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Abstract 
The world is about to shift from fossil fuel dependency to independency. The national agenda of Sweden has put 
forth future goals of becoming a zero net greenhouse gas emitter by the year 2045 and before that, having an 80 
% fossil fuel independent transportation fleet by 2030. In order to achieve these goals, the form of energy used in 
the transport sector needs to be changed into a more renewable solution. Biogas could be part of the solution. The 
aim of this report has been to review earlier research regarding the future biogas potential in Sweden and to 
examine how realistic and practically feasible these are. Three of the substrates that has shown the highest future 
potential according to earlier research; energy crops, manure and black liquor has been chosen for investigating 
their future potential. Interviews was made with biogas researcher in Sweden as well as government employees 
working with biogas and other biofuels. Scenario building was another method used were the report have created 
four future scenarios with varying optimistically future economic and technical outcomes using more practical 
limitations and restrictions. The result was a combined future potential of between 0,42 – 77,54 TWh/annually 
from all three substrates using the values and information gathered from the interviewers regarding how to 
calculate the potential. The result shows that depending on how lucrative the future financial support systems and 
subsidies as well as how efficient the technical breakthroughs will be, biogas can become a large contributor to 
the transport sectors transition in becoming less fossil fuel dependent.  
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Summary 
The way that humans are consuming and producing energy is quickly becoming increasingly unsustainable in the 
world. In order to mitigate climate change and shift its development, new way of producing energy is crucial. One 
way of doing so is by using energy produced by anaerobic digestion. This energy is formed as methane gas and 
can be used for e.g. heating or converted to biogas and used as a fuel for the transport sector. Three promising 
substrates that can be used for producing biogas is energy crops, manure and black liquor from pulp industry. In 
this report, these substrates have been investigated both regarding its energy output potential when used to produce 
biogas as well as its plausible amount of future bio mass produced in Sweden by the year 2050. A comparative 
assessment was conducted in order to examine earlier research done within these areas. Four scenarios were 
created for all three substrates using different future outcomes both regarding economic, ecologic and political 
limitations varying from business as usual, moderately optimistic, optimistic to extremely optimistic. The 
combined result for all three substrates varied from 0,42-77,54 TW/h per year depending on the scenario. In order 
to achieve the higher potentials however, a lot is needed to change both regarding tax reductions and subsidies as 
well as technical breakthroughs. Nevertheless, the possible high future potential of biogas in Sweden forms a 
subject of discussion regarding what limiting economic, ecologic and political factors is needed to be addressed 
and also solved in order to assist with the nation’s future goals of becoming a zero-net polluter of carbon dioxide 
by the year 2045.  
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Dictionary 
 
CH4: The chemical composition for methane 
m3: Cubic meter 
Substrate: It is the material used as a digestive matter for the microorganisms 
Fermenter: Also called reactor, is the tank where the biogas is produced. It is where the whole digestion 
of the substrate is done, either in one reactor (single-stage) or using two reactors (two-stage) 
TWh: A unit for energy, terawatt-hour  
TS: Dry matter content, the amount of matter left after separating it from water 
VS: Volatile solids, the amount of the dry matter that is organic and usable for producing biogas 
WW: wet weight, the weight of the matter when included water
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1. Introduction 
The world is facing an increasing climate change with a growing number of areas being affected. During 
the last decades the world’s countries have carried out a number of climate conferences. During these 
conferences they have focused on finding mutual future goals to try to achieve during a specific 
timespan. One of the later goals are the sustainable development goals created during the UN 
Sustainable Development Summit in 2015 (Martin, n.d.). These 17 different goals for a sustainable 
future concern ecological, economic as well as sociological interests all around the world and is set to 
be achieved until the year 2030. One of these are the goal of producing only renewable energy in the 
future, goal number seven “affordable energy and clean energy” (Nino, n.d.). The goal is focused on 
making sustainable energy sources available to everyone, increasing the energy efficiency around the 
world, increasing the share of sustainable energy in the energy mix, to better include all nations in the 
research and technologies for cleaner energy and to help undeveloped nations with the infrastructure 
and upgrading their energy technologies (Martin, n.d.). 
One of the larger energy sectors in the world is transportation, which in 2010 stood for approximately 
14 % of all greenhouse gases being emitted and is also by 95 % dependent on fossil fuels such as diesel 
or gasoline (US EPA, 2016).   
In Sweden, the transportation sector stands for approximately one third of all greenhouse gases being 
emitted annually. And 90 % of the emissions inland are from road traffic (Trafikverket, n.d.). Therefore, 
in accordance with the global quest of becoming more sustainable, Sweden has put forth an own national 
goal of becoming a zero-net polluter of carbon dioxide by 2045 (Naturvårdsverket, 2019). Therefore, 
one big component in order to meet this goal is to change energy source for road transportation. A future 
goal, set by the year 2030 in Sweden is to have an 80 % fossil free national vehicle fleet, this by e.g. 
increase the use of biofuels such as biodiesel, ethanol and biogas (Energimyndigheten, 2016). 
 Biogas is increasing its share in biofuels for transportation and in 2015, approximately two thirds of the 
annual production was used for biofuel. Also, heating is a large user of biogas in Sweden and 
approximately 20 percent of the annual biogas production in 2015 was used as energy for heating both 
households and industrial facilities. (Energimyndigheten, 2017)  

1.1. Swedish biogas as a contributor 
The use of biogas as an energy source for fuel has increased during the last decade and is expected to 
keep rising (Energimyndigheten, 2017). And by using biogas as a source of energy, both for 
transportation but also for heating helps decrease e.g. global warming potential and acidification 
potential, which both has detrimental effects on the environment (Berglund and Börjesson, 2007). The 
future potential for biogas as a source of energy in Sweden is said to be rather high compared to the total 
biogas production in Sweden today (Börjesson, 2016). Also, the conversion efficiency of biogas is 
generally higher than for many other biofuels which could make it an interesting energy source for the 
transportation sector (Ahlgren et al., 2017b). A large part of the potential expansion lies within the 
agricultural business, especially the use of manure or crop residues acting as biomass for biogas 
production (Lantz and Börjesson, 2010; Lantz, 2013). However, there is potentially large amounts of 
biogas available from using black liquor with thermal gasification in the future (Börjesson, 2016).  

1.2. Aim 
The aim of this report is to analyse how realistic earlier Swedish reports concerning the future biogas 
potential in Sweden are using energy crops, manure and black liquor as substrates. The discrepancy 
between the theoretical and practical potential will be investigated in order to better evaluate and explore 
future possibilities. There are already theories of the theoretical future potential of biogas (Lantz, 2013) 
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and how it may be accomplished, but there is less practical analysis of how it may be practised in the 
real world. 

1.3. Research questions 
- What is the future potential according to already established reports from Sweden and what are 

the important substrates used to achieve it? 
- How can these potentials be made better? 

1.4. Delimitations 
- The report will only focus on biogas produced from energy crops, manure and black liquor via 

thermal gasification 
- The time demarcation in which this report will analyse the future potential both regarding 

technical solutions and future forms of biomass is set to 2050 
- The report will not conclude any deeper analysis regarding the economic factor when analysing 

the different technical solutions for producing biogas as well as potential forms of biomass in 
the future. However, a simpler investigation will be made concerning the difference in potential 
between the theoretical and practical future analysis when also implementing profitability as an 
objective  

- The report will only make a simpler comprehensive analysis regarding the economic factor 
when analysing the different potential forms of biomass of the future  

- When analysing the potential new ways of producing biogas, the practicality of the solution will 
not be investigated such as logistics and storage as well as handling of the substrate 

- When analysing the potential new forms of biomass, the environmental impact of each substrate 
will not be investigated
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2. Technical background 

2.1.  Current status of biogas production in Sweden 
In 2017 approximately 2,1 TWh of biogas was produced, which was an increase of 2.5 % compared to 
2016. The most common methods used for production was: co-digestion plants (48%), sewage treatment 
plants (36%), landfills (7%) and industry plants (6%) and farm plants (2%). Landfills uses the natural 
biodegradable process of anaerobic digestion without fermenters, but the method became illegal in 2005 
and the inflow of substrate has thereafter ceased, and the production rate therefore decreased with time 
(Energigas.se, 2017).  

 
Figure 1. Distribution of plants for biogas production. Source: Energigas.se, 2017 
 
Of all produced biogas, 65 % was upgraded, and 90 % of all upgraded gas was used as transportation 
fuel, 19 % was used for district heating, 3 % used for producing electricity and 10 % was flared. Flared 
biogas is the gas not used, and instead being let out in to the atmosphere.  

 
Figure 2. Distribution of the use of biogas. Source: Energigas.se, 2017 
 
The amount of produced biogas has increased between 2005 and 2017, from approximately 1.3 TWh to 
2.1 TWh. This means that the biogas sector has expanded by nearly 67 MWh/annually.  
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Figure 3. The increasing production rate of biogas between 2005 and 2017. Source: Energigas.se, 2017 
 
One of the explanations for this is the rapid increase of biogas plants being installed in Sweden, 
especially co-digestion plants as being seen in figure 9 below.  

 
Figure 4. The trends for biogas production/production method between 2005-2017. Source: Energigas.se, 2017 
 
The development of biogas has been steady in Sweden in the last 10-15 years and the amount of biogas 
being upgraded has increased fast whilst biogas used for heating has decreased in market share between 
2005 to 2017 as being seen in figure 10.   
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Figure 5. The changing use of biogas from 2005 to 2017. Source: Energigas.se, 2017 
 
Regarding the use of substrates is sludge and manure the two most commonly used alternatives, 
followed by swill and waste the from food industry as being seen in figure 11 below. At least when 
looking at the wet weight of the substrates, before pre-treatment (Energigas.se, 2017). 

 
Figure 6. The use of substrates in biogas production. Source: Energigas.se, 2017 
 

2.2. Production methods  
The production methods, including the different processes and technical apparatuses will be explained, 
as well as what kind of raw products and substrates is being used today to produce the gas in Sweden. 
The most used production method in Sweden today is anaerobic digestion in fermenters. However, 
thermal gasification using waste from forestry as substrate is another production method that is thought 
to have a significant future potential (Börjesson, 2016).  

2.3. Anaerobic digestors  
General production method 
Biogas is produced via anaerobic processes, which is a natural degrading process in nature that can be 
controlled in biogas plants. The degrading process of organic materials, substrates, produces gas with 
the help of microorganisms in an anaerobic, oxygen free, environment through different stages. First, 
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the substrates undergo a pre-treatment that is different depending on substrate. More will be explained 
regarding pre-treatment in the substrate section. The first process in the production is called hydrolysis; 
this first degrading process forms smaller organic molecules of amino acids, sugars and fatty acids. This 
enables the microorganisms to digest the molecules and produce energy later on. After the hydrolysis 
stage, the digested molecules transform to mostly organic acids, alcohols, carbon dioxide and hydrogen 
through the fermentation process. After the transformation, the anaerobic oxidation process starts. 
During this process, different microorganisms produce hydrogen with the digested molecules from the 
fermentation. This is important later in the degrading process when methane is produced, due to that the 
organisms that produce methane uses hydrogen for the production (Jarvis and Schnürer, 2009). During 
the methane phase organisms called methanogens produce methane and carbon dioxide using the 
hydrogen but also acetates and carbon dioxide produced during the anaerobic oxidation.  
 
Substrate  
There are a multitude of substrates being used for biogas production in Sweden. The most commonly 
used is sludge from the municipalities sewer system, waste from household food deposit, 
slaughterhouses, feed industry, food industry and also manure (Energigas.se, 2017).  
The different substrates generate different amount of energy and also produces different rest products 
from the degrading process. Therefore, it is important to have the right parameters during the processes 
in order to achieve the most suitable environment for an efficient biogas production. This incorporates 
the right temperature during the degradation of the molecules, the right process time and the right ratio 
of input/output-volume of substrate in the system (Schnürer, 2019). By using co-digestion of different 
substrates often increases the amount of gas being produced. This due to that more microorganisms are 
able to digest different types of molecules when using multiple substrates instead of just one kind (Jarvis 
and Schnürer, 2009). The different microorganisms can co-exist and collaborate and therefore making 
the process more efficient.  
It is also common to do a pre-treatment of the substrates in order to both remove unhealthy bacteria 
from example sludge substrate but also to remove materials that cannot be degraded or digested, 
concentrate the substrate and making the substrate more available for the microorganisms to digest, for 
more information see (Carlsson, 2015). By doing these treatments to the different substrates increases 
the efficiency of the degrading process and also refines the excess product after the process that can be 
used as manure in the agriculture (Gillgren, 2010). 
 
Methods 
There are different processes for degrading the material depending on the preference of outcome e.g. if 
the wanted outcome is maximisation of the amount of produced gas or degrading the organic material 
as much as possible for producing useful manure. These outcomes require various types of processes. 
Also, different methods are used depending on the substrates dry matter content. Dry matter content is 
the percentage of matter left after separating it from the water (Jarvis and Schnürer, 2009).  
Batch fermentation uses one batch of substrates at the time where all the substrates are being digested 
at once. By only using one batch and letting the substrate being digested without interruption creates a 
more free environment for the microorganisms to operate in where the production peak of biogas often 
is at the start and then decreases by time. This process usually uses manure, leftovers from the feed and 
food industry as well as residues from agriculture (Nordberg and Nordberg, 2007). One batch is usually 
loaded in to the fermenter once in a month included with graft, matter used for commencing the digestion 
process, and it is crucial that the ratio of graft and substrate is right in order for achieving an efficient 
biogas production (Nordberg and Nordberg, 2007). 
Continues fermentation on the contrary uses continuously or semi continuously inflow of substrate, 
where the production rate of biogas is more stable over time. The substrate often has a lower dry matter 
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content than the one used for batch fermentation, usually between 2-10 %.  Sludge from municipal or 
industrial sewers are often used for continuously fermentation.  
Single-stage digestion method uses one fermenter for the whole process and is the most common method 
for producing biogas in Sweden. The substrate is stirred in a fermenter, which helps the microorganisms 
to digest the substrate in a more efficient matter. Manure, sludge from sewers and swill are common 
substrates (Gillgren, 2010). 
Two-stage digestion method uses two different fermenters. One is often used for the two primary steps 
that are hydrolysing and fermentation. After these processes are completed the matter is transported to 
the other fermenter where the main anaerobic oxidation and methane production is done. Common 
substrate is swill (Gillgren, 2010). 
Dry fermentation uses substrates with high dry matter content, usually between 20-35 %. Substrates 
often used for this method are manure, residues from agriculture and crops. The benefit of dry 
fermentation instead of wet that is using substrates with high water content e.g. sludge, is that the dry 
substrates are far from fully utilized and the method shows a large potential increase in production rate 
in the future in Sweden (Nordberg and Nordberg, 2007). As today, the most commonly used substrate 
is sludge from municipality and industrial sewers. The method can in the future make it easier for 
farmers to produce their own biogas as the substrates needs little pre-treatment and is can be harvested 
on the farm (Nordberg and Nordberg, 2007) 
.  
Reactor types for producing the biogas 
Different reactor techniques can vary significantly, though the process of anaerobic digestion is 
generally the same. More commonly used reactors in Sweden will be described in this chapter.  
 
Continuous stirred tank reactor 
Continuous stirred tank reactor (CSTR) is the most common of reactor types and the substrate is usually 
sludge, swill and manure. The substrate is continuously mixed with the help of a stirring device, agitator, 
and is often used in batch fermentation (Jarvis and Schnürer, 2009).  
Plug flow reactor 
Plug flow reactor (figure 1 and 2) is built with several agitators or a carrier that pushes the substrate 
through a horizontal reactor and therefore has a more continuous production of biogas due to the stable 
in and outflow of both gas and substrate. This makes the method compatible with the continuous 
fermentation method.  

