineiden kulutus kuten fosforipitoiset lannoitteet. Kestämättömän ruuantuotannon takia, maailma 

on matkalla eri kriiseihin. Sekä ruoka- ja puhtaan veden kriisit että maa-alue ja 

fosforilannoitteiden pula ovat eräitä monista ratkaistavissa olevista tulevaisuuden haasteista. 

Suurimmat proteiinilähteiden tuotannon määrät, niiden vaikutus ympäristöön sekä niiden 

käyttötarkoitus on esitetty tässä työssä. 

Tässä työssä esitetään kestävämpiä ratkaisuja proteiinintuotantoon kuin perinteinen tuotanto. 

Nämä vaihtoehtoiset tuotantomenetelmät ovat fotobioreaktoriprosessi sekä synteettiseen kaasuun 

perustuva bioreaktoriprosessi. Prosessien energiakulutus sekä suurimmat syötteet tarkastellaan. 

Niiden ympäristövaikutukset arvioidaan. Näitä arviointeja verrataan perinteisen tuotantotavan 

vaikutuksiin. Työn lopputulos on, että nämä vaihtoehtoiset menetelmät ovat kestävämpiä 

ratkaisuja ruuantuotannossa kuin perinteinen tuotanto. Lisää tutkimusta kuitenkin tarvitaan 

todistamaan tarkat ympäristövaikutukset. fotobioreaktoriprosessi on ympäristöystävällisempi 

prosessi verrattuna synteesikaasuprosessiin, mutta se on enemmän tiettyyn paikkaan sidottu sekä 

vaatii suurempaa maa-alaa toimiakseen kuin synteesikaasuprosessi. Lisäksi synteesikaasuun 

perustuvan sovelluksen teknologia on kehittyvä ja siten se voi olla tehokkaampi tulevaisuudessa. 
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LIST OF SYMBOLS AND ABBREVATIONS 

 

Eel  the needed energy to produce one kg of wanted biomass (kWh/kgbiomass) 

F  faraday constant       (C/mol) 

GWP  global warming potential     (kgCO2-eq/-) 

LU  the land use per factor      (m2/-) 

m  the amount of of substance      (kg) 

M  the molar mass of substance      (kg/kmol) 

n  the amount of moles of substance     (kmol) 

protloss  protein loss after drying process    (%) 

Vref  cell potential        (V) 

Vth  thermo-neutral voltage      (V) 

x  the number of electrons transferred in reaction   (-) 

∆G(T)  electrical energy needed to split water    (kJ/mol) 

∆H(T)  total amount of energy needed to split water    (kJ/mol) 

T∆S(T) thermal energy needed to split water     (K) 

 

Abbreviations 
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FAO  Food and agriculture organization of the United Nations 

FCR  Food conversion ratio 
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LCA  Life cycle assessment 

PEMEC Polymer electrolyte membrane electrolysis 

RBR  Rotating bed reactor 

SOEC  Solid oxide electrolyte electrolysis 
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1 INTRODUCTION 

 

Nowadays our planet is producing more and more food per capita despite the fact that human 

population is growing. According to the FAOstat (food and agriculture organization of the 

United Nations statistics division), the human population was about 7.35 billion in 2015 and it 

has grown approximately 1.2 % from year 2014. In fact, the population has been growing for 

decades and the trend does not seem to be chancing (FAOSTATa). It is quite remarkable 

achievement, but it has not happened without consequences. To maximize the food production 

per land area, conventional agriculture uses huge amounts of fertilizers and other essential 

substances. In addition to fertilizer consumption, agriculture consumes many other resources 

such as fresh water and land. It also causes greenhouse gasses and thus contributes to climate 

change. Some of the substances necessary to agriculture like phosphates are not renewable 

resources and thus our current agriculture is not sustainable (Cordell et al. 2009). This thesis 

focuses on the agriculture’s environmental impacts and tries to find some solution to challenges 

that our food production faces in the future. We only has one planet drifting in a wide space and 

we should act based on that. 

Although, the food is essential to us, we cannot ignore its production’s impacts on environment. 

We should find sustainable solutions for all fields in our lives, if want to keep our planet in 

shape. One major reason on why it is necessary to find sustainable solutions is presented on the 

following figures. The first figure is a planetary boundary picture that represent the situation in 

2009. The second figure shows the situation in 2015. 
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Figure 1. The red wedges represent the estimated state of measured parameters in 2009. The inner green part of 

the circle represent the proposed safe operating area. If the red wedges are between the green and outside boundaries 

of the circle, the risks are increasing the more the red wedges are closer to the circle’s boundaries. If the wedge is 

outside of the circle, the global operation on that parameter is already exceeded safety limits. (Rockström 2009.) 

 

There is a couple of parameters exceeding planetary operation boundaries in 2009 (Figure 1). 

These parameters are Biodiversity loss and nitrogen cycle. The parameter of the climate change 

was over the safe zone but not yet over boundaries. This means that there are higher risks but 

the operation is still somewhat manageable.  This was the situation in 2009. The consumption 

and production of food and other needs have increased since 2009. The food and poverty are 

used more equally than ever in the written history and at the same time our human population 

has increased (The World Bank 2015). This is great news but it also means that we use more 

resources than ever. The updated situation can be seen below: 
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Figure 2. Updated planetary boundary scheme. The situation in 2015 (Rockström 2015) 

 

Phosphorous flows and land-system change wedges has moved from safe zone to the beyond of 

zone of uncertainty from the situation in 2009. Even the ocean acidification is moving closer to 

the boundary of uncertainty from safe zone. Overall, you can make a statement from the figures 

that the use of our planet’s resources has not gone more sustainable way. (Figures 1-2.) In fact, 

the results are quite alarming, because the time between the Figures 1 and 2 is not long. 

Other major reasons for searching alternative food production methods, is a possibility of 

upcoming food crisis. It is estimated that the world’s population will reach over 9 billion by 

2050. This means that we need to use more of our planet’s resources to produce enough food to 
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everyone, if we are consuming food as we are doing it nowadays. The trend is that we will be 

using more and more livestock-based products than plant-based products. (Alexandratos and 

Bruinsma 2012, 1-3.) The trend is quite problematic, because producing meat-based protein 

consumes a lot more resources than plant-based proteins and thus increases greatly the global 

impacts. For instance, it is estimated that agriculture’s greenhouse gas emissions will increase 

30 % by 2050. (Tubiello et al. 2014, 23.)  

Before describing the world’s protein production and possible sustainable solutions for food 

production, it is good to know how much an average person needs protein. According to the 

institute of medicine of the national academies, an average female need 46 grams of protein per 

a day and an average male need 56 grams of protein per a day (Food and Nutrition Board 2005, 

645). While comparing the world’s protein supply quantity to the amount of proteins an average 

person need, it seems we produce more proteins than we need. The quantity of proteins per 

capita was 80.49 in 2011. Roughly, this means that if we could distribute the protein sources 

equally to everyone, we could fulfill the protein need for over 9 billion people. This amount of 

protein could be used to solve the food crisis in 2050, if we consider the protein need only. This 

kind distribution would be ideal but hardly realistic. For instance, the protein quantity per capita 

was 57.1 grams in Eastern Africa and 106.21 grams in Western Europe in 2011. (FAOSTATb.) 

Because the proteins are one of the key nutrients we need in our daily lives, this thesis focuses 

on protein production’s impacts. 

Right now, electrical power generation is changing across the world. The reason for that is the 

need to reduce greenhouse gas emission. Because of that, there is many different energy projects 

around the world, which goals is to make the energy sector greener. Renewable energy 

production has its own problems. It seems that renewable energy sources like wind and solar 

photovoltaic powers are one of the major electricity suppliers in the future, which have a lot of 

seasonal variety on the electricity production. This means that there are times when oversupply 

of electricity happens. Because of that, there is a need to find applications that can make use of 

that oversupply of electricity. There exists a variety of energy storage systems, which are already 

in use or under development. A solution is to use the oversupply electricity to gas production. 

The gas can be stored and be used to power generation later on. This application is called power-
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to-gas method. The method’s process consists of carbon dioxide production, water electrolysis 

and a biological process, which converts input substances to methane. (Lehner et al. 2014, 1-9.) 

This thesis’ big question is, if the same kind of application can be used to produce food and is 

it more sustainable than conventional production. The process is used to grow biomass instead 

of methane production. If the method can be used to produce food and it is more sustainable 

than conventional food production, the process could be used as a part of solutions to overcome 

future challenges. 

 

1.1 Objectives of the work 

 

This research’s main goal is to view if it is reasonable to produce protein by bioreactors, if only 

environmental aspects are considered. For this, a comparison of conventional protein 

production’s environmental impacts and alternative methods environmental impacts is needed. 

Global warming potential (GWP) and land use are the main impact categories, which are 

viewed. Other impact categories like water use and fertilizer utilization efficiencies are viewed 

shortly. Some technologies behind the idea of alternative production methods are still quite 

novel, which is why a literature review of known information on the process is also included. 

Especially the process behind biomass production using gasses H2, O2 and CO2 for bacterial 

growth substances is far from being mature application. (Munasinghe and Khanal 2010.) The 

thesis is a literature review, which collects the known information on state of the art from which 

rough estimations of processes sustainability are made. The comparison is based on the 

processes’ major inputs and energy consumption, and their impacts on environment. Based on 

found information, research suggestions are made. 

Other goals is to recognize the current protein production’s most important flows from 

production to the end use. The flows are food supply, food waste, waste, feed and other use. 

Food supply means the amount of food that goes to the food use. Feed means the amount of 

food that goes to growing livestock or fish. Other use means the amount of food that goes to the 
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use of something else. Something else can be for example biofuel production. Waste means the 

source is not used at all. Food waste means the amount of food loss during consumption phase. 

(FAO 2016; FAOSTATb.). This information is relevant, when thinking on which protein 

sources should be replaced by more sustainable alternatives or what kind of consumption 

changes would be beneficial. 

 

1.2 Outline of the thesis 

 

First, the review of agriculture’s environmental impacts is done to show the need to find more 

sustainable solutions for food production. The world’s major protein sources and their 

environmental impacts are introduced. In addition, some alternative protein sources compared 

to major protein sources are viewed. These results are significant, when making a comparison 

of sustainability between conventional protein sources and biomass produced by alternative 

method. They also helps to find the consumption trends, which would be beneficial.  

After the review of agriculture’s environmental impacts, a review of bioreactor designs and their 

major substance inputs are viewed. The photobioreactor for microalgae culture growth and 

bioreactor for hydrogen-oxidizing bacterium are the chosen viewed bioreactors. This part views 

the most used and efficient designs of bioreactors for the chosen microbes based on found 

literature references. Some challenges these applications have are also introduced. 

Based on reviews of bioreactor designs and the need to find sustainable solutions to produce 

food, a design of bioreactor processes is chosen. This part introduces the used processes, which 

includes the substance production and their energy need per produced proteins. After that, the 

whole process inputs are viewed and the environmental impacts are calculated. The gained 

results are used to estimate, if the processes are sustainable and thus to estimate, if these 

solutions are significant enough to be researched further. 
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2 WORLD’S PROTEIN PRODUCTION 

 

It is known that producing crops, livestock or aquatic products consumes a lot of land, 

phosphates, nitrates and fresh water and causes emissions.  In this section, the current production 

and consumption trends of these products are described. Based on gathered information, a 

Sankey diagram of world’s protein flows is made. The diagram helps to view where the protein 

products of alternative method should be directed.  Because this subject is so wide, it is not 

reasonable to include every bit of information there is. That is why this section focuses on the 

most important crops, livestock and aquatic products. 

Protein source quantities are taken from FAOSTAT. In FAOSTAT, there isn’t annual food 

distribution statistics, which would tell the use of protein sources. However, there exists 

statistics of average distribution quantities from chosen years. To get the most updated status of 

the foods usage for this thesis, the chosen years are 2011–2013. Uses are food, feed, waste and 

other uses. Food means the quantity that goes to the people. Feed means the quantity used for 

animal production. Waste is a quantity of food source that is not used at all. Other use means 

the amount that go to different uses like biofuel production.  These statistics does not show the 

amount of food that goes to waste during consumption. For this, the average amounts of food 

wastes are used. The amount of food wastes are following: 30 % for cereals; 20 % for oilseeds 

and 35 % for fish, meat and dairy. (FAO 2016; FAOSTATb.) To calculate the world’s protein 

production quantities, the average protein content of different products are used. 

There exists other possible protein sources than the viewed major ones. Other sources viewed 

in this thesis, are insects and quorn. However, their flows are not included to the Sankey diagram 

due to lack of information, but there exists information on some environmental impacts and feed 

conversion ratios of these products in literature. These values are presented, because they are 

considered as some of the solutions for upcoming food crisis. (Brennan 2014; van Huis et al. 

2013, 1-2.) 
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2.1 Plant protein production 

 

It is not reasonable to view every plant-based protein production that there is. The variety of 

products is so wide, which is why only the most common products are viewed. According to a 

research, the major plant protein sources are wheat, rice, maize, barley, sorghum, soybean, pea, 

chickpea, lupin and Canola (Day 2013). Typical protein contents of these products are seen on 

Table 1. 

Table 1. Typical protein contents of the major protein sources (Day 2013, Table 1 : Nijdam et al. 2012, Table 4). 

Plant-based protein 
sources 

Protein content [%] 

Wheat 8–15 

Rice 7–9 

Maize 9–12 

Chickpeas 20–25 

Peas 20–30 

Soybeans 35–40 

Lupines 35–40 

Barley 8–15 

Sorghum 9–17 

Canola 17–26 

Pulses 20–36 
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Pulses are added to the protein sources (Table 1). Pulses include dried peas and beans, chickpeas, 

lentils and lupines. When comparing the production of world’s different plant-based protein 

sources, it can be seen that peas, chickpeas and lupines are minor sources and thus it is 

reasonable to combine these minor protein sources as one source (FAOSTATc). 

In FAOSTAT, there is not annual food distribution statistics. The statistics uses average 

distribution quantities from chosen years. To get the most updated status of the food usage for 

this thesis, the chosen years are 2011–2013. From that information, the average ratio of 

distribution of chosen products are used to calculate the usage of different plant protein sources. 

(FAOSTATb.) 

To calculate the amount of food waste, the plant-protein sources has to be divided to cereals and 

oilseeds. Soybeans and canola are oilseeds. Other plant-based protein sources are counted as 

cereals. The food loss of cereals is 20 % and the loss of oilseeds is 20 % (FAO 2016). The use 

of plant-based protein sources are presented below:  

Table 2. Use of plant protein sources in 2013 (FAOSTATb; FAOSTATc). 

Crops Food [Mt] Feed [Mt] Waste [Mt] Other use [Mt] Food waste [Mt] Total [Mt] 

Wheat 350.13 157.76 29.60 23.59 150.05 711.14 

Rice 427.11 54.42 46.22 26.71 183.05 737.51 

Maize 105.48 596.03 42.99 227.84 45.20 1017.54 

Soybeans 31.64 210.43 4.82 23.29 7.91 278.09 

Barley 6.80 126.93 6.06 0.89 2.91 143.60 

Sorghum 17.20 25.73 3.22 1.97 7.37 55.48 

Canola 10.40 42.41 2.00 15.42 2.60 72.84 

Pulses 39.70 15.55 4.18 0.85 17.01 77.30 

Total 988.45 1229.26 139.11 320.57 416.11 3093.50 
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When only the amount of proteins are viewed, the results differs quite a lot compared to the 

amounts of plant protein sources. The results are calculated using the average protein contents 

(Table 1) and multiplying it by the amount of plant-based protein sources (Table 2). The use of 

plant-based proteins are seen on Table 3. 

Table 3. Use of plant-based proteins in 2013. 

Crops Food [Mt] Feed [Mt] Waste [Mt] Other use [Mt] Food waste [Mt] Total [Mt] 

Wheat 40.26 18.14 3.40 2.71 17.26 70.53 

Rice 34.17 4.35 3.70 2.14 14.64 50.76 

Maize 11.08 62.58 4.51 23.92 4.75 104.13 

Soybeans 11.86 78.91 1.81 8.73 2.97 102.70 

Barley 0.78 14.60 0.70 0.10 0.34 16.30 

Sorghum 2.24 3.34 0.42 0.26 0.96 6.59 

Canola 2.24 9.12 0.43 3.32 0.56 15.32 

Pulses 11.12 4.35 1.17 0.24 4.76 18.58 

Total 113.74 195.40 16.14 41.42 46.23 412.94 

 

Pie diagrams based on results (Tables 2 and 3) visualize results better than raw numbers. The 

figure of pie diagrams is seen below: 
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Figure 3. Pie diagrams of the use of plant protein sources and plant proteins. 

