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Diplomityö toteutettiin Gasum Oy:n toimeksiantona. Työssä tutkittiin Gasumin Lohjan 

biokaasulaitoksella tuotettujen biometaanin ja kierrätyslannotteiden ilmastovaikutusta ja 

verrattiin sitä vaihtoehtoisten polttoaineiden ja mineraalilannoitteiden tuotannon 

ilmastovaikutukseen. Biokaasulaitos käsittelee biojätteitä ja teollisuuden lietteitä 

anaerobisesti mädättämällä. Mädätyksen avulla tuotetaan biometaania liikennekäyttöön, 

sekä kahta ravinnerikasta kierrätyslannoitetuotetta. Tutkimus toteutettiin selvittämällä 

systeemin päästöt elinkaariarvioinnin avulla Sulca-ohjelmaa käyttäen. Päästöt allokoitiin 

biometaanin ja lannoitetuotteiden välillä niiden taloudelliseen arvoon perustuen. 

 

Tutkimuksen tulosten perusteella, biokaasun ja kierrätyslannoitteden tuotanto aiheuttaa 

moninkertaisesti vähemmän päästöjä vertailun kohteena olevien vaihtoehtoisten 

polttoaineiden sekä mineraalilannoitteden tuotantoon nähden. Päästöt raakamädätteelle ovat 

1,9 kg CO2-ekv/tonni lannoitetta, ja mädätysjäännöksestä erotetulle kuivajakeelle 3,4 kg 

CO2-ekv/tonni lannoitetta. Biometaanille päästöjä allokoituu noin 15 g CO2-ekv/MJ. 

Käyttämällä uusiutuvaa biometaania ja sen ohella tuotettuja kierrätyslannoitteita, voidaan 

välttää merkittävä määrä päästöjä ja edistää kiertotaloutta sekä ravinteiden kiertoa. Työssä 

lasketut tulokset antavat hyvin suuntaa lopputuotteiden päästöistä, sekä merkittävimmistä 

ympäristönäkökulmista biokaasuprosessiin liittyen. 
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This Master's thesis was done as a commission of Gasum Oy. The study examined the 

climate impact of biogas and recycled fertilizers production at Gasum's Lohja biogas plant 

and compared it to the climate impact of alternative fuels and mineral fertilizers production. 

The biogas plant processes biowaste and industrial slurries by anaerobic digestion. 

Biomethane and two nutrient-rich fertilizers are produced as a result of digestion. The study 

was carried out by identifying the emissions of the system through a lifecycle assessment 

using the Sulca-software. Emissions were allocated between biomethane, and fertilizer 

products based on their economic value. 

 
Based on the results of the study, the production of biogas and recycled fertilizer causes 

much fewer emissions compared to the production of alternative fuels and mineral fertilizers. 

Emissions for raw digestate are 1,9 kg CO2-eq/tonne of fertilizer, and 3,4 kg CO2-eq/tonne 

of fertilizer for the dry fraction separated from the digestate. The emission of 15 g of CO2-

eq/MJ is allocated for biomethane. By using renewable biomethane and recycled fertilizers 

produced alongside it, a significant amount of emissions can be avoided. At the same time, 

the circular economy and the nutrient cycle are promoted. The results calculated in the study 

give a good direction on the emissions of the end-products, as well as the most significant 

environmental perspectives regarding the biogas process.



4 

 

TABLE OF CONTENTS 

 
1 INTRODUCTION ......................................................................................................... 8 

2 PRODUCTION OF BIOGAS ...................................................................................... 11 

2.1 Feedstocks ............................................................................................................. 11 

2.1.1 Agricultural feedstocks .................................................................................. 14 

2.1.2 Industrial wastes and wastewater ................................................................... 15 

2.1.3 Municipal waste ............................................................................................. 16 

2.2 Anaerobic digestion process ................................................................................. 17 

2.2.1 Dry and wet digestion .................................................................................... 19 

2.2.2 Mesophilic and thermophilic digestion .......................................................... 20 

2.2.3 Treatment and use of the digestate ................................................................ 21 

2.2.4 Upgrading of biogas ....................................................................................... 23 

2.3 Use of biogas ......................................................................................................... 25 

3 FERTILZERS AND SOIL IMPROVEMENT ............................................................ 28 

3.1 Soil properties ....................................................................................................... 28 

3.2 Mineral fertilizers .................................................................................................. 30 

3.3 Recycled fertilizers ................................................................................................ 33 

3.4 Use of fertilizers .................................................................................................... 36 

4 LIFE CYCLE ASSESSMENT .................................................................................... 38 

4.1 General principles ................................................................................................. 38 

4.2 Applying life cycle assessment to biogas production ........................................... 40 

5 SYSTEM UNDER CONSIDERATION ..................................................................... 44 

5.1 Gasum Oy.............................................................................................................. 44 

5.2 Lohja biogas plant ................................................................................................. 44 

5.3 Goal and scope definition ...................................................................................... 45 

5.4 Inventory analysis ................................................................................................. 47 

5.4.1 Collection, transportation and pre-treatment of waste ................................... 48 

5.4.2 Electricity and heat consumption ................................................................... 49 

5.4.3 Use of working machinery ............................................................................. 50 

5.4.4 Chemicals in the process ................................................................................ 50 

5.4.5 End-products .................................................................................................. 50 

6 RESULTS AND DISCUSSION .................................................................................. 53 

6.1 Life cycle impact assessment ................................................................................ 53 

6.2 Comparison ........................................................................................................... 56 

6.3 Sensitivity analysis ................................................................................................ 59 

6.4 Carbon balance ...................................................................................................... 60 

6.5 Carbon handprint ................................................................................................... 62 



5 

 

7 CONCLUSION ............................................................................................................ 64 

8 REFERENCES ............................................................................................................ 66 

 

  



6 

 

SYMBOLS AND ABBREVIATIONS  
 

Abbreviations 

 

AD   anaerobic digestion 

CBG  compressed Biogas 

CNG  compressed Natural Gas 

EBA  European Biogas Association 

FU  functional unit 

LBG  liquified Biogas 

LCA   life cycle assessment 

LNG  liquified Natural Gas 

RED II  Renewed Renewable Energy Directive 

TS   total Solid 

VS   volatile Solid 

 

Humus  dry fraction of the digestate 

Perus  raw digestate 

 

Symbols 

 

C   carbon 

CH4   methane 

CO2   carbon dioxide 

CO2-eq  carbon dioxide equivalent 

H   hydrogen 

H2S   hydrogen sulphide 

K   potassium 

K2O  potassium oxide 

N   nitrogen 

N2O   nitrous oxide  

NH3   ammonia 

NH4
+   ammonium 
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NO3
-   nitrate 

NOx   nitrogen oxides 

P   phosphorus 

P2O5  phosphorus pentoxide 

 

Units 

 

Distance  [km] 

Energy  [kWh], [MWh], [TWh], [MJ] 

Mass   [g], [kg], [t] 

Volume  [m3]  
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1 INTRODUCTION 

 

Climate change is a considerable threat to the whole planet and mankind. There are several 

evidences that it is truly changing the Earth. The consequences will be destructive if human 

beings are not making powerful efforts to be more aware of how the actions at present will 

affect the future. Since the industrial era began, the combustion of fossil fuels has been 

involved in the vehicles, buildings, and energy generation processes. Fossil fuel incineration 

releases carbon dioxide into the air, which is the main greenhouse gas in addition to water 

vapor. The increasing amount of greenhouse gases in the atmosphere are preventing the 

Earth's radiation from emitting to outer space. The planet's temperature naturally rises as the 

radiant heat stays in the atmosphere. (Wong, 2016, 61-62.) 

 

Climate change can feel endless, but there are several ways to save the Earth and help to 

decelerate the change. Globally, the released carbon dioxide from the burning of fossil fuels 

is the greatest contributor to climate change. Therefore, the most essential way to decrease 

carbon dioxide emissions is to reduce energy consumption on both a large and small scale. 

For the energy sector, one solution is implementing technologies that utilize renewable 

energy sources. (Wong, 2016, 71.) Solar energy, wind energy, tidal energy, geothermal 

energy and bioenergy are sources of renewable energy (Prabhakaran et al., 2015), and they 

are being utilized increasingly around the world. There are ongoing efforts to increase the 

use of renewable energy around the world. In Europe, renewable energy use is promoted 

with Renewable Energy Directive (RED) by EU Energy and Climate Change package 

(ECP). Revised renewable energy directive (EU) 2018/2001, commonly known as RED II, 

has applied since 24 December 2018 and aims to promote energy from renewable sources in 

different sectors. Overall target of the directive is that at least 32 % of energy is obtained 

from renewable resources in European Union by 2030. (European Union, 2018.)  

 

Circular economy thinking, and actions are strongly related to the battle against climate 

change. Simply put, a circular economy can be described as a system, that aims for a working 

economic system within the limits of the carrying capacity of the environment. It is 

restorative by design, replacing the end-of-life concept with restoration, shifting towards 

renewable energy, seeking for the elimination of waste through material designing, systems, 
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products, and business models. The main principle in the circular economy-based system is 

that waste does not exist. That is possible due to product design and optimization for a cycle 

of reuse and disassembly. This cycle distinguishes the circular economy from disposal and 

recycling, where huge amounts of energy are lost. (MacArthur, 2013.) Anaerobic digestion 

(AD) is a worldwide used method to produce renewable energy as a form of biogas. Biogas 

produced from organic waste is an eco-friendly option for the energy sector and represents 

the circular economy at its best as it uses residues as a raw material to produce energy. 

(Wellinger et al., 2013, 1-4.) 

 

Biogas has much of unused potential. For example, in Finland, the biogas production 

potential with AD has been estimated to be about 10 TWh, but the current production is only 

1 TWh (Virolainen-Hynnä, 2020). Biogas is produced by the bacterial decomposition of 

biomass under anaerobic conditions. The organic matter is converted into biogas in several 

steps in biogas plants. Biogas consists mostly of methane, about 50-75 %, and carbon 

dioxide, 25-50 %. It also consists of 2-8% other gases such as nitrogen, oxygen and trace 

gases such as ammonia and hydrogen. Biogas can be utilized to substitute fossil natural gas 

in heat or heat and power production as well as a vehicle fuel in the transport sector. Above 

mentioned nitrogen, oxygen and trace gases are considered impurities in raw biogas, so they 

need to be removed from it by using different cleaning technologies depending on the use of 

biogas. What makes the biogas technology so important, is the utilization of the energy 

content of organic matter such as biowaste, that would otherwise go unexploited. 

Additionally, the digestate, which is a by-product of biogas production, has value as a 

fertilizer and can be used to replace mineral fertilizers. (Wellinger et al., 2013, 1-4.)  

 

Digestate is a great example of recycled fertilizer as it contains a lot of nutrients and can be 

recycled as a fertilizer in the soil. That method is considered to be the most sustainable way 

to utilize digestate as it provides benefits for the environment and helps the protection of 

mineral phosphorus and other limited natural resources. (Wellinger et al., 2013, 268.) 

Several studies have found that using fertilizer products obtained from digestate affects 

positively the physiochemical properties of fertilized soils. Timonen et al. (2019) researched 

the greenhouse gas emissions of AD. The study included emissions from feedstock 

production to both digestate and energy use. The results were compared with fossil energy 
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and mineral fertilizers, and it was found that the emissions for both biogas and digestate 

were lower in comparison with fossil energy and mineral fertilizer use. Kyttä et al. (2021) 

also compared mineral fertilizers with recycled fertilizers. They conducted that greenhouse 

gas emissions and energy consumption over the life cycle of recycled fertilizers were lower 

than mineral fertilizers. (Kyttä et al., 2021.) 

 

Gasum Oy is the leading supplier of biogas and processor of biodegradable waste fractions 

in the Nordic countries. Alongside biogas, the company produces recycled fertilizer 

products. The aim of this Master’s thesis is to discover the climate impact of biogas and 

recycled fertilizer production in Gasum’s biogas plant located in Lohja and its role in 

sustainable agriculture. This study will be conducted with the help of life cycle assessment 

(LCA) using Sulca-software. LCA helps to recognize the environmental impacts that are 

associated with all the phases of a life cycle of a product. The climate impact of the recycled 

fertilizer production is compared with the climate impact of mineral nitrogen, phosphorus 

and potassium fertilizer production. Carbon balance of the biogas production process is also 

investigated. In practice, it means a calculation of how much of the carbon ends up in 

biomethane product, fertilizer products, how much of it is going to own energy use, and how 

much of it is lost through methane slip and other losses. The purpose of the carbon balance 

is to help to increase understanding of the potential of soil carbon capture and impact. 
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2 PRODUCTION OF BIOGAS 

 

2.1 Feedstocks 

 

AD has a history of treating mainly animal manure and sewage sludge from aerobic 

wastewater treatment plants. Since environmental awareness started to increase in the 1970s, 

it rose the demand for new renewable energy sources and waste management strategies. AD 

applications broadened as well and introduced municipal and industrial wastes. Nowadays, 

eligible sources for AD are industrial and agricultural wastes, municipal biowaste, 

wastewater, and energy crops. (Steffen et al., 1998, 2.)  