 
Figure 7. Plug flow reactor with agitators. Source: Jarvis and Schnürer, 2009 
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Figure 8. Plug flow reactor with carrier. Source: Jarvis and Schnürer, 2009 
 
There are also plug flow reactors (figure 3) that are standing instead of being horizontal where a piston 
pump pushes the substrate down towards the outtake (Nordberg and Nordberg, 2007). 

Figure 9. Standing plug flow reactor with a piston pump. Source: Jarvis and Schnürer, 2009 
 
Anaerobic filter reactor 
Anaerobic filter reactor (figure 4) can be used with a two-stage digestion system where the filter reactor 
is used for the methane production stage. The reactor helps to focus and keep the microorganisms that 
produce methane from going out from the tank. This helps making the digestion more efficient and 
faster and in turn increases the amount of methane in the gas to around 85 %, the usual amount of 
methane is approximately 60-70 % depending on substrate (Jarvis and Schnürer, 2009; Energigas.se, 
2017). 
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Figure 10. Anaerobic filter reactor. Source: (Swiss Federal Institute of Aquatic Science and Technology, 2014) 
 
Fluidised/expanded bed reactor 
Fluidised/expanded bed reactor (figure 5) uses substrate with a lower dry matter content and uses 
particles that the microorganisms can attach to. These particles are elevated in the reactor with the help 
of a rather strong upward fluid flow, which make it easier for the microorganism to combine with the 
substrate and therefore makes the digestion process easier and more efficient (Jarvis, 2004).  

 
Figure 11. Fluidised bed. Source: (Hughes, 2007) 

2.4. Thermal gasification 
Gasification is no new technology but instead has been used for a long time and the techniques are well 
established (Higman and Burgt, 2003). By converting carbonaceous fuel such as coal to gas the energy 
can be used in other ways. For more information concerning the technique of gasification, see Higman 
and Burgt, 2003. Due to that coal and natural gas is seen as unsustainable energy sources, other more 
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environmentally friendly substrates are need. Biomass can instead of being fermented through anaerobic 
digestion, be gasified by using residues from e.g. the forestry industry as substrate and transformed into 
methane. The substrate is put in a tank and is being gasified under high pressure and heat. During the 
methanation is the gasified gas transformed into methane (Energigas.se, 2017). 
A shorter description of the technique will follow, however for more information see (Lundberg, 2011) 
and/or (Pelkonen et al., 2014).  
 
General production method 
The substrates are first dried and preheated before it is put in the reactor. This is important in order to 
make the gasification process as efficient as possible. In some system, the excess heat generated from 
the gasification reactor is used for this process in order to save energy (Rodin and Wennberg, 2010).  
The next stage is called pyrolysis. In this phase, the substrate is heated further to between 350-600° 
Celsius in order to transition in aggregation from solid or liquid to gas. No oxidation medium such as 
oxygen or steam is needed in this stage (Basu, 2010). 
The next stage is called gasification where the substrate is heated even further, usually between 800-
900° Celsius, and often in a pressured reactor tank to maximise the conversion efficiency of the substrate 
into gaseous form with the use of oxidation medium (Tunå, 2008; Rodin and Wennberg, 2010). 
 
Substrate 
There are many different substrates that can be used for thermal gasification, as long as it includes 
carbon molecules (Minchener, 2005; Gebart, 2019). Coal, oil, plastics and biomass are examples on 
what can be used (Minchener, 2005). However, due to that Sweden has set up future goals for becoming 
less dependent on fossil fuels and also being a zero-net polluter of carbon dioxide in 2045, this report 
will focus on substrates that do not include fossil fuels (Regeringskansliet, 2017).  
Different forms of pre-treatment are done depending on the substrate. The reason is to make the 
gasification process more efficient by e.g. drying a pre-heating the substrate before entering the reactor 
(Larsson et al., 2018). The substrate that will be examined in this report is black liqueur from the pulp 
industry. It is a residue formed during the pulp production process which today is used as an energy 
source when recycling the chemicals used in the production. Due to its high reaction rate and high purity 
gas compared to using e.g. grot and stubs and also its easy importation into the reactor (Gebart, 2019). 
 
Method 
There are different methods of gasification depending on what form of gas that is wanted. Due to 
different temperatures and pressures in the different techniques, the outcome will vary. The three most 
commonly used techniques will be shortly described in chapter 3.2.4, for more information look at 
(Lundberg, 2011). The substrate is put into the reactor in different ways, either by pumping (e.g. for 
black liqueur from pulp industries) or by a sluice where more solid substrates (e.g. grot and stubs) will 
be preheated and the pressurized before entering the reactor (Gebart, 2019).  
 
Reactor types for producing the biogas 
 
Fixed-bed reactor 
This solution Is often used in smaller power and heating plants. The reactor is generally cylindrical, and 
the fuel is in solid form and formed as a bed in the reactor where the oxidation medium and gas can 
travel through (Basu, 2010). There are two different forms of fixed-bed techniques (figure 6), updraft 
and downdraft reactors. The difference is in how the feedstock of substrate, air and gas is imported and 
exported from the reactor, which also have an effect on the compounds and quality of the produced gas 
(Lundberg, 2011). Figure 6 provides an graphical overview of different reactor types.  
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Fluidised-bed reactor 
The particle used for the fluidised-bed is often sand which an oxidation medium in the form of a gas, 
generally oxygen, air or steam, is flowing through. This technique is often used in larger plants due to 
its high reaction rate between the substrate and the oxygen medium as well as its consistent temperature 
(Lundberg, 2011). Look at figure 6 for more information. 
 
Entrained flow reactor 
This technique is often used for large scale gas production using coal as a substrate but can be used for 
biomass also. Air, steam and the substrate are imported into the reactor where the gasification almost 
occurs instantly due to the high temperature and pressure. The produced gas has generally better quality 
and purity compared to the other production methods e.g. lower amounts of tar content in the gas (Basu, 
2010). Look at figure 6 for more information. 
 

 
Figure 12. The different reactor types. Source: Kopiersperre, 2014 

2.5. Upgrading biogas 
Biogas can be used for different purposes, it can be used e.g. as an energy source for heating, for 
producing electricity or as fuel for transportation (cars, buses etc). These sectors demand different levels 
of purification and using the gas as fuel for transportation demands one of the highest standards. When 
biogas is produced, the general amount of methane is between 60-70 %, but in order for it to be used as 
transportation fuel it has to be upgraded till a minimum of 95 % methane (Energigas.se, 2017). When 
the gas is being upgraded, the two major elements of the gas (carbon dioxide and methane) is separated 
in order to increase the concentration of methane and making the gas more combustible (Jarvis, 2004).  

2.6. Residue from the biogas production 
The residue, also called digested sludge if it comes from sewer sludge otherwise is it called digestate, 
are high in nutrition and is often used as manure for agriculture. The digested product of the substrate 
used for manure can replace fertilizers that demands an extensive greenhouse gas emission production 
for its phosphor and nitrogen content. By instead using the digestate from biogas production it decreases 
the greenhouse gas emissions and also closes the nutrient cycle due to that the humus content in the soil 
increases when using digestate as manure that acts as a natural carbon sink (Energigas.se, 2017). Also, 
all nutrients that was in the substrate e.g. phosphor and nitrogen is transported back to the soil. In 2017, 
2210 kilotons of manure were produced from digestate and digested sludge (Energigas.se, 2017). The 
percentage use of produced manure was approximately 83 % 2017 as can be seen in table 1 below. One 
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of the reasons for the low percentage of manure usage from sewer sludge is that the weight is presented 
as wet weight while the amount used for manure is weighted after the substrate has been dehydrated 
(Energigas.se, 2017). 

 
Table 1. Production and usage of digested residue from biogas production 2017. Source: Energigas.se, 2017 
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3. The potential of the chosen substrates 

3.1. Energy crops 

3.1.1. Different forms of energy crops 
There are different forms of energy crops that can be used for producing biogas today. However, the 
most commonly used is whole crop cereals, maize and perennial forages (Gissén	et	al.,	2014). The 
reason for using energy crops to produce biogas is because of their general high energy content and 
biomethane potential although both parameters varies depending on the crop. A high biomethane 
potential and VS (volatile solid i.e. organic matter) are important in order to produce high amounts of 
biogas (Ahlberg-Eliasson, 2018). By having a high biomethane potential makes it easier to digest the 
substrate which encourages biogas production (Schnürer,	2019). Also, giving the substrate the time 
that it needs to fully mature during the digestion process leads to a higher biogas yield. Therefore, it is 
crucial to determine the time for digestion based on what crop is being used as substrate (Schnürer,	
2019). When looking at different substrates, there is a set of values that are important to analyse. The 
amount of dry content matter or TS/ww is one important value that shows how much of the substrate 
that is actual matter and not just water. Also, the share of VS/TS shows how much of the matter that is 
organic and can be used for digestion. High VS content usually means high methane potential in the 
substrate. L CH4/kg VS or 10-3 m3 CH4/kg VS is a unit that describes the amount of methane volume that 
can be extracted from 1 kg VS of the substrate. t TS/ha per year shows the annual amount of dry content 
matter of the substrate that can be harvested per hectare (Carlsson and Uldal, 2009). All substrates including 
energy crops have varying mixtures of fat, carbohydrates and proteins which affects both the amount of 
biogas and methane gas exchange as well as the gas composition (Carlsson and Uldal, 2009).  
 

 
Table 2. Different substrates contribution to gas exchange and gas composition. Source: (Carlsson and Uldal, 
2009) 
 
Finding substrates that are high in fat and protein could therefore lead to higher methane exchange as 
well as higher methane composition. However, the composition of biogas is higher when using 
carbohydrates than protein substrates but the gas with higher methane content is more refine and is of a 
higher energy quality (Schnürer,	2019).  
 
Different crops have been examined, where focus lied on the energy content measured in m3 CH4/t VS, 
the biomass yield measured in t TS/ha per year, and also the crops dependency of the EU directive RED 
ii was analysed due to its direct impact on the biomass potential from energy crops.  
 

Salix 
Salix (Swe: pil/vide) is an energy crop that is not used today for producing biogas, instead it is used for 
fuel for cogeneration plants and district heating plants to produce heat and electricity (Edström	et	al.,	
2007). However, the crop could be a potential future substrate for biogas production since it has a small 

Substrate Biogas Methane Methane
m3/kg VS m3/kg	VS %

Fat 1.37 0.96 70
Protein 0.64 0.51 80
Carbohydrates 0.84 0.42 50
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energy input need compared with its rather high energy output. The energy quota (i.e. energy out/energy 
in) is approximately 29/1 which makes it an interesting crop to use for other energy sources e.g. biogas 
production in the future. Research is being made for using Salix to produce biogas. A project called 
Optus on SLU has looked at the possibilities to use the crop as a substrate for biogas production (SLU,	
2018). And according to earlier research, Salix has been shown to have potential of producing between 
300-400 m3 CH4/t VS depending on the pre-treatment of the product. And when used in co-digestion 
with manure with a mixture of between 30-40 % of Salix content (VS mass) the methane potential has 
been approximately 230 m3 CH4/t VS (Schnürer	and	Jarvis,	2017). The biomass yield is between 7-10 
t TS/ha per year (Edström	et	al.,	2007). Salix will also be exempt from EU directive RED ii due to that 
it does not compete directly with food and feed crops (Schnürer,	2019).  
 

Ley 
Ley (Swe: vall) is an energy crop that is expected to have a potential of being a productive substrate for 
biogas production in the future. The reason for this is that it is relatively cheap to grow and can be 
harvested three times per year as shown in recent research and has a high energy quota as well as energy 
content/ha of approximately 28 MWh/ha, year (Prade et al., 2015). The yield has reached approximately 
6-13 t TS/ha per year in a scientific study (Gissén et al., 2014). According to other sources, the yield has 
been around 12 t TS/ha per year (Prade et al., 2015). 
However, when cultivating the crop two year in a row, the energy content decrease by approximately 
30 % also the difference in energy content/ha varies between the different cuts per year. However, the 
average methane yield of ley is approximately 317 m3 CH4/t VS and will not compete with food and 
feed crops and therefore is exempt from the EU directive RED ii (Gissén et al., 2014; Prade et al., 2015). 
 

Triticale 
(Swe: rågvete) This crop is also a potential future substrate for producing biogas. The potential yield 
has been found to be between 9.4-22 t TS/ha in earlier research when digestate has been used as manure 
(Gissén	et	al.,	2014). However, when looking at other sources when mineral manure has been used, the 
yield has been found to be between 6.2-9 t TS/ha (Rosenqvist, 2016a, 2016b). The energy content/ha 
342-397 m3/t VS depending on when the crop is cut and if it is treated or untreated after harvest (ensiled), 
untreated and cut early gives higher energy content per tonne (Gissén	et	al.,	2014). However, according 
to the same source, earlier research has presented lower energy content of between 236-265 m3/t VS 
when cut later in the growth process and also ensiled.  
 

Sugar beets 
Sugar beets (Swe: sockerbetor) is usually used as biomass for producing ethanol but can also be used 
for biogas production. The energy content is high for being an energy crop and is usually between 413-
419 m3/t VS (Carlsson and Uldal, 2009; Gissén et al., 2014). The yield is also high for being an energy 
crop and earlier research has presented numbers of between approximately 14.5-27.8 t TS/ha when using 
the whole crop, both beet and top (Dahlgren	et	al,	2013;	Gissén	et	al.,	2014). This crop however, is 
also a food and feed crop which therefore put a maximum limit of biomass outtake per year (EU, 2018).  
 

Maize 
(Swe: majs) This crop also has the potential of being a productive substrate for biogas production. The 
methane yield is between 351-360 m3 CH4/t VS (Carlsson and Uldal, 2009; Gissén et al., 2014). The 
yield per hectare is between 9-15 t TS/ha according to Gissén et al. However, maize is like sugar beets 
also a food and feed crop which put a maximum outtake per year (EU, 2018).  
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Wheat 
Wheat (Swe: vete) is used today as biomass and is primarily a product for ethanol production in Sweden 
however, it could also be used for biogas production where a higher energy content may be extracted 
from the crop compared to using it for ethanol production (Edström	et	al.,	2007). The methane yield is 
roughly 390 m3 CH4/t VS and the biomass yield is approximately 6.2 t VS/ha (Andersson et al., 2016). 
Wheat is also restricted by the EU directive RED ii.   
 

Intermediate crops 
(Swe: mellangrödor) The potential amount of biogas produced from intermediate crops is assumed to 
be around 2,2 TWh per year when cultivating them below latitude of 61° N. Above this point the yield 
is too small for it to become profitable. For more information about the potential of intermediate crops 
see (Ahlgren et al., 2017b).   
 
 

 
Table 3. Figures for the minimal and maximal methane and biomass potential of the different crops 
 

3.1.2. Potential areas for energy crop production 
In 2017 the total areal farmland in Sweden was 3 021 300 ha and of this land, 2 568 000 ha was arable 
land (Jordbruksverket, 2017b). This includes the area used for producing energy crops as well as the 
fallow.   
 

m3 CH4/t VS min m3 CH4/t VS max
m3 CH4/t VS  
average t TS/ha, year min t TS/ha, year max

t TS/ha, year 
average 

Energy crops:

Salix 300 400 350 7 10 9

Ley 271 327 299 6 13 10

Triticale 236 397 317 9 22 16

Sugar beets 419 419 419 14 28 21

Maize 360 360 360 9 15 12

Wheat 390 390 390 6 6 6
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Table 4. Total agricultural area from the year 2000 to 2017. Source: (“Jordbruksverket,” 2017b) 
 
By using fallow land in the future could possibly increase the potential biomass from agriculture. By 
growing energy crops on these areas will not only help intensify the biomass production but also using 
land that is momentarily not in use. According to table 5, the total area of farmland has decreased by 
nearly 140 000 ha or approximately 5 % since 2000 and the fallow has decreased by 35 % or 37 100 ha. 
However, the amount of produced food from the agriculture has not decreased during this time and the 
reason for that is the use of more efficient harvesting techniques (Börjesson, 2016). In the future, the 
areal need for farmland will be lessened even further due to technical development. There are beliefs 
that the same amount of food produced today can be produced with approximately 1,8 million hectares 
in 2050 instead of the near 2,6 million hectares used today (Jordbruksverket, 2012). 