 

The results shows that huge amounts of plant-based proteins go to feeding purposes. The sources 

rich on proteins like pulses and oilseeds are no exceptions. In fact, it seems that the higher the 

protein concentration is in the product, the more of that product goes to feeding purposes. For 

example, the most of soybeans, which have high protein content, are used as feed. The same 

kind of trend can be seen with maize, barley and canola, which have relatively high protein 

content. This means that, humans favors the sources that have poor protein contents. This is a 

troublesome trend, if sustainability is considered. (Figure 3; Table 2-3.) Animal-based protein 
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production consumes more resources and thus causes bigger negative impacts on environment, 

if compared to plant-based protein production, which is the reason why plant-based proteins 

should be favored as food source for humans (Section 2.5). 

To gain some perspective, where the production is heading, it is good to know how the 

production has been developing in recent years. The following figures are taken from 

FAOSTAT databases. They represents the production trends of world’s oilseed and cereal from 

2000 to 2013.  

 

 

Figure 4. Cereal production quantities from 2000 to 2013 (FAOSTATc). 

 

The cereal production is growing. This result is not surprising due to fact that the protein per 

capita is rising. The figure of oilseed production trend is seen below: 
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Figure 5 Oilseed production quantities from 2000 to 2013 (FAOSTATc). 

 

Like cereal production, oilseed production trend is also a growing one. Overall, the plant-based 

protein production capacity seems to be rising. 

 

2.2  Animal and aquatic based products’ protein production 

 

Like in case of plant protein sources, it is not reasonable to view every animal or aquatic-based 

protein sources there is. Only the major sources are viewed. The viewed animal-based protein 

sources are eggs, bovine meat, pork, poultry, mutton and lamb, milk and cheese. The viewed 

aquatic protein sources are sources from aquaculture and capture. The protein content of 

different species are seen on table 4. 

 

 

0

50

100

150

200

250

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

M
t

Year

Production of oilcrops in the world 2000–2013



22 

 

 

Table 4.  The protein contents of different animal and aquatic sources (Nijdam et al. 2012, Table 4). 

Product Protein content [%] 

Beef 20 

Pork 20 

Poultry 20 

Eggs 13 

Mutton & Lamb 20 

Milk 3,5 

Cheese 25 

Seafood from fisheries 16–20 

Seafood from aquaculture 17–20 

 

The amounts of protein sources are taken from FAOSTAT databases. However, there is not 

annual food distribution statistics in FAOSTAT. The statistics uses average distribution 

quantities from chosen years. To get the most updated status of the food usage, the chosen years 

are 2011–2013. From that information, the average ratio of distribution of chosen products are 

used to calculate the usage of different animal and aquatic protein sources. (FAOSTATb.) The 

amount of food loss of fish, meat and dairy is 35 % (FAO 2016). The aquatic-based protein 

sources and anima-based protein sources are viewed separately. When calculating the protein 

content of captured and farmed aquatic protein sources, the average protein content is used 

(Table 4). The aquatic-based protein production quantities are presented in table 5. 
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Table 5. Use of aquatic protein sources in 2013 (FAOSTATb; FAOSTATd). 

Product Feed [Mt] Food [Mt] Waste [Mt] Other Use [Mt] Food waste [Mt] Total [Mt] 

Aquaculture 10.29 52.49 0.00 6.15 28.26 97.20 

Capture 9.93 50.64 0.00 5.94 27.27 93.78 

Total 20.23 103.13 0.00 12.09 55.53 190.98 

 

The notable thing is that, there is not any wastes from capture and farming according to 

FAOSTAT (Table 5). In reality, this is not the case. For instance, it is estimated that around 40 

% of captured fishes go to waste, because of bycatch issues (Davies et al. 2009). However, this 

information is not taken into account in this thesis. The animal-based protein sources are 

presented in table 6. 

Table 6. Use of animal-based protein sources in 2013(FAOSTATb; FAOSTATc). 

Product Feed [Mt] Food [Mt] Waste [Mt] Other Use [Mt] 
Foodwaste 

[Mt] 
Total [Mt] 

Eggs 0.08 44.99 3.67 0.88 24.23 73.85 

Bovine 

Meat 
0.01 43.77 0.19 0.17 23.57 67.71 

Milk 82.28 422.60 19.07 17.14 227.55 768.64 

Cheese 0.00 13.64 0.00 0.34 7.35 21.33 

Mutton & 

Goat Meat 
0.02 7.14 0.03 0.14 3.85 11.17 

Pork 0.00 73.02 0.32 0.37 39.32 113.03 

Poultry 0.00 69.62 1.18 0.38 37.49 108.67 

Total 82.39 674.79 24.47 19.42 363.35 1164.41 
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The use of aquatic protein can be calculated by multiplying the protein content values from table 

4 with the amount of aquatic protein sources from table 5. The results are presented in the table 

7. 

Table 7. Use of aquatic-based proteins in 2013. 

Product Feed [Mt] Food [Mt] Waste [Mt] Other Use [Mt] Food waste [Mt] Total [Mt] 

Aquaculture 1.90 9.71 0.00 1.14 5.23 17.98 

Capture 1.79 9.12 0.00 1.07 4.91 16.88 

Total 3.69 18.83 0.00 2.21 10.13 34.86 

 

The use of animal-based proteins can be calculated by multiplying the protein content values 

from table 4 with the amount of animal protein sources from table 5. The results are presented 

in the table 8. 

Table 8. Use of animal-based proteins in 2013. 

Product Feed [Mt] Food [Mt] Waste [Mt] Other Use [Mt] Foodwaste [Mt] Total [Mt] 

Eggs 0.01 5.85 0.48 0.11 3.15 9.60 

Bovine Meat 0.00 8.75 0.04 0.03 4.71 13.54 

Milk 2.88 14.79 0.67 0.60 7.96 26.90 

Cheese 0.00 3.41 0.00 0.09 1.84 5.33 

Mutton & Goat 

Meat 
0.00 1.79 0.01 0.03 0.96 2.79 

Pork 0.00 14.60 0.06 0.07 7.86 22.61 

Poultry 0.00 13.92 0.24 0.08 7.50 21.73 

Total 2.90 63.12 1.49 1.02 33.99 102.51 
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The most of the animal-based and aquatic-based proteins go to food for humans. Milk, poultry, 

pork, bovine meat and aquatic sources are the biggest animal-based protein sources there is. 

Other interesting things are that currently aquaculture produces more proteins than capture and 

the aquatic-based proteins accounts approximately one quarter of the total animal-based and 

aquatic-based proteins. 

When viewing the production trends of world’s meat-based protein sources and aquatic-based 

protein sources from 2000 to 2013, the production is rising in both cases. The interesting 

information on aquatic sources is that the aquaculture has risen over the years and is now 

producing more biomass than capture-based production. The figures 6 and 7 are based on 

FAOSTAT databases. 

 

 

Figure 6. Animal meat production quantities from 2000 to 2013 (FAOSTATc). 

 

The total production capacity of animal-based proteins has risen over the years. Based on the 

data, it is reasonable to estimate, that the animal meat production will continue rising in the 

future. (Figure 6.) 
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Figure 7. Aquatic biomass production quantities from 2000 to 2013 (FAOSTATd). 

 

When the capture-based aquatic biomass production has stayed quite the same in the resent 

years, the aquaculture production has risen fast (Figure 7). This is good news, because the 

overfishing is a global problem. However, when fishes are farmed, they also need food to grow. 

This means that more plant-based proteins are used as feeding purposes in the future, because 

of aquaculture. 

 

2.3 Feed conversion efficiencies of animal, insect and aquatic 

 

Huge amounts of plant-based proteins go to feeding purposes (section 2.1), which is why it is 

interesting to know how well different species can convert feed to animal or insect based 

biomass. One way to measure the conversion efficiency is a feed conversion ratio of different 

products (FCR) and protein conversion efficiencies. Ratio tells the amount of feed needed to 

produce 1 kg of the wanted product. (Smil 2002, 305.) Although, this thesis focuses on 

comparison of sustainability between conventional production and production by bioreactors, 

other protein sources should not be forgotten. Some of the other sources might be in our daily 
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diets in the future. When viewing FCR values or environmental impact values, insects and quorn 

production methods are included. Especially insects might be part of our daily diets in the future 

(van Huis et al. 2013, 1-2). 

Some FCR values from literature are presented on table 9. Mealworm’s FCR value is 

economically allocated and thus the value need to be viewed critically. The notable thing is that 

there exist only small amount of available research papers on insect’s food conversion 

efficiencies. Because of limited research papers, there is room for more research in this field. 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

Table 9. FCR and protein conversion efficiencies of different species. 

Product 
FCR 

[kgfeed/kgproduct] 

Protein conversion 

Efficiency 

[kgprotein/kgfeedprotein] 

References from literature 

Beef 5.32–15.1 0.04–0.079 
Tolkamp et al. 2010, Table 2.1.7.2 ;  

Smil 2002, Table 3 ; Smil 2008, Table 10.11 

Poultry 1.62–2.5 0.2–0.55 
Tolkamp et al. 2010, Table 2.1.1.2 ;  

Smil 2002, Table 3; Smil 2008, Table 10.11 

Pork 2.2–5.9 0.1–0.39 
Tolkamp et al. 2010, Table 2.1.5.2 ; 

Smil 2008, Table 10.11 ; Rumpold and Schlüter 2013 

Sheep 6.3–15.9 0.061–0.094 
Rumpold and Schlüter 2013 ;  

Tolkamp et al. 2010, Table 2.1.6.2-2.1.6.3 

Cricket 1.7 - Rumpold and Schlüter 2013 

Mealworms 2.2 - Oonincx and de Boer 2012 

Salmonids 1–1.2 - Aqua Techna 

Omnivorous 

fish 
1.4–1.8 - Aqua Techna 

Tropical 

shrimps 
1.6–2 - Aqua Techna 

Milk 0.63–1.04 0.22–0.40 
Smil 2008, Table 10.11 ; 

Tolkamp et al. 2010, Table 2.3.2.1-2.3.2.2 

Eggs 2.17–3.8 0.21–0.3 
Tolkamp et al. 2010, Table 2.2.1-2.2.2 ; 

Smil 2008, Table 10.11 

 

The FCR values differs quite much (Table 9). The ratio and conversion efficiency depends on 

following parameters: what kind of feed is used; what kind of species is used; what kind of 

growing conditions is used and what is the age of species used (Tolkamp et al. 2010, 11). The 
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most interesting information is that chicken, pork, fish, mealworms and cricket consumes small 

amounts of feed, when compared to beef or sheep consumption (Table 9). When viewing these 

values, it is not a surprise why it is said that insects may play a crucial part of our daily diet in 

the future. They may have an important role to overcome upcoming food crisis (van Huis et al. 

2013, 1-2). 

Other interesting protein source is quorn, which needs only 2 kilograms of wheat to produce 1 

kg of quorn. Quorn is produced by a fungus, which uses carbonhydrates as its feed. (Brennan 

2014.) The protein content of quorn is approximately 11 % (Sadler 2003). These qualities makes 

it together with insects a possible solution for upcoming food crisis  

When drawing a Sankey diagram of protein flows of plant-based, animal.based and aquatic-

based proteins, it is assumed that to produce 1 kg of high quality meat-based protein 6 kg of 

plant-based protein is needed (Pimental and Pimental 2003). All the feed is assumed to go to 

animal-based diet. In real life, some of the feed go to fisheries or the product is not always high 

quality meat. Because the aim of this thesis is to estimate roughly global protein flows, this 

assumption is reasonable. 

 

2.4 World’s plant, animal and aquatic protein flow 

 

The Sankey diagram is drawn based on food distribution data according to this thesis 

calculations and assumptions.  (Tables 3; 7-8). The diagram shows the estimation of global 

protein flows. The protein conversion ratio is assumed 6:1. The ratio represents the needed feed 

of proteins to produce 1 kg of high quality meat-based protein. (Pimental and Pimental 2003.) 

The width of the lines are drawn so that they present the actual ratio of these flows. In addition, 

the Sankey diagram shows how much the flows represents the global protein production.  

The global protein production per capita per a day is taken from FAOSTAT databases. The 

database include the sources’ protein content, supply and utilization. (FAOSTATe.) This data 
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is compared to viewed protein amounts (Tables 3; 7-8). To do the comparison, the value of 

human population has to be known. According to the World Bank, the human population was 

7175391594 in 2013 (The World Bank).  The amount of viewed protein sources represents the 

known protein production on the diagram. The unknown part can be calculated, when the global 

amount is divided by the viewed amount of protein sources with the number of humans and days 

in a year. The figure of Sankey diagram is seen below:  
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39 %

48 %

CROPS 89 %

ANIMALS 96 %

FOOD SUPPLYWO U

47 %10 %

51 %

22 % 14 %5 %

38 % 11 %

 

Figure 8 An estimation of world’s protein flows. OU means other use and W means waste. The most right lines 

of crops and animals represent the unknown flows of protein. 
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The amount of proteins gone to other sources than food use is big. According to this thesis, only 

39 % of produced plant-based proteins go to food supply and from that, 20 % is wasted. The 

biggest flow of plant-based proteins is the feed flow, which is 47 % of all plant-based proteins. 

If that flow would be used to food supply, the amount of plant proteins for food use would be 

more than double compared to current situation. It is a huge amount, when thinking the 

upcoming food crisis. The green line from animals represents the amount of how much plant-

based proteins converts to high quality meat-based proteins. In reality, the green line from 

animals is bigger, because not all of the feed is used to produce high quality meat-based proteins. 

The blue lines represent the amount of proteins from aquatic sources. The waste after food 

supply represents the amount of proteins that goes waste during consumption phase, which is 

32 % of total food supply. (Figure 8.) 

The biggest finding from the diagram is that the protein is used inefficient. This is quite 

encouraging result, because changing habits could have a significant change to better. If we 

could be able not to waste so much food or we would be able to change our consumption habits 

to more sustainable from current situation, we could have enough food resources in the future. 

If feed is used directly as food supply or we favor more sustainable protein sources like those 

that have relatively good feed or protein conversion efficiencies, we would have bigger amount 

of proteins for food use without increasing environmental impacts. Pigs, poultry, fishes, milk, 

eggs, insects and quorn has relatively good conversion efficiencies and thus those protein 

sources should be favored. In the other hand, beef and sheep has poor conversion efficiencies 

and thus those sources should be avoided. (Table 9.) However, the change of consumption habits 

seems to be highly unlikely.  The trend of animal-based protein sources production seems to be 

rising. 
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2.5 Environmental impact values of conventional protein production 

 

There is a huge variety of databases and research papers, which describes environmental impacts 

of food production. The values of GWP differs quite much, which is understandable due to 

different growing conditions like soils, weather, and location and so on. In addition, the methods 

used to make environmental impact estimations varies, which can lead to different results even 

if the growth conditions are identical. Using different classification, allocation, weighting, 

normalization or raw data can have an impact on gained results and thus the values should be 

viewed critically. (Björklund 2002, 64.) However, the average environmental impact values can 

be used to compare sustainability of conventional protein production and alternative protein 

production, if more than one reference is used. The values presented are GWP, land use and 

water use. The values are changed to represent proteins instead of protein sources using average 

protein contents (Tables 1 and 4). Crop production’s land use impact is based on the average 

yields from FAOSTAT databases. Other protein sources land use impacts are based on literature 

references. 

To grow plant-based proteins, fertilizers are consumed. Fertilizers contains nitrogen and 

phosphor, which are influencing natural nutrient cycles, when leaking to water systems (Figure 

1 and 2). The efficiencies of fertilizer utilization is typically in range of 14–68 % depending on 

growing methods and used fertilizers. (Fixen et al. 2014, Table 6 and 8.) When too much of 

these fertilizers go to natural cycle, it can cause eutrophication. It can be a huge problem locally 

and thus it can be considered as environmental impact. Eutrophication is not the only problem 

that the inefficient use of fertilizers does. Phosphor is a non-renewable resource and there might 

phosphor shortage in the future. These are the reason why efficient use of fertilizers is also an 

important parameter, when planning sustainable food production. (Cordell et al. 2009.) In 

addition, when growing livestock or farming fishes, fertilizers are also consumed, because some 

feed for livestock comes from crops suitable for food uses. 

 



34 

 

 

2.5.1 Plant protein production’s environmental impacts 

 

Environmental impact values from table 10 are taken from various literature sources. The 

sources that presents GWP values are chosen so that they give a rough estimation on how much 

the production’s impact on climate change can differ. The land use is based on average yield 

from FAOSTAT databases. The water use is based on a reference, which describes the global 

consumption estimates. The values are changed to represent protein using protein contents 

(Table 1). 

Table 10. Different plant products’ GWP, land use and water use values per kg of protein. 