 

Characterizing and analyzing biogas feedstocks is a consistent way to evaluate suitability 

and profitability. Important properties of feedstocks to consider are pH, volatile solids (VS), 

total solids (TS), ammonia nitrogen, total Kjeldahl nitrogen, biochemical methane potential, 

and chemical oxygen demand. Even the temperature at which a feedstock enters the biogas 

plant may be valuable information. The pH value refers to the level of acidity of a substance, 

i.e., whether it is acidic or alkaline. Wide pH variation in biogas feedstock is acceptable 

because the AD broth has a high buffer capacity. Normally, the pH value is marginally above 

neutral. TS is determined in order to estimate the water content of a feedstock. If the TS 

content is very high, additional fresh water or other liquid feedstock to the process will be 

needed in a case of wet digestion. On the other hand, if a feedstock containing much water 

is used, or if a lot of water is added to the process, the digestate volume is high and the 

nutrient content is low. VS is used to define the organic matter content of a feedstock, but it 

should be noted that the amount of organic matter does not completely correlate with the 

degradability of the feedstock. COD represents the total chemically oxidizable material and 

therefore indicates the highest chemical energy in the feedstock. Nitrogen content of a 

feedstock is also important. It helps to evaluate the availability of sufficient nitrogen for the 

growth of anaerobic bacteria but also can help to prevent ammonia inhibition that can happen 

if ammonia concentration in the biogas reactor crosses a specific limit. Biochemical methane 

potential defines the potential methane yield of a feedstock but also gives information of the 

feedstock's degradability and tells the degradation rate. (Wellinger et al., 2013, 52-63.) The 

properties of feedstocks are also important to consider in terms of fertilizer use because the 
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nutrients in the feedstock also end up in fertilizer products. Table 1 presents properties of 

the common biomass types that are used for biogas production. 

 

Table 1. Properties of biomass types including total solids (TS), volatile solids (VS), biogas potential, carbon 

(C), nitrogen (N) and phosphorus (P). (Kahiluoto et al. 2011.) 

Feedstock type 
TS 
% 

VS % 
TS 

Biogas m3n/t 
VS (range) 

Nutrients % TS 
     

             C            N       P 

Green fallow biomass 20 86  550-886 47 3,4 0,6 

Harvest residues        
silage 26 86  550-886 47 3,4 0,6 

green plant material 11 85  567-750    
straw 85 91  200-550 46 0,5 0,1 

garden waste 70 78   48 0,5 0,1 

potato 22 90  300-900 45 1,5 0,2 

Manure        
liquid cattle manure  6 80  100-800 45 5,5 0,9 

liquid pig manure 5 78  210-800 30 11 3 

solid cattle manure 19 74  250-600 46 2,4 0,8 

solid pig manure 24 80  270-450 43 2,5 1,5 

solid poultry manure 38 77  250-800 38 3,1 1,5 

other solid manures 32 60   45 2,5 0,9 

On farm animal carcass 30 80  300-1140 56 8 1 

Food processing residues        
slaughterhouse waste 42 80  300-1140 56 8 1 

fish waste 21 55  650 40 10 0,2 

milk waste 13 65  700 45 5 1 

mill waste  88 95  500-700 45 2,5 1,1 

bakery waste  57 98   45 2,3 0,2 

distillery waste  10 88  300-700 45 4 0,9 

potato pulp  16 90  300-900 45 1 0,1 

potato cell sap 5 90  300-900 45 6 0,6 

mash  22 90  300-700 45 8,5 2,8 

yeast  10 80   45   
vegetable waste 10 70  150-700 45 1,6 0,2 

grease trap sludge  2 89  600-1600 70 0,1 0,1 

Municipal biowaste        
biowaste  32 75  150-885 48 2 0,4 

fat waste 100 89  1000-1200 73 0,4 0 

grease trap sludge 2 89  600-1600 70 0,1 0,1 

Sewage sludge        
municipal sewage  12 69  200-750 35 4 2,5 

rural area sewage sludge 2 69  200-750 35 4 2,5 

Buffer zone biomass 20 86  550-886 47 3,4 0,6 

Aquatic biomass        
coarse fish  28 55  650 40 10 0,2 

common reed 42 82  500 48 0,3 0,1 
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There is a wide range in biogas yield between different feedstock types according to the 

above presented Table 1, which includes average values. However, it can be noted that the 

biogas yield between different feedstocks is ranging widely from 100 to 1600 per m3n/tVS. 

Manures are having slightly lower biogas potential on average compared to food processing 

residues, biowaste and sewage sludge while fat waste, grease trap sludge, slaughterhouse 

wastes, and animal carcasses have relatively high biogas yield. The amount of carbon in the 

feedstocks seems to be high, almost half of the VS amount in all feedstocks, and its amount 

is notably high compared to the nutrients. 

 

RED II introduces two different sets of targets for feedstock listed in Part A and feedstock 

listed in Part B of Annex IX. The directive defines advanced biofuels as liquid or gaseous 

biofuels made from materials listed in Part A of the Annex. These feedstocks can be seen 

from Table 2 below. 

 

Table 2. Part A and Part B of Annex IX in RED II. (European Union, 2018) 

Part A    Part B       

- Algae if cultivated on land in ponds or photobioreactors; - Used cooking oil 

- Biomass fraction of mixed municipal waste 
- Categories of animal fats  

     
- Biowaste from private households subject to separate 

collection  

    

      

- Biomass fraction of industrial waste not fit for use in the 

food or feed chain 

      

      

      

- Straw       

- Animal manure and sewage sludge       

- Palm oil mill effluent and empty palm fruit bunches       

- Tall oil pitch       

- Crude glycerine       

- Bagasse       

- Grape marcs and wine lees       

- Nut shells       

- Husks       

- Cobs cleaned of kernels of corn       

- Biomass fraction of wastes and residues from forestry and 

forest-based industries  

      

      

      
- Other non-food cellulosic material       
- Other ligno-cellulosic material except saw logs and veneer 

logs         
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Biofuels that are obtained from a list of feedstocks in part A, have to be supplied at least 0,2 

% of transport energy in 2022, 1 % in 2025 and 3,5 % in 2030. For the biofuels produced 

from feedstock listed in part B, the amount should be 1,7 % in 2030. The share of biofuels 

and biogas for transport that is produced from the feedstock listed above can be counted 

twice their energy content. (European Union, 2018.) In the following sections, different 

feedstocks for biogas production are discussed. 

 

2.1.1 Agricultural feedstocks 

 

Agricultural feedstocks that are suitable for biogas production include plant residues, energy 

crops, animal manure and slurries. Animal manures and slurries are obtained from various 

animals such as poultry, cattle, pigs, horses, minks and others. These are divided into two 

categories depending on the percentage of dry matter: solid farmyard manure, that consists 

of 10 to 30 % of dry matter, or liquid slurry that consists below 10 % of dry matter. The 

animal feed quality and the species of origin affects the composition of the manure. The 

carbon to nitrogen ratio of manure is about 25:1 and it has a lot of nutrients that anaerobic 

microorganisms need to grow. In digestion processes, these microorganisms use carbon for 

energy and nitrogen for building cell structures (Fry & Merrill, 1973, 16). In addition to its 

functional properties, manure is highly accessible and cheap. All these above-mentioned 

features make manure an excellent feedstock substrate for AD. (Wellinger et al., 2013, 22-

23.) 

 

Using solid manure and slurries as a feedstock for AD has also some limitations. It usually 

has a low dry matter content which is related to low methane yield. High transportation costs 

are also involved. Another issue is that manure and slurries consist of varying amounts of 

high-lignocellulosic fiber and straw particles. These lignocellulosic fractions are not well-

capable to decompose and usually pass through the digestion process undigested, not 

producing any methane. Even though manures have a lot of potential as feedstock for biogas 

production, their methane yield is relatively low. Due to the above-mentioned reasons, 

mono-digestion is not the best treatment method for manure from the economic 

sustainability point of view. Therefore, co-digestion with substrates that has a high methane 

yield is often used. Organic wastes that digestate easily, such as wastes from household and 
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agro-industries, energy crops, sewage sludge and plant residues can be used in the co-

digestion process. Because slurry is so water-rich, it is used as a solvent for the co-substrates. 

That ensures that the mixture is homogenous. (Wellinger et al., 2013, 23-24.) When 

comparing mono-digestion to co-digestion of manure with organic wastes, it has been noted 

that co-digestion provides higher stability of the AD process, because in that case, the active 

biomass concentration is higher inside the digester. Therefore, it is more resistant to inhibitor 

compounds. Additionally, the wastes include inorganic matter such as iron and clays, which 

are considered to prevent the inhibitory effects which ammonia may cause. (Angelidaki, 

2002, as cited in Wellinger et al., 2013, 24.) 

 

Plant residues include a variety of by-products from agriculture and harvest residues, plants, 

fruits and vegetables, crops, and rotten feed silage. Most of them need pre-treatment, such 

as size reduction, before feeding them into the digester. As discussed above, they are often 

co-digested as co-substrates. Energy crops are cultivated especially for biogas production. 

Commonly used energy crops are clover grass, maize, oilseed rape, sunflower, grass, 

potatoes, hemp, and so forth. They have relatively high biogas potential. However, energy 

crops cultivation requires a lot of fertilizers and pesticides. Also, harvesting and 

transportation consume a lot of energy. Therefore, using energy crops for biogas production 

significantly reduces environmental sustainability. (Wellinger et al., 2013, 24-26.)  

 

2.1.2 Industrial wastes and wastewater 

 

Industrial activities processing agricultural raw materials cause large amounts of wastes, 

residues, and by-products. These industrial actions include milk, starch, fodder, food and 

beverage, fish processing and slaughterhouse wastes. They are varying in dry matter 

contents, methane potentials, structures and compositions depending on their origins. 

Connective factor for many of them is that they are homogenous, easily digestible, and 

involves a lot of proteins, lipids, and sugars. These wastes are often used as ‘methane 

boosters’ because of the high methane potentials, they can be digested as additional 

feedstocks in large co-digesting plants, decentralized plants, or at industrial production 

locations. As well as plant residues and energy crops, many of the industrial wastes are co-

digested with manure, later using the digestate as fertilizer. Studies have found that co-

digestion of industrial wastes results in higher methane yields and better process stability 
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which therefore have positive impacts on economic sustainability. (Wellinger et al., 2013, 

27-28.)  

 

Animal by-products from slaughterhouses are also digestible and can be used for biogas 

production. They are high in protein and lipids which makes them kind of difficult feedstock 

for AD. Before digestion, solid fractions of the waste are going through rendering, where 

the skeletal material, hide trimmings and hair are disposed of as they are containing much 

inorganic content or are weakly degradable. Blood consists of nitrogen-rich protein 

components and degradation of them result in accumulation of high levels of ammonia, 

which have been noted to be harmful to the methanogenetic population even at a relatively 

low concentration in the digestion process. (Banks & Wang, 1999.) 

 

Limitations of use also occur when using industrial organic wastes for AD. They may contain 

unwanted substance such as chemical, biological, or physical pollutants. If the digestate is 

used as fertilizer, there is a risk of it becoming a source of environmental pollution or health 

risk for animals and humans if the feedstock contains pathogens, physical impurities, heavy 

metals, or high amounts of persistent organic compounds. Environmental legislations and 

certification systems in several countries have set limit values for pollutants and pathogens 

and specific materials, such as food residues and slaughterhouse wastes, must be hygienized 

either before or after the digestion process. Also, product declaration of the feedstock and 

digestate are required. (Wellinger et al., 2013, 29.) 

 

2.1.3 Municipal waste 

 

Municipal waste as a feedstock for AD covers the sewage sludge and source-separated 

organic municipal wastes. Source-separated organic waste includes organic part of 

household waste such as garden waste, food waste, and other similar separately collected 

organic wastes. Likewise, many other waste fractions, these organic wastes are as well co-

digested with manure. Especially in food waste, the nutrients are in balance which is 

propitious from the metabolism of anaerobic microorganisms’ point of view  (Zhang, R. et 

al., 2007). In addition, the biodegradability and methane yield are high. (Wellinger et al., 



17 

 

2013, 30-31.) Food waste includes a lot of carbohydrates, lipids, and proteins, but the 

percentage of them is challenging to estimate and measure. Food waste is stated to have a 

higher methane yield compared to cow manure, pig manure, whey, corn silage, and so on. 

(Paritosh et al., 2017.) 

 

Sewage sludges are produced at wastewater treatment plants obtained from various sources 

such as homes, street runoffs, industries, businesses and medical facilities The nutrients and 

organic matter of them can provide benefits to soil, but in addition, they include pathogens, 

heavy metals and organic pollutants that are contaminants. (Harrison et al., 2006.) The 

methane potential of sewage sludge is like animal slurries (Rulkens, 2008). It may contain 

many biologic and chemical pollutants and other risks which are limiting its use due to 

digestate used as a fertilizer. In most cases, sewage sludge, manure, and organic wastes from 

industries and households are co-digested to improve the methane yield stability of the 

process. (Kuglarz & Mrowiec, 2009.) 

 

2.2 Anaerobic digestion process 

 

Biogas is produced in biogas plants when the bacteria degrade the biomass under anaerobic 

circumstances. Before digestion, feedstocks need to go through a pre-treatment process, 

which aims to size reduction and, in some cases, remove non-degradable inorganic material, 

such as plastic. Pre-treatment of the feedstock consumes relatively much energy, compared 

to other processes in AD facilities. According to Jin et al  (2015), primary treatment process 

can consume even 47,76 % of the total energy consumption in biogas plants. After the pre-

treatment, organic matter is converted to biogas by anaerobic bacteria in four steps: (1) 

hydrolysis; (2) acidification; (3) acetogenesis; (4) methanogenesis. In hydrolysis, insoluble, 

large, and complex organics break down into their component units. Proteins break down to 

amino acids, lipids to glycerin and long-chain fatty acids, and carbohydrates to soluble 

sugars. Extra-cellular hydrolytic enzymes (cellulase, lipase, amylase and protease) secreted 

by bacteria meditate the hydrolysis process. In acidogenesis, acid is formed by the 

fermentation of water-soluble compounds. Acidogenic bacteria convert these compounds, 

such as sugar and amino acids, into organic acids, hydrogen, and carbon dioxide. The types 

of substrates, bacteria and environmental conditions have a major effect on these products. 
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Acetogenesis involves bacteria such as Syntrobacter wolini and Syntrphomonas wolfei. 