3.1.3. EU directives RED II 
A new directive has been made regarding the use of biofuels for the transport sector. It focuses on 
biofuels made from food and feed crops, either gaseous or liquid. The directive promotes a decrease of 
using food and feed crops to produce biofuels due to the potential competition between using the output 
to feed humans or livestock and as fuel for transportation (EU, 2018). According to the directive, the 
maximum amount of use of food and feed crops is 7 percent of the total energy usage in the transport 
sector (EU, 2014). The total amount of energy used domestically in the transport sector 2017 was 
approximately 87 TWh (Energimyndigheten, 2017). The maximum amount of biomass produced from 
food and feed crops would therefore be approximately 6,1 TWh/annually (7 percent of 87 TWh). 
However, this limitation concerns energy crops that has a high indirect land-use change-risk or High 
ILUC risk. These crops will be phased out until the year 2030 where 0 % crops may be of a high ILUC 
risk. Therefore, although the directive will have an effect on the potential amount of biomass produced 
from energy crops that also is being used for food and feed, it will not affect energy crops that is not 
used for food and for feeding livestock (EU, 2018). Therefore, the future potential of biogas from single 
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agricultural substrates could be affected but it does not have to impact the total potential amount of 
energy. Crops such as salix is not a food or feed crop and is therefore not affected by the 7 % maximum, 
also intermediate crops such as catch and cover crops is also not affected by the directive (EU, 2018).  
As it is for now, palm oil crops are the only crop that is determined to have a high ILUC risk. Other 
crops are as for now seen as having a low ILUC risk. By food and feed crops” means starch-rich crops, 
sugar crops or oil crops produced on agricultural land as a main crop excluding residues, waste or 
ligno-cellulosic material and intermediate crops, such as catch crops and cover crops, provided that 
the use of such intermediate crops does not trigger demand for additional land” (EU, 2018). The future 
potential from energy crops has been set to approximately 7.2 TWh and the substrates being cereals, 
corn, sugar beets and ley that are all food and feed crops results in that this potential will not be realizable 
due to the 7 % or today 6.1 TWh limit. Therefore, other crops could be interesting to implement in the 
future in order to increase the biomass produced from agriculture substrates. In the next chapter, 
different energy crops and other substrates will be examined in order to see how the limitations made 
by the EU directive may be reduced.  

3.2. Manure 

3.2.1. The different forms of manure 
In Sweden the most common forms of manure used as substrate for biogas are from pigs and cows 
(Börjesson, 2016). Cows produce the largest amount compared to other livestock such as horses or 
poultry today (Nordberg and Nordberg, 2007). However, other forms of manure are thought to have 
future potential as substrates for biogas production e.g. horse manure (Mattsson et al., 2015). Also 
manure from poultry could have a future potential and perhaps also mink manure. However, the 
procedure for collecting the manure is different difficult depending on the sort of animal and if the 
animals are let out on the pasture which makes it less easy to collect. Therefore, the amount of manure 
collected differentiates depending on the animal.  
The number of animals varies depending on the species and also year. However, there have been changes 
in the stocks during the last two decades which will be presented in the below chapter.  
 
 
 

3.2.2. The potential of different forms of manure 
Cow manure 
The number of cows has decreased steadily the last two decades by approximately 10 %. This will have 
an impact on its potential as a substrate for biogas production. Scenarios made by earlier reports suspects 
that this trend will continue until the year 2050 (Jordbruksverket, 2012). The decrease in number 
between the year 2000 till 2018 is presented below in table 7. 
 

 
Table 5. The change in total number of cows in Sweden, between 2000-2018. Source: (Jordbruksverket, 2018b) 
 
The theoretical methane yield of cow manure is approximately 213 m3 CH4/t VS and the amount of 
manure produced per cow and year us roughly 1,08 t (12*0,09=1,08 where the TS content is 9 % 
(Carlsson and Uldal, 2009) and amount of manure/year was set to 12 tonne) using the values presented 
in Steineck et al’s report when making an own assumption, depending on its age, sex and also its purpose 

2000 2005 2010 2015 2018

Total amount of cows: 1 683 800 1 605 000 1 536 700 1 475 500 1 506 600
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e.g. if it is used as dairy or for slaughter (Steineck et al., 1991). VS/TS is 0,8 (Carlsson and Uldal, 2009). 
Total amount of manure is therefore, 2 350 296 t TS per year (1 506 600*1,56=2 350 296). 
 

Pig manure 
The number of pigs has like cows decreased in Sweden during the last two decades. However, the 
amount is higher than for cows, approximately 27 % decrease in total number of pigs since the year 
2000. According to the same scenario made by Jordbruksverket, the number of pigs is also expected to 
decrease until the year 2050. The decrease in number between the year 2000 till 2018 is presented below 
in table 8. 
 

 
Table 6. The change in total number of pigs in Sweden, between 2000-2018. Source: (Jordbruksverket, 2018b) 
 
The theoretical methane yield of pig manure is approximately 268 m3 CH4/t VS and the amount of 
manure produced per pig and year is roughly 176 kg TS (2,2*0,08=0,176 where the TS content is 8 % 
(Carlsson and Uldal, 2009) and amount of manure/year was set to 2,2 tonne) using the values presented 
by Steineck et al’s (1991) when making an own assumption, depending on its age and sex and purpose. 
VS/TS is 0,8 (Carlsson and Uldal, 2009). Total amount of manure is therefore approximately 245 203 t 
TS per year (1 393 200*0,176=245 203,2). 
 

Chicken 
The number of chickens, including chicklings, has in contrast to cows and pigs instead increased in 
Sweden by approximately 31 % since the year 2000. This report interprets the future scenario created 
by Jordbruksverket as that the number of chickens including chicklings will remain stable until the year 
2050. The increase in number between the year 2000 till 2018 is presented below in table 9.  
 

 
Table 7. The change in total number of chickens in Sweden, between 2000-2018. Source: (Jordbruksverket, 
2018b) 
 
The theoretical methane yield of chicken manure is approximately 247 m3 CH4/t VS and the amount of 
manure produced per chicken and year is approximately 11 kg TS (Carlsson and Uldal, 2009; Svenska 
Ägg, n.d.). VS/TS is 0,76 (Carlsson and Uldal, 2009). Total amount of manure is therefore, 105 883 t 
TS per year using the same calculation method as for cows and pigs.  
 

Turkey 
The number of turkeys is hard to determine after the year 2010, therefore the amount is assumed to be 
roughly the same today as in 2010. This report however interprets the future scenario created by 
Jordbruksverket as that the number of turkeys will remain stable until the year 2050. The increase in 
number between the year 2005 till 2010 is presented below in table 10. 
 

 
Table 8. The change in total number of Turkeys in Sweden, between 2005-2010. Source: (Jordbruksverket, 2011) 

2000 2005 2010 2015 2018

Total amount of pigs: 1 918 000 1 811 200 1 519 900 1 356 000 1 393 200

2000 2005 2010 2015 2018

Total amount of chickens: 7 323 700 6 762 100 7 708 200 9 413 500 9 625 700

2000 2005 2010 2016

Total amount of turkeys: - 121 500 129 600 -
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The theoretical methane yield of turkey manure is approximately 247 m3 CH4/t VS due to that Nordberg 
and Nordberg set the methane yield the same for turkeys as for chickens (Nordberg and Nordberg, 2007; 
Carlsson and Uldal, 2009). The amount of manure produced per turkey and year is approximately 30 kg 
TS (Stintzing and Åkerhielm, 2001). VS/TS is 0,76 (Carlsson and Uldal, 2009), assuming that it is the 
same as for chicken (Nordberg and Nordberg, 2007). Total amount of manure is therefore, 3888 t TS 
per year using the same calculation method as for cows and pigs.  
 

Horse manure 
The number of horses in Sweden has increased between the year 2000 till 2016 by approximately 25 % 
(there are no presented reports regarding the subject after 2016). This report interprets the future scenario 
created by Jordbruksverket as that the number of horses will remain stable until the year 2050. The 
increase in number between the year 2000 till 2018 is presented below in table 11. 
 

 
Table 9. The change in total number of horses in Sweden, between 2000-2016. Source: (1) (SCB, 2005), the other 
numbers: (Jordbruksverket, 2017a). * The 2004 number is an average of an expected interval. 
 
The theoretical methane yield of horse manure is approximately 170 m3 CH4/t VS and the amount of 
manure produced per horse and year is approximately 2,7 t TS (Nordberg and Nordberg, 2007; Carlsson 
and Uldal, 2009). VS/TS is 0,8 (Carlsson and Uldal, 2009). Total amount of manure is therefore, 959 
850 t TS per year using the same calculation method as for cows and pigs.  
 

Mink manure 
There is little information regarding the number of minks that is under human control, however there 
are sources that confirm numbers of approximately 900 000 minks in captivity in 2016 that was used 
for producing fur (Djurrättsalliansen, n.d.). The quality and credibility of this document is however not 
certain and should be interpreted with some caution. Also, it is difficult finding sources regarding the 
fluctuation of the number of minks in Sweden. Therefore, an assumption is being made that it today is 
around 900 000 minks in captivity in Sweden.  
The theoretical methane yield of mink manure set as an average was 345 m3 CH4/t VS depending on the 
digestion time and also the type of reactor, CSTR reactor produce around 300 m3 CH4/t VS during a 30-
day digestion whilst a regular fermenter without stirring produce approximately 390 m3 CH4/t VS during 
a 40-day digestion (JTI, 2014). The amount of manure and urine produced per mink and year is 
approximately 40 kg (TT, 2014). There are however no figures regarding the amount of only manure, 
therefore an assumption is made that the amount of manure is the same as the amount of manure and 
urine, 40 kg. The source for these figures is also not an academic source and therefore should the 
information be interpreted with caution. Using 68 % TS content presented by Carlsson and Uldal, the 
amount of manure is approximately 27 kg per mink and year. VS/TS is 0,71 (Carlsson and Uldal, 2009). 
Total amount of manure is therefore, 24 300 t TS per year using the same calculation method as for 
cows and pigs.  
 

2000 2004* 2010 2016

Total amount of horses: 285000 (1) 315 600 362 700 355 500
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Table 10. The result of the methane yield of the manure and amount of manure per animal and year 
 

3.3. Black liquor 

3.3.1. Thermal gasification using black liquor 
Black liquor is produced in the pulp factories. The substrate is later burned in a recovery boiler used for 
recycling the chemicals in the pulp production. The excess heat created by burning the black liquor is 
used to generate heat and electricity on the factory (SkogSverige, 2017).  
The possibility of using black liqueur as substrate for thermal gasification in the future depends on 
several prerequisites. Producing biogas by using this leftover substrate from the pulp industry need to 
be profitable as well as a generally secure investment in the future for it to become established on the 
market.  
Also, there must be an incentive for the pulp industries to install the thermal gasification system on the 
facility. Due to high investment cost of already installed recovery boilers on the industries, the 
depreciation needs to be fulfilled before it is even possible to invest in new technologies (Gebart, 2019). 
Thus, also making it an issue of how old the technology is on the facility and when it is possible or 
financially feasible to invest in a new thermal gasifier. Many of the recovery boilers in Sweden are built 
in the 1960’s-80’s and are considered aged. However, they are often well maintained and also upgraded 
over time to become more efficient (Gebart, 2019). This makes it less attractive for the pulp industries 
to invest in new thermal gasifiers. Still, by removing the black liqueur from the chemical recycling 
process in the recovery boiler, this will increase the efficiency of the recycling and thus increase the 
potential production rate of the pulp. By increasing the amount of produced pulp, the amount of 
produced black liqueur will increase linearly with the pulp. This in term will create a positive spiral 
effect with increased production efficiency of pulp as well as increased biogas production potential from 
black liqueur. Also, by using the black liqueur as a substrate for biogas production, this will open up for 
other forms of revenues for the pulp industry potentially making this investment in new technology a 
lucrative in the long run (Gebart, 2019). Though, by removing the black liqueur from the recovery boiler, 
some of the energy used to produce process steam that can produce electric power and heat for the 
production process of pulp, is lost (Skogsindustrierna, n.d.).  
Therefore, other forms of energy for this process is needed. Many of the pulp industries in Sweden has 
a thermal gasification reactor, often fluidised-bed reactor, that uses biomass from the forestry e.g. bark 
and sawdust to produce extra energy (Gebart, 2019). These reactors could be used, and also upgraded 
or new more efficient reactors could be invested in to produce the deficit of energy from the removal of 
black liqueur that instead is used for producing biogas. The deficit of the energy from black liqueur 
could possibly be filled with e.g. grot, stubs and other forms of biomass from the forestry as reports 

Methane yield (m3 CH4/t VS) Amount of manure/year 
(tonnes)

Animal:

Cow 213 2 350 296

Pig 268 245 203

Chicken 247 105 883 

Turkey 247 3888

Horse 170 959 850

Mink 345 24 300
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have stated that there is a 33-74 TWh future potential in the year 2050 from these products (Börjesson, 
2016) and the potential black liqueur amount today is as mentioned around 40 TWh.  
The reason for using black liqueur instead of e.g. grot and stubs is partly because of that the quality of 
produced gas in the reactor varies greatly depending on the used fuel/substrate. The quality concerning 
the amount of tar residue and other unwanted particles is higher when using black liqueur instead of e.g. 
grot and stubs due to its high reaction rate with the oxidation medium (Gebart, 2019). 

3.4. Economy 
Subsidies 
The government in Sweden established a financial support for biogas producer that produce upgraded 
biogas used for transportation fuel or biofuel in 2018 for 270 million SEK (Swedish kronor) 
(Jordbruksverket, 2018a). However, the gas must not be produced using sludge or food waste as 
substrate.  
Other subsidies in Sweden regarded renewable energy sources is the certificate for electricity which 
work in such a way that when energy producers generate electricity from renewable sources (wind 
power, biogas, solar panels), the energy traders that buy this energy will have to pay a fee that is called 
an electricity certificate. This fee depends on the amount of electricity on the market that comes from 
renewable sources, the larger this amount is the lesser is the fee. In times this fee has cost up around 0.3 
SEK/kWh, when the share of renewable energy was small on the energy market, however today is the 
fee around 0.04 SEK/kWh. This certificate is created in order to stimulate the production of renewable 
energy and to make it easier for new renewable electricity producer to enter the market (Svensson, 
2019). However, it also works as a brake for when too much renewable energy is produced in the system 
due to that the certificate decreases when the amount of renewable energy increases on the market 
(Svensson, 2019). 
 

Economic review of energy crops 
The different energy crops are also different profitable. When calculating the  
cost for work, interest, corporate costs such as bookkeeping, telephone and so on and all machine costs 
including depreciation as well as all the cost for cultivating and harvesting the crops, including e.g. 
diesel when harvesting, transportation and storage etc the different profitability between the crops is 
noticeable. As the report interprets earlier research made regarding the economy of the different energy 
crops below, the numbers will be presented for the chosen energy crops (Rosenqvist, 2018). 
 