Product 

Some GWP 

values from 

literature 

[kgCO2-eq/kgp] 

Average land use 

based on yield 

[m2/kgp]  

(FAOSTATc) 

Water use 

[m3/kgp] 

(Mekonnen and Hoekstra 
2012,    table 3) 

Reference from literature [GWP] 

GWP Land use Green Blue Grey 

Pulses 4–10 26.5 11.36 0.5 2.62 Nijdam et al. 2012, Table 4 

Wheat 2.43–6.17 26.69 10.71 1.98 1.6 LCA Food Database 2007 

Barley 2.78–5.65 29.79 10.71 1.98 1.6 LCA Food Database 2007 

Canola 1.95–7.4 23.18 9.41 1.02 0.56 Gustafson et al. 2013, Table 4 

Soybean 1.36–2.56 10.7 5.39 0.59 0.32 Silva et al. 2010, Table 3 

Sorghum 1.91–2.26 48.33 9.48 1.75 1.42 Meki et al. 2013, Table 8 

Maize 2.16–7.2 17.38 11.73 2.17 1.75 
Notarnicola et al. 2015,213; 

 Ma et al. 2012 

Rice 24.1–36.59 27.79 15.4 2.85 2.3 
Notarnicola et al. 2015, 215; 

Kasmaprapruet et al. 2009 
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Canola, soybean and sorghum can be produced with less CO2 emissions compared to other 

products. However, when land and water use are also considered, the soybean production seems 

to cause least environmental impacts. (Table 10.) It is also one of the biggest protein sources 

together with maize in the world in 2013 and thus it is reasonable to compare environmental 

impacts of soybean production to the alternative protein production (Table 3). Because U.S is 

one of the biggest soybean producers in the world (FAOSTATc), it is reasonable to make the 

sustainability comparison in U.S. 

To gain reliable GWP values, more results from literature references are presented in table 11. 

Values are mean GWP of global production according to a research paper. Pulses’ or sorghum’s 

GWP values are not presented in the study. The values are changed to represent protein using 

average protein contents (Table 1).  

Table 11. GWP values of worldwide means of different plant-based proteins (Finkbeiner 2011, Figure 2) 

Product GWP [kgCO2-eq/kgprotein] 

Wheat 5.22 

Barley 3.91 

Canola 2.79 

Soybean 1.87 

Maize 6.67 

Rice 34.38 

 

The GWP values in table 11 hits in the range of values presented in table 10 and thus it can be 

concluded that both tables’ GWP values are valid. However, to be able to compare GWP and 

land use values between conventional production and alternative methods in U.S, the values in 

U.S are needed. The reason, why it is necessary to make the comparison happen in specific 

location, is that the import causes impacts on environment. This way, there is not so much error 

margins in the results. In addition, to produce proteins by bioreactor processes consumes 
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electricity and other substance, which have different impact in different locations. For instance, 

electricity production’s GWP and land use per kWh varies in different countries. (Section 4-5.) 

Maize, soybean and wheat are the products whose GWP and land use impacts are viewed in 

U.S, because they are the biggest crop commodities produced there (FAOSTATc). The values 

are changed to represent proteins using average protein contents (Table 1). The values are 

presented in table 12. 

Table 12. GWP and land use values of three major crop products in U.S (Cavigelli et al. 2009, table 1: FAOSTATc). 

Product 
GWP 

[kgCO2-eq/kgprotein] 

LU based on yield 

[m2/kgprotein] 

(FAOSTATc) 

Maize 2.74 9.55 

Soybean 1.56 9.00 

Wheat 2.38 27.41 

 

GWP values hits in the range of other values presented in this thesis (Tables 10-11). The soybean 

seems to be the most efficient way to produce proteins even in U.S and thus it is used, when the 

comparison of bioreactor processes’ sustainability is made. In fact, the soybean production in 

U.S seems to be more sustainable than the average production in the world (Tables 11-12). This 

means that the comparison is made using values that are lower than the average. 

 

2.5.2 Animal protein, aquatic protein and other protein production’s environmental 

impacts 

 

This section describes some GWP, land use and water footprint values of different commodities 

from literature. The commodities are animal, aquatic and other protein sources. Other sources 

are a couple of insects and quorn, which are considered to be some solutions for upcoming food 
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crisis (Brennan 2014 ; van Huis et al. 2013, 1-2). The animal-based and aquatic-based protein 

production’s impacts are seen on table 13. The values are changed to represent proteins using 

average protein contents (Table 4). 

Table 13.  Some environmental impact values of animal-based and aquatic-based proteins. 

Product 

Some GWP 

values from 

literature 

[kgCO2-eq/ kgprotein] 

Some land use 

values from 

literature 

[m2/ kgprotein] 

Water Footprint  

[m3/kgprotein] 
Reference from literature 

GWP Land Use Green Blue Grey 

Beef 45–640 37–2100 72.1 2.8 2.3 

Mekonnen and Hoekstra 2012, 

Table 3; 

Nijdam et al. 2012, Table 4 

Industrial 

systems 
45–210 75–143 - - - Nijdam et al. 2012, Table 4 

Meadow 

systems, suckler 

herds 

114–250 164–788 - - - Nijdam et al. 2012, Table 4 

Extensive 

pastoral systems 
58–643 1430–2100 - - - Nijdam et al. 2012, Table 4 

culled dairy cows 45–62 37 - - - Nijdam et al. 2012, Table 4 

Pork 20–55 40–75 24.5 2.3 3.1 

Mekonnen and Hoekstra 2012, 

Table 3; 

Nijdam et al. 2012, Table 4 

Poultry 10–36 23–40 17.7 1.6 2.3 

Mekonnen and Hoekstra 2012, 

Table 3; 

Nijdam et al. 2012, Table 4 

Eggs 15–42 29–52 19.9 1.9 3.3 

Mekonnen and Hoekstra 2012, 

Table  3; 

Nijdam et al. 2012, Table 4 

Mutton & Lamb 51–750 100–165 41.3 2.3 0.3 
Mekonnen and Hoekstra 2012, 

Table  3; 
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Nijdam et al. 2012, Table 4 

Milk 24–68 26–54 24.7 2.5 20.6 
Mekonnen and Hoekstra 2012, 

Table  3 

Cheese 28–68 26–54 17.1 1.8 1.4 

Mekonnen and Hoekstra 2012, 

Table 1; 

Nijdam et al. 2012, Table 4 

Seafood from 

fisheries 
4–540 0 - - - Nijdam et al. 2012, Table 4 

Seafood from 

aquaculture 
4–75 13–30 8.8 1.0 0.9 

Pahlow 2015 et al., 847; 

Nijdam et al. 2012, Table 4 

 

It seems that pork, seafood, eggs and poultry are the most efficient ways to produce proteins 

from viewed sources (Table 13). However, if these values are compared to plant-based protein 

production values (Table 10), they have much bigger negative environmental impacts than 

plant-based protein production. 

There is limited amount of research papers available that has studied environmental impacts of 

insects and quorn and thus cross-references are not used to verify the validity of these values. 

To be able compare the results, the protein contents of different insect species has to be known. 

House cricket’s protein content is approximately 21 % and larvae’s protein content is around 80 

% (Dossey et al. 2016, 62.) The values from literature are converted to represent produced 

proteins. Quorns protein content is approximately 11 % (Sadler 2003). Mealworm’s, house 

cricket’s and quorn’s some environmental impacts are presented in table 14. 
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Table 14. Mealworm’s, Quorn’s and house crickets’s GWP and land use values 

Product 

Some GWP-values 

from literature 

[kgCO2-eq/ kgprotein] 

Some land use -values 

from literature 

[m2/ kgprotein] 

Reference from literature 

Mealworm 14 18 Oonincx and de Boer  2012 

House cricket 7.5 - Dossey  et al. 2016, Table 4.6 

Quorn 21.8 3.7 Head et al. 2011, Table 12 

 

Insects and quorn are more sustainable than animal-based or aquatic-based proteins. The 

surprising thing is that quorn is not as CO2 friendly way to produce protein as insects. However, 

it is still more sustainable than most of animal-based protein sources. Especially, if land use is 

considered. (Tables 13-14.)  The notable thing is that the values from table 14 should be viewed 

critically, because there is only limited amount of research done. Because there is limited 

amount of research papers available, more research is needed in this field. 

 

2.6 Agriculture’s global impact estimations 

 

To get a better view of what scale agriculture plays while viewing environmental impacts, the 

global impacts of agriculture are presented. The impact categories are water use, land use and 

CO2 emissions. This section also tells the need to find more sustainable solutions to food 

production. 
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2.6.1 Global water use 

 

The demand for water is ought to continue rising in the future. This will increase the value of 

fresh water and the need to find more and more efficient ways to use water. The agriculture is 

the main reason why water is consumed so much. The irritation uses approximately 70 % of the 

global water consumption and thus the lack of water affects greatly to food production. The 

livestock uses minor part of global water consumption, but the sector is rising rapidly due to 

rising capacity of livestock production. The livestock’s water consumption is more problematic 

than irritation due to more water polluting systems. (Wada et al. 2015.) The figure of water use 

is seen below. 

 

Figure 9. The global water use (AQUASTAT). 

 

Because food production plays such a huge role on water consumption in the world, we should 

find solutions for more sustainable water use in that sector. Especially, when there is a talk about 

upcoming water crisis (Hanjra and Qureshi 2010). 
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2.6.2 Global land use 

 

The agriculture uses approximately 39 % of our planet’s ice-free terrestrial land area. Livestock 

uses around 70 % of that land, which is around 30 % of the total ice-free land area. Grazing land 

and the area needed to produce crops for feeding purposes are included to this land use 

estimation. (Steinfeld et al. 2006, 271-272.) The land use is represented in figure 10. 

 

 

 

Figure 10. Global land use (Steinfeld et al. 2006, 271-272). 

 

Because not all of the land is sufficient for agricultural use and the trends of food production 

are growing ones (Figures 4-7), there will be problems to find suitable land for food production. 

Especially when thinking that deforestation and desertification are already problems to be 

solved. (Adger et al. 2001, 681.) 
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2.6.3 Global CO2 emissions 

 

The global warming is one of the major environmental treats we are currently facing. 

Agriculture, forestry and other land use (AFOLU) causes approximately 24 percent of global 

emissions (IPCC 2014, Figure 1.7). The agriculture causes about half of the AFOLU emissions, 

which is around 12 % of total emissions (Tubiello et al. 2014, 20). The agriculture’s emissions 

can be divided to sub-sectors that are presented on figure 11. 

 

Figure 11. Agriculture’s emission sources 2001–2011 (Tubiello et al. 2014, Figure 3-5). 

 

Livestock causes the most emissions in agriculture sector. Rice cultivation and fertilizers causes 

the most emissions, when producing crops. (Figure 11.) Although the production efficiency of 

agriculture products has risen, the total emissions caused by agriculture has also risen over the 

years, because the production capacity has also grown (Tubiello et al. 2014, Table 3-1 and 

Figure 7-1). This kind of trend can be assumed to happen in the future due to trends in food 

production. Especially because of the trend of animal food production (Sections 2.1-2.2). To 

lower the CO2-emissions from agriculture, the consumption trends should be changed or 

different production methods of food should be used. 
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3 BIOREACTOR DESING FOR BIOMASS PRODUCTION 

 

This thesis focuses on biomass production, the production’s environmental impacts, protein 

flows and the possibility to produce biomass by microbes. Producing biomass by microbes is 

not a new concept. Especially photosynthesis-based algae is commonly used for biomass 

production. Nowadays there is a growing interest to produce biomass using other methods than 

photosynthesis due to some advantageous qualities. One interesting application is based on 

using syngas as feeding substance for culture growth. This section focuses on known 

information on photobioreactors and syngas-based bacterial growth. The bioreactor designs, 

optimal growing conditions and needed substances are viewed. The detailed information is 

presented only from major substances. 

The syngas-based application is still far from being mature and thus it is under research and 

development. This novel way to produce biomass for feed and food use is based on keeping the 

growing conditions optimal for bacterium to get high yields. When the optimum condition is 

gained, the growth speed of culture can be much faster and efficient than the conventional way 

of biomass production. A microorganism species that can be used for syngas-based application 

is hydrogen-oxidizing bacterium. The growing happens in dark conditions. (Yu 2014.) Syngas 

is already used to produce bio-based chemicals or fuels from bacterium. When producing fuels 

the process is commonly called syngas fermentation process. The biomass production differs a 

little bit from fuel production. Different species and conditions are used, when producing fine-

chemicals or fuels. The fuel production is more studied application than fine-chemical 

production applications. The technology to produce biomass in large-scale applications is not 

yet used, but there is a lot of research on lab-scale applications. (Yu 2014: Munasinghe and 

Khanal 2010.) This section describes the problems and known information for biomass 

production using gasses CO2, O2 and H2 in dark conditions. 

Photobioreactors are already used to produce cyanobacterium-based biomass. It is better known 

and more mature technology compared to syngas-based applications. The optimal growing 

conditions for algae is easier to maintain than syngas-based bacterial growth conditions. The 
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drawback of this technology is that, it needs light to work and its growth rates are lower than 

hydrogen-oxidizing bacterium’s growth rates. Cyanobacterium are photosynthesizing microbes. 

(Sections 3.1-3.2.) 

Both technologies, photobioreactors and dark-condition-bioreactors, can be viewed as closed 

systems. This means that the growing conditions can be optimized to get the maximum material 

utilization efficiencies. The growing happens in culture champers in aquatic solutions. The 

chamber designs, used microbe species and the way the gas or other substances are introduced 

to liquid has impact on process energy efficiency and production rates. The hard part is to try to 

optimize the process and to maximize the mass transfer efficiency using different applications. 

Otherwise, the reactor design is quite simple. (Munasinghe and Khanal 2010: Brentner et al. 

2011, 7062.) 

The gas utilization efficiency can be assumed to be near 100 %, when gas circulation system is 

used. The gas circulation system can be used in both photobioreactor and syngas-based 

bioreactor designs.  To ensure the assumption that high utilization efficiencies are reachable, a 

couple of research papers are presented. For instance, the ABE fermentation process’ carbon 

dioxide efficiency is between 93.5–100 %, when using gas circulation. The ABE fermentation 

uses carbon dioxide and hydrogen as feeding gasses and the process uses batch bioreactor. (He 

et al. 2016.) Using the combination of membrane and biofilms technology in syngas 

fermentation process, ~100 % efficiency of hydrogen utilization can be reached (Zhang et al. 

2013). Same kind of results are gained on a research paper, which studied the utilization 

efficiencies of different syngas components. The utilization efficiency of H2 and CO is 100 %, 

when the circulation system was applied in a semi-continuous reverse membrane bioreactor. 

(Westman et al. 2016, Table 3).  Due to these known utilization efficiencies and still developing 

technologies, 100 % gas utilization can be assumed. However, hydrogen-oxidizing bacterium 

uses gasses CO2, O2 and H2.  Gasses O2 and H2 are very reactive, when they contact (Ishizaki et 

al. 2001). This has to be taken into account, when designing the circulation system. The 

efficiency of O2 utilization is not significant for this thesis process, because water electrolysis 

produces oversupply of oxygen (Section 4.2.4). Although, the gaseous substrate utilization 
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efficiencies can be high, it does not necessary mean the overall process efficiency is high also. 

This has to be taken into account, when planning real facility 

The utilization of fertilizers can also be assumed to be ~ 100 % in both photobioreactor and 

syngas-based reactor designs due to closed system and regulation possibility. For instance, 

Tredici et al. has assumed the fertilizer utilization efficiency to be close 100 % in a study of 

algae production in closed system. (Tredici et al. 2015.) The re-circulation of water and thus 

possibly nutrients is possible via pumping, if needed (Kundiyana et al. 2010).  This possibility 

ensures that high utilization efficiency of nutrients can be achieved. In addition, it can be used 

to decreases water consumption. Because the bioreactor systems can be considered as closed 

systems, it is reasonable to assume that the water consumption can be near zero in theory, when 

circulation system is used. There is also some studies, which propose using wastewaters as water 

feed for hydrogen-oxidizing bacterium in the future (Matassa et al. 2014). If wastewater use is 

possible, the process does not consume fresh water at all.  This is a huge improvement compared 

to the conventional agriculture, which consumes a lot of water and has poor fertilizer utilization 

efficiencies (Section 2.5). In microalgae-based systems, the freshwater consumption can be 

assumed zero, because the process uses seawater instead of freshwater (Tredici et al. 2015). 

