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ABSTRACT

Addressing today’s challenges of reducing our dependence on fossil fuels and related
emissions of greenhouse gases requires measures such as increased energy efficiency
and replacement of fossil energy carriers with renewable ones. Biogas is one of the
fastest growing renewable energy sources in the world and the overarching purpose of
the research presented in this doctoral thesis is to explore the prospects of an increased

production and utilization of biogas in a Swedish context.

Biogas can be produced from various kinds of organic material such as municipal and
industrial waste, which dominate the current production. This is driven by existing
policy incentives, which also promote the use of biogas as vehicle fuel. However, the
lion’s share of the Swedish biogas potential remains essentially untapped within the
agricultural sector, including feedstock such as manure, crop residues and dedicated
biogas crops. If fully utilized, biogas from wastes and residues only could replace 10%
of the vehicle fuels or 50% of the natural gas used in Sweden today. This implies that
existing incentives must be strengthened to overcome today’s barriers, especially
regarding the limited profitability in biogas production based on agricultural
feedstock as identified in this thesis. In addition, the techno-economic performance
needs to be improved, for example by reduced feedstock costs and increased methane
yields. For low-cost feedstock, such as manure, measures to reduce the cost of capital

and the related cost of operation and maintenance are especially important.
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In the environmental assessment presented in this thesis, it was found that biogas
produced in an existing, representative co-digestion plant, reduced emissions of
greenhouse gases by approximately 90% when replacing fossil vehicle fuels. Based on
the current structure of the Swedish energy system, the replacement of fossil vehicle
fuels with biogas would normally render the highest reduction of greenhouse gas
emissions, followed by the replacement of natural gas and other fossil energy carriers,
indicating that these utilization options should be prioritized. However, given the
additional greenhouse gas benefits of biogas produced from manure, regardless of how

the biogas is utilized, such production should also be promoted.

In conclusion, the overall findings in this thesis show that there are substantial
opportunities to increase the production and utilization of biogas in Sweden, which
would reduce greenhouse gas emissions significantly. However, current challenges,
including the limited profitability in biogas production based on agricultural
feedstock, should be met by further technology development combined with adequate

and focused policy instruments.



POPULARVETENSKAPLIG SAMMANFATTNING

Biogas, som i huvudsak bestir av metan och koldioxid produceras nir
mikroorganismer bryter ned organiskt material utan tillging till syre, si kallad
rotning. I princip kan alla typer av organiskt material anvindas for att producera
biogas men vanligast ir till exempel avloppsslam, olika typer av avfall frin hushall och
industrier, gédsel, grodor och odlingsrester.

Biogas kan anvindas for att producera elektricitet och virme. Den kan ocksa

anvindas som fordonsbrinsle eller for att ersitta naturgas i olika industriella processer.

Den svenska biogaspotentialen fran restprodukter dr drygt 8 TWh vilket motsvarar
ungefir 10 % av den totala miangden bensin och diesel eller 50 % av den totala
mingden naturgas som anvinds i Sverige idag. I dagsliget produceras biogas
huvudsakligen frin avloppsslam och avfall men den stora potentialen finns inom
lantbrukssektorn i form av godsel och odlingsrester. Det dr ocksa mojligt att
producera biogas frin grodor. Om 5 % av den svenska dkermarken skulle avsittas for

biogasgrddor skulle potentialen 6ka med cirka 50 %.

Ur miljésynpunkt kan produktion och anvindning av biogas leda till stora vinster.
Biogas fran avfall och restprodukter, i synnerhet godsel, ger till exempel mycket laga
utslipp av vixthusgaser. Den miljoanalys av en modern samrétningsanliggning som
presenteras i den hir avhandlingen visar till exempel att utslippen av vixthusgaser
minskar med ungefir 90 % om biogasen anvinds som drivmedel och ersitter bensin

och diesel.
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Det finns idag ett antal olika styrmedel som pa olika sitt paverkar forutsittningarna
for att producera biogas. Generellt dr dessa styrmedel antingen inriktade pd hur olika
ramaterial ska hanteras eller pd hur den producerade biogasen ska anvindas. Inom
avfallsomradet har det till exempel inforts ett forbud mot att deponera organiskt avfall
och ett av vara nationella miljomal sidger att 50 % av det organiska hushallsavfallet ska
behandlas biologiskt ar 2018. Produktionen av biogas fran avfall okar ocksa
kontinuerligt. Inom lantbrukssektorn, dir den stora potentialen finns, ir befintliga
styrmedel (till exempel investeringsstod) diremot for svaga for att stimulera en
utbyggnad. De tekno-eckonomiska analyser som presenteras i den hir avhandlingen
visar ocksé att produktion av biogas fran grodor, odlingsrester och godsel i de flesta

fall inte ar lonsam med de forutsittningar som rader i Sverige idag.