 

Crop:
Revenue/ha. High yield 
(SEK)

Revenue/ha. Medium-
high yield (SEK)

Revenue/ha. Low-
medium yield (SEK)

Revenue/ha. Low yield 
(SEK)

Salix*(1) 870 492 114 -200

Ley 3220 2144 1624 404

Triticale 5471 3569 2142 716

Sugar beets 2245 -622 -3750 -6878

Maize, fresh 5535 2643 715 -1213

Wheat 422 -542 -1507 -2471
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Table 11. The economy of the chosen energy crops when fresh and unprocessed, depending on the yield SOURCE: 
(Rosenqvist, 2018) *=the revenue Is for using the crop as solid biomass and is assumed to be roughly the same as 
for biogas. 
 

Economic review of manure processing 
Subsidies 
The Swedish government has created an economic support model for farmers that want to invest in 
biogas plants that produces biogas from manure, or manure in co-digestion with other substrates. The 
support can be used for investing in the material and products needed for building the plant as well as 
consultant work for planning and building the facility. However, at least 50 % of the substrate used in 
digesters smaller than 1000 m3 must be of manure and for digesters larger than that the amount needs to 
be at least a 1000 t wet weight per year.  
Also, the earlier mentioned financial support from the government of 270 million SEK that is being 
distributed to biogas producers that upgrade their gas to be used as transportation fuel.  

Investing in farm-based biogas plants 
The general cost of investing in a biogas plant on the farm is approximately 200-400 euro or around 
2100-4200 SEK (1 euro=10,46 SEK) per m3 of reactor volume (Jansson, n.d.). The subsidy is available 
for all companies as long as it has a turnover of less than 10 million euro and has a maximum of 50 
employees (Jordbruksverket, 2018a). The financial support is 40 % of the total expenditure for the 
material and products as well as the consultant work used for constructing the biogas plant as long as 
the total cost exceeds 100 000 SEK (Jordbruksverket, 2018a).  
 
Economic review of thermal gasification 
Projects have been done in Sweden regarding production of biogas through thermal gasification. 
GoBiGas is project in Gothenburg that resulted in a 20 MW plant, producing biogas using grot, bark 
and other forestry biproducts. However, the project showed that it was technically possible, but the 
problem was that it was not profitable at the time and thus, the plant shut down in 2018 (Larsson et al., 
2018). The plant cost approximately 1400 million SEK to install which is seen as a large investment and 
the cost for substrates, operation and other expenses were too high to make it a lucrative production 
method for biogas. Yet, according to the report made by Larsson et al (2018), the profitability may 
increase in the future if larger plants with higher production rate and more efficient operation methods 
as well as economic subsidies or support from the government is implemented.  
Thus, to solve the problems of profitability in the future, either building larger plants with higher 
production rates or making the biogas more economic by e.g. lowering taxes for biogas or increasing 
taxes on other less sustainable fuels/biofuels could help increase the potential of thermal gasification 
(Lundberg, 2011; Larsson et al., 2018).   
 
The Swedish government introduced in 2017 a reduction duty for fuel distributors in order to streamline 
the phasing out of fossil fuels for the future (Energimyndigheten, 2018). The unit of reduction is the 
amount of released greenhouse gas. Depending on the amount of biofuel involved in gasoline and diesel, 
the reduction cost/level will vary. Biofuels that has a lower reduction cost/higher reduction level e.g. 
ethanol made from sugar beets is better compared to ones that has a higher reduction cost/lower 
reduction level e.g. HVO (hydrogenated vegetable oil). The government has set limits of how high the 
reductions levels needs to be in the future compared to regular gasoline and diesel. By 2018, it needs to 
be a reduction level of at least 2,6 % for gasoline and 19,3 % for diesel compared to conventional ditto 
(Furusjö and Lundgren, 2017). If these limits are not achieved by the fuel distributor, they will have to 
pay a fee of 7 SEK per gram of carbon dioxide equivalent for their excess pollution of greenhouse gases 
over the set limit (Riksdagsförvaltningen, 2017).  
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According to earlier research, advanced biofuels from e.g. thermal gasification, has potential of having 
a higher reduction level than e.g. ethanol from sugar beets. This could increase the demand for these 
forms of biofuels in the future and thus make them more attractive (Furusjö and Lundgren, 2017) 
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4. Methodology 
First of all, a literature review has been made where focus has lied on the current biogas situation in 
Sweden, both regarding the technics used when producing biogas but also what forms of biomass is 
generally used. During the review, most of the technical data came from the Swedish energy department. 
Academic research has also been extensively used, where future biogas potential and future biomass 
used for biogas production has been the leading search sentences on Google and Google scholar. Also, 
“biogas potential from thermal gasification” as well as energy crops and manure and similar 
formulations has been used as search sentence. Reports published from the year 2000 and onwards and 
only focused on Sweden have been used.  
The main reports used in the comparative analysis were: 
 

 
Table 12. Reports used for the report. 
 
The justification for choosing these reports was mainly their varying form of source, some were from 
organisations in Sweden and some were academic papers focused on the biogas situation in Sweden. 
The academic reports where mostly chosen because of their actuality as well as their high number of 
citations within Swedish biogas research. All reports were also broad and included different forms of 
substrates which was of great value when making the comparative analysis of the future biogas potential 
in Sweden.  
 
Four explorative scenarios of possible future outcomes have been made with four different future 
outlooks concerning both economic potential as well as demand and technical breakthroughs for the 
chosen substrates. The scenarios are business as usual, moderately optimistic, optimistic and extremely 
optimistic. These scenarios are only based on assumptions and restrictions created by the author and 
should not be seen as future prognosis as much as different future possibilities.  
 
Interviews with biogas experts and researches from established companies working with biogas in 
Sweden as well as researchers and employees of the government within the field of biogas in Sweden 
has been made in order to analyse and discuss the practicality of future solutions and forms of biomasses 
as well as how to calculate the future potentials. The chosen interviewed are: 
 
Anna Schnürer, professor in bioenergy at Sveriges Lantbruksuniversitet (SLU). 
The interview was focused on the method of calculating the potential of manure and energy crops as 
well as the general process of anaerobic digestion combined with different substrates and current 
conversion efficiencies.   

Name of report: Author: Year: Type of report:

“Can domestic production of iLUC-free feedstock from arable land supply 
Sweden’s future demand for biofuels?” Ahlgren et al 2017 Scientific
“Potential för ökad tillförsel och avsättning av inhemsk biomassa i en 
växande svensk bioekonomi” Pål Börjesson 2016 Scientific
“Torrötning – kunskapssammanställning och bedömning av
utvecklingsbehov”

Nordberg & 
Nordberg 2007 Scientific

“REALISERBAR BIOGASPOTENTIAL I SVERIGE ÅR 2030 GENOM RÖTNING
OCH FÖRGASNING” Dahlgren et al 2013 Report from organisation
“Förslag till nationell biogasstrategi 2.0” 

Energigas 2018 Report from organisation
“Biogaspotential och framtida anläggningar i Sverige”

Nordberg et al 1998 Scientific
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Sven-Erik Svensson, Lecturer at the Department of Biosystems and Technology at SLU. 
The interview was focused on the potential methane and biomass yield of energy crops as well as 
intermediate crops. Also, different forms of pre-treatment and potential future conversion efficiencies 
were discussed. 
 
Rikard Gebart, professor in energy engineering at Luleå tekniska universtitet. 
The interview was focused on how the black liquor from the pulp industry could be used for biogas 
production including how to calculate its potential. Conversion efficiency and also the amount of 
available black liquor were discussed as well as future ways of increasing the potential further.  
 
Kalle Svensson, officer at Energimyndigheten.  
The interview was focused on different ways of producing biogas, its future potentials as well as 
suggestions to researchers and reports made surrounding these subjects.  
 
The reason for choosing these persons were because of their great knowledge of biogas and also their 
high commitment to this energy solutions through their involvement in current research and earlier 
reports surrounding biogas and its potential in Sweden
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5. Comparative assessment of future potentials 

5.1. Analysis of the differing future potentials in literature 
Sweden produce approximately 2.1 TWh of energy from biogas today and the trend is an annual increase 
in the market. However, according to different reports (see table 16) the production amount of today is 
far from the technical but also practical potential. There is potential increase of production from newer 
techniques that has not been established on the market yet, e.g. thermal gasification and dry fermentation 
(Nordberg and Nordberg, 2007; Dahlgren et al, 2013). Also, there are other forms of substrate that has 
not entered the market of today, which has the potential of increasing the annual production rate 
significantly, e.g. black liquor (Dahlgren et al, 2013). Looking at earlier research regarding future 
potential of biogas in Sweden the discrepancy between the estimates is quite substantial and the interval 
is between 3.8-74 TWh in the year 2015 (Dahlgren et al, 2013). This is due to many different factors 
such as various belief of the biogas market in the future, different set limitations both technical and 
economic and also various regard against competing interests. The techniques that is thought to have 
the largest impact of the future increase in production is dry fermentation and thermal gasification. Dry 
fermentation is believed to have a potential of between 6-9 TWh of annual production (Nordberg and 
Nordberg, 2007) and thermal gasification approximately 59 TWh of annual production (Dahlgren et al, 
2013).  
The Swedish energy department has put forth a goal of producing 15 TWh of biogas until 2030 where 
a lot of the production will come from thermal gasification and the use of agricultural residues as 
substrate for anaerobic digestion. As being seen in table 14, manure has the potential of producing 2.8 
TWh of biogas annually and combining all the different substrates for anaerobic digestion the potential 
is approximately 7 TWh of annual production (Energigas.se, 2018). 
 

 
Table 13. The potential of different substrates for anaerobic digestion. Source: Energigas.se, 2018 
 
Also, these substrates do not compete with other sectors, instead it is possible to use everything for 
biogas production. This is not the case for forestry products and residues that instead is a source used 
by different sectors such as pulp industry and district heating plants (Börjesson, 2016).  

Substrate Biogas potential (TWh)

Manure 2,8

Waste from food industry 1,1

Crop residue 0,8

Swill 0,8

Sewage treatment plants 0,7

Total 1 6,2

Additional ley cultivation >1

Total 2 ~ 7
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Figure 13. The potential for different substrates for anaerobic digestion. Source: Dahlgren et al, 2013 
 
By looking at the figure 13 it is clear that the theoretical potential of Dahlgren et al, (2013) is more 
optimistic than the one by Energigas, (2018). The largest potential lies within energy crops, which 
increases the overall potential by 7,2 TWh annually. Also, manure has a higher theoretical potential 
according to Dahlgren et al compared to Energigas, which instead presents the amount of the potential 
that is thought to be practically feasible to extract. These seven substrates will now be shortly presented 
and their potential according to different sources will also be compared. 

5.2. Manure 
The theoretical potential of manure according to Dahlgren et al is approximately 4,2 TWh/annually and 
this amount, 50 % is in liquid form and the rest is in solid form. The practical potential however is 
thought to be quite substantially lower. According to research the more reasonable potential is 2,8 
TWh/annually (Börjesson, 2016). The reason is that it is not financially feasible today to achieve the full 
potential due to the low gas exchange from the substrate but also difficulties in handling the manure on 
the farm, e.g. storage (Dahlgren et al, 2013). 

5.3. Substrates from agriculture 
The potential only from energy crops is expected to be 7,2 TWh in Sweden, where 1,6 TWh comes from 
cereals, 2,4 TWh from ley, 1,9 TWh corn and 1,3 TWh from sugar beets (Dahlgren et al, 2013). This is 
if 10 % of all arable land in Sweden is used for producing crops for biofuel. The practicality of this is 
thought to be reasonable and by using this amount of land will not compete directly with food production 
in Sweden. However, when adding all substrates collected from agriculture e.g. manure the amount 
increases to approximately 13,5 TWh. When looking at the future and to the further potential of ILUC-
free (indirect land use change) substrates, the potential of these are approximately 20 TWh/annually and 
converted to biogas with a conversion effectivity of 50 % gives 10 TWh of energy (Ahlgren et al., 
2017b). This is mostly from using disused croplands for harvesting ley and by intensifying the already 
existing ley production, but also by using crops and residues that is not used today.  
Other researches present potentials of between 3-10 TWh of energy from disused ley that can be used 
for harvesting different sort of energy crops (Börjesson, 2016). By including all substrates produced 
from agriculture the expected potential today is between 16-22 TWh including an uncertainty interval 
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that takes into consideration an increasing demand for arable land for organic farming (Börjesson, 2016). 
The projected potential in the future for agricultural substrates in 2050 is according to the same source 
between 15-55 TWh using the same uncertainty interval. One of the issues regarding the future potential 
of substrates from agriculture is the decrease of arable land. The areal of land used for agriculture has 
declined by approximately 10 % between 1990 to 2015 and the areal of arable land is expected to reduce 
even further in the future. However, this do not automatically imply that the amount of food will 
decrease due to more efficient farming, but it will probably lead to less land being available for 
harvesting energy crops (Börjesson, 2016). Other reports present different scenarios for the future 
potential of biogas production where different scenarios project different outcomes depending on e.g. 
legislation, arable land devoted for biofuel production and economic instruments for rewarding 
expansion of biogas production in Sweden. Other issues surrounding the use of agriculture products as 
substrate is the competition with other biofuels on the market. Today biogas compete with both ethanol 
and RME-diesel and these are the biofuels that uses most of the agricultural crops as substrates 
(Dahlgren et al, 2013).  

5.4. Sludge from sewers 
The potential for sludge is thought to be insignificantly increased in the future according to both 
Energigas, Ahlgren and Börjesson. Also, according to older research, the future potential of sludge is 
limited, and the potential is expected to be approximately 1 TWh/annually from both sewage treatment 
plants and from domestically produced sludge (Nordberg et al., 1998). Comparing to today’s production, 
the current amount of annual production from sludge is approximately 0,75 TWh (Energigas.se, 2017).  

5.5. Waste 
 

 
Diagram 1. Future biogas potential from waste.  
 
Waste include swill, residues from food industry and other industries and is assumed to have a potential 
of approximately 3,3 TWh/annually (Dahlgren et al, 2013). However, when looking at earlier research 
the potential from waste is only 2 TWh (Nordberg et al., 1998). The substrates that is included in 
Nordberg et al’s report is not specified and the discrepancy can therefore not really be explained. 
According to (Börjesson, 2016), the potential for both food waste and waste from the industry is 
approximately 1,9 TWh/ annually, 0,8 TWh from food waste and 1,1 TWh from industry. In the 
Dahlgren-report, no considerations have been made for the feasible amount of energy that can be 
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harvested from food waste but instead the report only focuses on the maximum theoretical potential. 
This is one of the reasons to why the reports potential is so much higher than the one of Börjesson. Th 
issue that the usage of the substrate for biogas production is quite low is one of the more major problem 
regarding the potential of the substrate. In 2016 only 38 % of all available food waste came to use and 
the goal was to increase the usage up to 50 % until 2018 (Energigas.se, 2018). In Dahlgren et al report, 
the potential from industrial waste is expected to be approximately 2,0 TWh annually, however only 53 
% of this is feasible to use for biogas production. Also, the potential 1,3 TWh annually from food waste 
has only been reduced by 20 % from the absolute maximum, which compared to the roughly 40 % usage 
that is today can explain the rather high total potential from waste compared to other reports (Dahlgren 
et al, 2013).  