When planning to produce biomass from microbes in aquatic solution, the culture harvesting 

and drying are important unit process. There exists a couple of technologies for culture 

harvesting. Some usable technologies for harvesting are chemical flocculation, bio-flocculation, 

electro-flocculation, flotation, filtration and centrifugation. However, these harvesting 

technologies are not usually sufficient alone due to remaining liquid after these processes. Quite 

often drying process after culture harvesting is needed. Some technologies for drying are solar 

drying, convective drying, spray drying and freeze-drying. (Chen et al. 2015, 443-449.) 
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3.1 Design of photobioreactor 

 

Cyanobacterium, also known as microalgae, are already used to produce biomass both in closed 

photobioreactor systems and in an open bond systems. The microalgae can be used as food and 

bio-based products like fuels and fine-chemicals due to its high oil, high nutrient and high 

protein contents. They also have good omega-3 fatty acids, which is why they can be sold in the 

health food, pharmaceutical and cosmetic markets.  They can capture nitrogen from the air and 

transform it to the usable form. This means that they do not need nitrogen-based fertilizers as 

much as plants usually need to grow. This feature can reduce the growing costs and fertilizer 

usage. However, using nitrogen-based fertilizers can speed up the production. Open systems 

have low investment and management costs, but they have lower yields per area. They also have 

high risk of contamination. Closed systems can produces higher yields and have lower 

contamination risks. The drawbacks are higher installation and operational costs. This thesis 

focuses on closed systems, because they are better suited to utilize captured carbon dioxide and 

higher yield are gained. Closed systems are also not so location depended than open systems. 

(Tredici et al. 2015.) 

 

3.1.1 Photobioreactor design 

 

Photoreactors for growing microalgae are already in use. Green Wall Panels (GWPs) are 

patented photobioreactors and they are used by several EU projects. The bioreactor consists of 

transparent plastic culture champers, which are hanging on metal frame. The metal frame is 

connected to the wooden base. The gasses are fed to the champers with perforated pipes so that 

the mass transfer between liquid and gaseous phase is made easier. The heating and cooling of 

the champers is done by using stainless steel serpentine in which cooling or heating fluid is 

circulated. The culture can also be moved with these pipes. Because of the GWPs’ simple 

structure, flexibility, reactor’s easy maintenance and low construction costs, it is reasonable to 
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use this photobioreactor model to algae production. (Tredici et al. 2015.)  Couple of references 

states that using flat panel photobioeactors is superior to most other technological applications, 

if energy use and growth rate are viewed (Brentner et al. 2011, 7064).   

The growing speed of algae in different photobioreactors varies while using different 

applications. The volumetric growth rate of microalgae in flat panel photobioreactor is 3.8 grams 

per a liter per a day (Brennan and Owende 2010, Table 3). The flat plate reactors has same kind 

of growing speed with tubular reactors (Brentner et al. 2011, 7062-7063). Because of the 

advantageous qualities of flat plate photobioreactor, the design is used in energy consumption 

calculations. The picture of the flat panel photobioreactor (GWPs) is presented below: 

 

Figure 12. The GWP-II photobioreactor in Sesto Fiorentino in Italy (Tredici et al. 2015, Figure 2). 

 

Centrifuges are often used in real biomass production facilities, when high yields are processed 

(Acien et. all 2012; Tredici et al. 2015). Because of that, it is reasonable to use centrifuges as 

culture harvesting unit process, when calculating the whole process’ energy consumption. 

However, there are other possibilities. Flotation is a well-developed technology, but it is mainly 
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used on open reactors. Filtration is also an option for culture harvesting. The problem is that it 

forms cakes, which can easily blind filters, when harvesting a high yield culture. (Greenwell et 

al. 2009.) 

Other than flat plate designg for algae production are listed here: the tubular systems; vertical-

columns photobioreactors and internally-illuminated photobioreactors are alternative designs 

for microalgae-based biomass production. The tubular reactors are made from transparent tubes. 

Usually the aeration and mixing of the cultures are done by air pump or airlift systems. The 

advantages of tubular reactors are large illumination surface area. The limitation is poor mass 

transfer efficiency between gaseous and liquid phase. Vertical-column photobioreactors are 

promising for large-scale production. They are compact, low-cost and easy to operate. The mass 

transfer can be enhanced by using bubble column systems. The limitation of vertical-column 

reactors is small illumination surface area. It is possible to use artificial light system for algae 

production. It means that photobioreactors can be used indoors. The advantage of artificial light 

systems is that it can function in nighttime also. The drawback is that the process consumes 

more energy than systems without artificial light system. (Ugwu et al. 2007.) 

 

3.1.2 The needed substances and conditions for growing microalgae 

 

To produce 1 kg of microalgae biomass, approximately 1.83 kg of carbon dioxide is needed 

(Chen et al. 2015, 443). The CO2 is the only concentrated gas the process needs to function 

optimum. Other needed gasses can be gained, when pumping air to the process. The nitrogen 

and phosphorous content in biomass of Tetraselmis suecica, a microalgae species, are 7 % of 

nitrate and 0.7 % of phosphate per one kg of biomass plus other nutrients. (Tredici et al. 2015, 

Table 2.) Other substances are sulphate, carbonate, potassium, Calcium and magnesium (Acien 

et al. 2012). Growing algae has a couple of advantages compared to conventional methods. The 

fertilizer utilization efficiency is much higher than conventional production method. It can be 

grown in seawater solution, which means it does not consume freshwater. The drawback is that, 
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the production facility should be located near to the sea, which makes it location depended. 

(Tredici et al. 2015.)  

The microalgae culture’s growth rate depends on used growing conditions and microalgae 

species. The optimum range of different parameters related to growing conditions of microalgae 

production varies a little bit, because of different species and wanted product. The optimum 

temperature is in range of 18–24 Celsius. The optimum salinity of the liquid, in which the culture 

grows, is between 20–24 g/l. The culture’s time on light radiation has to be limited to achieve 

the optimal growing condition. The photoperiod of algae, which consist of light and dark period, 

is 16:8. The ratio is presented in minutes and eight means the time spend in dark conditions. If 

the culture is grown indoor conditions, it is good to know the optimal light intensity. The optimal 

intensity of light is between 2500–5000. The optimal pH is between 8.2–8.7. (Sudhakar et al. 

2011, Table 1.) The values to keep growing conditions optimal and the needed substances are 

presented in table 15. 
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Table 15. The needed substances and optimal growing conditions of microalgae. 

The needed substances and optimal 

growing conditions 
Value Reference from literature 

CO2 [kg/kgbiomass] 1.83 Chen et al. 2015, 443 

P [kg/kgbiomass] 0.007 Tredici et al. 2015, Table 2 

N [kg/kgbiomass] 0.07 Tredici et al. 2015, Table 2 

Optimal temperature [°C] 18–24 Sudhakar et al. 2011, Table 1 

Optimal pH 8.2–8.7 Sudhakar et al. 2011, Table 1 

Optimal light intensity 2500–5000 Sudhakar et al. 2011, Table 1 

Optimal photoperiod ratio [light:dark] 16:8 (min) Sudhakar et al. 2011, Table 1 

Optimal saliity of growth medium [g/l] 20–24 Sudhakar et al. 2011, Table 1 

The cell productivity  [kg/m3] 4.0 Brentner et al. 2011, Table 1 

The growth rate [g/l day] 3,8 Brennan and Owende 2010, Table 3 

 

3.2  Bioreactor design for hydrogen-oxidizing bacterium 

 

Nowadays, there is a lot of research made on technologies, which produce bio-based products 

from syngas fermentation. These bio-based products are made using microbes, which are used 

to refine the substrates to different products. For instance, microbial organisms like acetogenes 

can be used to produce acetate from gasses CO, CO2 and H2. Acetate can be further processed 

to biofuels or other bio-based materials such as acetate vinyl. Even methanogenic and sulphate-

reducing organisms can be used to produce acetate. (Daniell, et al. 2012, 5383-5384, 5387-5390; 

Liew et al. 2013, 131.) Some of these microbes can be used for biomass production. This thesis 

focuses only on hydrogen-oxidizing bacterium, which fixes CO2 in dark conditions due to its 

advantage qualities (Yu 2014). 
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One reason for growing interest on syngas-based technologies using biological processes is the 

need to reduce emissions and develop more sustainable ways to produce fuels and materials 

(Daniell et al. 2012, 5372). The interest has not been for nothing. There is not much information 

on how economical the gas fermentation is, but some organizations are planning to 

commercialize syngas-based applications (Munasinghe and Khanal 2010). Synata Bio is one 

major player in this field. They are planning to construct industrial-scale plant, which uses gas 

fermentation processes. The process use natural gas to produce CO2 and H2, which are used in 

gas fermentation processes (Lane 2016). One parameter to determine the growing interest on 

syngas fermentation is to view the amount of scientific articles made in recent years. When an 

advanced search on syngas fermentation on Elsevier’s website ScienceDirect is made, the 

amount of research done on this subject has increased significantly. The amount of publications 

over the recent years is seen on figure 13. 

 

Figure 13. Gas fermentation-related academic literature (ScienceDirect, Advanced Search: Keyword search: 

Syngas Fermentation) 
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The hydrogen-oxidizing bacterium are an autotrophies and aerobic organisms. CO2 is stored in 

bacterial cells as polyhydroxybutyrate (PHB), which is a sustainable alternative for non-

renewable polymer production. When producing biomass from hydrogen-oxidizing bacterium 

using syngas, the process is called artificially produced biomass. Sometimes the process is also 

referred as syngas fermentation, although it does not produce fuels. If the growth rates and 

biomass production factors are the only parameters viewed, the artificial production method is 

more efficient than photosynthetization-based processes according to Yu’s study. The specific 

bacterial growth rate can be as high as 0.25 per hour or even more depending on conditions in 

bioreactor. Overall, the productivity of hydrogen-oxidizing bacterium is much faster and higher 

than cyanobacterium’s productivity. (Mozumder et al. 2015; Yu 2014, Table 1.) The comparison 

between artificial method and cyanobacterium is intriguing, because cyanobacterium is already 

used to produce food or bio-based materials like biofuels or fine chemicals. In addition, 

cyanobacterium grows relatively fast. (Singh et al.  2008, 73.) 

For this thesis, the interesting information is protein production. However, the biomass 

production is not studied as much as other applications like PHA or biofuel production. For this 

reason, this thesis focuses on PHA or PHB production’s energy efficiency, when calculating the 

process’ energy consumption. This assumption is reasonable, because PHA or PHB production 

is correlated to biomass production. (Akiyama et al. 2003; Mozumder et al. 2015.) The fuel 

production is not necessary correlated to biomass growth, because fuels or derivative for fuel 

production can be a side-product of biomass growth and thus it is not suited to measure biomass 

production (Abubackar et al. 2016). 

There is other favorable reasons than growing speed to use hydrogen-oxidizing bacterium for 

biomass production. They have high content of proteins and the only by-product of hydrogen 

oxidation is water. Hydrogen oxidation happens, when the hydrogen-oxidizing bacterium uses 

substances to grow. The bacterium’s protein content varies between 60–70 %. However, the 

biomass is not yet used as food purposes. There have been some experiments, where the biomass 

of this bacterium were fed to farm and fur animals. This kind of experiment was carried in the 

biophysics institute in Russian academy of sciences. The result was that the use of bacterium 

biomass as feed was useful for 25–50 % of the diet of animal protein. The result was depended 
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on species and age of the animals. (Volova and Barashkov 2010.) This experiment shows that 

there is a potential to use this bacterium as feed use. Because, it is already used as feed for 

animals, there is a possibility, it can be used as food use also. For that, research should be done, 

if this bacterium’s biomass is suitable as direct food source. Bacterium can also be used to 

produce polyhydroxyalkanoates (PHAs), which can be further processed to different kind of 

bio-based products like plastics. (Volova et al. 2013.)  

The biggest obstacle of syngas fermentation process and thus of biomass production processes 

using syngas, is the mass transfer between gas and liquid phases. The mass transfer coefficient 

is a well suited term to compare mass transfer between gas and liquid phase. It tells how much 

mass can transfer per specific area and time.  The mas transfer efficiency can be increased by 

temperature rise of liquid phase, but there is a limit how much the temperature can be due the 

bacterium’s optimal growing temperatures. Using mixers or membranes can also improve the 

productivity. The membrane increases the diffusion to the liquid phase. Mixers improves the 

mass transfer by increasing the area between gas and liquid phases. Mixers forms many small 

sized bubbles, which makes the area between liquid and gas phase bigger (Munasinghe and 

Khanal 2010). The optimization of mass transfer holds the key element, when deciding the used 

technology in syngas processes. However, usually the designs that provides the highest 

volumetric mass transfer coefficients are not very energy efficient due to their risen power 

consumption. Munasinghe and Khanal compared mass transfer efficiencies in eight different 

reactor configurations. The highest mass transfer efficiency is obtained using an air-lift reactor 

combined with bulb diffuser. (Daniell et al. 2012.) One key performance parameter is also the 

biomass drying (Munasinghe and Khanal. 2010). 

For culture harvesting, the centrifuge is a common application used in studies that focus on 

biomass production processes using bioreactors (Akiyama et al. 2003). After culture harvesting, 

the formed slur has to be dried. Some drying methods are solar-drying, convective drying, spray-

drying and freeze-drying (Chen et al. 2015, 443-449). 

There is both batch and continuous-flow bioreactors for syngas fermentation. Batch reactor is 

closed system, where the gaseous, liquid and other substances like nutrients for microbes, are 

introduced into the bioreactor. When the reactor has made certain amount of product, the process 
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is stopped and the product is taken away. (Munasinghe and Khanal 2010.) Quite often, the 

bioreactor design is two staged. It is called two-stage fed-batch mode. First, the cells are grown 

in a mineral medium to a certain level. After that some of the culture is moved to the other stage, 

where the growing continues. Notable thing is that when aerobic oxidation is happening because 

of cell growth, heat is generated. To maintain the optimum temperature, cooling is needed. 

(Akiyama et al. 2003.) The continuous-flow reactors works so that the process does not need to 

be stopped. There is couple of bioreactor designs available that are continuous. Continuous 

stirred-tank reactor design is the most used reactor type in syngas fermentation processes and 

thus it is the design used in the calculations. Compared to bubble column reactors, trickle bed 

reactors and batch reactors, it seems that continuous stirred-tank reactor has better or almost as 

good mass transfer coefficient. However, the mass transfer coefficient varies when different 

species of microbes are used. (Munasinghe and Khanal 2010.) The continuous stirred-tank is 

commonly used for now. This might change in the future, because there is a lot of research in 

this field and thus new applications might arise. One of the interesting application is rotating 

bed reactor (RBR). Rotating packed bed reactors has gained interest in recent years because of 

its high gas-liquid mass transfer efficiency. (Abdella et al. 2016; Cybulski et al. 2010, 300-302.) 

 

3.2.1  Stirred-tank reactors 

 

Continuous stirred-tank reactors are the most common syngas fermentation bioreactors. In this 

design, the gaseous substrates and nutrients are injected continuously to the reactor. This reactor 

type uses high level of agitation or mixing between the substrate and the microbes. This helps 

the microbes to find the wanted substrate from gas and liquid flows. Agitation and mixing 

increases the mass transfer rates. (Munasinghe and Khanal 2010.) The continuous stirred-tank 

reactors seems to be the most used tank-type, when dealing PHB production (Mozumder et al. 

2015). However, some older research papers suggests that fed-batch reactors are better suited 

for biomass production (Ishizaki et al. 2001.). 
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These reactor types are one of the standard reactors, which are used in the chemical industry. 

This is also true for biological applications. The main reasons are the low capital and operating 

costs. These tanks are preferred when high gas-liquid mass transfer coefficient is needed. This 

is the reason, why this reactor type is used as reference, when estimating process’ energy 

consumption. The reactor type consist of a tank, impellers and gas and liquid pumps. When the 

reactor type is used for biological processes, the Rushton-type impellers are normally used to 

get better mass-transfer coefficient. (Kadic and Heindel 2010, 859-860.). The way the gasses 

are pumped to the process, affects the mass transfer coefficient. When comparing up-pumping 

and down-pumping, it seems that up-pumping is more efficient than down-pumping. Down-

pumping means that the gas is introduced to the liquid phase so that the head of the pipe, where 

the gas is flowing to the system, is pointing down. The up-pumping means that the head of the 

pipe is pointing up. (Moucha et al. 2002, 1842.) 

 

3.2.2 Rotating bed reactor (RBR) 

 

In the rotating bed reactor or rotating backed bed reactor models, the gas flow is introduced to 

the liquid phase tangentially. The gasses are fed through spinning porous cylindrical vessel so 

that gasses are distributed evenly to the process. This technology can be used in both continuous 

and batch reactor designs. It improves mass transfer efficiency significantly. It seems that it has 

higher cell growth and higher mass transfer coefficient than stirred-tank reactors, which is why 

it is a worthy option for bioreactor design. The disadvantage of this technology seems to be heat 

transfer, but it is a solvable problem. (Abdella et al. 2016; Cybulski et al. 2010, 301-302.) The 

basic scheme of RBR is shown below. 
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Figure 14. The basic scheme of RPB (Cybulski et al. 2010, Figure 13.5). 

 

3.2.3 Bubble column reactors 

 

These kind of reactor types are made mainly for industrial applications. The reason for that is 

these reactors can work with large volumes and has high mass transfer and low operational 

maintenance. Coalescence and back-mixing are some drawbacks with this reactor type. 