These bacteria convert higher volatile fatty acids and alcohol into hydrogen, acetate, and 

carbon dioxide. These are the key substrates for formation of methane. Furthermore, there 

exists also the other bacteria group known as homoacetogens. The group produces acetate 

from carbon dioxide and hydrogen. The final step, methanogenesis, consists of two main 

phases. First phase is the aceticlastic methanogenesis, which means the splitting of the 

acetate. The second phase is called hydrogenotrophic methanogenesis, where carbon dioxide 

is reduced by hydrogen. Approximately 60-75 % of methane is produced from the 

aceticlastic methanogenesis and the remaining is produced in hydrogenotrophic 

methanogenesis. (Khanal, 2010, 44-45.) In Figure 1 below, the simplified formation of 

methane is presented. 

 

 

Figure 1. Simplified figure of the four phases of methane generation. (Ramaraj & Dussadee, 2015.) 

 

In order for bacteria to achieve an efficient degradation of the substrate, conditions must be 

favorable to them: the atmosphere needs to be anaerobic, which means the absence of air, 

and the temperature of the substrate should be equal. Additionally, the nutrient supply and 

the pH of the substrate should be at optimum level. Produced raw biogas consists mostly of 

methane (CH4) and the CH4 content varies between 50-75 %. The second most biogas 

consists of carbon dioxide (CO2) with a share of 25-50 %. Other components that biogas 
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contains are water (H2O), oxygen (O2) sulfur (S2) and hydrogen sulfide (H2S). (Wellinger et 

al., 2013, 2-3.) 

 

In biogas production, the leakage of CH4 into the atmosphere is an issue to be taken seriously 

from the environmental point of view because it is a more potent greenhouse gas than CO2. 

It is therefore appropriate to be prepared for a situation where all the gas produced cannot 

be stored, used or injected into the grid for any reason. In these abnormal conditions, some 

of the gas goes to flaring, which means combustion of CH4 into CO2. By that way, it is 

prevented that CH4 is not entering the atmosphere. (Kymäläinen & Pakarinen, 2015) 

 

2.2.1 Dry and wet digestion 

 

The amount of the dry matter content in the reactor is desired at different levels in dry and 

wet digestion. Raw materials are processed and mixed the way that the desired dry matter 

content is achieved. In wet digestion, the upper TS% limit is around 10 %. The wet digestion 

process uses mainly slurry substrates, and the dry digestion uses, according to its name, dry 

substrates. Dry digestion has the lower TS% limit of 20%. It is also possible to transform 

dry digestion into wet digestion by adding water to the process. However, the distinction 

between these two processes is not carefully delineated. In dry digestion, the common 

feedstocks used are crops and municipal solid waste. As the TS % is high inside a digester, 

it is possible to reach higher organic loading rate values, which leads to smaller digestion 

volumes and lower investment costs. The risk of floating layer formation or sedimentation 

is nonexistent because phase separation does not occur when a dry substrate is used. The 

system needs to be strong enough to move dry materials, which has a direct connection to 

higher operation and maintenance costs. The absence of water may lead to an unbalanced 

system, and the prevalence of the acidogenesis phase may be disturbed. (Tabatabaei & 

Ghanavati, 2018, 60-61.) 

 

Substrates such as sewage sludge and animal manure does not require liquid in order to 

achieve the right TS % which is needed by the wet digestion. For the materials with TS % 

higher than 20-25 %, adding water or liquid digestate is required to keep the TS% at the right 
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value in the digester while making the pumping and mixing of the substrate possible. 

Continuously stirred tank reactors are typically used for wet digestion. These reactors need 

a proper mixing technology to make sure that the connection between the microbial 

populations and the pumping of the substrate is efficient. As an advantage, wet digestion 

ensures an economic and smooth operation providing a simple usage of the plant and stable 

production of biogas. As a disadvantage, it is possible that sedimentation or floating layer is 

formed, which may at worst lead to emptying the digester. (Tabatabaei & Ghanavati, 2018, 

61.) 

 

Angelonidi and Smith (2015) did a comparative study on dry and wet AD methods for 

municipal solid waste and food waste treatment. Numerous differences between the 

processes were found. In dry digestion, the treatment process and retention time were 

shorter. Wet digestion has low-solids conditions which increase its process water 

consumption while dry digestion methods need little or no additional water. Pretreatment 

and post-treatment steps are more complex in dry than in wet digestion. Nevertheless, the 

residual end-products from dry digestion plants were simpler to handle, manage, store, use, 

and transport. In addition, they had more application opportunities and market compared to 

liquid digestate from wet digestion, primarily used as fertilizer in agriculture. When 

considering the economical perspective, the costs were a little bit higher in wet digestion 

than in dry digestion. However, in wet digestion plants, the specific capital cost per cubic 

meter of biogas produced and per ton of waste treated was lower. An interesting finding was 

that wet digestion led to higher biogas yield per ton of waste treated. (Angelonidi & Smith, 

2015.) 

 

 

2.2.2 Mesophilic and thermophilic digestion 

 

Biogas production is based on digesting the biodegradable material with the help of bacteria. 

Different bacteria thrive only in a limited temperature range. Two optimum temperature 

ranges are used in AD: mesophilic and thermophilic. Mesophilic digestion operates at 

temperature of 35-40 °C, and thermophilic at 55-60 °C. Staying at the optimum temperature 

requires good process planning and adjustment. Most of the AD plants operate in the 
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mesophilic range as it requires less heat to maintain the temperature, and the digestion 

process is more stable. Thermophilic reactors are a bit more difficult to operate and 

accelerating degradation rates, while they also result in higher yields of biogas and reduce 

pathogens in the produced digestate. (Jain et al., 2019.) Besides the thermophilic and 

mesophilic temperatures, in literature phychrophilic (10-20 °C) and hyperthermophilic (~ 70 

°C) temperature ranges are also mentioned (Vico & Artemio, 2017, 273). However, 

mesophilic and thermophilic temperatures are mostly used temperature conditions in AD.  

 

Comparative studies between mesophilic and thermophilic temperatures have been 

conducted. Converti et al. (1999) examined the differences between mesophilic and 

thermophilic conditions when digesting the vegetable fraction of municipal residues. Moset 

et al. (2015) compared mesophilic and thermophilic conditions of cattle manure and focused 

on methane productivity and microbial ecology. Jha et al. (2013) also studied mesophilic 

and thermophilic conditions of cattle manure but compared dry and wet AD. There were a 

lot of similarities in these above-mentioned studies. The quality of the biogas does not 

depend remarkably on the digestion temperature. Slight differences are noted in protein and 

lipid concentrations under mesophilic and thermophilic conditions. Methane production 

decelerates marginally when passing from mesophilic to thermophilic process. Nevertheless, 

in thermophilic conditions, methane yield and methane content of the biogas improved in all 

studies. (Converti et al., 1999; Jha et al., 2013; Moset et al., 2015) In turn, mesophilic 

digestion may also lead to higher methane yield than thermophilic, when digesting 

slaughterhouse wastes. The reason for lower methane yield in thermophilic temperature, in 

that case, is ammonia inhibition due to the high protein and nitrogen content of the waste. 

(Hejnfelt & Angelidaki, 2009.) 

 

2.2.3 Treatment and use of the digestate 

 

As the digestate is removed from the digester, it can be used without further treatments. 

However, the large volume and low dry matter contact of the digestate makes it difficult to 

store, transport, handle and applicate considering its use as a fertilizer, and that is causing 

farmers considerable costs compared with its value as a fertilizer. (Wellinger et al., 2013, 
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280-282.) European Commission  (1991) has also set a nitrate directive which restricts the 

annual amount of nitrogen that can be applied to arable land, which furthermore limits the 

digestate use due to the possible high nitrogen content. Therefore, the treatment of the 

digestate usually starts with separation, where it is separated into liquid and dry fraction. The 

aim of this separation is generally to divide the nitrogen and phosphorus contained in the 

digestate into different fractions: nitrogen-rich liquid fraction and phosphorus-rich dry 

fraction. (Paavola & Kapuinen, 2015.)  

 

Digestate can be processed by involving applications of different technologies. It is 

processed by two ways: digestate conditioning and digestate treatment. The conditioning 

process aims to produce standardized biofertilizers and the treatment process, which is 

similar to wastewater treatment, aims at nutrients and organic matter removal from the 

effluent and accept discharge into a sewage system or a receiving water body. Digestate 

processing can be partial or complete. Partial processing aims to volume reduction and uses 

relatively cheap and simple technologies. In complete processing, digestate is refined to pure 

fibers or solids, water, and concentrates of mineral nutrients. At first, the solids are separated 

from the liquid. After that, the solid fraction can be directly used as a fertilizer in agriculture, 

or it can be dried or composted for temporary storage which makes the transportation easier. 

Flocculation or precipitation agents are usually used to improve solid-liquid separation. 

Decanter centrifuges, bow sieves, screw press separators and drum presses are examples of 

solid-liquid separation technologies on the markets. Especially the decanter centrifuge and 

the screw press separation are popular among farmers. (Logan & Visvanathan, 2019.) High 

chemical and energy inputs are often involved in advanced processing. Appropriate 

machinery may increase investment costs and therefore considerable treatment costs may 

result. (Wellinger et al., 2013, 280-282.) 

 

Nutrient quantities in the digestate are dependent on the feedstocks used in the digestion 

process. As digestion is a closed process, nutrients are preserved. However, in the 

degradation process, some of the nitrogen decomposes into ammonium nitrogen (NH4
+) (i.e., 

nitrogen mineralization). Ammonium nitrogen is soluble nitrogen, and most of it forms into 

nitrate (NO3
-) in the soil. Plants exploit both ammonium nitrogen and nitrate dissolved in 

groundwater from which they receive it continuously upon water intake. Nitrate moves 
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easily in the soil and is therefore risky for leaching. Ammonium nitrogen, in turn, binds to 

ground particles and is not as sensitive to leaching. Nitrogen mineralization in the biogas 

process improves the value of digestate in plant nutrient use. Nevertheless, it is difficult to 

assign unequivocal value to mineralization, as its quantity depends on raw materials, 

retention time, and processing temperature and technology. As an estimate, about 20 % of 

the organic nitrogen in cattle manure and 50-80% of the organic nitrogen in plant biomass 

turns into ammonium nitrogen. (Paavola & Kapuinen, 2015.) Before utilizing digestate as 

fertilizer, it needs to be hygienized to destroy harmful bacteria. According to European 

Commission Regulation (EU) (142/2011), a biogas plant must have a hygienization unit 

which the products containing animal by-products with a max particle size of 12 mm cannot 

by-pass. The hygienization unit must have installations to monitor that the temperature of 70 

°C is reached for one hour, recording devices to monitor these measurements and a system 

to prevent insufficient heating. (European Commission, 2011.)  

 

2.2.4 Upgrading of biogas 

 

The reason behind biogas upgrading is to increase the energy content of gas by reducing the 

share of inert gases, mainly carbon dioxide. Although the purpose of upgrading is not to 

remove trace gases and other impurities, some of the upgrading technologies reduces them 

at the same time. In some cases, the raw biogas needs to go through essential removal 

operations before it can be used as a fuel or in other appliances. However, in some appliances 

it is possible to use uncleaned raw biogas. Biogas cleaning differs from upgrading process 

and its purpose is to purify the gas from impurities such as ammonia (NH3), water, siloxane, 

and other contaminants. After the cleaning process, the product still contains CO2 and 

hydrogen sulfide (H2S) and is then upgraded using an upgrading technology. The properties 

of upgraded biogas need to correspond to natural gas and biomethane before its distribution 

to the natural gas network or use in other appliances. These properties are for example 

methane concentration, specific heat value and acid gases content. Examples of biogas 

upgrading methods are adsorption, absorption, cryogenic distillation, and membrane 

technology. (Vico & Artemio, 2017, 135.) 
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In absorption method, the principle of operation is to transfer unfavorable and soluble gas 

components into a liquid phase. The affinity between the absorbent and the acid gas plays a 

major role in separation efficiency. There are two options in absorption methods: physical 

or chemical absorption. In physical absorption, moderate absorbents form a weak 

intermolecular bond with the acid gases. In chemical absorption, such as amine scrubbing, a 

covalent bond with acid gases is formed by strong absorbents. The adsorption method works 

so that the solute matter in the gas stream is moved to the solid material surface. Typically 

used solid materials are silica gels activated carbon, titanosilicates, zeolites and alumina. 

Different methods are involved in the method: pressure swing adsorption, vacuum swing 

adsorption, electrical swing adsorption, and temperature swing adsorption, same separation 

principle used in all methods. The separation principle of cryogenic distillation is based on 

the difference in boiling points of components in the gas mixture. Sequential condensation 

and distillation are used as a purification method, and they are operated at extremely low 

temperatures. Several steps are involved: cooling, compression, and drying of the gas. 

Method is not widely used due to its immaturity; market share is only 4%. In case of 

membranes, the separation principle is based on different permeations of gas components. 

The gas is passed through a thin selective layer, membrane. The technology is easy to install, 

has low capital and maintenance cost, low energy consumption and simple design. 

Membranes are made of materials that are permeable to CO2, ammonia and water. (Vico & 

Artemio, 2017, 135-145.) 

