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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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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. 



(10)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: 



(11)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 



(12)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-



(13)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 



(14)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 



(17)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 



(18)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: 



(19)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 


32 %


40 %
 5 %


10 %
 13 %


Use of plant protein sources


Food
 Feed
 Waste
 Other use
 Food waste


28 %


47 %
 4 %


10 %
 11 %


Use of plant proteins


Food
Feed
Waste
Other use
Food waste



(20)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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(21)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. 
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(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. 



(23)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 



(24)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 



(25)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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(26)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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(27)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 Boer2012


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 



(29)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 



(30)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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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. 



(32)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. 



(33)
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 



(35)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 



(36)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 



(37)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; 



(38)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. 



(39)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. 



(40)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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(41)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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