(Munasinghe and Khanal 2010.) 

The bubble column reactor consist of culture chamber in which air is introduced so that it forms 

fine bubbles. Some applications have reached quite high mass transfer coefficient values with 

suitable energy consumption and thus this reactor design is presented in this thesis. (Doig et 

al.2005.) 
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3.2.4  Membrane-based system 

 

This reactor type is well suited for those kind of microbes that can be operated under high 

pressure. Usually the reactor type uses composite hollow fiber membranes, which can be used 

to enhance the mass transfer in aqueous culture media. This technology is not yet used widely 

in syngas fermentation, but it has been examined in water treatment applications. In this reactor 

type, the syngas diffuses through the walls of membranes. Gases H2 and CO is diffused to liquid 

so that it does not form bubbles. The problems are high operation and investment costs. 

(Munasinghe and Khanal 2010.) 

One of the problems for syngas fermentation processes is to utilize the hydrogen efficiency. The 

high utilization efficiency of hydrogen with hollow-fiber membrane biofilm reactor can be 

reached. Using the combination of membrane and biofilms technology the efficiency of almost 

100 % can be reached. This is the main reason why this application is introduced. (Zhang et al. 

2013.) 

 

3.2.5 The needed substances and growing conditions for hydrogen-oxidizing bacterium 

 

One hydrogen-oxidizing bacterium species is autotrophic Cupriavidus necator. This species is 

commonly used in studies focusing on cell growth. (Yu 2014.) This microbe’s stoichiometry is 

used as reference for the calculation of carbon dioxide, nitrogen and hydrogen need per kg of 

produced biomass. The stoichiometry for Cupriavidus necator is the following (Matassa et al. 

2014, 469): 

  21.36 𝐻2 + 6.21 𝑂2 + 4.09 𝐶𝑂2 + 0.76 𝑁𝐻3 → 𝐶4.09𝐻7.13𝑂1.89𝑁0.76 +

 18.7𝐻2𝑂 

(1) 
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The mass of formed dry substance of the cell can be calculated from the stoichiometry of molar 

structure. Formed mass of water is not included to this calculation. Molar masses of used 

substances are used in calculations. Therefore, the molar mass of a cell is 97. 20 grams per mole. 

To grow, the bacterium need phosphorous substance and thus its molar mass is also needed 

(Faberbakke et al. 1996). To produce 1 kilogram of dry biomass, the needed CO2 can be 

calculated using the following formulas: 

  𝑛𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 =
𝑚𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒

𝑀𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒
  (2) 

Where, 

nsubstance = the amount of moles of substance (mol) 

msubstance = the amount of moles of substance (g) 

Msubstance = the molar mass of substance (g/mol) 

When the amount of moles is calculated (2), the amount of carbon dioxide can be calculated 

using the following formula: 

   𝑛𝐶 = 𝑛𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 4.09 (3) 

Where, 

nCO2  = the amount of moles of C (mol) 

To calculate the mass of needed carbon dioxide to produce one kg of the dry biomass, (2) is 

used. First, the needed moles of carbon is calculated. After that, that amount of moles are 

changed to kilograms. The result for growing one kilogram of Cupriavidus necator is that, it 

needs approximately 1850 grams of carbon dioxide. To calculate the needed amounts of 

hydrogen, ammonia (NH3) and oxygen, the same formulas are used than calculating the carbon 

need. To produce 1 kilogram of biomass 220 grams of hydrogen, 1020 grams of oxygen and 

130 grams of ammonia is needed. 
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One of the main nutrients that the bacterium uses is phosphorous. However, there is not relevant 

data available for phosphorous substance consumption (Akiyama et al. 2003). To get an 

estimation of how much phosphorous nutrient the process consume, the average phosphorous 

content of native aquatic bacteria is used. The molar ratio is 45:1, where the 45 represents the 

amount of carbon in the cells (Faberbakke et al. 1996). Quite usually, the needed fertilizer usage 

is presented by the amount of P2O5 (Wood and Cowie 2004). The molar mass of P2O5 is around 

141.95 grams per mole. Using (2), the needed moles of phosphorous fertilizer can be calculated. 

The need is 0.47 moles of P2O5 per kilogram of cell biomass. From this information the weight 

of needed P2O5 per 1 kg of biomass can be calculated using (2). The weight is 66.4 grams per 

kilogram of biomass. 

For the cellular growth, more nutrients than ammonia or phosphate are needed. Quite usually 

the studies uses Schlegel’s mineral medium, when measuring the bacterial growth. The medium 

solution contains the following substances: Na2HPO4_H2O – 9.1; KH2PO4 – 1.5; MgSO4_H2O – 

0.2; Fe3C6H5O7_7H2O – 0.025; NH4Cl – 1.0 (g/l) (Volova et al. 2013). The consumption of 

substances other than ammonia and sodium dihydrogen phosphate are not presented, because of 

the lack of information and assumption made in this thesis (Akiyama et al. 2003). 

One of the most important growing condition is pH. The used pH can even influence the formed 

product. For instance if the pH is lowered, the production of alcohol might increase. It is 

hypothesized that the reason why these organism produce alcohol in low pH conditions, is to 

mitigate to potentially dangerous condition changes (Daniell et al. 2012).  The optimal pH 

varies, when using different organism. For Cupriavidus necator the optimal pH is in the range 

of 6.7–6.9 (Carcia et al. 2013). For different mesophilic and thermophilic microorganisms that 

are frequently used in syngas fermentation processes the optimal pH is in the range of 5.7–8.5 

(Munasinghe and Khanal 2010, Table 2). 

For Cupriavidus necator the optimal temperature is approximately 30 °C (Carcia et al. 2013). 

Like pH the optimal temperature varies, when using different organisms. The optimal 

temperature varies with mesophilic organisms ranging from 30 to 40 °C and thermophilic 

organisms ranging from 55 to 60 °C (Munasinghe and Khanal 2010, table 2). 
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It is experimented that the optimal volumetric ratio of CO2, O2 and H2 gasses for hydrogen-

oxidizing bacterium is 1:2:7 (Volova et al. 2013). When given sufficient gas flows the hydrogen-

oxidizing bacterium’s specific bacterial growth rate is 0.25 per hour. The cell density is around 

91 kg/m3. (Yu 2014, 8.) From these values, the speed of production per known volume can be 

calculated, when optimum conditions are maintained. According to given values the production 

speed is 22.75 kg/m3h. The values of growing conditions and needed substances is seen on table 

16. 

Table 16. The needed substances and optimal growing conditions of Cupriavidus necator. 

The needed substances and optimal 

growing conditions 
Value Reference from literature 

CO2 [kg/kgbiomass] 1.85 Matassa et al. 2014, 469 

O2 [kg/kgbiomass] 1.02 Matassa et al. 2014, 469 

H2 [kg/kgbiomass] 0.22 Matassa et al. 2014, 469 

NH3 [kg/kgbiomass] 0.13 Matassa et al. 2014,  469 

P2O5 [kg/kgbiomass] 0.066 Faberbakke et al. 1996 

Optimal temperature [°C] 30 Carcia et al. 2013 

Optimal pH 6.7–6.9 Carcia et al. 2013 

Optimal volumetric ratio [CO2:O2:H2] 1:2:7 Volova et al. 2013 

The cell productivity  [kg/m3] 91 Yu 2014, 8 

The specific growth rate [-/hour] 0.25 Yu 2014, 8 
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4 ALTERNATIVE PROTEIN PRODUCTION METHOD 

 

Currently the agriculture cannot be considered sustainable (Section 2.6). To find a solution for 

upcoming challenges, alternative protein production method is presented here. Because of the 

upcoming challenges, the unit processes are chosen so that the sustainability is the first priority. 

The capacity of wind and solar energy is rising fast. There might be oversupply of electrical 

energy in the future, because wind and solar energy sources has strong fluctuation due to climate 

conditions. One solution to make use of the oversupply is to store the energy to the different 

chemicals. The possibility to use the electricity to produce methane via syngas fermentation is 

already under development. The process is called power-to-gas technology. In this thesis the 

chemicals refers to biomass production. The essential substances CO2, H2 and O2 for biomass 

growth using bioreactors can be produced via water electrolysis and carbon capture. (Lehner et 

al. 2014, 1-9.) This section focuses on the process that is needed to produce biomass by 

photobioreactor or dark condition bioreactor using electricity from wind and solar energy. The 

power need of biomass production contains the energy consumption of carbon capture, water 

electrolysis, bioreactor, culture harvesting, drying and storage. 

The technology behind the dark condition process is chosen so that it is not bound to specific 

location. In case of microalgae production, it would be beneficial to make the production facility 

near sea and a sunny place, so that the process could use the seawater and has high solar 

radiation. The land use and GWP of the processes are included to process description.  Before 

calculating the energy need of production and its environmental impacts, there is a short preview 

of used technology and its usability. The used technology behind bioreactor is described on 

section 3. When calculating the land use of photobioreactor process, the needed area of facility 

to grow algae is taken into account. The notable thing is that not all process inputs are viewed 

in this thesis and thus more research is needed to get information, which is more detailed. 

Bioreactor process, culture harvesting and drying are unit processes, whose facilities’ material 

need is not taken into account in all environmental impact calculations. The electricity 

consumption of those processes are included. (Section 4-5.)  
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When calculating the impacts and energy consumption, the assumption is made so that, all the 

electrical energy used to produce biomass is produced from renewable sources. The sources are 

wind and solar energies. The process is assumed to function so, that all the gasses produced for 

biomass production are used right away. The gasses needed for biomass production can be 

stored, if there is so much oversupply that the process cannot handle all the material produced, 

but storage needs energy and materials and thus increases the energy need, GWP and land use 

(Viebahn et al. 2007). This has to be taken into account, when planning the process in reality. 

Although, the thesis is based on a future scenario, which means that the technology behind the 

process will develop, the used values are based on known values from literature. The known 

values are used, so that overestimations are avoided. Other assumption is that the process is 

done in U.S. The reason why U.S is chosen, is because the soybean seems to be the most 

sustainable protein source and U.S is one of the major producers of them (Section 2.5). 

When viewing the values, it should be done critically. This is due to the reason that some of the 

technologies environmental impacts are hard to present completely valid for this thesis. The 

used references are reliable, but not all of them shows all the information on how the results are 

achieved. Because of allocation, weighting and possible difference on used inputs and outputs, 

the results might differ (Björklund 2002, 64). However, the values give a rough estimation and 

a good start for further research. 

 

4.1 The energy production from solar and wind power and energy losses due 

to distribution and transmission 

 

Producing energy from wind turbines and photovoltaic panels is not completely emission free. 

This is due to the materials need for the facilities. Land use and GWP values are viewed of these 

energy sources are presented in this section. Because land use of conventional biomass 

production methods are normally presented kilograms per m2 per a year, it is reasonable to 

present the energy production the same way. The unit is then kWh per m2 per a year. The land 
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area values are taken from sources that views large power production facilities. If individual 

power production facilities are viewed instead of large facilities, the environmental impact 

values differ from the values used in this thesis (Fthenakis and Kim 2009). 

Installed capacity of wind and solar energy is not much at the moment, if the total energy 

production is considered. This might not be the situation in the future. The reason why it is 

reasonable to make an assumption to use solar and wind power as sole energy sources for the 

process, can be seen on the following figure.  

 

Figure 15. Global cumulative installations of solar and wind power (POWERWEB 2016). 

 

The installed capacity of solar and wind power is rising very fast (Figure 15). Because of 

growing interest on energy sources that has strong fluctuation, the assumption of using 

oversupply of energy can be reasoned. The notable thing is that there is other applications to 

produce energy from solar radiation or wind, but they are not included on the figure 15 or 

environmental impact calculations. 

The electricity has to be transferred somehow and thus the electricity losses has to be taken into 

account, when calculating the energy need of the process. The average electricity loss in the U.S 

is around 6 % (EIA 2016). There is not much research on environmental impacts of power grid 

itself thus the known information is used. Norwegian power grid’s transmission and distribution 
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emissions are 1.3 grams per kWh (Jorge, 2013, Table 1: Publications). The power grid’s land 

use is not included to calculations. 

 

4.1.1 Wind power 

 

Wind turbines converts wind’s kinetic energy to electricity. In short, the energy is produced, 

when wind rotates the rotor and the generator turns the mechanical energy to electricity. There 

exists lots of different kind of wind turbine designs. The most common design is horizontal axis 

wind turbines (Manwell and McGowan 2009, 3-10.)  The main parts are rotor, hub, drive train, 

control box, generator, mainframe, tower and foundation.). Usually, the number of rotors varies 

from two to three depending on wind conditions (Manwell and McGowan 2009, 4; Figure 1.3). 

The wind turbines has evolved a lot in a recent years. The technology behind them is more and 

more sophisticated and the size of the wind turbines has grown significantly. The power capacity 

has increased from 25 kW to 10 MW. Even up to 20 MW turbines are under design and it might 

be possible to make those by 2020. (Manwell and McGowan 2009, 19; EWEA 2011, 12.) 

When choosing GWP and land use values of wind power from literature, the average values are 

used. The notable thing is that, there is quite little studies that views land use (Arvesen and 

Hertwich 2012, Table 1). In this thesis, the direct land transformation value is used. The direct 

land transformation impact of wind farm in California is estimated to be 1030 m2 per GWh, 

when the lifetime of turbines are 30 years (Fthenakis and Kim 2009, Table 6). The lifetime has 

to be taken into account, when calculating the yearly land need of wind power. The average 

GWP of wind power life cycle emissions is 12 grams per kWh (Dolan and Heath 2012, s145) 

 

 



65 

 

 

4.1.2 Solar power from photovoltaics 

 

The photovoltaics (PV) produces electricity from solar radiation. The photon is absorbed by 

semiconductor, which produces electron current. The current is direct current (DC) which is 

why the inverter is needed to form alternating current (AC). Usually the PVs are made using 

crystalline silicon modules which are based on bulk wafers. (Avrutin et al. 2011.) 

The PVs can be divided to three categories. The categories are wafer-based crystalline cells, 

thin-film cells and organic cells. In the IEA PVPS countries, the most used technology is wafer-

based that account more than 80 % of the total PV module production. (IEA 2015, 5.) Because 

wafer-based technology dominates the markets, it is reasonable to use that technological 

application, when taking GWP and land use values from literature. However, in the future the 

markets might be dominated by other applications. One application might be printable organic 

solar cells, because of its low cost and simple process (Kim and Kim 2012). 

For direct land transformation value, a multi-Si PV module based solar power plant is used. The 

value is taken from literature, which compares different solar power application’s land use in 

the U.S.  The value used in this thesis is 438 m2 per GWh, when the lifetime of power plant is 

30 years (Fthenakis and Kim 2009, Table.5). The lifetime has to be taken into account, when 

calculating the yearly land need of solar power. Although the used reference is quite old, the 

value hits in the range of values used in recent references (Hernandez et al. 2013, 6). In the U.S, 

the average GWP emission value of large-scale solar power plants is 36 grams of CO2 per kWh 

(Turney and Fthenakis 2011, 3261).  

 

4.2 Water electrolysis 

 

Around 95 % of hydrogen is produced from fossil fuels. For this thesis, the use of fossil fuels is 

not an option, because this thesis goal is to find sustainable applications. To produce oxygen 
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and hydrogen for the process, the water electrolysis technology is a good way to produce these 

substances via electricity. The electricity can be produced by renewable sources and thus this 

application is used in the process. It is estimated that globally around 4 % of hydrogen is 

produced via water electrolysis. The advantages of using water electrolysis are highly dynamic 

modes operation, compact stack design, high unit power densities, high capacities, satisfying 

gas purity levels, wide partial load ranges with high enough efficiencies and low investment 

costs. The technology is already in use, but there is still room for improvements. Currently a lot 

of research is done to make this technology more efficient. (Lehner et al. 2014, 19-20). The 

equation of the water splitting can be seen below: 

  𝐻2𝑂 →
1

2
𝑂2 + 𝐻2 (4) 

Electricity and thermal energy are needed to split water (Lehner et al. 2014, 19-20). The needed 

energy for water splitting is calculated using the following equation: 

  ∆𝐻(𝑇) = ∆𝐺(𝑇) + 𝑇∆𝑆(𝑇) (5) 

Where, 

∆H(T) = total amount of energy needed to split water (kJ/mol) 

∆G(T)  = electrical energy needed to split water (kJ/mol) 

T∆S(T) = thermal energy needed to split water (K) 

 

The minimum cell potential to split water can be represented by the reversible voltage. The 

thermo-neutral voltage is related to the enthalpy change. These values are related to the terms 

of (5). The electricity and thermal energy need can be calculated using following equations: 

  𝑉𝑟𝑒𝑣 =
∆𝐺

𝑥𝐹
= 1.23𝑉 (6) 
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Where, 

Vref  = cell potential (V) 

x  = the number of electrons transferred in reaction (mol) 

F  = Faraday constant (C/mol) 

  𝑉𝑡ℎ =
∆𝐻

𝑛𝐹
=

∆𝐺

𝑛𝐹
+

𝑇∆𝑆

𝑛𝐹
= 1.48𝑉 (7) 

Where, 

Vth = thermo-neutral voltage (V) 

The thermos-neutral voltage 1.48 V is obtained, when ∆H is 285.84 kJ/mol and a temperature 

T is 298 K. The Ecell is the voltage of cell. It If the Ecell is higher than Vref but lower than Vth, 

water splitting takes place by absorbing heat from the environment. But then again, if the Ecell 

is higher than Vth the electrolysis cell produces heat, when water splitting is happening. Then 

the cell has to be cooled. When operating water electrolysis, the temperature and pressure are 

important parameters. They influence the efficiency of the process due the fact that splitting is 

depended on heat energy. When vaporized water is available the splitting need less energy. 