 

More and more attention is paid to investigating the possible sources of emissions and 

possibilities to control them. The upgrading technologies involve a risk of methane leakage 

to the atmosphere. From the greenhouse gas aspect, the upgrading step is considered having 

a high impact on environment. Environmental impacts of different upgrading methods are 

not very widely studied. Methane slip from the upgrading step is considered as a risk in terms 

of greenhouse gas emissions. Kohleb et al. (2021) performed an assessment about the 

environmental-economic aspects of the pressure swing adsorption technology used in 

German biogas plant. Based on their study, electricity, general infrastructure and CO2 

removal were found to have the highest impacts on environment. Methane slip was not 

having a high impact, but it should be noted that methane emissions to air was considered to 

be only 0,2%. In addition, in Germany, low level of CH4 slip (max. 0,2%) is a prerequisite 
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for renewable energy subsidy. (Kohlheb et al., 2021.) Kvist et al. (2019) measured and 

compared CH4 emissions between nine different upgrading units. Water scrubbing method 

turned out to cause most of the emissions, from 1,1 to 1,97% of CH4- losses. Amine-based 

upgrading technologies showed a very low CH4-loss percent from 0,04 to 0,07%. Membrane 

technology CH4- losses were also not very high, varying between 0,48-0,56%. Membrane 

and amine-based technologies showed to have a high percentage of CH4 in the produced 

biomethane in comparison to water scrubber. In all the plant under this review, the 

biomethane quality met the criteria required for gas grid injection. 

 

2.3 Use of biogas 

 

After the biogas is produced, it can be used as energy. Upgrading of biogas to biomethane 

is needed if biogas is used in transportation. In electricity and heat production, it is enough 

to have biogas purified from water or harmful gases, for example. As biomethane and natural 

gas do not differ in chemical properties, biomethane can be used wherever fossil natural gas 

is used without a need to change any equipment or design. Biogas is applicable in all sectors 

including electricity, heat and transport. Biogas is usually compressed in pursuance of biogas 

upgrading. Using biogas has a high potential in reducing greenhouse gas emissions, as the 

emissions from natural gas production and use are high. (Wellinger et al., 2013, 378.)  

 

Compressed biogas (CBG) and compressed natural gas (CNG) have the same composition 

and can be used as a fuel for light traffic. Abbreviation CBG is usually used in commercial 

purposes and it refers for biomethane. Natural gas and biogas can also be liquefied to 

liquefied natural gas (LNG) and liquefied biogas (LBG) and used in heavy vehicles and in 

maritime industry. Pipe network transportation for the distribution of gas is an efficient and 

environmentally friendly method. Biomethane can be integrated into the gas pipeline 

network and that is considered the best way to distribute biomethane for use in gas vehicle 

motors. There are also other methods of delivering biogas than integrating it into the gas 

pipeline network. Mobile storage equipment or the building of local biogas pipelines are 

utilized. Local gas network transmission and distribution are optimal for local short-distance 

and large-scale transportation. In power generation, biogas is used as a fuel to drive the 
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generator to generate electricity. Produced electricity is distributed to consumers or 

integrated into electrical grids. The excess heat can be utilized for AD or for heating energy 

for consumers nearby. There are different types of power generation of biogas such as 

internal combustion engine, micro gas turbine and fuel cells. (Deng et al., 2020.) 

 

Biomethane has much potential, and it provides economic and environmental advantages for 

heavy-duty transport as well as for light transport. Pääkkönen et al. (2019) studied the 

potential of biomethane in heavy transport sector in Finland and found that the technical 

potential for biomethane use in heavy-duty road transport is high, but the utilization rate is 

still low. Biomethane was found to be competitive with diesel in economical perspective, as 

the production costs for biomethane from AD are ranging from 81 to 190 €/MWh, while the 

consumer price for diesel has been 152 €/MWh in 2018. They also stated that approximately 

half of heavy-duty transport in Finland could use biomethane as a fuel by 2030 and if the 

total biomethane potential would be used, it would reduce the carbon dioxide emissions by 

50 %. It was considered that the political framework needs to be more comprehensive so that 

the transition to biomethane would accelerate. (Pääkkönen et al., 2019.) 

 

At a global level, biogas has a minor role in the total primary energy supply. Nonetheless, 

the share of it was 14 % of the electricity generation from biomass in 2018. In Europe, biogas 

production has increased and currently, the EU is the world leader in biogas electricity 

production as well as it is a leading producer of biomethane to use as vehicle fuel or to be 

injected into the natural gas grid. (Scarlat et al., 2018.) The World Bioenergy Association 

(2020) states that currently, liquid biofuels and biogas are the most sustainable and ideal 

options for decarbonizing the transport section. Electrification is also seen as an important 

option for the sector, but it should be noted that the share of renewables in the electricity is 

only about 27 %. (World Bioenergy Association, 2020.) 

 

Both challenges and advantages are identified from the use of biomethane. European 

Biomethane Association (EBA) names current challenges: insufficient financial incentives, 

lack of cross-border co-operation and common European gas quality standard for the grid 

access, insufficient CNG/LNG gas vehicle fuel infrastructure and lack of political 
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recognition. According to EBA, these challenges could be solved by increasing awareness 

of biogas possibilities in decarbonizing the European energy sector and by supporting cross-

border co-operation at EU level. Also, EBA is developing EU standards for grid injection 

and vehicle fuel use, and constantly continuing with its partners informing policymakers of 

the production and use of biomethane. According to EBA, biomethane is a viable fuel which 

can rely on existing natural gas infrastructure. In addition, the upgrading technologies are 

mature and developed. The use of biogas contributes to European climate targets by reducing 

CO2-eq emissions. While biogas replaces fossil fuels, particulate matters and NOx emissions 

are reduced and air quality is improved. Moreover, the use of digestate as a fertilizer 

promotes nutrient cycle in regional ecosystems. From a national economic point of view, 

production of biogas and biomethane promotes employment by increasing the number of 

green jobs in regional and agricultural level. (European Biogas Association, 2020.) 
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3 FERTILZERS AND SOIL IMPROVEMENT 

 

Agricultural soil has an important role to provide a habitat that allows crops to grow without 

impediment and produce maximum yield for a certain environment. From a crop production 

perspective, healthy soil provides anchorage for plants, a physical structure for root growth, 

a capacity to absorb and infiltrate water, access of roots of available water, storage and 

release of nutrients and destruction of pests and diseases. However, agriculture is part of a 

wider environment and for that reason, cultivated soils have also other important aspects that 

benefit the ecosystem. They help to sequestrate carbon, maintain biodiversity, detoxicate 

harmful chemicals, maintain the water quality, prevent nutrient and sediment loss to the 

water system and minimize greenhouse gas emissions. (Stirling et al., 2016, 2.)  

 

3.1  Soil properties 

 

Soil consists mostly of mineral particles but air, water, organic matter and living organisms 

are also present at a variety of amounts. Physical, chemical and biological properties need 

to be nurtured to ensure healthy and productive soil. Mineral particles, which are sand, silt 

and clay vastly determines physical characteristics and texture and significantly influence 

the physical properties of the soil. Soil structure strongly depends on the way these particles 

group together to form aggregates. Gluing agents created by fungal hyphae and bacteria bind 

soil particles together. Sandy grains do not cling together and therefore sandy soils have little 

or no structure. In turn, clay soils involve a lot of organic matter and are likely to aggregate 

easily. In the case of well-structured soil, a mixture of macropores and micropores that allow 

free movement of water and air separates aggregates. If these pore spaces disappear, the 

environment suffer from absence of air which leads to degradation or compaction of a soil. 

(Stirling et al., 2016, 13.) 

 

The chemical interactions in soil mainly happen on the small clay and organic particles. 

These particles are considered to be soil colloids. The exchange of nutrients occurs on the 

surface of organic particles and clays. They are also held in soil organic matter and biomass 

or are soluble in soil water. Wide range of chemical analyses are measurable and can be used 
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to provide information about soil’s chemical properties. To name a few, electrical 

conductivity, pH, soil organic carbon, extractable phosphorus, organic and mineral forms of 

nitrogen, are included to these analyses. It should be noted that data of these properties is 

dynamic and change over time and is only relevant at a precis time and for the depth that 

was sampled. To get reliable data, chemical properties of the soil must be monitored 

regularly. (Stirling et al., 2016, 14-17.) 

 

The organisms and organic matter that sustains them have important roles in soil. Bacteria 

and fungi degrade organic matter into its components. Other microbes can colonise root 

tissue and use the plan as an energy source while providing important nutrients to the plant. 

Varying microbes and microscopic animals in the soil provides a lot of benefits. They are 

important organisms from the perspective of plant growth, as they consume fungi and 

bacteria while recycling and releasing nutrients. For example, insects, spiders and 

earthworms are described as ‘ecosystem engineers’ as they break large organic pieces into 

smaller pieces or excrete organic compounds that soil microbes decompose further. By 

moving through the soil, they have an important role in affecting the structure of the soil as 

well as the movement of water and air into the soil. (Stirling et al., 2016, 17.) 

 

Soil improvement involves a lot of steps and is overall a complex process that takes time, 

good planning, and perseverance. A soil amendment is described as any substance or 

material, organic or inorganic, which purpose is to improve the soil properties and plant 

growth. Studies have found that especially organic matter inputs benefit the soil by 

increasing soil’s carbon pool and replenishing the nutrient content of plants, mobilize 

nutrients that benefit the development of biological activities, increases the organic matter 

content in the soil, and so on. From plants’ perspective, organic fertilizer inputs for example 

promote root growth and eliminates plantar diseases. (Westphal et al., 2016.) Following 

chapters will consider mineral and recycled fertilizers and their impact on soil and climate. 
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3.2 Mineral fertilizers 

 

Mineral fertilizers are widely used in agriculture around the world and have been a key 

contributor to the impressive crop yield. A so called ‘complete fertilizer’ contains the three 

major fertilizer nutrients: nitrogen, phosphorus, and potassium (Paz et al., 2008). Fertilizer 

production accounts for 2-3 % of the global energy consumption, and nitrogen is a large 

contributor to this consumption. One of the main uses of captured nitrogen is the production 

of ammonia via the Haber Process, where fertilizers can be directly produced from nitrogen 

and hydrogen contained in natural gas at elevated pressure in a catalyzed system. Haber 

Process were invented in the early part of 20th century and since then the process has replaced 

any natural source of nitrogen containing fertilizer. Nitrogen compounds include ammonia, 

nitric acid, ammonium nitrate, adipic acid, urea, and ammonium sulfate. (Benvenuto, 2014, 

16.) The most used nitrogen fertilizer is urea. However, in Finland, the most used nitrogen 

fertilizers are ammonium in granular and nitrate form. (Ervasti et al., 2018). Especially 

fixation of atmospheric nitrogen to manufacture ammonia and the conversion of ammonia 

to urea requires much energy. (López-Valdez & Fernández-Luqueno, 2014, 9.) In urea 

production there is wide variability in the emission factors, and they are ranging from 1,3-

5.5 kg CO2-eq/kg of N. In Europe, the emission factors are reported to be generally lower 

comparing to the United States and China. Reasons for higher emissions in China are that 

the country uses coal in the production process instead of natural gas, which lead to 

considerably higher emissions. For example, in 2012, 86 % of the energy needed for 

ammonia synthesis in China was originated from coal, which lead to a fivefold rise in energy 

demand versus a process that operates with natural gas  (Zhang, W. et al., 2013). Emission 

factors for ammonium nitrate production are reported to be higher than in urea production, 

ranging from 3,5 to 10,3 kg CO2-eq/kg of N. This is due to increased N2O emissions from 

nitric acid production required for ammonium nitrate that significantly affect the total 

emissions of the fertilizer production. (Walling & Vaneeckhaute, 2020.) 

 

Second major macronutrient, phosphorus, is non-renewable natural resource, and it is mined 

from phosphate rocks by using a chemical treatment. Several phosphorus containing 

materials are used as fertilizer. The biggest phosphate producers are China, United States 

and Morocco. (Benvenuto, 2014, 115-116.) Ammonium phosphates are the most used 
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phosphorus fertilizers of global consumption. Single nutrient phosphorus fertilizer markets 

consist of single superphosphate and triple superphosphate. To produce phosphoric acid or 

single superphosphate, phosphorus rock is reacted with sulfuric acid. In turn, triple 

superphosphate is produced when phosphoric acid and phosphate concentrate reacts. When 

ammonia and phosphoric acid react, ammonium phosphate is produced. (da Silva & Kulay, 

2005.) Emission factors have also been reported for these above-mentioned phosphorus 

fertilizers, and the variation for ammonium phosphate is 1,3-8,9 kg CO2-eq/ kg of P2O5. 

Emissions for both superphosphates are drastically lower than for ammonium phosphate, as 

it can be noticed from the Table 3. The third of the major macronutrients, potassium (K) is 

usually provided to crops in from of potash, that is a mixture of potassium-containing 

compounds which are very water soluble. Potash can be mined in a traditional way or 

through solution wells. Normally, potassium chloride (KCl) is the product delivered to 

growing crops. Mixed fertilizers consist of all these N, P and K nutrients, and they tend to 

deliver these minerals to the soil at the same time. Typically, in Europe, mixed fertilizers 

contain 10 % nitrogen, 6 % phosphorus, and 4 % potassium. (Benvenuto, 2014, 116-117.) 

The emission factors of nitrogen, phosphorus and potassium fertilizers in different 

geographical locations are presented in Table 3.  
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Table 3. Emission factors for N-, P- and K- fertilizer production in different regions. (Walling & Vaneeckhaute 

2020.) 