5.6. The potential of forestry residues 
Of the 130 TWh of biofuels available 2013, 110 TWh or 85 % of the total amount of biofuel energy 
came from the forestry (Börjesson, 2016). Of these 110 TWh is 53,5 TWh from what is called 
unprocessed tree fuel, where 16,1 TWh comes from roundwood, 14,2 TWh from solid by-products, 10,6 
TWh from abbreviation (branches and tops), 10 TWh from bark and wood residues, 2,3 TWh of clearing 
wood from deforestation and 0.3 TWh of stumps (Fridh and Christiansen, 2013). The potential of using 
forestry product for biofuel today is expected to be between 20-42 TWh/annually using an uncertainty 
interval. This interval has more stringent ecological restraints and lower conversion efficiency than 
prognosed for the lower part of the interval and the direct opposite for the higher part of the interval. 
The future potential is expected to be between 33-74 TWh/annually in the year 2050 using the same 
uncertainty interval. And the substrate that has the highest potential is abbreviation which today has a 
potential of between 15-30 TWh/annually using the same interval and in the year 2050 has a potential 
of 17-35 TWh/annually (Börjesson, 2016).  
 

 
Table 14. The potential of forestry product in TWh, today and in the year 2050. Source: Börjesson, 2016 
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5.7. The potential of black liquor 
This is one of the production techniques that has the highest potential and is thought to increase the 
production rate the most in the future. According to Börjesson, (2016) the annual energy potential from 
black liquor in Sweden is approximately 40 TWh.  
Other reports present more modest figures of 6-12 TWh/annual potential biogas from thermal 
gasification in the year 2030 (Dahlgren et al, 2013). One of the reasons for the discrepancy between the 
two reports is that the latter has converted the biomass to biogas and due to that the conversion efficiency 
for producing biogas is generally 50-60 %, half or nearly half of the energy is being lost.  
However, the prognosed 6-12 TWh scenario was the most optimistic of the three presented in figure 14 
below. The least optimistic scenario prognose a 0 TWh potential due to no or slow technical progression 
and no or very modest change in tax incentives for investing in thermal gasification (Dahlgren et al, 
2013).  
There are however potential possibilities to increase the amount of black liqueur in the future if it is 
removed from the pulp industry and instead used for other purposes e.g. producing biogas, due to that 
it acts as a bottle neck in the recycling of chemicals used in the production of pulp. By disconnecting it 
from the production chain, the bottle neck could be removed, and more pulp can be produced which 
leads to more produced black liqueur (Gebart, 2019).   

5.8. The potential of dry fermentation 
The future potential of dry fermentation is expected to be around 6-9 TWh annually. However, large 
parts of these figures are derived from using potential substrates such as ley and straw that in other case 
could be used as substrate for wet fermentation (Nordberg and Nordberg, 2007). Therefore, the potential 
of 6-9 TWh of energy is not really the case due to that some of this energy is derived from other 
fermentation techniques. Still, the dry fermentation technique is more suitable for substrates with higher 
dry content matter such as manure than wet fermentation. The technique needs less work for the pre-
treatment of manure and other substrates due to that there is no need to combine it with water to make 
it liquid, which is the case for wet fermentation (Nordberg and Nordberg, 2007).  

5.9. Overall potential of the future 
The potential for future biogas production in Sweden fluctuates depending on what substrates the reports 
has examined. When using the three scenarios presented by (Dahlgren et al, 2013) the interval is 
expected to be between 1,2-22 TWh by the year 2030 depending on future outcomes.  
 

 
Figure 14. The future potential of biogas 2030 using three different scenarios (Dahlgren et al, 2013) 
 
The three different scenarios of the report lead to three different outcomes depending on a set number 
of limitations, restrictions and trends. Regarding the trend is the technical development of biogas 
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production an important factor as well as the trends for policies regarding the biofuel. This incorporates 
future belief and confidence in the fuel and the potential tax relief that may come with it. Limitations 
and restrictions can be technical, ecological and economic restraints or maximum potentials. Scenario 1 
is the most optimistic which can be seen in figure 13 whilst scenario 3 uses the highest limitations and 
is the most pessimistic of the three.  
According to (Börjesson, 2016) the future potential in the year 2030 is between 20-25 TWh and in 2050 
between 35-45 TWh if all biomass is used for biogas. The reason for biogas being the major source of 
biofuel could be its high conversion effectivity of approximately 50-60 % depending on production 
technique compared to e.g. ethanol 20-30 % (Ahlgren et al., 2017b).  
 
How realizable or feasible these different theoretical potentials are according to six specific parameters 
is presented in table 16. They are analysed by looking at the limitations and boundaries that the reports 
have used when calculating the present or future potential. Also, the transparency is weighted depending 
on how the potentials have been produced. If the method of calculation concerning the results is 
presented combined with values for the biomass and methane yield, the report is assumed to be 
transparent according to this report, due to it enabling the reader to make the same calculations.  
 

 
Table 15. Review of the achievability and transparency of the chosen reports. X = presented chosen parameter, - 
= not presented chosen parameter, * = already converted from biomass to biogas.  
  
When examining these reports, the attempts made to analyse the more practical potential of future biogas 
production is done with varying degrees of feasibility. However, this subject will be debated further in 
the discussion later in the report.  
The future potentials presented by the different reports vary. However, the reports do not use the same 
substrates when analysing and therefore are the results not comparable with each other.  
The following part of the chapter will present the three chosen substrates; energy crops, manure and 
black liquor using thermal gasification in more detail. 
 

Future potential of 
biomass in TWh

Technical 
limitation

Economic 
limitation

Ecological 
limitation

Presenting the 
calculation

Presenting the 
biomass 

Presenting the 
methane (year)

The reports:

Ahlgren et al, 2017 x - x - x - 20-25 (2030)

Börjesson, 2016 x x x - - - 35-40 (2050)
Nordberg & Nordberg, 
2007

- - - x x x 6-9 (2009)*

Dahlgren et al, 2013 x x - x x - 1.2-22 (2030)*

Energigas, 2018 - - - - - - 7 (2018)

Nordberg et al, 1998 x - - - - - 17,3 (1998)

Average potential 14,4 - 20

The achievability of the potentials The transparancy of the results



 

 
 
 

32 

6. Improvement of biogas potential assessments  
Here, the reasonability of the future potential is described more in detail, both regarding the calculations 
but also the chosen limitations and assumptions. A high and a low yield of each scenario will be used 
due to even though some of the scenarios are optimistic, outside factors e.g. bad weather, technical 
issues or human error may affect the potentials.  

6.1. The potential from the chosen energy crops 
6.1.1. Assumptions 

Production method 
The production method for making biogas from these substrates is assumed to be anaerobic fermentation 
using commercial and farm-based fermenters. The reason is that this is the current technique for 
producing biogas In Sweden and is expected to continue to be the major production technique for 
agricultural substrates in the future as well. This, due to the fact that there is already a substantial amount 
of farm-based plants installed in Sweden and the trend of today and assumed for the future as well is 
that the number will increase (Energigas.se, 2017).  
 

Areal for biomass production 
The future area of fallow land in 2050 is thought to be approximately 900 000 ha according to earlier 
research (Jordbruksverket, 2012). This areal figure is also acknowledged by other sources (Edström	et	
al.,	2007). The area that can be used for producing biomass is then theoretically 900 000 ha. However, 
according to older research, the amount available for biomass production is assumed to be approximately 
600 000 ha in the future included fallow land and the land used today for food production that is being 
exported (Kreuger et al., 2011). Other reports present more modest figures of around 400 000 ha being 
available for biomass production when including the competing interest of land with food and feed crops 
(Jordbruksverket, 2009). 
 

The quality of the available land 
When also taking in to consideration the position and the fertility of the land that is available for biomass 
production in the future, assumptions have to be made. Using the statistics of how the agricultural land 
is spread out in Sweden, approximately 90 % of all agricultural land is situated in the middle and 
southern Sweden (SCB, 2015) which can be seen in figure 15 below. Also, the land that is most suitable 
for growing energy crops is in this area due to that the land is often more fertile and therefore more 
productive when growing these forms of crops. However, ley can be produced further north in the 
country which makes all the land available for biomass production (SCB, 2018).  
 

The use of the produced biomass 
In this report, all produced biomass from energy crops is assumed to be used for biogas production an 
no other biofuel e.g. ethanol. 
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Figure 15. Top left figure: The share of agricultural land/total land area per county (“Jordbruksverket,” 2017. Top 
right figure: All counties titled with letters (SCB, 2007). Bottom picture: The share of agricultural land between 
the south and central/northern Swedish counties (“Jordbruksverket,” 2017b)  
 

The methane and biomass yield 
The yield for both biomass and methane will be assumed to be the same overall areas in Sweden, both 
south and north. The reason is that while the difference in soil productivity between the south and the 
north of Sweden is rather big e.g. for cereals, the amount of arable land is approximately 10 % in the 
north and is therefore quite insignificant when looking at the whole system agriculture (SCB, 2018). 
Also, the differences in soil productivity between the south and the middle of Sweden is rather small, 
resulting in that the average methane and biomass yields presented in table 3 will be used for the whole 
country. However, these values are theoretical values that has been proved in practice but due to that 
the digestion time in reality is seldom the same as the time for optimal biogas production the methane 
yield will therefore be multiplied with a factor of 0.5-0.7. The reason for the digestion time being shorter 
than optimal is usually because of economic reasons where high amount of input and output is often 
promoted with higher income instead of prolonging the digestion further to receive highest methane 
yield available from the substrate (Schnürer,	2019). E.g. when looking at the digestion time versus 
amount of methane for cow manure, the highest increase of methane yield happens during the first three 
weeks following a steady decrease of the yield growth and the maximum yield can be extracted after 

County:
Hectare of agricultural 
land

Percentage of all 
agricultural land

AB, C, D, E, M, N, O, S, 
T, U 2 273 316 87,80%

W, X, Y, Z, AC, BD 316 736 12,20%

All counties combined 2 590 052 100%
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approximately four weeks. Therefore, it is more profitable to withdraw the gas before the yield increase 
starts to devalue too much and instead restart the whole process (Schnürer,	2019). Also, the yield 
presented in table 3 (chapter 4) is assumed to be from fresh substrates and not pre-treated and stored.  
 

 
Figure 16. Methane yield/digestion time (Angenent, 2015) 
 

Storage time 
The storage time for the energy crops is assumed to be marginal or none in the future. The reason is that 
parts of the substrates is assumed to be used for producing biogas on the farm. The trend of today is an 
increasing amount of installed biogas plants on farms and is in this report assumed to be continuing in 
the future. Also, the trend of today is an increasing demand for biogas which is also assumed in this 
report to be continuing in the future (Energigas.se, 2017). Therefore, it is assumed that the storage time 
is insignificant due to that the crops is used almost immediately for domestic biogas production on the 
farm or used on other commercial plants soon after harvesting due to the high demand.  
 

The potential of intermediate crops 
The potential for using intermediate crops on the land is assumed to be rather high due to that it does 
not need more work other than the harvest of the crops (Sven-Erik Svensson, 2019). Therefore, the 
number of farms that can incorporate intermediate crops on their land is assumed to increase until the 
year 2050. The potential in this report is also assumed to be rather linear and is not expected to increase 
until the year 2050 due to that the farmland is expected to decrease until the year 2050 but the amount 
of produced food and feed crops is assumed to remain the same as today due to increasing yield 
efficiency (Jordbruksverket, 2012). Therefore, it is assumed that the yield of intermediate crops will 
increase as the other food and feed crops and produce the same amount of energy as it would today even 
if the area will decrease. 
 

6.1.2. Scenarios 
Four scenarios will be created to present possible future outcomes depending on a set of differentiating 
assumptions for key parameters. There will be one scenario presenting business as usual where nothing 
at all happens regarding the future potential of biogas in Sweden instead the amount of produced biogas 
will be the same as today. The second scenario will be more optimistic, resulting in that 10 percent of 
all available farmland will be used for producing energy crops. The third scenario will instead of using 
10 percent or 262 000 ha of the available farmland instead be using 400 000 ha of fallow land. The 
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fourth and most optimistic scenario will be using 600 000 ha of fallow land as well as using available 
farmland for producing intermediate crops with ordinary food and feed crops. Within the third and fourth 
scenario, a high yielding result and a low yielding result will be presented where both the differentiating 
biomass yield and methane conversion efficiency will be used when calculating the results. Each 
scenario will be explained in more detail in their respective introduction.  
 

Business as usual 
In this scenario no further expansion of biogas production will occur until 2050. Instead, the amount of 
produced biogas annually will stabilize to today’s amount of approximately 2.1 TWh/annually and 0 
TWh is assumed to come from energy crops. This will be the reference scenario due to it being a default 
scenario.  
 

Moderately optimistic  
This scenario will use earlier articles work regarding the potential of producing energy crops as substrate 
for biogas. Using 10 percent pf 262 000 ha of available farmland in Sweden, assuming this is possible 
in the future concerning both economic and also being in line with EU RED ii directive regarding not 
competing with food and feed crops. According to earlier research it is possible to extrude 7.2 
TWh/annually from energy crops when using 10 % of all available farmland in the year 2030. This does 
not include intermediate crops but do however include 10 % of available fallow land This figure is 
however assumed to be theoretical and will be calculated using this report’s presented values for biomass 
and methane yield as well as using a 0.5-0.7 conversion efficiency to present a perhaps more practical 
potential.  
 

Optimistic  
According to Jordbruksverket in their potential scenario for the year 2050, 900 000 ha of fallow land is 
could be available. However, approximately 400 000 ha would likely be available for energy crop 
production due to other competing interests for both forestry and producing food and feed crops 
(Jordbruksverket, 2009). The fallow land is assumed to be less fertile according to Börjesson earlier 
stated in this report and is expected have 80 % fertility compared to ordinary farmland. Due to that ley 
is rather unsensitive to the soil fertility is the share of ley on the chosen fallow land higher than the other 
energy crops. Furthermore, ley shows promising revenues according to table 4. Also, ley is expected not 
to compete with the EU directive RED ii in the future and thus especially interesting to use as an 
extensive crop on the 400 000 ha of land. Therefore, 70 % of the available land will be used for 
producing ley. 10 % will be used to produce salix, 5 % respectively for sugar beets, triticale, maize and 
wheat.  
The use of intermediate crops such as reed canary, ley and hemp will be used. As Ahlgren et al presented 
in earlier reports the potential is expected to be approximately 2.2 TWh/annually of biogas energy when 
cultivated below latitude of 61° N. Above this latitude is expected to be too small to be beneficial 
(Ahlgren et al., 2017b). For more information regarding the potential of intermediate crops, see (Ahlgren 
et al., 2017b). The maximum potential of 2.2 TWh/annually is expected in the most optimistic scenario 
4, in scenario 3 however 50 % (or 1.1. TWh/annually) of the potential is assumed.   
The economic incentives for producing energy crops on the land are assumed to be more lucrative in 
the future due to beneficial support and control means made by the government. This is assumed to the 
need for the transport sector to become more sustainable using less fossil fuel that therefore implies that 
the fuel needs to come from elsewhere e.g. biofuels made from biomass. The support is assumed to be 
in the same form as the one created by the government in 2018 however the amount will be higher. Also, 
the control means is assumed to be more in favour for farmers to both produce their own biogas from 
the farms own biomass as well as selling it to larger commercial biogas plants.  
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The conversion efficiency to biogas is as the earlier scenarios between 0.5-0.7 and will be analysed with 
both the different high and low biomass and methane yield to present a low and high potential of this 
scenario.  
 

Extremely optimistic  
In this scenario, the future is assumed to be in favour of biogas in every way. The economic incentives 
are strong, effective and profitable control means and economic support for farmers to produce biomass 
is created by the government. This will make it more profitable to produce biomass from energy crops 
than produce food and feed crops that will be exported. Therefore, 600 000 ha of fallow land is available 
for energy crop cultivation (Kreuger et al., 2011). Due to that this land is used again, the fertility of the 
land is assumed to increase to approximately 90 % fertility compared to ordinary farmland. Ley will 
still be extensively used and is the main crop cultivated on the available land.  The shares of the energy 
crops will remain the same, 70 % for ley cultivation and 5 % respectively for sugar beets, triticale, maize 
and wheat.  
The use of intermediate crops will be fully utilized and reach its potential of 2,2 TWh/annually.  
The interval for the conversion efficiency will be assumed to potentially increase due to technical 
breakthroughs and will therefore be set between 0,5-0,85. The potential for the biomass and methane 
yield however is assumed to remain the same as today.     
 