Det finns ddrfér behov av ytterligare teknikutveckling for att effektivisera
produktionen av biogas. Det kan till exempel réra sig om dtgirder for att minska
kostnaderna eller 6ka gasutbytet for de substrat som biogasproduktionen baseras pa.
Nir biogas produceras fran godsel, som ir ett relativt billigt substrat, skulle dtgirder
som minskar kapitalkostnaderna ocksa fa stor betydelse. Om biogasen anvinds som
fordonsbrinsle 4r det ocksa viktigt att minska kostnaderna fér transport av gas och
tankstationer som idag kan std for halva priset till slutkonsument. Det skulle till
exempel ricka med en prisskning pa 5 % hos biogasproducenten for att kunna

producera biogas fran grédor och godsel med lonsamhet.

Det finns ocksd forslag pa styrmedel for att gynna en godselbaserad produktion av
biogas som skulle kunna fa stor betydelse. Ett si kallat metanreduceringsstod pa 20
ore/kWh biogas skulle gora det l6nsamt med godselbaserad produktion av biogas
oavsett om den anvinds som fordonsgas eller for att gora el och virme. I ménga fall
krivs det dock att godsel frin flera girdar rotas i samma anliggning for att genom

skalférdelar na 16nsamhet.

Sammantaget visar resultaten som presenteras i denna avhandling att det finns stora
mojligheter till en 6kad produktion och anvindning av biogas i Sverige vilket skulle
kunna minska utslippen av vixthusgaser betydligt. For att mota de utmaningar som
finns, dll exempel dagens begrinsade l6nsamhet for biogasproduktion fran
lantbruksbaserade substrat, krivs dock en fortsatt teknikutveckling i kombination

med anpassade och effektiva styrmedel.
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Chapter 1: Introduction

The world as we know it is dependent on fossil fuel to 80% for its total primary
energy demand. From 1990 to 2010, global energy demand as well as the utilization
of fossil fuels increased by 45%, mainly in Asia and other non-OECD countries (IEA,
2012a).

Combustion of fossil fuels also represents more than 50% of global anthropogenic
emissions of greenhouse gases affecting the climate system (IPCC, 2007). Meanwhile,
although the future is yet to be revealed, scenarios presented by the International
Energy Agency predict a continued increase in energy demand, especially in the non-
OECD countries (IEA, 2012a). Addressing this challenge requires the joint efforts of
various actors. For example, the European Union has made the commitment to
reduce greenhouse gas emissions by 80 — 95% by 2050" under certain conditions.
Measures to reach this target include increased energy efficiency as well as

replacement of fossil energy carriers with renewable ones (EC, 2011).

Biogas, representing 1.5% of the global renewable energy supply, is one of the fastest
growing renewable energy sources in the world (IEA, 2012b). It consists of a mixture
of methane (CH4) and carbon dioxide (CO,), and is produced when microorganisms
degrade organic material in the absence of oxygen, known as anaerobic digestion. In
theory, all organic material could be utilized for biogas production. Common

! Compared to the levels of emissions in 1990



Chapter 1: Introduction

feedstock is organic waste and residues from households and industries, sludge from
waste water treatment plants and manure from livestock production. Biogas is also
produced from different kinds of crop residues and dedicated energy crops. Other less
conventional feedstock such as algae, seaweed and wood has also been suggested and

evaluated in various studies (Jarvis and Schniirer, 2009).

Biogas has been produced and utilized for more than a century, mainly as a by-
product in waste water treatment. For instance, such biogas was used in the street
lights of Exeter in 1897 (Deublein and Steinhasuser, 2008). In Sweden, interest for
biogas production was limited until the oil crisis in the 1970s, when biogas
production was developed at municipal and industrial waste water treatment plants.
At this time, some farm-scale plants were also constructed, mainly on large pig farms.
In the 1980s, the recovery of landfill gas was also initiated in Sweden with the
primary objective to reduce emissions of methane, which is a potent greenhouse gas
(GHG). One decade later, the first, large-scale co-digestion plant was built, producing
biogas from industrial waste and manure (Berglund, 2006; SEPA, 2012a).

As an energy carrier, biogas has various possible utilization pathways, such as
production of heat or combined heat and power. After upgrading, it can also replace
natural gas in various industrial processes and be used as a vehicle fuel.

Biogas is identified as a renewable energy carrier with a high potential to reduce GHG
emissions (EU, 2009; JRC, 2011; SEA, 2010; SEA, 2012a). Anaerobic digestion
could also be a part of an appropriate waste management system and a way to increase

nutrient recycling from urban waste as well as improving the quality of manure
already used as fertilizer (Berglund, 2006; SEA, 2010).