Fertilizer Emission factor Country/region 

Nitrogen [kg CO2-eq/ kg of N]  

Urea 1,3 Western Europe 

 1,6 Europe 

 1,9/2,7/5,5 Europe/Russia/USA/China 

 3,1 Southeastern United States 

 3,5 United Kingdom 

 4 Sweden and Western Europe 

Ammonium nitrate 

(NH4NO3) 6,2 Europe 

 6,5 United Kingdom 

 6,8 Western Europe 

 7 Sweden and Western Europe 

 7,1 Netherlands 

 7,2 United Kingdom 

 3,5/8/10,3 Europe/Russia, USA/China 

Phosphorus [kg CO2-eq/ kg of P2O5]  

Ammonium phosphates 

((NH4)3PO4) 1,3-1,8 Sweden and Western Europe 

 1,4/1,7/2,89 Europe/Russia, USA/China 

 6,4 Southeastern United States 

 7,8-8,9 China 

Single superphosphate 0,6 United Kingdom 

 1 Sweden and Western Europe 

Triple superphosphate 0,4-0,54 Europe, Russia, USA, China 

 1 Sweden and Western Europe 

 1,1 Brazil 

 1,2 United Kingdom 

 1,6 Europe 

Potassium [kg CO2-eq/ kg of K2O]  

Potassium chloride (KCl) 0,14-0,25 China 

 

As it can be interpreted from Table 3, the emission factors vary a lot, but are often lower in 

Europe versus the other regions. Emission factors in the table have been reported between 

1998 and 2018, so at present emissions may differ very much from these values. However, 

the values in the table give a good picture of geographical fluctuations between emissions. 

 

The drawbacks related to use of mineral fertilizers are environmental pollution and other 

environmental problems. Energy-intensive production phase causes lot of the emissions but 
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also runoff of ammonia fertilizers caused by excessive use on field is one of the main factors 

that cause pollution. These runoffs proceed from small streams to larger rivers, eventually 

impacting large inland watercourses. (Benvenuto, 2014, 22.) Excessive application of 

fertilizers causes often risks to environment if they are not fully utilized by plants. That is 

also a financial loss to the farmer. (Paz et al., 2008.) Nitrogen and phosphate compounds 

seem to be large contributors to the eutrophication of water and the excessive concentration 

of nitrogen compounds in atmosphere and water. Even small amounts of nutrients in 

freshwater bodies are sufficient to support algal blooms. Nitrogen and phosphorus are lost 

through run-off and leaching. Nitrogen losses also occur through volatilization. The crop, 

type of fertilizer, method of application, and both soil and environmental factors affects the 

amount of losses. The ammonia in the atmosphere is entirely recycled to waters and soil. 

Eventually, it becomes nitrified which contributes to acidification. (Brentrup et al., 2018) To 

avoid environmental problems and excessive application, regulations and directives have 

been developed on setting the application time and amount of fertilizers can be put in the 

fields.  

 

The prices of natural gas have risen precipitously in autumn of 2021, which has a direct 

effect on mineral fertilizer prices, as the natural gas is used in their production process. 

Fertilizers Europe has warned at the beginning of October in 2021, that high natural gas price 

in Europe threatens to make ammonia and fertilizer production unprofitable. (Fertilizers 

Europe, 2021.) Around the same time, mineral fertilizer manufacturer Yara has raised prices 

so that the current price is about 2,5 times higher in comparison with the price in 2020. This 

has been estimated to have a depleting effect on demand on mineral fertilizers. (Lehtonen 

Satu, 2021.)  

 

3.3 Recycled fertilizers 

 

Recycled fertilizers are defined as fertilizer products processed from recyclable side streams. 

Composting and AD are usual examples of processes that produce recycled fertilizer 

products. Recycled fertilizers may be similar to mineral ones in nutrient content. Besides 



34 

 

nutrients, recycled fertilizers often contain organic matter that improve soil properties. 

(Seppänen et al., 2019.)  

 

Recycled fertilizers originated from biogas plants can be divided into three different groups 

depending on their application: organic fertilizers, conventional recycled fertilizers, and 

sewage sludge-based recycled fertilizers. European Union describes organic farming as an 

agricultural method aiming to produce food with natural substances and processes without 

loading the environment. EU has organic legislation which has strict restrictions on fertilizer 

products and limits on allowed substances. (European Commission.) Organic fertilizers are 

produced for example in biogas plants whose feedstocks are all organic (do not contain 

sewage sludges), and therefore they can be used in any kind of cultivation. Conventional 

recycled fertilizers are produced from a process that uses some feedstocks, such as 

genetically manipulated maize and soy, which is why they do not have organic certification, 

or the plant has not applied or received the certification for some reason. Sewage sludge-

based recycled fertilizers means fertilizer products with more than 10 % of the feedstock 

being municipal sewage sludge or industrial sludge. In legislation, the use of sewage sludge-

based fertilizers in agriculture is restricted to arable land in which plants and crops usually 

for animal feed are grown. (Prizztech Oy & Pyhäjärvi-instituutti, 2020) In Finland, Gasum 

Oy produces recycled fertilizer products in biogas plants. The fertilizer products from the 

company’s biogas plant in Lohja are suitable for organic farming. (Gasum Oy, 2021.) 

 

Besides nutrient content, recycled fertilizers differ from each other in their composition. The 

variety of fertilizer compositions includes slurry, dry, liquid, crystal, ashes and biocarbons, 

pellets and granules. Sludgy fertilizers are similar to liquid manure. They are produced from 

the digestion of different feedstocks and are not very far processed. The dry matter content 

of them is low, about 2-10 % as well as the nutrient content is low. Despite the high-water 

content, slurry fertilizer products include organic matter for soil improvement. Dry fertilizer 

products typically originate from various drying and separating processes or composting. 

Their composition is like solid manure, and usually, they have dry matter content of 30 %, 

most of which is organic matter. Some of these products are phosphorus-rich fertilizers, and 

some are fibrous, low in nutrient, products aimed for soil improvement. Liquid recycled 

fertilizer products usually contain little, or none, dry matter, and only small amounts of 
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organic matter. They are also often more concentrated than other recycled fertilizer products 

in nutrient content. (Seppänen et al., 2019.) As it was stated earlier, adding organic matter 

to the soil has positive effects. It increases soils crumb structure, humus content and 

biological activity, cation exchange capacity, water retention and soil structure  (Horn et al., 

2020). According to studies conducted by Havukainen et al. (2018) and Timonen et al. 

(2019), it is found that CO2-eq emissions are lower in case of recycled fertilizer products 

compared to mineral fertilizer products especially with nitrogen. 

 

Challenges that have been found in recycled fertilizers related to the variability in nutrient 

content and the high transportation volumes as well as to the storage options. Outside the 

application time, recycled fertilizers must be stored. When storing, it is important to take 

into account the minimization of nitrogen losses and the possible leachate. Already existing 

stores in farms can be utilized as recycled fertilizer stores. Liquids and slurries are possible 

to store in slurry containers and dry fractions in manure storages. (Seppänen et al., 2019.) 

Costs and emissions from the transportation are often higher, because the nutrient content is 

lower per weight compared to mineral fertilizers. What it comes to environment, it has been 

noted that mineral fertilizers are not the only ones leading to environmental problems. While 

recycled fertilizers have various benefits, such as improving soil organic carbon content and 

soil structure, they can still impact eutrophication and acidification if they are poorly 

managed and used excessively. (Carvajal-Muñoz & Carmona-Garcia, 2012.) The highest 

emissions of recycled fertilizers are caused by their use, meaning direct emissions from the 

field. The total nitrogen content of recycled fertilizers may be higher than mineral fertilizers, 

as they often contain not only soluble nitrogen, but also organic nitrogen. The field use 

emission of recycled fertilizer may therefore in some cases be higher than mineral fertilizer 

if organic nitrogen is left in the recycled product. (Horn et al., 2020.) 

 

Myllyviita and Rintamäki  (2018) studied the experiences of food producers on the use and 

development needs of recycled fertilizers in Finland. Based on a SWOT (Strengths, 

Weaknesses, Opportunities, Threats)- analysis for food producers, identified strengths of 

recycled fertilizer were the suitability for organic production, improvement of soil structure, 

good fertilizing effect and low price. Availability, storage and dissemination, 

competitiveness of mineral fertilizers, customer attitudes and legislation and changes of it in 
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the future were seen as weaknesses and threats. Abundant availability of raw materials, 

increasing nutrient circulation, deducing the emission load in the Baltic Sea and the 

increasing interest in the use of recycled fertilizers were seen as possibilities. (Myllyviita & 

Rintamäki, 2018.) The market is not yet very well developed and there is barely any price 

available for products on the market, except for organic compost products, where the price 

is varying 2-20 €/ton. The economic value of recycled fertilizers in agriculture consists, 

among other things, of their nutrient, carbon, liming and soil improvement value. (Kahiluoto 

& Kuisma, 2010.) Therefore, as an economic advantage of recycled fertilizers can be 

considered that their price is not dependent on natural gas, in which case the price of fertilizer 

is not affected by the increase in the price of natural gas, unlike the previously mentioned 

mineral nitrogen fertilizer. The increase in the price of mineral fertilizers may thus increase 

interest in recycled fertilizers. 

 

3.4 Use of fertilizers  

 

The starting point for fertilization is the nutrient need of plants and the nutrient levels in the 

soil. In Finland, legislation and environmental compensation schemes guides the amounts of 

fertilizers that can be applied in soils, aiming to prevent overuse of them. Based on the 

environmental compensation schemes, the maximum amount of phosphorus that can be 

spread per hectare of field varies from 0 to 110 kg/ha/a, and that amount depends on soil’s 

fertility class and species of plant.  For nitrogen, the comparable maximum amount is 20-

240 kg/h/a depending highly on species of plant, soil type and humus content. (Ruokavirasto, 

2021.) The use of potassium is not controlled, because it is not considered to be major 

contributor to eutrophication, unlike nitrogen and phosphorus, but the plants potassium need 

should be taken into account.  

 

Potassium has many important tasks in plants, such as regulation of osmotic potential, 

evaporation of water and the exchange of CO2 and oxygen. It has also an essential role, when 

reaching for the maximum possible harvest. It is known, that if the plants are lacking 

potassium, the dry matter content of the plants rises, in other words, the plants are drying up. 

However, the excessive use of potassium impairs the mineral balance of the feed and causes 

a situation where the plant takes more nutrient than it needs. (Hyrkäs et al., 2018.) Therefore, 
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the amount of fertilizer applied to the field must be made to meet the real nutrient needs of 

the plants. In this way, nutrients end up more in the crop and less in the atmosphere and 

water bodies. Time of year is also an important aspect that needs to be taken into 

consideration, because some plants take most of their nutrient at the start of the growing 

season, while the nutrient requirements of other plants continue throughout the growing 

season. Mistimed fertilization and nutrient dissolution raise the risk of nutrient runoff into 

the environment. (Horn et al., 2020.) The nutrient requirements of a plant can be assessed 

by crop response curves, nutrient uptake and nutrient removal  (Mattila, 2019). Nutrients 

containing in both inorganic and organic fertilizers products, in animal manure and other 

substances to be applied to fields should be calculated in the total nutrient use. Also, if the 

harvest/crop remains unharvested for some reason, for example, due wetness, the 

phosphorus applied to the field should be fully taken into account in the fertilization of the 

following spring.  (Ruokavirasto, 2021.) 
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4 LIFE CYCLE ASSESSMENT 

 

4.1 General principles 

 

As the awareness of the importance of environmental protection and the environmental 

impact associated with the manufacture and use of products has increased, the interest in 

developing methods for a better understanding of the impacts has increased as well. LCA is 

one technology developed for this purpose. It has some key elements that are always 

required. These elements are functional unit (FU), system boundary, inputs and outputs and 

impact assessment. The basic feature of LCA is the calculation of environmental impacts for 

the delivery of specific functions or utilizes. The FU is defined the way that the results from 

the LCA can be used to promote a substitution of the options with lower environmental load 

for the options with greater environmental load. Defining appropriate FUs have been 

considered challenging as options may have secondary functions that need to be balanced. 

(Horne et al., 2009, 24.) 

 

ISO 14040 and ISO 14044 are international standards in LCA, focusing mainly on the 

process of performing LCA and following impacts of a product from cradle to grave. The 

main difference between these two standards is that ISO 14040 describes the principles and 

framework for LCA, and ISO 14044 gives requirements and provides guidelines for LCA. 

(Pallas, 2021.) ISO 14044 standard presents requirements for conducting an LCA for the 

authors. LCA can help to identify the possibilities for improving the environmental 

performance of products at different stages of the life cycle, to provide information for 

decision-making in industry, public administration, or organizations. It can also help to 

choose essential indicators and measurement methods as well as be a helpful tool for 

marketing. (SFS-EN ISO 14044.)  
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ISO 14044 defines four main phases that are essential in LCA: 

 

1. Goal and scope definition 

2. Inventory analysis 

3. Impact assessment  

4. Interpretation.  

 

All of these phases are performed according to the standard.  The first step of LCA is the 

definition of goal and scope, which covers the objective of the study and intended use of the 

results. Limitations and details of the system under consideration as well as FU is defined in 

that phase. FU describes the quantified function of a product, and it is crucial for building a 

product system in LCA. Life cycle inventory analysis (LCI) comes straight after the goal 

and scope and contains input and output data for the system. It presents all the relevant data 

for the assessment, and the inputs and outputs are calculated in relation to the chosen FU. 