6.1.3. Results 
Business as usual 
The amount of the total 2,1 TWh of biogas energy collected from the agriculture is insignificant in 
today’s market and therefore set to 0 TWh/annually.  
 

Moderately optimistic  
Using earlier research made regarding the use of 10 % of available farmland, the result is presented 
below.  
Using 40 % land for cultivating ley, 30 % for cereals (e.g. wheat and triticale), 20 % for maize and 10 
% for sugar beets and the result is 7,2 TWh/annually. 4,8 TWh/annually comes from food and feed crops 
(cereals, maize and sugar beets). This is lower than the EU directive RED ii limit of 7 % of the transport 
sector energy use, which today would be approximately 6,2 TWh/annually. Therefore, this structure 
regarding the use of different energy crops could work in the future, at least when using RED ii as an 
instrument.  
 

Optimistic  
In this scenario the reports own figures regarding methane and biomass yield will be used for calculating 
the potential energy output from 400 000 ha. 70 % of 400 000 ha or 280 000 ha is used for cultivating 
ley with a low methane yield of 271 m3 CH4/t VS and a high yield of 327 m3 CH4/t VS. VS/TS content 
is 88 %. The biomass yield is between 6-13 t TS/ha. Conversion efficiency is between 0,5-0,7.  
Using the values for low/high biomass and methane yield with the low/high conversion efficiency to 
calculate the potential for the rest of the energy crops is presented in the table 17 below. An example of 
the calculation is provided in Appendix A1. 
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Table 16. High and low potential for the chosen energy crops for the optimistic scenario. Rounded up by two 
decimals 
 

Extremely optimistic  
In this scenario the reports own figures regarding methane and biomass yield will be used for calculating 
the potential energy output from 600 000 ha. 70 % of 600 000 ha or 420 000 ha is used for cultivating 
ley with a low methane yield of 271 m3 CH4/t VS and a high yield of 327 m3 CH4/t VS. VS/TS content 
is 88 %. The biomass yield is between 6 and 13 t TS/ha. The conversion efficiency is between 0,5-0,85.  
Using the values for low/high biomass and methane yield with the low/high conversion efficiency to 
calculate the potential for the rest of the energy crops is presented in table 18 below.  
 

Optimistic

High yield Low yield

Energy crops:

Ley 5,69 1,55

Salix 0,85 0,32

Sugat beets 1,20 0,43

Triticale 0,82 0,14

Maize 0,53 0,23

Wheat 0,25 0,18

Intermediate crops 1,10 1,10

Total (TWh) 10,43 3,95
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Table 17. High and low potential for the chosen energy crops for the extremely optimistic scenario. Rounded up 
by two decimals. 
 
The different scenarios put together is presented in table 19 below.  
 

 
Table 18. High and low potential for all scenarios.

Extremely optimistic

High yield (TWh) Low yield (TWh)

Energy crops:

Ley 10,36 2,33

Salix 1,55 0,48

Sugat beets 2,18 0,64

Triticale 1,49 0,21

Maize 0,96 0,34

Wheat 0,45 0,27

Intermediate crops 2,20 2,20

Total (TWh) 19,20 6,47

High potential  
(TWh/annually)

Low potential 
(TWh/annually)

Scenarios:

Business as usual 0 0

Moderately optimistic 7,2 7,2

Optimistic 10,43 3,95

Extremely optimistic 19,20 6,47
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6.2. The potential future biogas output from chosen manure  
6.2.1. Assumptions 

The methane yields 
The methane yield is different depending on the animal, also the digestion time varies depending on 
what manure it is and also if it is co-digested with another substrate (Schnürer, 2019). However, due to 
the fact that it is generally more profitable to put in higher amount of manure in the digestion chamber 
in the reactor than optimal due to that more substrate leads to more gas which equals higher revenues, 
the conversion efficiency is not at its optimal level. The reason is that it is too much substrate to digest 
and all is therefore not efficiently digested when the process is done. This leads to a less efficient 
conversion and the general efficiency is between 0,3-0,5 when using batch fermentation that is the most 
commonly used method. The interval is depending on the digestion time and amount of substrate as well 
as the kind of manure used (Schnürer, 2019).  
 

The practical amount of available manure 
There is also a question of how much of the theoretical potential regarding amount of manure that can 
be harvested and used as substrate for biogas production. Different species live different lives regarding 
how they are confined and how much they can move about. Horses is for the most positioned in the 
stable where collecting the manure is relatively easy. However, when they are out on a ride, it is 
drastically more difficult to collect and transport the manure back to the farm or other receiving location. 
Chickens live for the most in small cages where collecting the manure is rather easy, however manure 
from free-range chickens is assumed to be harder to collect due to the fact that it is more spread out. 
There is little to be found regarding this issue in other reports, therefore the interval that is created is 
based on the reports on hypothesis and thus rather broad in order to make it more anchored reality. Also, 
the interval will be different depending on the animal due to the fact that they live in different levels of 
confinement. Table 20 below presents the interval used per specie and scenario. 
 

Storage time 
The time for storing the manure is set as for energy crops to insignificant or none, the manure is expected 
to be used almost immediately due to high demand and an increase of farm-based biogas plants. 
 

Farm-based biogas plants 
The trend of today is an increase of farm-based biogas plants and this trend is assumed to continue in 
the future. The amount of biogas plants being installed on the farm has increased from 8 in 2009 to 43 
in 2017, which is a growth of approximately 4 plants per year (Energigas.se, 2017). This trend is 
assumed to continue and the demand in the future is also assumed to be in line with the production of 
biogas from manure.  
 

The amount of manure per animal 
The amount of produced manure per animal is assumed to be rather fixed on the numbers presented 
earlier. It is assumed that the amount will not vary significantly and therefore is the values fixed. The 
reason is that the animal’s diet and the amount of food intake is assumed to be rather stable throughout 
the year and between the cattle and therefore will the amount of manure will be stable as well.   
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The ease of collecting the manure 
The ease of collecting the manure is assumed to be equally easy or difficult independent on where in 
Sweden the farm may be. Different geography or climate is assumed to have little or no effect on the 
practicality of collecting the manure. The amount of collectible manure is therefore set to be the same 
across the country.  
 

The amounts of cows and pigs 
The amounts of cows and pigs has decreased during the last decades. However, due to the difficulties 
regarding future estimations of how the trend will continue, is the amounts set to be the same as today.  
 

6.2.2. Scenarios 
Four scenarios will be created to present different future outcome depending on a set of differentiating 
parameters such as economic, practical and conversion efficiency will be given different values in order 
to compare the scenarios regarding there different optimistic future expectations e.g. the different 
amount of collected manure seen in table 20 below.  
 

 
Table 19. The interval of practically collected manure of theoretical maximum for the chosen species. 
 
In the extremely optimistic scenario, the amount of mink manure will increase due to that it is a 
profitable substrate for producing biogas. Instead, the amount will increase by 50 % or 450 000 minks. 
Within the second, third and fourth scenario, a high yielding result and a low yielding result will be 
presented where the different methane conversion efficiency will be used when calculating the results. 
Each scenario will be explained in more detail in their respective introduction.  
 

Business as usual  
The first scenario will be as today that is business as usual. The amount of farm-based biogas plant will 
cease to increase and the profitability of producing more biogas from manure is little or none existent. 
The amount of biogas produced from manure in 2017 was approximately 0,42 TWh (Energigas.se, 
2017). This will be the reference scenario.  
 

Moderately optimistic  
The second scenario is more optimistic regarding both the amount of used manure as well as the use of 
more different forms of manure. Also, the profitability is expected to be increase making it more 
attractive for farmers to both invest in farm-based biogas plants as well as collecting more of the 
available manure. This is done by more generous economic support from the government as well as 

Species: Moderately optimistic Optimistic Extremely optimistic

Cow 0.5 0.7 0.8

Pig 0.5 0.7 0.9

Chickens and turkeys 0.4 0.6 0.8

Horse 0.3 0.5 0.7

Mink 0.0 0.6 0.9
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stronger and more efficient subsidies. However, it is still not profitable enough for farmers to use mink 
manure as substrate. 
The amount of collected manure is set to; 50 % of available cow and pig manure, 40 % of chicken and 
turkeys, 30 % of horse. A conversion efficiency of between 0,3 and 0,5 is used for calculating a 
maximum and minimum yield result. 
 

Optimistic  
The third scenario is even more optimistic than scenario 2 regarding both the amount of used manure 
and also mink is expected to be used in this scenario. Also, the profitability is expected to be increase 
with even higher levels making it more attractive for farmers to both invest in farm-based biogas plants 
and the use of mink manure as well as collecting more all the available manure. This is done by more 
generous economic support from the government as well as stronger and more efficient subsidies.  
The amount of collected manure is set to; 70 % of available cow and pig manure, 60 % of chicken and 
turkeys, 50 % of horse and 60 % of mink manure. A conversion efficiency of between 0,3 and 0,5 is 
used for calculating a maximum and minimum yield result. 
 

Extremely optimistic 
The fourth and most optimistic scenario uses the most amount of available manure included mink. Also, 
the profitability is expected to be high making it even more attractive for farmers to both invest in farm-
based biogas plants and mink farms as well as collecting more of the available manure. This is done by 
generous economic support from the government as well as strong and efficient subsidies.  
The amount of collected manure is set to; 80 % of available cow manure, 90 % of pig, 80 % of chicken 
and turkeys, 70 % of horse and 90 % of mink manure. A conversion efficiency of between 0,3 and 0,5 
is used for calculating a maximum and minimum yield result. 
 

6.2.3. Results 
Business as usual 
The amount of the total 2,1 TWh of biogas energy produced by manure was approximately 0,42 TWh 
in 2017. This scenario is used as a reference.  
 

Moderately optimistic 
In this scenario the reports own figures regarding methane and amount of manure will be used for 
calculating the potential energy output from all the manure used in scenario 2. Using 50 % of available 
cow and pig manure, 40 % of chicken and turkeys, 30 % of horse. 
An example for calculating the potential for cow manure is provided in appendix A2. The rest of the 
result will be calculated using the same method and source of information. The results will be presented 
only in TWh/year below in table 21. The amount of produced biogas from turkeys are too small to be 
noticeable on this table using two decimals. 
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Table 20. Overall result of high and low yield for scenario 2. Rounded up by two decimals 
 

Optimistic  
In this scenario the reports own figures regarding methane and amount of manure will be used for 
calculating the potential energy output from all the manure used in scenario 3. Using 70 % of available 
cow and pig manure, 60 % of chicken and turkeys, 50 % of horse and 60 % of mink manure.  
An example for calculating the potential for cow manure is provided in appendix A2. The rest of the 
result will be calculated using the same method and source for information. The results will be presented 
only in TWh/year below in table 22. 

 
Table 21. Overall result of high and low yield for scenario 3. Rounded up by two decimals (except for turkey due 
to small value). 
 

Extremely optimistic 
In this scenario the reports own figures regarding methane and amount of manure will be used for 
calculating the potential energy output from all the manure used in scenario 4. Using 80 % of available 

Moderately optimistic
High yield 

(TWh/annually)
Low yield 

(TWh/annually)

Manure:

Cow 0,97 0,58

Pig 0,13 0,08

Chicken 0,04 0,02

Turkey 0,00 0,00

Horse 0,19 0,11

Mink 0,00 0,00

Total (TWh) 1,33 0,80

Optimistic
High yield 

(TWh/annually)
Low yield 

(TWh/annually)

Manure:

Cow 1,36 0,82

Pig 0,18 0,11

Chicken 0,06 0,03

Turkey 0,002 0,001

Horse 0,32 0,19

Mink 0,02 0,01

Total (TWh) 1,93 1,16



 

 
 
 

43 

cow manure, 90 % of pig, 80 % of chicken and turkeys, 70 % of horse and 90 % of mink manure. The 
number of minks has increased by 50 % resulting in a 50 % increase in amount of mink manure as well.  
 
The rest of the result will be calculated using the same method and source for information. The results 
will be presented only in TWh/year below in table 23. 
 

 
Table 22. Overall result of high and low yield for scenario 4. Rounded up by two decimals (except for turkey due 
to small value). 
 
 
 

Combined results for all scenarios 
All the results from the four different scenarios is presented below in table 24.  
 

 
Table 23. Overall result of high and low yield for scenario 1-4. Rounded up by two decimals. 
 

Extremely optimistic
High yield 

(TWh/annually)
Low yield 

(TWh/annually)

Manure:

Cow 1,55 0,93

Pig 0,23 0,14

Chicken 0,08 0,05

Turkey 0,003 0,002

Horse 0,44 0,27

Mink 0,04 0,02

Total (TWh) 2,35 1,41

High potential 
(TWh/annually)

Low potential 
(TWh/annually)

Scenarios:

Business as usual 0,42 0,42

Moderately optimistic 1,33 0,8

Optimistic 1,93 1,16

Extremely optimistic 2,35 1,41



 

 
 
 

44 

6.3. The potential biogas output from black liquor 
6.3.1. Assumptions 

The deficit of energy 
Due to that there will be a deficit in energy when removing the black liqueur from the recycling process, 
other forms of fuel/substrate e.g. grot and stubs will have to be used instead. It is assumed that the 
amount of biomass from the forestry will be enough to even out the discrepancy.  
 

Conversion efficiency  
The conversion efficiency will be set to between 50-60 % due to earlier sources. However, in the most 
optimistic scenario, a conversion efficiency of between 50-70 % will be assumed to be possible. The 
reason for this is an assumption that technical breakthroughs and advancement will occur until 2050. 
Also, GoBiGas presented the possibility of a theoretical conversion efficiency of 70 % in their report 
(Larsson et al., 2018).  
 

Availability of black liquor  
The amount of energy available from black liquor is expected to be around 40 TWh today according to 
earlier presented reports. It is assumed that all of the 40 TWh could be made available for biogas 
production.  
 

Increased pulp production when removing black liquor 
It is assumed that when removing a specific percentage of black liquor from the pulp production process, 
the production rate of the pulp will increase with the same percentage.  
 

6.3.2. Scenarios 
Business as usual 
This is the business as usual scenario were nothing is being done in the future to increase the production 
of biogas from thermal gasification using black liquor as substrate/fuel. The amount of produced biogas 
will be set to 0 TWh/year. This scenario will be used as reference.  
 

Moderately optimistic 
This scenario presents a more optimistic future where economic incentives in form of more efficient 
financial support for investing in thermal gasification plants as well as more lucrative subsidies from 
the government is implemented for biogas produced using thermal gasification.  
The reduction duty has given biogas from thermal gasification using black liquor a medium good 
reduction level resulting in a medium demand for the fuel in the year 2050.  
All this results in that 25 % of all produced black liquor is used to produce biogas. Due to that 25 % of 
the black liquor is removed from the pulp production process, there is an 25 % increase in production 
rate in the pulp industry also leading to an 25 % increase of black liquor. A 50-60 % conversion 
efficiency will be used to present a low and high biogas potential.  
 

Optimistic  
In this scenario, the economic subsidies and support as well as reduction level of the biogas fuel 
produced by thermal gasification using black liquor has increased even further. This results in a higher 
demand, both for investing in thermal gasification plants as well as the demand for the produced fuel.  
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This results in that 60 % of all produced black liquor is used for biogas production. Due to that 60 % of 
the black liquor is removed from the pulp production process, there is an 60 % increase in production 
rate in the pulp industry also leading to an 60 % increase of black liquor. A 50-60 % conversion 
efficiency will be used to present a low and high biogas potential. 
 