The production and utilization of biogas is thus affected by various kinds of policy
instruments depending on feedstock and how the biogas is utilized. In a similar way,
economic conditions for biogas production as well as its environmental impact can

vary considerably.



Biogas in Sweden — Opportunities and challenges from a systems perspective

1.1 Purpose, scope and delimitations

The overarching purpose of the research presented in this doctoral thesis is to explore
the prerequisites for an increased production and utilization of biogas in a Swedish
context. The prospects for such a development depend on feasible techno-economic
conditions for various biogas systems, which may require the implementation of
adequate policy instruments, in addition to documented, favourable environmental

performance.
This thesis therefore includes:

v A review of the incentives, barriers and potentials for an increased production

and utilization of biogas in various system applications (Paper I).

v Techno-economic assessments of selected biogas systems, including effects of

policy instruments (Paper IT and III).

v An environmental system assessment of an existing biogas system, including

analyses of potential improvements of environmental performance (Paper IV).

1.2 Outline of the thesis

The following chapter 2 provides a brief background and overview of current
production and utilization of biogas in Sweden and in the European Union as well as
estimations of the biogas potential. Methods applied in this thesis are presented in
chapter 3. A review of incentives and barriers for different biogas systems, focusing

on former, current and suggested policy instruments are presented in chapter 4.

In chapter 5, techno-economic assessments are presented for some selected biogas
systems. In chapter 6, a case study is presented where the environmental performance,
focusing on greenhouse gas emissions, of an existing biogas system in southern
Sweden is assessed. Finally, the results from the various Papers are summarized in

some general conclusions and recommendations in chapter 7.



Chapter 1: Introduction




Chapter 2: Background

In Sweden, the total energy supply was 2 200 PJ in 2011, where the main
contributions are from bioenergy (22%), fossil fuels (38%) and nuclear fuel (27%).
There are, however, significant differences in energy supply between different sectors.
Bioenergy is mainly used within the industrial sector and for district heating where it
represents 70% of the energy supply. Power production, which amounted to 530 PJ]
in 2011, is dominated by hydro power (45%) and nuclear power (40%) while fossil
fuel only contributes to a few per cent of the production (SEA, 2012b). The
transportation sector on the other hand, with a total supply of 440 PJ] annually, is
dominated by fossil fuels. Renewable vehicle fuels represent 6.8% of the energy used
for road transport and the main contributions are from biodiesel (46%), ethanol
(41%) and biogas (12%). Biodiesel is mainly used as low blend in fossil diesel while
ethanol is used as low blend in petrol (49%), E85 (85% ethanol and 15% petrol) and
ED95 which is an ethanol fuel used in busses (SEA, 2012c).

In Sweden, biogas for the transportation sector is marketed as “vehicle gas” which also
includes fossil natural gas. In 2011, 62% of the vehicle gas was biogas (SEA, 2012c).
However, biogas is not blended with a fossil fuel in the same way as ethanol and
biodiesel since some filling stations could sell 100% biogas and others could sell
100% natural gas. Regarding natural gas, the current utilization in Sweden is
approximately 63 PJ used for electricity and district heating (54%), in the industry
sector (22%) and in the residential and services sector (14%). Approximately 2% of
the total natural gas supply is used in the transportation sector as vehicle gas (SEA,
2012b).
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2.1 Production of biogas

Biogas production in Sweden

Swedish biogas production currently stands at approximately 5.3 PJ, produced at
more than 230 locations (SEA, 2012d). Thus, production has increased by less than
15% over the past 6 years despite the implementation of several policy instruments, as
described in Paper I and chapter 4. One reason is that production of landfill gas has
dropped by 40% over this period since landfilling of organic material was banned in
2005 (Avfall Sverige, 2012). Landfill gas is biogas produced in the oxygen-free
environment of a landfill, but often with a lower CHs-content and a higher
concentration of other gasses than biogas produced in biogas plants. Concerning co-
digestion plants and farm-scale biogas plants, called “other biogas plants” in Figure 1,
production has increased by more than 100% over the same period. In 2011,
approximately 740 000 t of feedstock, excluding sludge from waste water treatment
plants (WWTP), was used for biogas production. Although a wide variety of
feedstock is used, it can be grouped into three main categories based on wet weight;
manure (38%), industrial waste (32%) and municipal solid organic waste (MSOW)
(27%) while energy crops represent only 4% of the feedstock (SEA, 2012c). If
feedstock categories were instead quantified according to the biogas produced, these
proportions are entirely different, as the biogas yield per wet weight of, for instance,
MSOW is considerably higher than that of manure (Carlsson and Uldal, 2009).