The life cycle impact assessment (LCIA) phase is the third phase. Its purpose is to bring in 

additional information and facilitate the evaluation of inventory analysis results. It is also 

intended to help better understanding the results from an environmental point of view. (SFS-

EN ISO 14044). Impact categories that are commonly considered in LCIA phase are climate 

change, eutrophication, ozone depletion, acidification, human toxicity, photochemical ozone 

formation, land use, respiratory inorganics, ionizing radiation, and resource depletion. 

Impact assessment models are used to convert these impacts into indicators, for example 

kilogram of CO2-equivalent (CO2-eq) per FU. Examples of LCIA methods are CML 2001 

and ReCiPe. (European Commission, 2010.) 

 

The interpretation of the results is the final stage of the LCA. It brings together the results 

of inventory analysis and impact assessment or both. It identifies significant issues and 

evaluates the obtained results. The results are treated as a basis for conclusions, 

recommendations, and decision-making as defined in the goal and scope. (SFS-EN ISO 

14044.)  
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4.2 Applying life cycle assessment to biogas production 

 

Multiple studies exists where LCA is conducted to biogas production and it has become a 

valuable method in the estimation of environmental impacts associated with biogas. Usually, 

LCA is exploited to explore environmental impacts caused by biogas production and to find 

solutions for reductions of them, to compare different feedstocks and observe ideal mixtures 

from the environmental and economical point of view, and to compare different digestate 

and biogas utilization and disposal methods. (Hijazi et al., 2016.) LCA studies related to 

biogas production are not always fully comparable with each other, as plants are different 

from each other, uses different feedstocks and studies use different assumptions and are 

outlined differently. Some studies, for example, take into account emissions reductions from 

using end-products, while other studies are limited to production phase alone. Even if the 

results are not fully proportional, with LCA the largest factors affecting the results can be 

identified. 

 

In LCA studies on biogas production, FU of the study is often related to the input or outputs 

of the system. Zagklis et al. (2021) defined their FU as 1000 kg of mixed waste and found 

that with the co-digestion of disposable nappies and expired food products, the emissions of 

48,1 kg of CO2-eq per 1 ton of mixed waste could be averted compared to landfilling. Wang 

et al. (2016) conducted a cradle-to-gate LCA of biogas production from straw and their FU 

was related to the input flow as well, which was 1 ton of pre-dried straw. GWP (Global 

Warming Potential) of 281 kg of CO2-eq per 1 ton of pre-dried straw for 100 years was 

found. This shows that there is a lot of variation in results and in the presentation of results, 

even if the studies are kind of similar and the FUs are defined quite comparably. Uusitalo et 

al. (2014) employed an LCA to study greenhouse gas (GHG) emissions from biomethane 

use as a transport fuel. FU of the study was determined related to output flow; 1 MJ of 

biomethane produced. They compared biowaste and energy crops as a feedstock and how 

the selection affects the results. According to their results, the emissions of biomethane 

produced from biowaste including substitution method for digestate are approximately 22 g 

CO2-eq/MJ, while with the dedicated energy crops the emissions are higher, approximately 

61 g CO2-eq/MJ. They outlined that the highest uncertainties are related to land use change, 

cultivation, use of the digestate and the technology used in digestion and upgrading. 



41 

 

Energy crops are grown to produce biofuels, for example liquid biofuels and biogas. Using 

the land surface only to grow plants that go directly into energy production and not into for 

example human food does not seem very rational and sustainable. As Uusitalo et al. (2014) 

found, the emissions from using energy crops as a feedstock for biogas production led to 

higher emissions than using biowaste as feedstock. Pacetti et al. (2015) also studied biogas 

production from energy crops by applying LCA and Water Footprint methodologies to the 

study. The water footprint of a product means the total volume of fresh water that is used 

either directly or indirectly to produce the product  (Hoekstra et al., 2011, 46). Northern, 

central, and southern Italy and three different crops (maize, sorghum, and wheat) were under 

investigation. According to these results, energy crops use in biogas production have 

beneficial environmental impacts compared with conventional energy production for all the 

other indicators except fresh water ecotoxicity, marine ecotoxicity, and water depletion. On 

the other hand, geographical location affects a lot to the results. For example, in southern 

Italy, where extreme water scarcity is already a problem, the use of energy crops for biogas 

production is unsustainable due to its climate that increases the water need on crops. In 

northern and central Italy, the use of energy crops for biogas production was on a sustainable 

level. Sorghum showed to be the crop with the best performance, followed by the maize, 

while wheat has less beneficial effects. Terrestrial ecotoxicity indicator has negative impacts 

for all scenarios. Overall, most of the environmental impacts are caused from the cultivation 

phase including fertilizing, ploughing and irrigation. (Pacetti et al., 2015.) 

 

In some LCA studies, the aim is to substitute something, for example, conventional fuels or 

mineral fertilizers with biogas and digestate. Various substitution methods are employed for 

those purposes. Van den Oever et al. (2021) addressed the impacts of compressed biogas 

production from animal manure and municipal organic by conducting LCA. They used 

partial and full substitution method. In that case, the partial substitution does not include 

digestate application in the system boundary, meaning that the digestate only substitutes the 

synthetic fertilizer production, while in full substitution method land fertilization, digestate 

application and substitution of mineral fertilizer production and application are included in 

the system boundaries. FU of the study was production of 1 MJLHV compressed biomethane 

delivered to vehicle tank. Main findings were that the savings in GHG emissions from biogas 

were greater than RED targets, and the exploitation of digestate effects significantly to the 
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impact of biogas. (van den Oever et al., 2021.) Hanserud et al. (2018) identified and tested 

three substitution methods in a case study about conventional manure management system: 

one-to-one substitution principle, maintenance substitution principle, and adjusted 

maintenance substitution principle. One-to-one principle seems to be the most 

straightforward and commonly used. In accordance with this principle, the amounts of 

nitrogen, phosphorus and potassium included in organic fertilizer products is assumed to 

replace the equal amount of mineral nitrogen, phosphorus and potassium. The method does 

not take into account the fertilizer requirement from the perspective of crop and receiving 

soil. Both maintenance and adjusted maintenance substitution principles are more advanced, 

taking into consideration the certain crop or crop rotation and underlines that over 

application does not substitute mineral fertilizer. In the maintenance substitution principle, 

nitrogen, phosphorus and potassium contained in organic fertilizer is proportional to the 

nutrient needs of the plant at a general level, while in the case of adjusted principle, the crop 

fertilizer requirement for each nutrient is taken into account and adjusted for regional or local 

soil properties. The adjustment principle is mainly relevant for phosphorus and potassium, 

as their existing levels in soils might affect the amount of recommended fertilizer 

application. In one-to-one principle, there is a risk that the advantages of recycled nutrients 

are overestimated. The adjusted maintenance substitution seems to be the most realistic and 

allows a better estimate of the amount of mineral fertilizer avoided. (Hanserud et al., 2018.) 

 

Allocation is defined as dividing the input or output flows of a system between the system 

under study and one or more other systems. ISO standard 14044 suggests that allocation 

should be avoided whenever possible for example, by dividing processes into sub-processes 

by using system expansion or substitution method. Sometimes allocation is necessary, for 

instance, to determine the emissions of fertilizer products obtained from the digestate. 

Havukainen et al. (2018) evaluated the carbon footprint of biofertilizers obtained from an 

existing biogas plant. They allocated emissions between biogas, and nitrogen and 

phosphorus containing in the compost. Allocation method that they used was economic 

value-based allocation. In a system where the emissions are allocated between biogas and 

nutrients, choosing the allocation method might be problematic. Mass-based allocation in 

that case is not suitable, because the mass of biogas is much lower compared to compost, 

and the biogas is used for energy. Allocation based on energy content is neither sensible 
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because the compost is not used for energy, admittedly like biogas. For these reasons, they 

selected the allocation method based on value. As a result, it was found that the emission for 

1 kg of nitrogen was 0,8 kg CO2-eq and for 1 kg of phosphorus 1,8 kg CO2-eq, and these 

footprints were significantly lower compared to mineral nitrogen and phosphorus. 

(Havukainen et al., 2018.) Timonen et al. (2019) also conducted an LCA study for AD and 

allocated emissions for the energy and digestate based on their economic value. Mass based 

allocation was also tested but it was not considered a suitable way to allocate emissions 

between biogas and digestate as the masses of the products are differing very much from 

each other. The emissions allocated only to biogas was varying between 14.9 and 19.6 g 

CO2-eq per MJ between different scenarios. With the economic allocation to digestate, 

emissions varied between 1.1 and 1.6 kg CO2-eq/kg N. Based on their results, the climate 

emissions from raw material procurement to AD for energy and digestate were lower 

compared to the production of fossil energy and mineral fertilizers. (Timonen et al., 2019.) 
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5 SYSTEM UNDER CONSIDERATION 

 

5.1 Gasum Oy 

 

Gasum Oy is Nordic energy company and gas market specialist found in 1994. The company 

promotes circular economy by managing waste and producing biogas and recycled fertilizers 

in Finland and Sweden. Gasum imports natural gas to Finland and is the biggest distributor 

of LNG in Nordics. LNG is supplied for industry and heavy-duty transport and maritime 

transport in Finland, Sweden and Norway. Company takes account of economic, social and 

environmental responsibility and those are part of its strategy. The motto of the company is 

cleaner energy. Gasum has ambitious targets to reduce its greenhouse gas emissions by 

increasing biogas availability by 2025. (Gasum Oy, 2020.) 

 

5.2 Lohja biogas plant 

 

Gasum’s biogas plant in Lohja entered commercial service in January 2021. The plant 

manages biowaste in the Helsinki region and produces renewable biogas for transport and 

industry and recycled fertilizers for agriculture. The plant operates in the mesophilic 

temperature range. Yearly, the plant can process approximately 60 000 tons of biodegradable 

wastes into 40 GWh of biogas and 50 000 tons of recycled fertilizers. The plant meets the 

criteria for organic fertilizers. (Gasum Oy) 

 

After the waste is received to the plant, it goes through a pre-treatment process, which aims 

to particle size reduction and to separate non-fermentable materials, such as plastics. This 

separated material is called plastic reject, and it is further transported elsewhere to be used 

in waste to energy production. Reject water that is circulating in the process is mixed with 

waste to make the feedstock homogenous and pumpable. The feedstock is diluted into target 

TS%. Homogenized pre-treated waste goes to digestion process from which biogas and 

digestate are obtained. The plant has a flare, where biogas is burned to CO2 only in 

maintenance and interference situations to avoid CH4 emissions. (Aluehallintovirasto, 2020.) 
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The purchased electricity is based on hydroelectric production. The heat requirements of the 

plant are fulfilled with its own produced biogas and landfill gas from a landfill located 

nearby. The biogas that is not used for heat generation is further upgraded into biomethane. 

Activated carbon is used to handle olfactory compounds and in biogas upgrading process. 

After digestion of the raw materials, digestate is hygienized by keeping temperature of the 

digestate at 70 °C for one hour. The heat required for hygienization is fulfilled with own 

produced biogas. From the digestate, liquid fraction and dry fraction are separated with a 

centrifugal dryer. Final products are biomethane for the transport use and two fertilizer 

products; nitrogen-rich liquid fraction called Perus and phosphorus-rich solid fraction, called 

Humus. Biomethane is injected to the gas grid, and fertilizer products are transported for 

agricultural use.  

 

5.3 Goal and scope definition 

 

The goal of this study is to find out the climate impact of biogas and recycled fertilizers 

production and carbon balance in an existing, relatively new, biogas plant in Lohja. This 

study is assigned by Gasum Oy, and the purpose is to raise awareness of the climate impact 

especially of the recycled fertilizer production and to compare these impacts with mineral 

fertilizer production. The environmental impact category is chosen to be Global Warming 

Potential of 100 years (GWP 100), which is measured in CO2 equivalents. The results are 

characterized with the CML 2001 August 2016 method, updated in 2021. LCA is performed 

using Sulca-software and in compliance with ISO 14044 and ISO 14040, which were earlier 

discussed in Chapter 4.1.  

 

This is a cradle-to-gate assessment, and it includes stages from collection and transportation 

of raw materials to production of biogas and recycled fertilizers. Transportation of reject and 

fertilizer products as well as the biomethane injection to the gas grid are also considered. 

The FU is 1000 kilograms of biodegradable waste received to the plant. The system 

boundary of the study is presented in Figure 2, and it is defined according to the purpose of 

calculating the climate impact of recycled fertilizer and biogas production. The system 
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boundary of the biogas plant includes the electricity and heat consumption and production 

of the plant, activated carbon and diesel production and use, collection and transportation of 

the waste, and transportation of the reject and recycled fertilizer products. System boundaries 

also include the upgrading process of biogas into biomethane, and in total emissions, the 

CH4 slip caused from the upgrading is taken into account. Biomethane use in transportation, 

emissions caused by the fertilizer use in field and reject combustion to energy are outside 

the system boundary, because they are not considered to be related to the production stage. 

 

 

Figure 2. System boundary of the study.  

 

The results of the study are used above all to see how the operation of the biogas plant and 

recycled fertilizers affects the climate but also to see, how much recycled fertilizer 

production causes emissions compared to mineral fertilizer production. Furthermore, the 

climate impact of biogas production will be compared with other transport fuels. The 

emissions are allocated for the biogas and fertilizer products based on their economic values. 

Allocation based on economic value was chosen because it seemed the most reasonable of 

all the options. Mass-based allocation would not be suitable because the mass of digestate is 

considerably bigger than the mass of biogas and the energy content-based allocation is not 

suitable, because digestate is not used as energy and the heating value of digestate is low as 

it was discussed earlier in Chapter 4.2. 
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Data used in this study is mostly primary data from the case plant, but also data from 

Ecoinvent and literature is involved. Since the plant is relatively new, and the normal 

operation has just started and long-term averages are not yet available, some assumptions 

for data used in calculations are involved. Inventory data was collected in September 2021. 