Extremely optimistic 
This is the most optimistic scenario were the subsidies and economic support for investment in 
gasification has led to that all pulp industries have invested in gasification of black liquor. Either by 
producing their own biogas or by selling the black liquor to an outside company that does the gasification 
for them. The reduction level for the biogas is set as low and the demand for the fuel is therefore high. 
This results in that 100 % of all produced black liquor is used for biogas production. Due to that all of 
the black liquor is removed from the pulp production process, the pulp production rate has increased 
with 100 % leading to double the amount of black liquor. A 50-70 % conversion efficiency will be used 
to present a low and high biogas potential. 
 

6.3.3. Results 
The results from the scenarios is presented in table 25. An example on how the result of the high yield 
for scenario Optimistic was calculated is in appendix A3.  
 

 
Table 24. Overall result of high and low yield for the scenarios. 

High potential 
(TWh/annually)

Low potential 
(TWh/annually)

Scenarios:

Business as usual 0 0

Moderately optimistic 7,5 6,25

Optimistic 23,04 19,2

Extremely optimistic 56 40
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6.4. Combined results from all three sectors 
As the scenarios are constructed using the same market analysis of future outcomes regarding subsidies 
and economic support, demand and profitability of the substrate. The first scenario uses a business as 
usual prognose where the amount of biogas produced today from the chosen sector is expected to 
continue. The second scenario is using a more optimistic prognose were it is more profitable to produce 
biogas from the chosen substrate/substrates. The third is even more optimistic and the fourth is the most 
optimistic prognose were technical breakthroughs and/or advancements has occurred resulting in an 
even higher potential yield. Due to that they share the same view of the future, they will be added to 
each other i.e. scenario 2 for energy crops will be added with scenario 2 for manure and using black 
liquor with thermal gasification. The combined total result for each added set of scenarios will be 
presented in table 26 below.  
 

 
Table 25. The total potential of the combined scenarios from all three substrates. 
 

  

Business as usual, 
high yield (TWh)

Business as usual, 
low yield (TWh)

Moderately 
optimistic, high 

yield (TWh)

Moderately 
optimistic, low 

yield (TWh)

Optimistic, high 
yield (TWh)

Optimistic, low 
yield (TWh)

Extremely 
optimistic, high 

yield (TWh)

Extremely 
optimistic, high 

yield (TWh)

Substrates:

Energy crops 0 0 7,2 7,2 10,43 3,95 19,20 6,47

Manure 0,42 0,42 1,33 0,80 1,93 1,16 2,35 1,41

Black liquor 0 0 7,5 6,25 23,04 19,2 56 40

Total (TWh) 0,42 0,42 16,03 14,25 35,40 24,31 77,54 47,88
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7. Discussion 
The discussion will be formed around the research questions determined in the beginning of the report.  

- What is the future potential according to already established reports from Sweden and what are 
the important substrates used to achieve it? 

- How can these potentials be made better? 

7.1. The potential according to established reports 
The differing results 
The potentials presented in table 16 in chapter four differ substantially between the reports. In some 
reports, the explanation for this was well described. However, in some cases there is a lack of 
explanation regarding what the different theoretical, technical, economic and ecological restraints 
includes, which can be seen in the table. Therefore, making it difficult for readers to obtain the same 
results when analysing themselves. Also, it could have a substantial effect on the reports presented 
potential. It is therefore crucial that these limits and boundaries is carefully explained to the reader. Both 
for the sake of understanding but also to ensure that the numbers and results is not misused when it is 
used in other reports that could lead to excessive optimism or pessimism.  However, the reports include 
different substrates and some of the reports e.g. Börjesson (2016) includes significantly more substrates 
than Nordberg & Nordberg (2007) which of course will affect the results substantially as can be seen in 
table 16 were Börjesson present a future potential of between 35-40 TWh while the average is between 
14,4-20 TWh. Nordberg & Nordberg as well as Energigas (2018) uses the available substrates of today 
and do not include e.g. black liquor which limits the potential substantially. Dahlgren et al (2013) 
includes e.g. black liquor in their more optimistic scenarios and that is partly why the three different 
scenarios differ significantly. Although, this does not mitigate the problem concerning transparency of 
the calculations as well as describing the restraints used for the results.  
In this report own calculations, the assumptions have been explained and the limitations and boundaries 
has been given a quantifiable value to demonstrate how the results were obtained. This can of course be 
difficult when calculations become more complex with more differentiating parameters, but it should 
nevertheless be presented in some way so that the readers can do the same analysis. The credibility of 
the report could be affected when the results and values used is poorly explained. It could be one of the 
reasons to why there is such a vast interval between some of the reports results. 
Values such as biomass or methane yield is seldomly described or discussed which again makes it 
difficult to obtain enough information for the report own computations as can be seen in table 16. Also, 
there is no standardisation regarding what kind of values and units that are used in the different reports. 
This leads to problems when trying to understand the different potentials and what is used to accomplish 
them.  
During the work of this report, it has taking a lot of time trying to interpret the potentials and how the 
researchers has reached the results. By not having any standardised values or ways of computation, it 
has also been time-consuming figuring out how to best calculate the report own results. Also, due to that 
other reports do not always provide enough information concerning what economic, technical or 
ecological boundaries and restrictions that affect the practical biogas potential it is difficult to end up 
with a realistic potential for the report own result.  
A general consensus regarding how the potentials are calculated, how this should be presented, what 
standardised units that should be used and what restrictions and limitations that is to be incorporated in 
the results is needed. The report made by (Holliger et al., 2016) address this issue and also provides 
suggestions regarding how to standardise the biogas potential results in future research.  
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7.2. How can these potentials be made better? 
The presented results of the report have incorporated different forms of assumptions and limitations in 
order to make the potentials more reasonable and hopefully more anchored in reality. However, a lot of 
important parameters have been delimited and not analysed in the report which may have varying effects 
on the results. Some of these will be discussed in order to highlight them and also to present future areas 
that could/should be investigated. There are reports that explore this subject e.g. (Olsson and Fallde, 
2015), who came to the conclusion that e.g. acknowledges the importance of looking at the societal 
conditions when analysing future potentials which neglected may impact the results substantially. 

7.3. Reasonability of the results 
7.3.1. Practicality 

In the report, delimitations surrounding the environmental impact as well as the logistics of the 
substrates has been made which will have an impact on how reasonable the results are.  
The question of the environmental impact that the substrate entails is rather important to analyse, 
especially in today’s awareness concerning climate change and sustainability in general. This will have 
an impact on what form of energy crop is best used, both regarding its energy content but also how 
environmentally friendly it is. The same can be said when choosing different forms of cattle’s which 
manure could be used for producing biogas. Chickens is proved to have a much lower impact on climate 
change compared to cows (Röös et al., 2013). Therefore, it could be more interesting to expand the 
amount of chickens in Sweden in the future instead of cows. This trend has been recognized in the last 
10 years and is expected to continue according to Jordbruksverkets prognosis for 2050. This decline has 
also been seen for beef and veal meat consumption in EU from 1990 till today (data.OECD.org, 2018). 
Black liquor from the pulp industry is rather difficult to handle and is relatively hazardous for humans 
to get in contact with (Gebart, 2019). This may affect the practicality of the substrate. However, due to 
that the substrate is in liquid form, it is easier to separate and also pump in into the reactor instead of 
handling it as e.g. grot and bark which need to be imported via a sluice (Gebart, 2019). This could also 
lead to little or no need for human contact, though this has not been analysed in the report and needs 
further analysis in order to look in to the safety of the substrate as well as how practical it is to use for 
thermal gasification instead of other forestry by-products. This issue has however been researched in 
other reports not concerned only on Sweden, for more information see e.g. (Naqvi et al., 2010).  
 
Due to that the logistics of the substrates has not been investigated, the potentials presented by this report 
could perhaps be overly optimistic as well as highlighting substrates that may not be the most efficient 
when including this parameter. There are reports that has explored this issue of some of the substrates, 
e.g. (Meinen et al., 2014) who concluded that approximately 75 % of all manure produced by pigs could 
realistically be collected. Also, not taking logistics and transport into consideration when increasing e.g. 
the areal for cultivating energy crops could lead to increased use of fossil fuels due to more land need 
to be harvested and therefore resulting in higher economic costs and environmental impact 
(Jordbruksverket, 2012). This impact needs to be investigated further in the future in order to present 
more accurate potentials as well as more suitable choice of substrates.  
Yet, what earlier reports seems to have looked over is the more practical conversion efficiency which is 
expected to be between 50-70 % for energy crops and 30-50 % for manure (Schnürer, 2019). Due to the 
lack of explanation regarding the calculations in these reports, it is hard to know if they have used 
theoretical or practical values for methane yield. Also, in most of the earlier reports, there is a lock of 
potentials showing low yields for energy crops. This means that the reader does not know the interval 
between a high yielding year and a low yielding year which this report believe is important in order to 
get a more realistic view set of the actual potential. This is also important when looking at the 
profitability of the substrate due to that there is usually rather large differences between when the 
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biomass yield is high compared to when it is low. This report assumes that is important when choosing 
what kind of energy crops that should be used in order to decrease the economic risks as much as 
possible.  
By implementing a limit concerning the amount of practically available manure, the results are more 
practical and also more anchored in reality. There is a rather small chance that all excrement being 
produced by animals is practically or economic feasible to collect and digest to produce biogas. Also, 
animals that has the possibility to move more freely in the open could make the harvesting of manure 
more difficult and therefore less biomass is available to use. However, the question of how much 
available manure that is practically and financially feasible to collect needs to be investigated further. 
Also, this report has not included an interval concerning the amount of produced manure from the chosen 
animals. This is not the case in real life and a more specific and reality-based interval needs to be 
implemented in order to receive a more accurate potential. These values were hard to find and the 
researchers that the report tried to contact concerning this question did not reply or answer to either mail 
or telephone calls.  
Another question that needs to be addressed is that of animal keeping and their quality of comfort. Due 
to the fact that it is usually easier to collect manure from caged animals kept in smaller areas and not let 
outside in the free, there could potentially be an issue of amount of collected manure and thus the 
profitability versus the living comfort for the animals. This needs to be invested further as well.  
 

7.3.2. The economy  
The general assumption that can be made concerning the future potential presented by this report is that 
it depends heavily on increased economic subsidies and support from the Swedish government in order 
to achieve the more optimistic scenarios. This is issue that has been studied in other reports e.g. (Scarlat 
et al., 2018) who explored the development of biogas in Europe were the conclusion was that the 
economic incentive are a major limiting factor today. However, there is not only a need for subsidies 
and economic support but also different amount of taxation depending on the fuel’s climate impact 
(Energigas.se, 2018). This has already in some ways been implemented in Sweden, e.g. the reduction 
duty. This affects the fuels that are less environmentally friendly thus increasing the demand for more 
sustainable fuels. According to Furusjö’s report, biogas-fuel have a high reduction level compared to 
other renewables such as HVO-diesel and FAME (Furusjö and Lundgren, 2017). This may on itself 
contribute to both a higher demand for biogas but also help focusing the subsidies and support to biogas 
production instead of other less environmentally friendly biofuels in the future. Also, due to that the 
conversion efficiency is higher for biogas than e.g. ethanol entails that it may become a more interesting 
biofuel to invest in. There is research made regarding what biofuels should be supported in the future 
and why, e.g. Furusjö and Lundgren 2017.   
  
The cost of different energy crops has been analysed briefly in this report, see table 4. However, the 
result is quite rudimentary and needs more investigation in order to present a broader economic analysis 
where also potential change made by the reduction duty is being researched. However, there are other 
reports concerning the economy of energy crops in Sweden e.g. (Svensson et al., 2005) who have 
explored the cost and revenues of biogas production using energy crops on farm-scale plants. Also, 
research concerning the energy crops different cost compared to its energy output as well as 
environmental impact has been researched before, for more information see (Björnsson, 2013).  
 
The cost of handling manure has been left out of the report and is something that needs further 
investigation, both considering storing the manure as well as collecting it. Research has been done 
regarding this subject where the cost of handling, collecting and transporting the manure can affect the 
profitability, for more information see (Rajendran et al., 2014). Therefore, these parameters could have 
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a significant effect on the profitability of using manure as a substrate for biogas production. Also, the 
cost of transport needs to be investigated further for each farm that is interested in investing in this 
business. One way of mitigating the cost and also economic insecurity could be that more farmers co-
invest in biogas plants, meaning that a larger plant could be installed when combining the farmers assets 
(Svensson, 2019). 
By also building a larger plant means that more can be digested that can lead to less needs to be stored, 
thus decreasing handling costs. This has been discussed in other reports, e.g. (Rajendran et al., 2014). 
Another potential economic issue in the future could be changing diets in Sweden. If fewer people eat 
meat, there will be less demand for meat production which will impact the need for cattle. The trend has 
already been seen with both cows and pigs, which the amount has decreased substantially the last two 
decades and the trend is expected to continue (Jordbruksverket, 2012, 2018b). This will have a direct 
impact on the amount of available manure and the potential biogas output from this sector. Chickens 
have however increased during the later year which could mitigate the loss somewhat, but it will 
probably not be enough. If the trend of changing diets due to climate change will continue to grow 
however where all type of meat is to be banned, the amount of chickens will as well as all other cattle 
decrease and so will the amount of available manure. Thus, making the question of changing diet a 
question of biogas potential in the future. This needs to be investigated further in order to present the 
actual gain of mitigating climate change by changing diets if the amount of available biofuel would 
decrease with it.  
The issue concerning animal comfort can potentially also lead to less collected manure, due to that 
animals that have larger living areas and that also has the option to be outside could lead to less manure 
is practically available to collect leading to less biogas produced. Conversely it becomes a question of 
animal rights versus biogas yield. This is a subject that needs to be investigated further in order to fully 
investigate the effect of available manure when increasing animals living quality.  
 
The future economy of thermal gasification is uncertain due to multiple parameters. Firstly, the 
substrates used (forestry by-products) is expensive today which leads to low profitability. When the 
technique matures, these prices may decrease making the method more desirable. Also, by investing in 
larger plants, the production cost per MWh is expected to decline (Larsson et al., 2018).  
Using black liquor from the pulp industry has a large potential in the future if it would be possible to 
substitute with grot, bark and other forestry by-products used for creating heat and electricity to the 
factory. Though, the investment needed for this is rather high and it is a new technique in Sweden, thus 
making this a question of economic security. However, if the pulp industry would to invest in thermal 
gasification in the future, there are different forms of incentives to do so.  
A novelty idea could be that when the recovery boilers need to be replaced, they could instead be 
replaced by a gasifier due to it being able to both recycle the chemicals needed in the production process 
of pulp as well as producing biogas from the black liquor (Gebart, 2019). Thus, creating an additional 
source of income. Also, by removing the black liquor from the production process of pulp, the 
production rate can increase leading to more pulp being produced and therefore higher profit as well as 
more black liquor, which will increase the amount of produced biogas further. Furthermore, if the 
recovery boilers do not need to be replaced in the nearby future before 2050, a portion gasifier could 
perhaps be installed on the facility in order to handle smaller portions of the produced black liquor. By 
implementing a smaller gasifier, the size of the investment will be lesser compared to replacing the 
whole recovery boiler and by installing a smaller gasifier, the financial security will be less vulnerable 
due to that the new technology do not handle as much of the crucial chemical recycling when instead 
keeping this process in the recovery boiler (Gebart, 2019).  
There is another novelty alternative as well in the future and that is other companies building these 
gasifiers and then buy the black liquor from the pulp industries. They could then sell the produced biogas 
and send the recycled chemicals from the gasification back to the pulp industries. This could decrease 
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the financial risk for the pulp industries as well as making it profitable to remove the black liquor from 
the production process of pulp for both them and the gasification companies (Gebart, 2019).  
By investing more in thermal gasification, either by using these solutions or by using other, the biogas 
potential will increase substantially. This has been indicated both in this report but also from earlier 
sources e.g. Dahlgren et al, 2013 and Börjesson, 2016. However, more research needs to be done 
regarding these ideas for changing the process of the pulp factories in order to analyse its actual potential. 
 