(Lehner et al. 2014, 21-22.)  

 

4.2.1 Alkaline electrolyzers (AEC) 

 

Alkaline electrolyzers are the most mature water electrolysis technologies there is. Currently 

there are industrial-scale applications available. Alkaline electrolyzers are composed of two 

electrodes, which are fully immersed in an aquatic liquid. The liquid consist of water and of 20–

40 % potassium hydroxide (KOH). KOH is not consumed in the process. There is other possible 

electrolytes solutions such as NaOH and NaCl, but they are not so widely used than KOH. 

Microporous diaphragm separates anodic and cathodic regions. At the moment separator-
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membranes are mainly based on different polymers and composite materials. Nickel or nickel-

plated steel is usually used as material of the electrodes. The cell’s walls are usually made of 

steel. (Lehner et al. 2014, 24-25, 27: Bhandari et al. 2014.) The basic schematic of the alkaline 

electrolysis cell and it operating principle can be seen on Figure 16. 

 

Figure 16. Schematic of the operating principle of an alkaline electrolysis cell (Lehner et al. 2014, Figure 3.2). 

 

The usual cell voltages are between 1.8–2.4 V. The operation temperatures are in range of 60–

90 °C and the pressure is something between atmospheric pressure and 15 bars. The production 

capacity of commercially available electrolyzers varies from 1 to 760 standard cubic meter 

(scm) H2 per hour. The efficiencies varies according to the system size, purity and pressure 

levels. The usual efficiencies of the alkaline electrolyzers varies from 60 % to 80 %, when the 

efficiency is based on higher heating value of H2. The specific energy consumption varies from 

4.5 to 7.0 kWh/ Nm3. Although this technology is quite mature, there is still room for 

improvements. The biggest disadvantages of this technology are low current densities and low 

operating pressures. (Lehner et al. 2014, 26-28: Bhandari et al. 2014, Table 1.) 
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4.2.2 Polymer electrolyte membrane electrolysis (PEMEC) 

 

These electrolyzers (PEMEC) are the second important water electrolysis technology after 

alkaline electrolyzers. This technology isn’t so mature than AEC and it’s used mainly for small 

scale applications. Because there is still a lot of room for development, there is a lot of research 

made on PEMEC. The interest on this technology can be explained by its potential. The 

advantages of this technology are high cell efficiencies, high current densities and the ability 

produce highly compressed hydrogen. The technology don’t need liquid electrolyte and pumps, 

gas separators and so on which reduces its electricity need. The drawbacks are the difficult up-

scaling procedures because of the system complexity and expensive component materials. 

(Lehner et al. 2014, 29, 32.) The design is quite different compared to AEC. The schematic 

diagram of PEMEC is seen on figure 17. 

 

Figure 17. Schematic of the operating principle of a PEMEC electrolysis cell (Lehner et al. 2014, Figure 3.3). 

 

On the both sides of the membranes, there is electro-catalytic layer, which works as anode and 

cathode. The catalysts on membranes are usually made of platinum group metals, which are 

unfortunately rare and expensive. The membrane itself is thin (~50–250 µm) proton conductive 

material that commonly is based on perfluorosulfonic acid. However, there is a lot of research 
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made on different material candidates such as sulfonated polyphenyl quinoxaline or sulfonated 

poly(ether-ether-ketones). (Lehner et al. 2014, 29-32.) 

The voltages of the layers range 1.6–2 V. The system efficiencies based on the higher heating 

value are in range of 60–70 % and the operating temperature are in the range of 50–80 °C. The 

specific energy consumption is in range of 4.5–7.5 kWh/ Nm3. PEMEC systems usually works 

at pressure levels of 30–60 bar. (Lehner et al. 2014, 30: Bhandari et al. 2014, Table 1.) 

 

4.2.3 Solid oxide electrolyte electrolysis (SOEC) 

 

This technological approach on water electrolysis is the least matured water electrolysis 

technologies, which are viewed in this thesis.  Thus, the more detailed description of process is 

not necessary. Most of the operated SOEC units are on a laboratory-scale. What makes this 

technology interesting is its potential to be efficient and the technology uses more heat energy 

than electricity. Heat energy is cheaper and easier to produce than electricity. The operating 

temperature is in range of 500–1000 °C that makes the process highly reversible. Right now the 

SOEC technology is far from commercialization, but it has a potential to be used in applications, 

which are not only limited to hydrogen production. For instance, it can be used to reduce CO2 

to CO, which is a useful tool when making syngas. The specific energy consumption is estimated 

to be in range of 2.5–3.5 kWh/ Nm3. (Lehner et al. 2014, 33-37: Bhandari et al. 2014, Table 1.) 

 

4.2.4 The energy need and GWP of water electrolysis 

 

To produce biomass using hydrogen-oxidizing bacterium, hydrogen and oxygen are needed. 

Water electrolysis process can make both of these substances. Because the molar amount of 
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needed hydrogen is much higher than the needed molar amount of oxygen, the energy 

consumption depends on the needed hydrogen (Section 3.2.5). 

There exist limited amounts of research papers of water electrolysis environmental impacts and 

detailed life cycle inventory (LCI) data. LCI means the material flows of process. Some research 

papers even state that there is not any published data on detailed LCI of electrolyzer unit.  

(Bhandari et al. 2014.) However, some papers present GWP value of water electrolysis facility. 

The electrolyzer’s GWP is 43 g CO2-equivalent per 1 kg of hydrogen (Spath and Mann 2001, 

Figure 2). 

The water use of this unit process is assumed to be the same as water consumption when 

producing hydrogen and oxygen. The conversion efficiency is assumed 100 %.  When these 

assumptions are used, the water consumption can be calculated from the amount of hydrogen 

produced. The water consumption is calculated using (4) and (2).  The result is that 

approximately 8.94 kilograms of water is consumed while producing 1 kilogram of hydrogen. 

Because the most mature water electrolysis technology is alkaline based, it is reasonable to use 

its specific energy consumption value. It is also reasonable to use the minimum value because 

the technology is still developing. The minimum value presented in this thesis is 4.5 kWh/Nm3 

of hydrogen. One normal cubic meter of gaseous hydrogen weights 0.08988 kilograms. This 

means that to produce 1 kilogram of hydrogen 50.07 kWh electrical energy is needed. (Bhandari 

et al. 2014, Table 1.) Because the used cell voltages in alkaline-based processes are usually 

higher than Vth, the process produces heat. This heat can be used in other process like in carbon 

capture process for adsorbent regeneration or in bioreactor process, which decreases the energy 

need of the whole process. The land use of the electrolyzer unit is not viewed in this thesis due 

to the lack of information. 
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4.3 Carbon capture 

 

There exists many different methods and technologies to capture or produce carbon dioxide like 

post-combustion or oxy-fuel combustion methods. The method that is relevant for this thesis is 

direct carbon capture from air (DAC). The reason why DAC is used as part of the biomass 

production process, is that it offers a solution to produce high purity carbon dioxide with 

possibility to reduce the concentration of CO2 from atmosphere without specific location. Other 

reason is that, it can be used sustainable, if renewable energy source is used to power the process. 

(Choi et al. 2011, 2420.) However, there exists more economic and efficient ways to capture 

CO2 than DAC. DAC process is more energy consuming and less efficient than point source 

technologies (Reiter and Lindorfer 2015). The more efficient methods are not viewed in this 

thesis, because they doesn’t offer the possibility to remove CO2 from the air, which is more 

important quality than removing CO2 from exhaust gasses. It is an important quality, because it 

can be used to counter climate change. (Choi et al. 2011, 2420.) 

Currently it seems that amine-based solid adsorbents are the best option for carbon capture from 

ambient air. It has a potential to be an effective solution to extract carbon dioxide from the air. 

The sorbent used to capture CO2 can be regenerated and the energy needed to regenerate solid 

adsorbents is not so energy intensive than other DAC solutions like sodium hydroxide-based 

solvents. Using membrane could be an option too, but right now, it seems that they are not cost 

efficient solutions (Choi et al. 2011, 2420).  

Right now, there is a growing interest on carbon capture technologies due to climate change and 

they are currently under development. Some of the technologies are mature enough to be used 

as industrial scale, but they are not yet fully developed (CCS, 2015). Especially solid amine-

based adsorbents are under research and they seems to be the best alternative for DAC 

applications in the future (Choi et al. 2011, 2420). 
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4.3.1 Fixed-bed sorption 

 

This approach to capture CO2 from air is a common setup, when studying possibilities on how 

to utilize solid amine-based adsorbents. This method is quite simply. The sorbent is packed in a 

column and the air is fed into the columns. The sorbent adsorbs carbon dioxide in the column. 

After the sorbent has adsorbed the specific amount of CO2, the sorbent is regenerated using heat. 

During this step the airflow is stopped. When regenerating the adsorbed CO2 is released from 

adsorbents and collected. After this, the column is ready to be used again and the air can be fed 

again into the column. It should be noted that, when regenerating, the a little bit of adsorbent is 

consumed (Wurzbacher et al. 2011). 

 

4.3.2 The energy need to capture CO2 and the process environmental impacts 

 

Many different adsorbents can be used to capture CO2. Their energy need differs and thus there 

is not a specific value that can be used, if the used adsorbent is not known. However, there is an 

estimation of total energy need, which is something between 5.4–9.0 MJ per captured kilogram 

of CO2 (Reiter and Lindorfer 2015). In this thesis, a known adsorbent is used. When using 

polyethyleneimine–silica adsorbent in a bubbling fluidized bed reactor, the total energy need is 

6.6 MJ per captured kilogram of CO2.  The electricity need is 3.4 MJ per kg of captured CO2 

and the thermal energy need is 3.2 MJ per kg of CO2. The regeneration temperature is 130 °C. 

(Zhang et al. 2014.) This energy consumption per captured kilogram of CO2 is used, when 

calculating the process energy need. This technology is still under development so more 

efficient and less energy intensive processes should be possible in the future. The needed 

thermal energy is not included in this process. The thermal energy is assumed to be taken from 

water electrolysis process or some other process that produces waste heat. For instance, the 

biological process produces some extra heat (section 3.2). 
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There exists a lot of LCA studies made on carbon capture methods, but there is only a few 

studies which presents the results of LCA on DAC process. One study presents that the GWP 

of DAC is -0.41 kg of CO2-equivalent per captured kg of CO2 (Von Der Assen et al. 2013, Table 

1). For land use there is an estimation that approximately one square meter is needed to remove 

20 tons of CO2 per a year. However, the land use value represents only the needed land area of 

the facility to capture CO2. This means that full land are impact is not included into this research. 

This value is used as reference due to the lack of available data. (APS 2011, 8.)  Because there 

is no mention what kind of factors are used, when the GWP and land use of the process is 

calculated, the result may differ from real life application.  If result that is more accurate would 

be wanted, the more detailed study on LCA of DAC needs to be done.  

 

4.4 The electrical power consumption of the biomass production process 

 

This section focuses on the power consumption of the whole process. The assumptions and 

scope of process are told and the used values from literature are presented in this section. The 

simplistic scheme of the syngas process and photobioreactor process are also presented. 

 

4.4.1 Photobioreactor process 

 

It is possible to make the process indoors by using artificial light. This would make the process 

less location dependent, but it would increase the energy consumption. For instance, a research 

compares tubular indoor and outdoor photobioreactors. The conclusion is that the indoor 

application consumes over six times more energy than outdoor application. (Itoiz et al. 2012.) 

Because there is such a huge difference whether the process uses natural light instead of 

artificially produced light, only outdoor application is viewed in this thesis.  
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Because the process is location depended due to its need of light radiation, the yields can vary 

in different locations. The process would consume more energy, if gained yield were lower. The 

reference process used is located in Italy. (Tredici et al. 2015).  The latitude of Italy and U.S can 

be the same and thus the yield in U.S can be assumed to be the same as the process has in Italy. 

To calculate the photobioreactor process’ energy need, two different existing facilities are used 

as reference. Because flat panel photobioractors energy need is lesser than other application’s 

energy need, it is used for culture growing. The 1-ha plant is used as reference to measure the 

process energy consumption of the photobioreator process. The plant consist of eight identical 

modules. One module of GWPs-II have twenty-five vertical panels, which are placed in parallel 

rows. The total volume of culture of microalgae is 315 m2. To get the process function, several 

other equipment are used. The plant uses two blowers for bubbling the gas feed to the culture 

champers, one pump for seawater circulation, four centrifugal (Tredici et al. 2015). Medium 

preparation and centrifuges’ energy need for culture harvesting is taken from other references 

due to more efficient processes.  For culture harvesting, it is reasonable to use the combination 

of centrifuges and freeze-drying method to get dry biomass due to less energy need.  The energy 

need of centrifuge to make 15 % concentration slur is 0.9 kwh per m3 (Grima et al. 2003, Table 

1.). The cell density of microalgae in aquatic solution is included into calculations. The value of 

cell density, the cell productivity, is 4 kilograms per m3 (Table 15). The freeze-dryer and storage 

process is taken from existing facility that produces algae-based biomass. The energy need of 

this process is 31.4 W per 1 kilogram of product (Acien et al. 2012). When using freeze-drying 

method, the notable thing is causes some protein losses. The protein losses are below 10 %. 

Protein losses happens in most of the drying methods. (Chen et al. 2015, 449.) To ensure that 

too high efficiency of protein gain is not used in calculations, the value of 10 % protein loss in 

drying process is used. The other bioreactor processes which needs electricity are culture 

bubbling, water pumping and cooling, water pumping for growth medium preparation and 

culture and growth medium pumping (Tredici et al.  2015, Table 3). To produce CO2 for culture 

growth, DAC is used. The electrical energy need of carbon capture is approximately 0.889 kWh 

per kg of CO2 (Zhang et al. 2014). The energy need is calculated based on the energy need per 

kg of biomass. The energy consumption values from literature are presented on table 17. 
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Table 17. The energy consumption of photobioreactor process. 

The energy need of photobioreactor unit processes 

Energy 

consumption 

[kwh/kgbiomass] 

Reference from literature 

Culture bubbling  2.45 Tredici et al. 2015, Table 3 

Water pumping for cooling 0.40 Tredici et al. 2015, Table 3 

Water pumping for growth medium preparation 0.04 Tredici et al. 2015, Table 3 

Culture and growth medium pumping 0.05 Tredici et al. 2015, Table 3 

Centrifuge  0.47 Grima et al. 2003, Table 1 

Drying and Storage 0.03 Acien et al. 2012 

DAC  1.63 Zhang et al. 2014 

  Total 5.40  

 

The substance needs and energy consumption of the process is presented on the following figure. 

The simplistic scheme of photobioreactor process is seen on figure 18. 
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Figure 18. The schematic of photobioreactor process. 
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4.4.2 Energy need of bioreactor, culture harvesting, drying and storage for hydrogen-

oxidizing bacterium 

 

Because continuous stirred-tank reactor type is the most commonly used reactor design for PHB 

production, it is reasonable to use it as reference (Section 3.2.1). One of the reasons it is widely 

used, is its good mass transfer efficiency (Munasinghe and Khanal 2010). The continuous 

stirred-tank reactor is assumed to gain the specific growth rate of 0.25 per hour. This assumption 

is reasonable, because the same kind of growth rates has been gained while cell density of 91 

kg per m3 is also reached. (Najafpour 2013, 1: Yu 2014.) 

The electrical energy demand of bioreactor, culture harvesting and drying is the only parameter, 

which is included bioreactors GWP and land use calculations. More research is needed to get 

more reliable estimation of the process environmental impacts. However this information can 

be used as rough estimation to ponder, if further research should be done or not and is the process 

more efficient than conventional protein production methods. The needed heating or cooling is 

not viewed. The heat needed to keep the temperature 30 °C, is assumed to be gained from 

bacterial growth (Akiyama et al. 2003).  Because the flow is continuous, the over thermal energy 

is assumed to leave the system. 