It was assumed that digestate is formed 1,2 times the inputted feedstock because water is 

added to the process. The inventory analysis (Chapter 5.4) summarizes the used data. 

 

5.4 Inventory analysis  

 

The inventory analysis will determine the energy and material flows and their quantitative 

values. More detailed processes from the data used in the LCA model can be found in 

appendix 1. Since the plant is new and just started its normal operation, the calculations 

include both primary data and assumptions. Material input and output flows of the biogas 

plant are presented in Table 4 and scaled in accordance with the FU. Below the table is more 

detailed information about the data.  

 

Table 4. Material and energy input and output flows of the biogas plant scaled to the functional unit (FU). 

Inputs 
 

Unit 

Biowaste and industrial sludge  1000 kg 

Electricity 117 kWh/FU 

Heat 104 kWh/FU 

Activated carbon 0,77 kg/FU 

Diesel for wheel loader 0,023 kg/FU 

Water  200 kg/FU 

Outputs 
  

Biogas 184 kg/FU 

Digestate 976 kg/FU 

Perus (96,6%) 943 kg/FU 

Humus (3,4%) 33 kg/FU 

Plastic reject 40 kg/FU 
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5.4.1 Collection, transportation and pre-treatment of waste  

 

The amount of received biodegradable waste is 1000 kg, as it is the FU of the study, and it 

is collected from different places. Main feedstocks that are entering the plant are municipal 

biowaste and industrial sludges. Wastes collected are varying, and therefore the composition 

of received waste is estimated based on average shares followingly: 56 % biowaste and 44% 

is industrial sludge. Plastic reject is separated from the waste mass and transported elsewhere 

to be combusted. The amount of plastic reject varies by month and in this study, its amount 

has been assumed to be 4% (40 kg /FU) of the waste being received to the plant. 

 

For the collection and transportation of waste, fertilizers and reject, average values of the 

transportation distances are used. The one-way distances are seen in Table 5. For the 

transportation, it is assumed that diesel-driven Euro 5 lorry (16-32 metric ton) from the 

Ecoinvent 3.8. dataset is used to model the emissions of transportations. The dataset 

considers also the empty return trips. 

 

Table 5. Average transportation distances for materials. 

Material Average one-way distance [km] 

Input  

Biowaste 38 

Industrial sludges 53 

Output  

Humus 28 

Perus 46 

Reject 58 

 

It should be noted that the plant is relatively new, and the transport distances used in the 

calculations are averages for a given time interval in the fall of 2021. Thus, there might be 

variation with the distances if the study takes into account, for example, a full-year average 

of transport journeys. Overall, there will be certainly a lot of variation in transport distances, 
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especially with regard to fertilizer products, as the demand for them might vary, for example, 

depending on the time of the year. 

 

5.4.2 Electricity and heat consumption 

 

Electricity and heat consumption per FU is estimated based on the electricity and heat 

consumption in September 2021, when the plant was operating normally. The amount of 

received waste is taken from the same period. Based on this estimation, electricity is 

consumed 117 kWh/FU and heat 105 kWh/FU. 

 

Electricity used in the plant is produced from Nordic hydropower. For the electricity 

production modelling, Finnish hydro power dataset from Ecoinvent 3.8 database is used. For 

heat production, the plant uses raw biogas from its own production and landfill gas from the 

nearby landfill. Oil is used as a reserve fuel. Even though oil is used only in exceptional 

situations, it is taken into account in the calculations as it is a fossil fuel. Since the oil is used 

only in abnormal conditions, it is consumed only a little. Its consumption is assumed to be 

50 l/month based on current oil consumption at the plant. For the modelling of the production 

and combustion of oil, heavy fuel oil production and combustion datasets from Ecoinvent 

3.8 are used. 

 

Approximately 40 % of the heat is produced from landfill gas, 60 % with the raw biogas and 

the minuscule amount of oil, accounting about 0,26 % of the heat production. Both biogas 

and landfill gas are considered as biofuels and their CO2-emissions are not counted in 

Finland’s total GHG emissions  (Tilastokeskus, 2021). In terms of this research, it means 

that the use of these gases in heating does not cause emissions. It is assumed that the CH4 

slip from the heating process is zero. 
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5.4.3 Use of working machinery 

 

There is almost no use of working machines other than a wheel loader at the plant. Wheel 

loader is used mainly to move the fertilizers produced in the process and therefore its use is 

quite low. Diesel consumption is approximately 0,023 kg/FU. Emissions for both diesel 

production and diesel use of the wheel loader are considered. Emissions caused from diesel 

production are obtained from Ecoinvent 3.8 dataset, which informs that the emissions for 

production of 1 kg are 0.537 kg CO2-eq When that is scaled to FU it makes 0,0125 kg CO2-

eq/FU. Emissions caused for the use of wheel loader are calculated based on the LIPASTO-

database, which is maintained by Finnish research institution VTT. Wheel loader causes 

2673 g CO2-eq per litre of fuel  (VTT, 2016), and therefore the emissions caused by its use 

are 77,57 g CO2-eq/FU.  

 

5.4.4 Chemicals in the process 

 

Chemicals are used only a little in the processes. Activated carbon and anti-foaming agent 

are the only ones, but the anti-foaming agent is consumed so little (1 m3/a) that it has no 

effect on the results and therefore it is not included in the calculations. Activated carbon is 

consumed about 16 000 kg per one year and scaled to the functional unit the amount is 

0,7740 kg. It is used to treat olfactory compounds and also in upgrading process, where 

biogas is upgraded to biomethane. Emissions from the manufacture of activated carbon are 

taken into account in the calculation. It is assumed, that activated carbon is produced from 

hard coal in European region. Dataset from Ecoinvent 3.8 is used which reports the 

emissions to be 7,8 kg CO2-eq per1 kg of activated carbon. 

 

5.4.5 End-products 

 

The end products of the process are biomethane, Perus (liquid fraction of digestate) and 

Humus (dry fraction of digestate). Raw biogas is produced 817 kWh per FU. It is assumed 

that 6% of the produced gas (49 kWh/FU) is flared. That amount is based on the average 

values of the produced gas that is flared at Gasum's biogas plants. Practically, biogas flaring 
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can be considered to be the same thing as using biomethane as a transportation fuel or heat 

production. According to RED II, CO2 emissions from biofuel use are considered to be zero, 

and therefore emissions of biogas flaring are zero (European Union, 2018.). It is assumed 

that flaring does not cause any methane slip.  

 

After taking biogas needed for heating and biogas that is flared into account, 708 kWh per 

FU of biogas goes to the upgrading process. When biogas is upgraded to biomethane, 

methane might be leaked into the atmosphere. The producer of upgrading equipment 

guarantees the methane slip is at the most 1 % of the gas that goes to upgrading. Based on 

methane slip measurements at other Gasum’s biogas plants, it is possible to reach slip of up 

to 0,5 %. In calculations the slip is assumed to be 1 % of the gas that goes to upgrading 

because there is not yet measurements in the case plant. As the methane content varies 

between 50-75 %, it is assumed that the methane content of produced biogas is 65 %. All in 

all, when taking into consideration the amount of biogas that is used for heating, flared and 

the amount of methane slip, the amount of biomethane injected to gas grid is approximately 

698 kWh per FU. 

 

Based on data from case-plant (2021), and from a similar plant that has been in operation for 

several years, liquid Perus fertilizer is produced much more in relation to the dry Humus 

fertilizer. As a base for produced digestate, it is assumed that digestate is generated 1,2 times 

the inputted waste, and the amount has considered the dilution of the waste in the process 

with water. Based on that assumption, digestate is produced 1160 kg as the amount of plastic 

reject from the waste (40 kg/FU) is considered. 

 

Based on average fertilizer production volume from the plant, Perus is produced 96,6 % and 

Humus is produced 3,4 %. Nutrients containing in both fertilizer products are presented in 

Table 6.  
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Table 6. Amount of nutrients containing in Humus and Perus fertilizers.  (Gasum Oy, 2021.) 

Nutrients Gasum Humus, Lohja Gasum Perus, Lohja 

  [kg/m3 fresh weight] [kg/m3 fresh weight] 

Total nitrogen, Ntot  3,7 4,1 

Total phosphorus, Ptot   2,3 0,4 

Total potassium, Ktot  0,9 1,2 

 

Based on the Table 6, the amount of nutrients containing in Humus and Perus are calculated 

with the help of apparent densities (Humus 565 kg/m3 and Perus 1020 kg/m3). Total nutrients 

per functional unit are seen in Table 7 below. 

 

Table 7. Total nutrients containing in fertilizer products per functional unit. 

  
Humus 

[kg nutrient/FU] 
Perus 

[kg nutrient/FU] 
Humus + Perus 
[kg nutrient/FU] 

Total nitrogen 0,267 4,66 4,927 

Total phosphorus 0,166 0,455 0,621 

Total potassium 0,065 1,36 1,429 
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6 RESULTS AND DISCUSSION 

 

This chapter presents the results of the study. For the climate impact, global warming 

potential (GWP) is going to be presented in the unit of CO2-eq. To calculate the impact of 

recycled fertilizer products, emissions of the system under consideration are allocated 

between Humus, Perus and biomethane using economic value-based allocation. After the 

results are presented, sensitivity analysis is conducted in order to explore the impact on the 

results of changing the parameters and assumptions that most significantly affect the overall 

results. The carbon balance approach is conducted to see how the carbon is dividing in the 

process. In addition, a carbon handprint evaluation is applied in order to see how great the 

emission reduction potential is for the user of the fertilizer products. 

 

6.1 Life cycle impact assessment 

 

The greenhouse gas emissions caused from the biogas and fertilizer production are in total 

39,9 kg CO2-eq per FU. Emissions are divided between activated carbon, diesel use, 

electricity, heat, methane slip and transportations. The results are presented by emission 

sources in Figure 4. These results are based on the processes presented within the system 

boundaries presented in the Chapter 5.2.  

 



54 

 

 

Figure 3. Emissions for the whole system by source. 

 

It is seen from the Figure 3, how the emissions are divided between the processes. Methane 

slip that occurs in the upgrading process is the greatest contributor to the emissions. Other 

processes that have a significant impact on the emissions are recycled fertilizer 

transportation, waste collection, and the use of the activated carbon. The methane slip 

accounts for 42 % of the total emissions. The second and third most emissions are caused by 

the transport of recycled fertilizers and waste, accounting approximately for 22 % and 18 % 

of the total emissions. The production of activated carbon for the biogas upgrading and 

treatment of olfactory compounds accounts for 15 % of the total emissions. Reject 

transportation, electricity production, heating and diesel use have the least impact on the 

emissions. 

 

As the main goal was to find the climate impact of biogas and recycled fertilizer production, 

allocation is needed for dividing the emissions of the whole production process. The 

emissions for biomethane and recycled fertilizer products are allocated based on their 

economic values. The price of biomethane in autumn 2021 has been approximately 85 

€/MWh without value added tax. As it was discussed earlier, the market for recycled 

fertilizer products in Finland is not very developed yet and therefore the prices have not yet 
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fully stabilized. In these calculations, it is assumed that the price for both Perus and Humus 

is approximately 3 €/m3 based on the evaluated price in the future. Economic values for 

biomethane, Perus and Humus per FU as well as the share and emissions are presented in 

Table 8.  

 

Table 8. Economic values for biomethane Perus, and Humus. 

Product 
  

Value 
[€/ U] 

Share 
[%] 

Emissions 
[kgCO2-eq/FU] 

Biomethane 59,45 94 % 37,70 

Perus 3,30 5,2 % 2,09 

Humus 0,21 0,3 % 0,13 

Total 62,95 100 % 39,9 

 

As the value of biogas is higher compared to fertilizer products, most of the emissions (94 

%) are allocated to biomethane and the rest (6 %) is allocated for the recycled fertilizers. 

Table 9 presents the allocated emissions scaled for biomethane per megajoules (MJ) and for 

Perus and Humus per 1000 kg of produced fertilizers. 

 

Table 9. Allocated emissions for biomethane, Perus and Humus. 

Product Emissions   

Biomethane 15,0 kg CO2-eq/MJ 

Perus 1,9 kg CO2-eq/1000 kg 

Humus 3,4 kg CO2-eq/1000 kg 

 

The allocated emission for biomethane is in line with alike study conducted by Timonen et 

al. (2019). In their study the emission for biomethane was varying from 14.9 to 19.6 g CO2-

eq per MJ between different scenarios. 
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6.2 Comparison  

 

In this chapter the emissions of biogas and recycled fertilizers production are compared with 

the emissions of alternative transport fuels and mineral fertilizers production. The N, P and 

K amounts containing in Perus and Humus were presented in Table 7. It was calculated how 

much the emission would be caused if the same amount of mineral N, P and K fertilizers 

would be produced. For the emissions of the production of mineral fertilizers, datasets from 

Ecoinvent 3.8. were used. These datasets cover the fertilizer production in Finland region 

and the emissions factors for those are presented in Table 10. 

 

Table 10. Emissions of mineral N, P and K fertilizer production. (Ecoinvent 3.8.) 

  
Emissions 

kg CO2 eq/kg of fertilizer 

Mineral nitrogen fertilizer as N 6,18 
Mineral phosphorus fertilizer as P2O5 3,01 

Mineral potassium fertilizer as K2O 5,73 

 

Emissions from the production of recycled fertilizers and from the production of mineral 

fertilizers are illustrated in Figure 4. 