7.3.3. The scenarios 
By analysing the future trends in Sweden both from what the earlier reports have stated as well as the 
change of subsidies and the general view set on biofuels such as biogas in Sweden the report believes 
that the business as usual scenario is less likely to occur. The steady increase in farm-based biogas plants 
is one example of why this scenario is rather unlikely to happen. The moderately optimistic scenario is 
more likely to be achieved due to the mentioned change in Sweden. Also, according to earlier research, 
there is a plausible chance that an increase of 7,2 TWh from energy crops could be achievable in the 
future and also 2,8 TWh of biogas from cow and pig manure could feasibly by produced. The extremely 
optimistic scenario from the report presented a potential 2,34 TWh and the moderately scenario only 
presented a high yield potential of 1,33 TWh from manure. This makes for an interesting debate 
regarding the limitations and boundaries that earlier reports have incorporated in their reports. By no 
means does this imply that the results from this report are more realistic, only that limitations regarding 
the amount of practically collected manure has been used and perhaps set to rather pessimistic values 
resulting in that the potentials presented in this report are lower and perhaps too low. As mentioned 
earlier, it is difficult to know for sure due to that the limitations and boundaries have not fully been 
explained in some of the earlier research. This of course implies to the other substrates as well, both 
energy crops and black liquor. Due to that there is a lack of general assumptions regarding economic, 
ecological and technical limitations and boundaries both regarding energy crops and the use of black 
liquor for thermal gasification, the results presented by this report should be interpreted with the 
reservation that it may not be entirely realistic and that more research need to be done considering these 
practical limitations. This view set is especially important when interpreting the results from the 
optimistic and extremely optimistic scenario. Even if the potentials presented in these scenarios in some 
cases are relatively similar to earlier research, e.g. the potential of energy crops presented by Ahlgren et 
al, 2017, it should be treated as rather unrealistic values, at least for now. The potential of energy crops 
presented in the optimistic scenario is rather similar to the potential presented by Ahlgren et al, 2017. 
However, the substrates used are rather different meaning that the result should not really be compared. 
Ahlgren et al included e.g. crop residues which this report neglected. However, this report instead 
included a larger cultivating areal that correlated to the future scenario presented by Jordbruksverket. 
The extremely optimistic scenario for energy crops included an even large areal which is not likely to 
be available solely for energy crop cultivation in the future due to competing interests as described 
earlier in the report. This combined with a very high conversion efficiency of 85 %, resulted in a 
potential of around 23 TWh per year. This potential has not been seen in the other research used for this 
report and should therefore be interpreted as the name suggest, extremely optimistic.   
The scenarios of using black liquor presented in this report vary rather substantially compared to other 
reports, e.g. Börjesson, 2016. The reason for this is generally that some of the earlier reports has not 
taken in to account the factor of an increased pulp production and therefore increased production of 
black liquor when removing it from the recycling process. The assumptions made in this report, that the 
amount of available and produced black liquor will increase linearly with the amount of removed liquor 
from the recycling process, is theoretically possible. Though, more research needs to be made in order 
to present more reasonable and practical potentials. Using black liquor as a substrate for biogas 
production is still a new technique in Sweden and there are still a lot of questions and problems related 
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to e.g. economy and logistics that needs to be handled before it could be a potentially useful source of 
substrate in the future. 
Additionally, due to little known about the practically collectable amount of manure and also the varying 
amounts of manure produced per animal the potentials presented in the report may not be very realistic. 
Moreover, the number animals per species group are only derived from Jordbruksverket as well as the 
future outcome of the number of animals per species group in Sweden. Therefore, more investigation is 
required regarding if the number of animals per species group will increase or decrease in the future due 
to that this could have a substantial effect on the future potential of manure.  
When comparing the results with earlier research, the potentials from the more optimistic scenarios are 
still lower than some of the other reports. The reason is probably both that the amount of available 
manure is lower in this report and perhaps also the methane yield. As already mentioned, it is difficult 
to know due to the reports little or no explanation of how the results has been obtained. Both values will 
have an impact on the more realistic potential from manure. Also, the change of diet that are occurring 
all around the world will have an impact on the amount of manure being produced and therefore the 
amount of available biogas from this sector. Hence, there are multiple parameters that needs to be 
investigated further in order to really present a realistic and achievable future potential, for all three 
substrates analysed in this report.  
However, looking at what the potentially future biogas could be used for, some of the future goals that 
Sweden has set could possibly be achieved. As the combined extremely optimistic scenario has a 
potential of nearly 82 TWh annually, if all is used for transportation fuel, the goal of having an 80 % 
fossil fuel independent transportation fleet by 2030 could be achieved. At least if the energy 
consumption in the sector remains the same or decreases since it uses approximately 90 TWh 
domestically today (Energimyndigheten, 2017). Even if not all biogas would be upgraded for 
transportation fuel due to competing interests from other energy sectors or that the gas created has too 
low methane content to be upgraded, the biogas of the future could possibly still have a large impact on 
the transitioning of the transportation sector to become fossil fuel independent.   
 

7.3.4. The competing use of the biogas 
The question of what the biogas energy will be used for in the future is also interesting due to that all 
produced biogas is not efficient to upgrade to biofuel depending on the used substrate (Schnürer, 2019). 
Due to that the need for nuclear powerplants is required to decrease in the future and renewable needs 
to take its place, biogas can be a part of the solution due to its possibly sizable potential. Therefore, 
biogas could be a part of Sweden’s 2045 goal of becoming a zero-net polluter of carbon dioxide, not 
only used as a biofuel but also used to produce sustainable electricity and heat.  
The question is more, in what extent will it be used. Considering the rather large discrepancies between 
the different scenarios in the report, the future biogas potential is between 0,42-81,8 TWh depending on 
how much attention and financial support is given as well as if technical breakthroughs have occurred. 
Sweden uses around 90 TWh of energy annually only for domestic transportation today. But this figure 
is projected to decline with increased energy efficiency and use of electrical vehicles (Ahlgren et al., 
2017b). Using biogas as fuel in order to achieve the goals of 2045 could possibly be reached if the 
transport sector implements actions of energy efficiency and more electrified vehicles in the fleet. Due 
to that the conversion efficiency are higher for biogas than for ethanol, it could be a better use of the 
biomass converting it to biogas instead. However, because of the varying difficulty to upgrade the biogas 
to biofuel depending on the quality of gas being produced by the substrate, the cost of upgrading the gas 
will also vary depending on how much work needs to go into purify it. Therefore, it also becomes a 
question of cost. If upgrading the gas in the future will be cheap with the further use of subsidies from 
the government for producing biofuel, it may still be more attractive to create biofuel instead of creating 
heat and electricity hence more or nearly all biogas will be upgraded to biofuel. If the extremely 
optimistic scenario would be realised, the whole domestic transport sector could potentially be driven 
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only by biogas and electricity according to this report using earlier research assumptions that a larger 
part of the sector will be electrified and that energy efficiency actions will be made. However, there are 
a multiple factor to why this will probably not be the case in the future, e.g. the subsidies and economic 
willpower that need to be in order for the extremely optimistic scenario to occur are rather unrealistic. 
Furthermore, all available biomass from the pulp industry as well as energy crops are assumed to only 
be used for biogas production which is not likely to occur due to the demand of biomass for other 
biofuels e.g. ethanol that is today and probably still will be in the future.   
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8. Conclusion 
A comparative literature review has been done and the chosen reports future potentials presented. The 
main conclusions of this review are: 
 

• There is a general lack of transparency in most of the reports as can be seen in table 16. There 
is generally no explanation of how the calculations was made and what parameters and values 
was used to conceive them.  

• There is no standardisation of units for these reports concerning biogas potential. Other 
researchers have addressed this issue as has been described in the discussion chapter 7.1.  

 
Four scenarios have been created in this report in order to compare the different future potentials using 
varying optimistically economic and technical outcomes in the future. The main conclusions of the 
scenario building are:  
 

• There is possibly a substantial future potential for biogas production in Sweden. According to 
the scenarios, a future potential of between 0,42 – 77,54 TWh are achievable using energy crops, 
manure and black liquor as substrates in the future depending on the economic and technical 
outcomes.  

• The future biogas potential in Sweden are heavily dependent on the economic outcome. How 
lucrative it is for biogas producers to expand their production as well as investing in new 
technologies are according to this report one of the major parameters that affects the future 
potential. Especially for using black liquor as a substrate for biogas production due to its high 
investment costs and its conservative pulp industry. 

• The extremely optimistic scenario should be interpreted more as a utopia then as a actual future 
outcome due to both its high conversion efficiency and use of the available substrate but also 
due to that all available biomass is used for biogas only and not for other biofuels. This is not 
likely to happen due to competing use of the available biomass and also the high dependence 
on technical breakthroughs in order to achieve the conversion efficiency and also the high use 
of all available substrate.  

• According to the results, biogas could possibly be a substantial contributor for the future goals 
of Sweden. Both regarding the transition towards a less fossil fuel dependent transport sector 
but also to decrease the amount of greenhouse gases being emitted. How substantial its part will 
be depending on the future trends in Sweden regarding the use of biogas and how well it is 
implemented as an energy source.     

 
For future research, the main subjects that could be paramount to investigate further according to this 
report are:  
 

• What will the substrates be used for, is it only used for biogas production or will there be 
competing interests that limits the biogas potential. 

• What is the practically and economic collectable amount of manure in Sweden for all the 
chosen species. This may increase or decrease the actual future potential significantly. 

• How will the logistics of the substrates e.g. handling and transportation of the substrates 
affects the future biogas potential.  

• How to best form the subsidy programs and financial support models that is used to increase 
the use of energy crops, manure and especially black liquor as substrate for biogas 
production in Sweden.  
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• What is the optimal use of biogas, both ecologically, technically and economic. Is it for 
transportation purposes or for creating electricity and heat or for all sectors combined.  

• Will the amounts of animals per species group increase or decrease in the future.  
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11. Appendix 
A1. 
Example for calculating the potential for ley in the optimistic scenario: 
 
Low potential: 
280 000*6=1 680 000 t TS ley/annually.  
1 680 000*0,88=1 478 400 t VS/annually. VS/TS=88% (Carlsson and Uldal, 2009).  
1 478 400*271= 400 646 400 m3 CH4/annually.  
400 646 400*0,5= 200 323 200 m3 CH4/annually (50 % conversion efficiency) 
The energy amount per cubic meter methane is approximately 9.7 kWh.  
200 323 200*9,7=1 943 135 040 kWh or approximately 1,94 TWh  
1,94*0,8=1,552 (80 % cultivating efficiency on fallow land). 
1,552 or approximately 1,55 TWh/annually. 
i 
High potential: 
280 000*13=3 640 000 t TS ley/annually. 
3 640 000*0,88=3 203 200 t VS/annually. 
3 203 200*327=1 047 446 400 m3 CH4/annually. 
1 047 446 400*0,7=733 212 480 m3 CH4/annually (70 % conversion efficiency). 
733 212 480*9,7=7 112 161 056 kWh or approximately 7,11. 
7,11*0,8=5,688 (80 % cultivating efficiency on fallow land). 
5,688 or approximately 5,69 TWh/annually. 
 
Example for calculating the potential for ley in the extremely optimistic scenario: 
 
Low potential:  
420 000*6=2 520 000 t TS/annually. 
2 520 000*0,88=2 217 600 t VS/annually.  
2 217 600*271= 600 969 600 m3 CH4/annually.  
600 969 600*0,5= 300 484 800 m3 CH4/annually (50 % conversion efficiency). 
The energy amount per cubic meter methane is approximately 9.7 kWh (Energigas.se, 2019). 
300 484 800*9,7=2 914 702 560 kWh or approximately 2,91. 
2,91*0,8=2,328 (80 % cultivating efficiency on fallow land). 
2,328 or approximately 2,33 TWh/annually. 
 
High potential: 
420 000*13=5 460 000 t TS ley/annually. 
5 460 000*0,88=4 804 800 t VS/annually. 
4 804 800*327=1 571 169 600 m3 CH4/annually. 
1 571 169 600*0,85=1 335 494 160 m3 CH4/annually (85 % conversion efficiency). 
1 335 494 160*9,7=12 954 293 352 kWh or approximately 12,95 TWh. 
12,95*0,8=10,36 (80 % cultivating efficiency on fallow land). 
or approximately 10,36 TWh/annually.  
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A2.  
Example for calculating the potential for cow manure in the moderately optimistic scenario: 
 
Low potential: 
Cow: 
 0,5*2 350 296=1 175 148 t collected manure/year 
1 175 148*0,8=940 118,4 t VS/year  
(VS/TS=0,8 (Carlsson and Uldal, 2009)) 
 
940 118,4*213*0,3=60 073 565,8 m3 CH4/year 
(using 213 m3 CH4/t VS and 0,3 in conversion efficiency) 
 
60 073 565,8*9,7=582 713 588,3 kWh/year or approximately 0,58 TWh/year  
(The energy amount per cubic meter methane is approximately 9.7 kWh (Energigas.se, 2019). 
 
 
High potential; 
Cow: 
0,5*2 350 296=1 175 148 t collected manure/year 
1 175 148*0,8=940 118,4 t VS/year  
940 118,4*213*0,5=100 122 567 m3 CH4/year  
100 122 567*9,7=971 188 899,9 kWh/year or approximately 0,97 TWh/year  
 
Example for calculating the potential for cow manure in the optimistic scenario: 
 
Low potential: 
Cow: 
 0,7*2 350 296=1 645 207,2 t collected manure/year 
1 645 207,2*0,8=1 316 165,8 t VS/year 
1 316 165,8 *213*0,3=84 102 992 m3 CH4/year 
84 102 992 *9,7=815 799 023 kWh/year or approximately 0,82 TWh/year  
 
High potential; 
Cow: 
0,7*2 350 296=1 645 207,2 t collected manure/year 
1 645 207,2*0,8=1 316 165,8 t VS/year  
1 316 165,8 *213*0,5=140 171 653,4 m3 CH4/year  
140 171 653,4 *9,7=1 359 665 038,4 kWh/year or approximately 1,36 TWh/year  
 
Example for calculating the potential for cow manure in the extremely optimistic scenario: 
 
Low potential; 
Cow:  
0,8*2 350 296=1 880 236,8 t collected manure/year 
1 880 236,8*0,8=1 504 189,4 t VS/year 
1 504 189,4*213*0,3=96 117 705,2 m3 CH4/year.  
96 117 705,2*9,7=932 341 740,6 kWh/year or approximately 0,93 TWh/year. 
 
High potential: 
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Cow: 
0,8*2 350 296=1 880 236,8 t collected manure/year 
1 880 236,8*0,8=1 504 189,4 t VS/year 
1 504 189,4*213*0,5=160 196 175,36 m3 CH4/year 
160 196 175,36 *9,7=1 553 902 900,9 kWh/year or approximately 1,55 TWh/year.  
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A3. 
 
Example for calculating the potential for black liquor in the high yield optimistic scenario: 
 
Scenario Optimistic; high yield 
40*1,6=64 TWh/year (60 % increase in produced black liquor) 
64*0,6=38,4 TWh/year (60 % availability of the black liquor for biogas production) 
38,4*0,6=23,04 TWh/year (60 % conversion efficiency) 
 
Total: 23,04 TWh/year 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