When comparing stirred-tank systems with Rushton-type impellers and Techmix 355 pumping 

systems, it seems that up-pumping is the most efficient way to increase mass transfer coefficient. 

The process is more efficient, if two Rushton-type impellers are used. The energy consumption 

of stirred-tank reactor with two Rushton type impellers is approximately 950 W per m3, when 

the mass transfer coefficient is 0.25. (Kadic and Heindel 2010, Figure 2.)  

The energy consumption of continuous centrifuge is assumed to be 0.9 kWh per m3, when 

harvesting culture (Grima 2003, Table 1). Because hydrogen-oxidizing bacterium and algae are 

both microorganisms, it can be assumed that the same energy is needed, when processing one 

cubic meter of aquatic solution in both bioreactor processes. However, energy consumption 

might differ in real applications due to different conditions. The cell density are taken into 

account in calculations (Table 16). 
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Centrifuges does not remove all the moisture unless the process is repeated, which is the reason 

why drying process is included to process. Repeating culture harvesting process increases the 

power consumption.  The solid concentration after continuous centrifuge is assumed 15 % 

(Grima 2003, Table 1). One option to produce dry matter is to use freeze-dryer. The drying and 

storage consumes 31,4 W per 1 kilogram of product (Acien et al. 2012). When using freeze-

drying method, the notable thing is causes some protein losses. The protein losses are below 10 

% (Chen et al. 2015, 449). To ensure that too high efficiency is not used in calculations, the 

value 10 % is used. However, when planning to design real facility to produce biomass via these 

microbes, it should be researched, if this process is suitable or the most efficient way to dry and 

storage the product. 

Table 18. The syngas-based process energy consumption. 

The energy need of syngas-based bioreactor unit 

processes 

Energy consumption 

[kwh/kgbiomass] 
Reference from literature 

Bioreactor 0.010 Kadic and Heindel 2010, Figure 2 

Centrifuge 0.010 Grima et. all 2003, Table 1 

Drying and Storage 0.031 Acien et. all 2012 

DAC 1.644 Zhang et. all 2014 

Water electrolyzer 11.015 Bhandari et al. 2014, Table 1 

 Total 13.523  

 

The simplistic scheme of photobioreactor process can be seen on figure 19. The substance needs 

and energy consumption of the process is presented on the following figure.  
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Figure 19. The schematic of syngas-based bioreactor process. 

  



81 

 

 

5 CALCULATIONS OF THE ALTERNATIVE METHOD’S 

EFFICIENCY AND LAND USE 

 

This section describes the GWP and land use calculations of the whole protein production by 

bioreactor processes and made assumptions in calculations. First, the calculations of 

photobioreactor process is described following the syngas-based bioreactor process. 

 

5.1 The photobioreactor process values used in calculations and 

assumptions made 

 

The simplistic scheme of the whole process’ energy need is described on figure 18. The 

electricity produced for the process is done by wind and PV power, whose land use and GWP 

are taken into account. The GWP and land use values of electricity production are based on 

values in U.S. The distribution and transfer of electricity and its energy losses are also included 

in calculations. The GWP value of grid’s distribution and transfer is relatively small and thus it 

can be estimated to be almost the same as Norwegians grid’s GWP. The energy loss is based on 

average value in U.S. 

To produce biomass, the process needs different kinds of nutrients and substances. The need of 

CO2, phosphor and nitrogen are the only nutrients and substances, whose GWP are viewed. To 

produce CO2, DAC is used, whose GWP is included to the calculations. The needed amount of 

phosphorous fertilizer is calculated from given value of phosphor need using (2). The land use 

of processes DAC, flat panel bioreactor, wind power and solar power are used in calculations.  

In case of DAC and flat panel bioreactor, only the facility’s land area is viewed. The gaseous 

substrates are assumed to be used instantly and thus their storage or transportation is not viewed. 

The used values in calculations are seen on tables 15, 17 and 19. 
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Table 19. The used values from literature in calculations of photobioreactor process’ GWP and land use. 

The used values in calculations Value Reference from literature 

GWP values   

GWPsolar [kg CO2-eq /kWh] 0.036 Turney and Fthenakis 2011, 3261 

GWPwind [kg CO2-eq /kWh] 0.012 Dolan and Heath 2012, s145 

GWPP2O5 [kg CO2-eq / kgP2O5] 0.165 Wood and Cowie 2004, Table 7 

GWPN [kg CO2-eq /kgN] 0.8575 Wood and Cowie 2004, Table 5 

GWPDAC [kg CO2-eq /kg CO2] -0.41 Von Der Assen et al. 2013, Table 1 

Emission factorgrid [kg CO2-eq /kWh] 0.001 Jorge, 2013, Table 1: Publications 

Land use values   

LUsolar [kWh/m2y] 68.5 Fthenakis and Kim 2009, Table.6 

LUwind [kWh/m2y] 29.1 Fthenakis and Kim 2009, Table.6 

LUDAC [m2/kgCO2y] 0.0001 APS 2011, 8 

LUbiofac [m2/kgbiomass] 3.6 Tredici et al. 2015, Table 7 

Other values   

Biomass density [kgbiomass/m3] 1.9 Tredici et al. 2015 

Ellos [%] 6 EIA 2016 

Protein content [%] 45 Tredici et al. 2015, Table 7 

Protein lossdrfr [%] 10 Chen et al. 2015, 449 

P [kgP/kgbiomass] 0.007 Tredici et al. 2015, Table 2 

N [kgN/kgbiomass] 0.07 Tredici et al. 2015, Table 2 

MP2O5 [kg/kmol] 186.9 Own calculation 

nP2O5 [kmol/kgbiomass] 0.0001 Own calculation 
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5.2 The syngas-based bioreactor process values used in calculations and 

assumptions made 

 

The simplistic scheme of the whole process’ energy need is presented on figure 19. The 

electricity produced for the process is done by wind and PV power, whose land use and GWP 

are taken into account. The GWP and land use values of electricity production are based on 

values in U.S. The distribution and transfer of electricity and its energy losses are also included 

in calculations. The GWP value of grid’s distribution and transfer is relatively small and thus it 

can be estimated to be almost the same as Norwegians grid’s GWP. The energy loss is based on 

average value in U.S. 

To produce biomass, the process needs different kinds of nutrients and substances. The need of 

CO2, phosphor and nitrogen are the only nutrients and substances, whose GWP are viewed. To 

produce CO2, DAC is used. Its LCA is included to the calculations. This process needs also 

hydrogen and oxygen. These substances are produced via water electrolysis, which GWP is 

included in calculations. The water electrolysis process’ and bioreactor process’ land use is not 

included to calculations. The land use of processes DAC, wind power and solar power are used 

in calculations.  In case of DAC, only the facility’s land area is viewed. The gaseous substrates 

are assumed to be used instantly and thus their storage or transportation is not viewed. The used 

values in calculations can be seen in table 20. 
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Table 20. The used values from literature in calculations of dark condition bioreactor process’ GWP and land use. 

The used values in calculations Value Reference from literature 

GWP values   

GWPsolar [kgCO2-eq/kWh] 0.036 Turney and Fthenakis 2011, 3261 

GWPwind [kgCO2-eq /kWh] 0.012 Dolan and Heath 2012, s145 

GWPP2O5 [kgCO2-eq / kgP2O5] 0.165 Wood and Cowie 2004, Table 7 

GWPNH3 [kgCO2-eq /kgNH3] 1.223 Wood and Cowie 2004, Table 3 

GWPDAC [kgCO2-eq /kgCO2] -0.41 Von Der Assen et al. 2013, Table 1 

GWPel [kg CO2-eq /kgH2] 0.043 Spath and Mann 2001, Figure 2 

Emission factorgrid [kg CO2-eq /kWh] 0.013 Jorge, 2013, Table 1: Publications 

Land use values   

LUsolar [kWh/m2y] 68.493 Fthenakis and Kim 2009, Table.6 

LUwind [kWh/m2y] 29.126 Fthenakis and Kim 2009, Table.6 

LUDAC [m2/kgCO2] 0.00005 APS 2011, 8 

Other values   

Biomass density [kgbiomass/m3] 91 Yu 2014, 8 

Ellos [%] 6 EIA 2016 

Protein content [%] 70 Volova and Barashkov 2010, 574 

Protein lossdrfr [%] 10 Chen et al. 2015, 449 
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5.3 Equations used in calculations 

 

This section represent the equations that are needed to calculate the estimations of GWP and 

land use values. The GWP can be calculated using values from tables 15-20. The equation for 

GWP is the following: 

 

 𝐺𝑊𝑃𝑏𝑖𝑜𝑟𝑒𝑎𝑐𝑡𝑜𝑟 =
∑(

(𝐺𝑊𝑃𝑘𝑊ℎ𝑖∗𝐸𝑒𝑙)

𝑒𝑙𝑙𝑜𝑠
)+∑(𝐺𝑊𝑃𝑘𝑔𝑖∗𝑚𝑖)

𝑐𝑝𝑟𝑜𝑡∗𝑝𝑟𝑜𝑡𝑙𝑜𝑠𝑠
 

(8) 

, where 

 GWPbioreactor = the whole process global warming potential per kilogram of produced protein 

GWPkWhi = Emission factors for needed electrical energy 

Eel  = The needed energy to produce one kg of wanted biomass 

GWPkgi  = Emission factors to produce needed substances 

mi  = The amount for needed substances 

cprot  = Bacterium’s protein content 

protloss  = Protein loss after drying process 

 

To calculate the whole process land use, (9) is used. The values needed for calculations are taken 

from tables 15-20. 

 𝐿𝑈𝑏𝑖𝑜𝑟𝑒𝑎𝑐𝑡𝑜𝑟 =
∑(𝐿𝑈𝑒𝑙𝑖∗𝐸𝑒𝑙)+∑𝐿𝑈𝑓𝑎𝑐𝑖

𝑐𝑝𝑟𝑜𝑡∗𝑝𝑟𝑜𝑡𝑙𝑜𝑠𝑠
  (9) 

, where 

LUbioreactor = The whole process land use per kilogram of produced protein 
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LUeli  = The needed electricity to produce one kilogram of wanted biomass 

LUfaci  = The land use of different facilities per one kilogram of wanted biomass 
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6 THE RESULTS OF CALCULATIONS AND DISCUSSION 

 

This section represent the gained results from calculations. After that, there is a discussion on 

the results objectivity and the future views of this application. The results should be viewed 

critically, because not all the flows are included in GWP and land calculations. 

 

6.1 Results 

 

The GWP and LU values of photobioreactor process are presented per kilogram of produced 

biomass and per kilogram of produced protein. The results are calculated using (8) and (9). The 

results can be seen on table 21. 

Table 21. The whole photobioreactor process GWP and LU using wind or solar power in U.S 

Photobioreactor     

The whole process 
GWP 

[kg CO2-eq/kgbiomass] 

LU 

[m2/kgbiomass] 

GWP 

[kg CO2-eq/kgprtotein] 

LU 

[m2/kgprotein] 

Wind power -0.552 3.785 -1.115 7.647 

Solar power -0.422 3.679 -0.853 7.432 

 

GWP value is actually negative, which is a promising result, when thinking the impacts on 

climate. The LU value is higher when using wind as power source instead of solar power. When 

comparing the GWP values, the wind power is more sustainable than solar power. (Table 21.) 
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The GWP and LU values of whole syngas-based biomass production process are presented in 

table 22. The results are calculated using (8) and (9). 

Table 22. The syngas-based bioreactor process GWP and LU using wind or solar power in U.S 

Syngas-based 

bioreactor 
    

The whole process 
GWP 

[kg CO2-eq/kg biomass] 

LU 

[m2/kg biomass] 

GWP 

[kg CO2-eq/kg prtotein] 

LU 

[m2/kg protein] 

Wind power -0.238 0.464 -0.378 0.737 

Solar power 0.087 0.198 0.138 0.314 

 

The GWP value is negative only in the case when using wind power as energy source. This 

means that this application is not as sustainable as photobioreactor process, when only GWP is 

considered. When viewing LU values, syngas-based bioreactor process needs a lot less land than 

photobioreactor process. (Table 22.) 

 

6.2 Objectivity of the calculations and values taken from references 

 

The amounts of protein sources and distribution ratios are taken from FAOSTAT databases that 

United Nations publishes and thus they can be considered valid. When converting the protein 

sources to proteins, there is a possibility to errors. The amount of plant proteins are calculated 

using average protein contents using various sources. The sources does not give the exact 

average value of protein contents. They give the minimum and maximum values from which 

the average value is taken. The gained values can still be used to estimate the protein production 

trends. The protein contents of other sources are values from various sources and they can also 

be used to estimate the protein production trends. Exact values they are not and thus their use as 

precise values should be avoided. 
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The environmental impact values and food and protein conversion efficiencies are all taken from 

different literature references. The values that represent different environmental impacts of 

protein production should all be viewed critically, because using different classification, 

allocation, weighting, normalization or raw data can have an impact on gained results. However, 

usually the errors are quite marginal. (Björklund 2002, 64.)  To make sure plant protein 

production’s impact values can be used as estimations, different sources are used. Doing this 

makes those impact estimations more reliable compared to situation, where they are based only 

to one or two references. The animal-based protein production’s impacts are much greater than 

plant protein production’s impacts and thus less sources can be used to get comparable values. 

Despite of these uncertainties, the values are taken from scientifically made references and thus 

are well suited to make estimations and conclusions. 

Because the values represents the estimations on big scale, they should not be used as reference, 

if local conditions are viewed. The impacts varies a lot depending on conditions, location and 

species. The values are suitable, when viewing the average impacts of different products and 

thus they can be used, when comparing environmental impacts between conventional protein 

production and production via bioreactors in this thesis. The Sankey diagram should also be 

viewed critically. The used conversion efficiency factor of plant-based protein to animal-based 

protein is an average estimation, when producing high quality animal-proteins. In reality, the 

conversion efficiency is much higher, because not all the feed goes to high quality meat 

production. For example the protein conversion efficiencies of milk, aquaculture or egg 

production is much better than used value. Still it is used to give a rough estimation to describe 

world’s protein flows. 

For process calculations, values from literature are used. Some of the used values are taken from 

actual facilities, but some are theoretical and thus they might be different in real life use. 

Especially the assumption of utilization efficiencies of different substances to be near 100 % 

due to closed systems should be viewed critically. It is true that such utilization efficiencies 

could be achieved, but those efficiencies might be hard to obtain efficiently in real facilities. 

Then there is values taken from LCA studies, whose values should be viewed critically due to 

uncertainties in LCA studies (Björklund 2002, 64). The gained results from calculations does 
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not include all the data there is to estimate the whole process LCA. For instance, the GWP of 

all the nutrients or the GWP caused by bioreactor construction are not included to calculations. 

The energy consumption of the whole process is also an estimation, which could differ from 

real life process’ energy consumption. Most of the unit processes are energy consumption values 

taken from actual facilities, but for example, DAC process’ energy consumption is more 

theoretical. In land use calculations, the process whole LU is not taken into account. The land 

use caused by material need to build the unit processes or substance inputs are not included. The 

other used assumptions can be seen in sections 3.1.2, 3.2.5, 4.4.1-4.4.2 and 5.1-5.2. Despite 

these uncertainties, the results can be used as rough estimations of process’ environmental 

impacts. If more detailed impact values are desired, more research is needed. 

 

6.3 Future possibilities and research suggestions 

 

The concept of protein production using the alternative methods described in this thesis is still 

new and thus there is room for improvements. According to Munasinghe and Khanal the mass 

transfer efficiency is the bottleneck of syngas-based bioreactor process. However, there is a lot 

of research done in the field of syngas-based bioreactors and thus improvements and 

development might occur. For instance, the novel RBR application is said to have higher mass 

transfer efficiency and cell productivity compared to stirred-tank reactors. There is also a lot of 

other minor optimization possibilities that can be made to make the process more efficient 

(Section 3.2). Wind and solar power technologies are both improving ones (Section 4.1). Carbon 

capture from ambivalent air is a novel application and thus there ought to be development. The 

water electrolysis is also a developing technology (Sections 4.2-4.3). All in all the used 

technologies in the processes are all developing ones and thus the process should be more 

efficient in the future. 

One way to improve the production efficiency is to improve the product itself. It is possible to 

modify the bacterium’s genes via genetic engineering to produce more wanted substances or to 
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change the optimal growing conditions of bacteria to be more efficient than they currently are. 

The tools and techniques for genetic engineering already exists and thus it is possible to make 

research and development in this field (Hawkins et al. 2013). 