 

 

Figure 4. Emissions of production of recycled fertilizers and mineral fertilizers. 
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In Figure 4 it is represented that mineral Perus contains the same amount of nutrients as 

recycled Perus, and mineral Humus contains the same amount of nutrients as recycled 

Humus. It is clearly seen that if the same amount of nutrients that are containing in the 

Humus and Perus would be produced in mineral way, it would cause much more emissions. 

Especially the nitrogen is a large contributor to the results.  

 

The emissions of biogas without allocation are 16 g CO2-eq per MJ. In this transport fuel 

comparison, it is considered that all emissions would be allocated to biomethane. It is defined 

in RED II, that the CO2 emissions of biofuel use are considered to be zero. Now, this value 

is compared with alternative transport fuels. For natural gas transported from Russia to 

Finland the emissions are 63 g CO2-eq per MJ taking into consideration the emissions of 

natural gas production and use (Gasum Oy, 2015). For diesel, the emissions from its 

production and use are 88 g CO2-eq per MJ (Neeft et al., 2011). According to RED II, biofuel 

emissions must be at least 65% lower compared to the fossil fuel comparator, which is 94 g 

CO2-eq/MJ. Therefore, the maximum emission for biofuel in accordance with the directive 

is 32,9 g CO2-eq/MJ (94-(94*0,65)). In Figure 5, comparison of these fuels is illustrated.  

 

 

Figure 5. Emissions of production and use of biomethane, natural gas, diesel and biofuel in accordance with 

RED II. 
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From the Figure 5 it can be noted that biomethane has the lowest emissions of all. Fossil 

natural gas emissions are more than three times higher that biomethane and the emissions 

from fossil diesel are more than five times higher than biomethane. It should be also noted 

that the emissions of diesel are much higher also in comparison with natural gas. 

 

According to RED II (2018) , the greenhouse gas emissions savings from biofuels or biogas, 

the emission reduction is calculated as follows in the equation 1: 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔 =
𝐸𝐹 − 𝐸𝐵

𝐸𝐹
 (1) 

 

Where: 

  𝐸𝐵 = total emissions from the biofuel 

  𝐸𝐹 = total emissions from the fossil fuel comparator for transport. 

 

By using this equation 2, emission savings from biomethane use are calculated as follows: 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔 =
(94 − 16)g CO2 − eq/MJ

94 g CO2 − eq/MJ
= 83 % 

 

As the emission savings of biogas are 83 % compared to fossil fuel comparator value, it can 

be stated that biomethane well meets the emission reductions laid down on it under the RED 

II. 
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6.3 Sensitivity analysis 

 

It was found that the methane slip and transportations are contributing a lot to the overall 

results. The aim of this sensitivity analysis is to find out how sensitive the results are to 

changing these values. It was noticed that the activated carbon also effects to the result a lot, 

but it is excluded from this sensitivity analysis due to the fact that in reality the amount of it 

could not be changed as it has to be used in the treatment of olfactory compounds and in 

biogas upgrading process.  

 

As it was mentioned in the Chapter 5.4, based on the measurements of Gasum’s biogas 

plants, in upgrading process it is possible to reach a methane slip of 0,5 %. Therefore, it is 

tested how it affects the results when instead of 1% methane leakage would be 0,5%. 

Recently wastes have also started to be transported to the Lohja biogas plant by LBG trucks 

instead of diesel (Gasum, 2021), and therefore it is tested how the results change when the 

transportation is carried out using LBG. For LBG truck, emissions from production are 

approximately 22 g CO2-eq/MJ (Gasum). As it is defined in RED II, the emissions of using 

biofuels are zero. The fuel consumption of the truck is assumed to be 32 kg/100 km based 

on average consumption of biogas trucks. Load of the truck is assumed to be 30 t.  

 

Results of this sensitivity analysis are illustrated in Figure 6. 
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Figure 6. Results of sensitivity analysis. 

 

Based on that analysis the emissions reduce significantly, when the methane slip is lower, 

and the transportations are carried out using biogas. That shows that the system is sensitive 

to changes in these factors. When the methane slip of the system is 0,5 %, emissions are 

reducing by 8,4 kg CO2-eq/FU. By replacing all of the transportations with biogas and with 

a methane slip of 0,5 %, an emission reduction of 23 kg CO2-eq would be possible to achieve 

compared to baseline scenario. The emission reduction is possible to reach in the future as 

some companies already collect and transport waste by LBG to the case plant. Also, the 

methane slip of 0,5 % may be possible even at this time which already in itself lowers 

emissions considerably.  

 

6.4 Carbon balance 

 

The amount of carbon going into the process is dependent on raw materials used in biogas 

production. The carbon balance is calculated to see how the carbon is distributed in the 

process and how much of it ends up in the fertilizer products. In this study, the carbon 

containing in the feedstock is estimated based on the study conducted by Kahiluoto et al. 

(2011) in which they presented carbon content of different biomass types used in biogas 

production processes. These values were earlier presented in this study in Table 1 the 

0

5

10

15

20

25

30

35

40

45

Baseline scenario Methane slip Methane slip &
transportation with LBG

kg
 C

O
2-

eq
/F

U
    Activated carbon

    Diesel use

    Electricity

    Heating

    Methane slip

    Transportation



61 

 

Chapter 2.1. Of the feedstocks shown in Table 1 food processing residues and municipal 

biowaste were assumed to correspond to the inputs going to the Lohja biogas plant, and the 

amount of carbon containing in the feedstock materials is assumed based on this table. 

Average TS % content of these feedstock categories is 32 % and average carbon content of 

TS is 50 %. Based on this information, it is calculated that of the FU, 160,6 kg is carbon. 

Carbon balance in biogas process can be simply calculated with the following equation 2: 

 

𝐶𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 – 𝐶𝑟𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠 – 𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 =  0 (2) 

 

The raw biogas is formed 163,3 m3. It is assumed that CH4 content of the gas is 65 %, and 

CO2 content of the gas is 35 %. Density of CH4 is 0,657 kg/m3 and density of CO2 is 1,98 

kg/m3. The C content of CH4 is approximately 75 % and the C content of CO2 is 

approximately 27%. Based on these values the C containing in the produced biogas is 83 kg. 

C that does not ends up in biogas remains in the digestate and ends up in fertilizer products 

and eventually ends up back in the soil. The amount of C that ends up in fertilizer products 

is 78 kg. The results of carbon balance are shown in Figure 7. 

 

 

Figure 7. Carbon balance of the biogas process. 

 

It is noted from Figure 7 that the amount of C contained in the feedstock is distributed quite 

evenly between biomethane and fertilizer products. Approximately half of the produced 

carbon ends up back into the soil and the other half ends up with the biogas of which a small 
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portion ends up in the plant’s heat production, flare, methane slip and the rest in biomethane. 

From the soil perspective, it is important to get the C back into the soil as it revitalizes the 

growth conditions and reflects in the ability of the soil to produce yield. 

 

6.5 Carbon handprint 

 

Environmental handprint means beneficial environmental impacts that companies can 

achieve by providing products and services that reduce the footprints of others. Carbon 

handprint indicates the climate change mitigation potential. It illustrates the GHG emission 

reduction in user’s activities when a baseline solution is replaced with the offered solution. 

(Pajula et al., 2021.) The carbon handprint of Perus and Humus is calculated in order to see 

what a user’s carbon handprint is if they decide to use these recycled fertilizer products 

instead of mineral fertilizers in cultivation. The carbon handprint is calculated with an 

equation 3 as follows: 

 

𝐻𝑎𝑛𝑑𝑝𝑟𝑖𝑛𝑡𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 = 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 − 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟(3) 

 

Figure 8 shows the results of the carbon handprint evaluation of the fertilizer products. In 

this assessment, it is considered that mineral Perus represents the emissions of the production 

of the same amount of mineral nutrients (N, P and K) that are contained in recycled Perus, 

and therefore mineral Humus represents the emissions of the production of the same amount 

of mineral nutrients (N, P and K) that are containing in recycled Humus. The carbon 

handprint shows, how much emissions could be avoided if the recycled option is chosen over 

the mineral option. 
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Figure 8. Carbon handprint results of recycled fertilizers 

 

Based on the carbon handprint approach, users of recycled fertilizer have a huge potential 

on decreasing their carbon footprint and increasing their carbon handprint instead by 

replacing mineral fertilizers with recycled fertilizers. By using recycled Perus-fertilizer it is 

possible to achieve emission reduction of 94 %, compared to corresponding mineral 

fertilizer. Similarly, by using recycled Humus-fertilizer the emission reduction of 95 % is 

possible to achieve. 
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7 CONCLUSION 

 

The study aimed to define the climate impact of biogas and recycled fertilizer production in 

Gasum’s biogas plant located in Lohja, Finland. Emissions of mineral fertilizer products 

were examined and compared to the emissions from production of recycled fertilizers. 

Emissions from biogas production were compared with the emissions of alternative fuels. In 

addition, the study included carbon balance and carbon handprint examination. 

 

As a main observation of the study, production of biogas and recycled fertilizer products 

causes much less emission in comparison with the production of alternative transport fuels 

and mineral fertilizers. Total emissions for biogas and recycled fertilizer production are 39,9 

kg CO2-eq per 1 ton of biodegradable waste received in the plant. Based on economic 

allocation where the price of biomethane is 85 €/MWh and the price of Perus and Humus is 

assumed to be 3 €/m3, the emissions for Perus are 1,9 kg CO2-eq per 1 ton of Perus, and the 

emissions for Humus are 3,4 kg CO2-eq per 1 ton of Humus. The prices for recycled 

fertilizers are not yet stabilized, but the price of 3 €/m3 is indicative. With all emissions 

allocated to biomethane, the emissions are 16 g CO2-eq per 1 MJ of biomethane. From the 

comparison of emissions from recycled fertilizer and mineral fertilizer production, it was 

noted that mineral fertilizer production causes almost 20 times more emissions compared 

with the production of Perus and Humus. The comparison between biomethane and 

alternative transport fuels shows that biomethane causes four times less emissions compared 

to natural gas and over five times less compared to diesel.  

 

In the current situation, transportations related to the plant are mainly performed with diesel-

fueled trucks, but some companies have also started using LBG-fueled trucks. The 

sensitivity analysis revealed, that by adopting LBG to the transport, emissions related to the 

plant would decrease significantly, which would further reduce emissions allocated to 

fertilizer products. Carbon balance examination showed that carbon is evenly distributed 

between biogas and digestate. That means that almost half of the carbon ends up back to the 

soil, which is important from the soil health and productivity perspective. Based on the 

carbon handprint approach, Gasum’s recycled fertilizer products provide high emission 
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reduction potential for the users, as the emissions could be reduced by over 90 % compared 

with mineral fertilizers use. 

 

The uncertainties in the study relate to the assumptions that were made for transport vehicles, 

the electricity generation process and the manufacture of activated carbon. In reality, 

transport to and from the facility is carried out by using several different vehicles. In this 

study, an assumption was made where all transport happens with the same vehicle, which 

may affect the amount of emissions from the system. Also, there might be a lot of variation 

in the transport distances, especially related to recycled fertilizers, where the amount of 

demand may vary depending on the time of year. Since the biogas plant is relatively new, 

long-term data was not available, so some of the data used in the study might change as the 

plant's operations stabilize, which is also one of the uncertainties. Since allocation was made 

based on economic value, the distribution of emissions between biomethane and fertilizer 

products may vary as prices fluctuate, especially since there is no established price for 

fertilizer products yet. 

 

Based on the results of this study, it can be stated that the biogas plant in Lohja promotes 

sustainable agriculture by providing low emission fertilizers and soil improvers for 

agriculture to nearby areas. In the following more comprehensive studies, the system 

boundaries could be expanded and take into account the transport use of biomethane, the use 

of reject, and arable emissions from the use of fertilizers. It would probably be possible to 

achieve even negative climate emissions for the system, when taking into account the 

substitution of fossil fuels with biomethane and the substitution of mineral fertilizers with 

recycled fertilizers. 

 

It should be borne in mind that this study is thesis work, and previously presented 

uncertainties may affect results. However, the results provide a comprehensive picture of 

biomethane and fertilizer production and what factors cause most of the emissions in the 

process. This study also creates a good foundation for broader research regarding recycled 

fertilizers and might be applicable to other biogas plants as well. 
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APPENDIX I 

 

 

APPENDIX I: Calculation data 

 

Anaerobic digestion Process Data  
Geographical 
location 

Electricity electricity production, hydro, run-of-river 
Ecoinvent 3.8. 
(2021) 

Finland 

Activated carbon 
activated carbon production, granular 
from hard coal 

Ecoinvent 3.8. 
(2021) 

Europe 

Diesel production 
diesel production, low-sulfur, petroleum 
refinery operation 

Ecoinvent 3.8. 
(2021) 

Europe without 
Switzerland 

Diesel use Diesel use in a wheel loader 
LIPASTO 
(2016) 

Finland 

Heavy fuel oil 
production 

heavy fuel oil production, petroleum 
refinery operation 

Ecoinvent 3.8. 
(2021) 

Europe without 
Switzerland 

Heavy fuel oil 
combustion 

heavy fuel oil, burned in refinery furnace 
Ecoinvent 3.8. 
(2021) 

Europe without 
Switzerland 

Transportations       

Biodegradable waste 
market for transport, freight, lorry 16-32 
metric ton, EURO5 

Ecoinvent 3.8. 
(2021) 

Europe 

Recycled fertilizers 
market for transport, freight, lorry 16-32 
metric ton, EURO5 

Ecoinvent 3.8. 
(2021) 

Europe 

Reject 
market for transport, freight, lorry 16-32 
metric ton, EURO5 

Ecoinvent 3.8. 
(2021) 

Europe 

 