In this thesis, the possibility to produce algae-based biomass without natural light radiation is 

not considered. It is more energy intensive process compared to applications using natural 

radiation. The artificial light process would consume approximately six times more energy than 

outdoor application. However, using artificial light makes the process less location depended, 

which can be a decisive factor, when planning to construct a facility. It is also less depended on 

the changes in weather. The syngas-based bioreactor consumes a lot of energy, because of water 

electrolysis, but not so much than indoor photobioreactor (Itoiz et al. 2012).  However, the study 

used different photobioreactor design than flat panel and thus more research is needed to verify 

the power consumption of indoor application. It would be interesting to make a comparison of 

which method, an efficient photobioreactor process using artificially produced light radiation or 

an efficient syngas-based bioreactor process, would need more energy to produce one kilogram 

of protein. 

The soybean production seems to be the most sustainable big protein source produced 

conventionally. Because of that, it is reasonable to use it as sustainability comparison. When 

comparing the GWP, land use, fertilizer utilization efficiencies and water use, the alternative 

methods seems to be more sustainable in all of these fields. To produce one kilogram of 

soybean-based protein in U.S causes 1.56 kilogram of CO2-eq emissions, needs approximately 

9 m2 land area, consumes 6.3 m3 of water and uses fertilizers relatively non-efficient way.  

According to this thesis, to produce biomass using hydrogen-oxidizing bacterium causes 

negative or slightly positive CO2-eq emission depending on used energy source, needs less than 

one m2 of land area, fertilizer utilization can be near 100 % and freshwater consumption can be 

minimized to near zero. The near zero freshwater use is due to possibility to be able to use water 

circulation systems or the possibility to use wastewater.  The negative value of GWP is gained, 

when using wind power. Although, the water electrolysis process consumes water, the whole 

process water consumption can be considered relatively small compared to conventional 

production, because the biological process itself produces water as a by-product. These values 
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suggests that the alternative production method is more sustainable than conventional 

production and thus it should be considered as a worthy solution for upcoming food, water and 

resource crises. The same can be said for photobioreactor process. Land use impact of 

photobioreactor process is bigger than syngas-based bioreactor’s land use. The value is 

approximately 7.5 m2 per kilogram of protein. It is still less than conventional protein 

production’s land use, but a lot higher than syngas-based bioreactor process’ land use. When 

viewing GWP and water consumption, the photobioreactor process has advantageous qualities. 

The GWP value is negative in both cases, when either wind or solar power is used and the 

microalgae can be grown in seawater. The better GWP value than syngas-based bioreactor’s 

GWP is due to little energy consumption. The reason for that is that the photobioreactor process 

does not need pure hydrogen input like syngas-based bioreactor process does. Water electrolysis 

is the most energy-consuming factor in syngas-based bioreactor process.  The possibility to use 

seawater means that the freshwater consumption can be counted as zero. When viewing these 

qualities, it seems that photobioreactor is more sustainable than the other process. One more 

advantageous quality of microalgae production compared to hydrogen-oxidizing bacterium, is 

that the use of algae as a food source is already proven healthy and nutrient rich (Tredici et al. 

2015). The hydrogen-oxidizing bacterium biomass has been used only as feed purposes (Volova 

and Barashkov 2010). To verify, if the biomass of hydrogen-oxidizing bacterium is suitable for 

food use, more research is needed. However, the dark condition bioreactor is less location 

depended, because it does not need light radiation, and it is much faster protein production 

method. In addition, the dark condition process is ought to be more efficient in the future, 

because all unit processes are still developing. 

When viewing conventional protein production trends in this thesis, they are all growing ones. 

This is quite problematic, because there is a limited amount of resources to consume. The most 

problematic trend is the growth of animal-based protein production due to high environmental 

impact values and poor feed and protein conversion efficiencies. Almost half of the produced 

plant-based proteins went to feeding purposes in 2013, which is a huge amount. This unbalanced 

protein production is problematic, when viewing environmental impacts and future crises. Even 

though the amount of animal-based protein production is far behind from plant protein 

production, it still causes more negative environmental impacts than plant-based protein 
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production. (Section 2.) If the consumption trend is not changed, at least the production should 

be made more efficient. One way to make it more efficient would be using bacterial biomass as 

feed. This will free more plant-based proteins to food use from feed use and it would reduce the 

environmental impacts according to this study. At the same time, it would increase the protein 

production in the world. Other possibility is to replace the plant-based protein as food by 

biomass from bioreactors. It would also reduce the environmental impacts. 

This thesis did not include quorn or insects, when viewing protein flows. Especially insects 

seems to be quite sustainable solution to replace animal-based proteins. However, for this to 

happen, consumption trends has to be changed. This change could be quite hard in western 

world, because of prejudices towards insects use as food source (van Huis et al. 2013, 161-162). 

According to this thesis, the alternative methods could provide more sustainable ways to 

produce proteins, but what about the economical view. A good way to make economical view 

is to compare soybean production costs to alternative methods costs. The price of soybean was 

390 $ per Mt in 2015 (The World Bank 2016). This means that to produce one kilogram of 

soybean-based protein would cost approximately 0,001 $, when using the average protein 

content (Table 1). For now, it seems both of these methods are not cost efficient compared to 

conventional production. To verify this assumption, a couple of examples are presented. One 

research studies the same kind of process than syngas-based process from economical 

perspective. The process consists of water electrolysis, carbon dioxide capture from coal plants 

and a bioreactor process. The energy needed to keep the process running is taken from renewable 

resources. The biggest difference is the product. The wanted product is biofuel produced by 

syngas fermentation process. The study compared the price of crude oil and the fuel produced 

by bioreactor. The conclusion is that the price of renewable fuel produced by bioreactor is much 

higher than crude oil’s price. The cost of electricity was found to have the largest impact on 

process economics. Especially H2 production via water electrolysis is problematic due to high-

energy consumption. It should be noted, that electricity’s price has a huge impact on the process 

economy and thus the study is outdated, if nowadays price would be included to calculations. 

(Khan et al. 2014.) There is another study in which the cost estimation of PHA production by 

bacterial fermentation is in range of 3.5–4.5 $ per kilogram of product. PHA content is around 
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80 % of dry biomass. (Akiyama et al. 2003.) The protein content of hydrogen-oxidizing 

bacterium is around 70 % (Volova and Barashkov 2010, 574). If assumed that that the 

production cost of PHA is correlated to protein production, the cost of protein would be in range 

of 4–5.1 $ per kilogram of protein. The cost result of PHA is gained using different kind of 

process than the process used in this thesis, and thus it cannot be used as direct comparison. 

Carbon capture technology or water electrolysis are not used. Both of those unused technologies 

increases the costs and thus it can be concluded that the syngas-based process is not cost 

efficient. When comparing these results to soybean costs, the protein production using non-

conventional methods is more costly than conventional production. However, this might change 

in the future. The technologies are developing and the electricity’s price might be lower in the 

future. To gain reliable information on the process cost-efficiency in the future, further research 

is needed. For photobioreactor process, there exists some estimations of product costs. One 

research estimates that to produce 1 kilogram of algae biomass with tubular bioreactors, cost 

around 12.6 € (Acien et al. 2012).  This means around 28 € per kilogram of protein, when the 

value is changed to correspond the protein content (Table 19). The production cost seems to 

much higher than PHA production cost and thus higher than soybean production. Based on these 

cost evaluations, currently it is not reasonable to produce proteins by bioreactor processes. To 

gain better view, if the production would be economical in the future, more research is needed. 

In this thesis, the viewed processes are quite specific. The energy source for the process, 

hydrogen production and carbon dioxide production are all specific unit processes. For energy 

sources, only wind and solar power is considered. The hydrogen production via water 

electrolysis is used, although the most of the world’s hydrogen is produced from fossil fuels 

(Lehner et al. 2014, 19). The reason for the usage of water electricity technology is the 

possibility to use renewable sources for hydrogen production.  For carbon capture, there is many 

better solutions than direct air capture. The DAC is used due to its good quality. It is not bound 

to any specific location like many other carbon capture technologies. For instance, the carbon 

capture technology that captures CO2 from exhaust gasses are depended on specific point 

sources like coal plants. In spite of other carbon capture or carbon production technologies are 

more location depended, they are usually more efficient and economical. (Reiter and Lindorfer 

2015.) If the most efficient and economical unit processes would be used, the process would 
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consume less energy and the cost of product might be competitive. However, this might make 

the process less sustainable. In spite of that, to view different options and compare their 

efficiencies, sustainability and economical perspectives would be interesting. It would help to 

find the most suitable solutions to the process, when both economical and ecological views are 

considered. 

Although, production costs of protein production is high, it might not be in the case of other 

applications. Producing different fine chemical, fuels, cosmetology products and other derivates 

from microalgae or hydrogen-oxidizing bacterium is possible. Especially fuel production seems 

to be much researched application. Because the produced biomass by bioreactor processes offers 

width range of possibilities, it should be researched, which application would be the most 

economical. If syngas fermentation technology would be used to produce derivates from 

bacterial biomass, there is a couple challenges and future research directions. Optimizing the 

process efficiency and mass transfer coefficient holds the key factor. The quality of syngas, 

improving the used bacterium in the process, product recovery from aquatic solution and 

redirecting the metabolic pathway towards solvent production are other factors, which could be 

improved to make the process more efficient. (Munasinghe and Khanal 2010.) 
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7 CONCLUSION 

 

This thesis goal is to make a literature review of known information considering sustainable 

protein production via bioreactor processes and estimate on how sustainable those processes 

are. The two bioreactor processes are photobioreactor process using microalgae and syngas-

based bioreactor process using hydrogen-oxidizing bacterium. When estimating the 

environmental impacts, only the biggest inputs are considered. The biggest inputs consists of 

the major nutrients and other substances the bacterium culture needs to be able to grow, and the 

process’ energy consumption. These values are taken from literature. The materials needed to 

construct the bioreactor unit process, is not included to calculations. To be able to compare 

sustainability between conventional protein production and bioreactor-based production, the 

environmental impact values of major agriculture products are also viewed. The world’s protein 

flows are also viewed so that the most relevant protein sources can be pointed. To estimate the 

need for more sustainable protein production in the future, a short review of some huge 

challenges, in which agriculture has a key role, is also a part of this thesis goal. For the 

estimation, consumption trends of different protein source production is also viewed. 

The agriculture causes a huge part of the world’s environmental impacts. In this thesis, the 

viewed impacts are water consumption, GWP values and land use. The utilization efficiency of 

fertilizer use is also presented. Animal-based protein production has bigger impacts on 

environment than plant-based protein production, although the total amount of animal protein 

production is less than plant protein production. Most of animal-based protein sources’ feed 

conversion efficiencies are poor. This means that to produce one kilogram of animal-based 

biomass, the animal needs food many times of its own weight. Despite these qualities, the trend 

of animal-based protein production seems to be a growing one. It is problematic, because there 

is talk about different crises in the future. Fresh water, food, cultivatable land and phosphorous 

fertilizers might face shortage in the future. In addition, the agriculture causes CO2 emissions 

and thus it has an impact on climate change. However, when viewing the total amounts of 

animal-based protein production, it seems that the biggest protein sources are not the ones 
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causing most environmental impacts. In spite of that, the animal sector is the biggest 

troublemaker in agriculture. 

The plant-based protein production is more sustainable than animal-based protein production, 

but it does not have clean papers. Plant protein production needs still a lot of land, fertilizers, 

fresh water and causes CO2 emissions. Like animal food production, a plant food production 

has different impacts on environment depending on used species. The pulses and oilseeds has 

the smallest impacts. One of the oilseed is also one of the most produced plant commodity in 

the world. The commodity is soybean. For this reason, the processes’ environmental impacts 

are compared to soybean production’s impacts. The U.S is one of the biggest soybean producers 

in the world and thus the process is located in there. The location has an impact on the process 

efficiency, which is why the location has to be chosen. 

Overall, there is huge problems to be solved in the field of agriculture in the future. To overcome 

these problems either the change of consumption trends or more sustainable ways to produce 

proteins are needed. The change of consumption trends would be the easiest way to change this 

sector more sustainable. Favoring vegetarian food, use of insects as food source or other 

solutions like quorn over the meat would be beneficial development towards more sustainable 

agriculture. Insects and quorn are both sustainable alternatives for animal-based proteins. Insects 

seems to be more sustainable than quorn. However, some of the animal-based protein sources 

are relatively sustainable. To favor those over high consuming sources would also reduce 

environmental impacts of agriculture. Biggs, poultry, eggs and aquatic foods are the sources of 

animal-based proteins that have relatively small impacts. They still have higher negative impacts 

on environment than plant-based protein production. 

One way to produce proteins as feed or food use is to grow microbial biomass. In this thesis, a 

photobioreactor process and a syngas-based bioreactor process are viewed. The bhotobioreactor 

uses microalgae and the syngas-based bioreactor uses hydrogen-oxidizing bacterium. The 

process GWP, land use, water consumption and fertilizer utilization efficiencies, energy 

consumption and some other inputs are viewed based on known information from literature. 

Photobioreactor process uses either solar or wind as its power source. The whole process 

consists of direct air capture of CO2 using amine-based sorbents, photobioreactor process and 
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culture harvesting and drying. Centrifuges do the harvesting and the drying is freeze-drying 

method. Photobioreactor process consists of culture champers, water -and nutrient pumping. To 

estimate on how much photobioreactor process consumes electrical energy, an actual flat panel 

photobioreactor facility is used as reference. The most crucial substance inputs are nitrogen and 

phosphorous fertilizers, seawater, carbon dioxide and air. Using these values, the environmental 

impacts of the photobioreactor process in U.S are calculated. According to this thesis, the 

process’ impacts would be more sustainable than conventional production’s impacts. Especially 

the water consumption and GWP values. Fresh water consumption can be assumed near zero, 

because the process uses seawater. The GWP is negative, which is a huge improvement. The 

process can produce food and at the same time, it would reduce CO2 concentration in the air. 

Even the fertilizer utilization efficiency is higher than in conventional production and thus it 

could save phosphorous fertilizers. The high fertilizer utilization efficiency is also an important 

quality, because the phosphor is listed as non-renewable substance. 

The syngas-based process uses wind or solar as power sources. The whole process consists of 

direct carbon capture from air, water electrolysis using alkaline electrolyzers, stirred-tank 

bioreactor, centrifuges and freeze-drying process. The inputs differs a little bit from microalgae 

process. The biggest difference is the needed gaseous substrates. The process need hydrogen, 

which production is energy intensive. It also uses gaseous nitrate source and thus it does not 

necessary need solid nitrogen fertilizer. The process consumes more energy than 

photobioreactor process. Because of that, the GWP value is bigger than photobioreactor process’ 

GWP, but still sustainable compared to conventional protein production. The fresh water 

consumption can be assumed to be near zero, which is a huge improvement compared to 

conventional production. Fertilizer utilization efficiency can also be assumed much higher than 

in conventional production. The biggest advantageous quality of this process is its land use 

impact. It is small compared to photobioreactor process or syngas-based process. When 

comparing the viewed bioreactor processes, it seems that more sustainable application is 

photobioreactor process. Photobioreactor process’ GWP, energy consumption and fresh water 

use are more sustainable than syngas-based bioreactor process’. However, the photobioreactor 

process has bigger land use, has lower production speed and it is more location depended than 

syngas-based process. These qualities does not make it always a better one compared to syngas-
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based application. In addition, the syngas-based process uses technologies, which are still 

developing and thus could be more efficient in the future. 

There is still a lot to research on the process to make it more efficient. Wind and solar power 

technologies are both under heavy development and both should be more efficient in the future. 

The direct air capture technology has just started to gain interest and thus there ought to be 

improvements. The water electrolysis is already in use as industrial scale, but it is also a 

developing technology. The bioreactors’ efficiency can also be improved. Especially the mass 

transfer coefficient between gaseous and liquid phase is one of the key parameters that can be 

used to increase the process efficiency or production speed. The higher the coefficient is the 

higher the production speed can be. Usually, when making the coefficient bigger, decreases the 

process efficiency. However, there is a lot of research done in this field, which means that new 

applications might arise. For instance, RBR reactor might be able to rise both the coefficient 

and the process efficiency. Optimization plays also a role on the process efficiency. The notable 

thing is that, the unit processes used in this thesis are quite specific and thus more efficient and 

economical solutions can be achieved. The processes were chosen so that, the sustainability was 

first priority. 

The gained results are rough estimations and thus more research has to be done, if real scale 

application would be construct based on used references. The bioreactor processes’ 

environmental impact values are not perfect, because not all of the process’ inputs are included 

and thus more research will be needed, if more detailed information would be wanted. In fact, 

there is a lot of research possibilities in the field of bacterial biomass growing. One research 

need is to study, if hydrogen-oxidizing bacterial biomass would be suitable as food for humans. 

The biomass has only been used as feeding purposes in an experiment. It was found to be useful 

in range of 25–50 % of animal diets. The microalgae is already used as food purposes. Right 

now, the process to produce biomass is not economical. However, the economical aspect should 

be researched, if the process will be economical in the future. The bioreactor processes could be 

used to produce other products than food. These possibilities and their sustainability should also 

be researched. 
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