Biogas production in Europe

In Europe, biogas production has increased significantly over recent years and reached
455 PJ in 2010, see Figure 2. Unlike the Swedish situation, no more than 40% of the
biogas is produced at WWTP or landfills but this varies greatly from country to
country, see Figure 3. In Germany, which dominates biogas production in Europe,
90% of the production originates from biogas plants based on energy crops, manure
and waste. In the UK, by contrast, landfill gas represents 85% of the production.
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Figure 1: Biogas production in Sweden (SEA, 2012d)
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Figure 3: Source of biogas production in different countries in 2010 (EuroObserver, 2012; SEA, 2012d)

2.2 Utilization of biogas

Biogas can be utilized for the production of heat or combined heat and power, which
requires limited pre-treatment focused on reducing the concentration of
contaminants in the biogas. Biogas can also be used as a vehicle fuel or to replace
natural gas in various applications, which requires a more extensive pre-treatment,
also known as upgrading. In this process, CO, and contaminants are removed,
increasing the methane content to 95 — 99% as required in the Swedish standard for
vehicle gas (Petersson and Wellinger, 2009).

Currently, 50% of the biogas produced in Sweden is utilized as a vehicle fuel and
38% is used for the production of heat, and only a minor share is used for electricity
production or is flared. As shown in Figure 4, the production of upgraded biogas has
increased in proportion significantly in recent years. This is partly due to reduced
production of heat and partly due to increased production of biogas in co-digestion
plants, since over 90% of the biogas produced at these plants is upgraded. Upgraded
biogas is primarily used as a vehicle gas for busses (37%) as well as passenger cars and
light duty vehicles (SCB, 2012a). In Europe, biogas is used mainly to produce
electricity and heat albeit a certain amount of vehicle gas is also produced
(EuroObserver, 2012; IEA, 2013).
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Figure 4: Utilization of biogas in Sweden (SEA, 2012d)

2.3 Distribution of biogas

When biogas is used for the production of heat or combined heat and power, the
utilization normally takes place on site or in the vicinity of the biogas plant. In fact, a
large proportion of the heat produced from biogas in Sweden today is probably used
as process heat at the biogas plant, although there are also examples of biogas being
utilized for district heating. In these cases, biogas is distributed in dedicated, low
pressure grids. When utilized as a vehicle fuel in Sweden, the upgraded biogas is
transported from the production site to a filling station. In 2011, there were 133
public filling stations, 21 non-public filling stations and 33 bus depots in Sweden
(SCB, 2012a). There are several examples of filling stations close to the biogas plant
where the gas is distributed via dedicated gas grids. In 2009, it was estimated that
49% of the biogas used as vehicle fuel would be distributed in this way in 2010. The
remaining vehicle gas was estimated to be distributed over longer distances via the
natural gas grid (29%) or by truck (22%) (Benjaminsson and Nilsson, 2009). In
2011, 25% of the upgraded biogas, injected at 8 locations, was distributed via the
natural gas grid (SEA, 2012d). When biogas is distributed by trucks to the filling

station it is normally compressed to 200 bar, also known as compressed biogas
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(CBG). An alternative is to cool the biogas to -162 °C and transport it as liquefied
biogas (LBG). In this way, the energy density is more than twice that of CBG
(Benjaminsson and Nilsson, 2009). In Sweden, LBG is currently produced on a

commercial scale at one location (SEPA, 2012a).

In other parts of Europe, where biogas is used mainly for electricity and heat, biogas is
normally utilized on site or in the vicinity of the biogas plant. However, from being a
mainly Swedish phenomenon, the number of upgrading plants in Europe is now
increasing rapidly, as presented in Figure 5. In fact, installations in Germany now
represent 70% of the total upgrading capacity in Europe (IEA, 2013). The reason for
upgrading is, however, mainly to inject biogas into the natural gas grid so that it can

be utilized more efficiently, while its use as vehicle gas is still less common.
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Figure 5: Number of annual installations of biogas upgrading plants in Europe (IEA, 2013)
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2.4 Production and utilization of digestate

In addition to biogas, the anaerobic process will also result in a liquid effluent, the
digestate. This digestate contains all the nutrients in the feedstock. It will also contain
all undegradable contaminants that were present in the feedstock, like heavy metals,
while pathogens and unwanted organic compounds are degraded to varying extent
during the process. In Sweden, 94% of the digestate produced at co-digestion plants
and farm-scale biogas plants is utilized as fertilizer. Regarding sludge from WWTP,
only 24% is used as fertilizer (SEA, 2012d).

2.5 The biogas potential

Studies on the biogas potential, as any other bioenergy potentials, are based on a
number of assumptions affecting the final result. For instance, estimates of the
potential contribution of biomass to the global energy supply in 2050 vary from less
than 100 EJ to more than 400 EJ annually (Berndes ez al., 2003). Different studies
could also refer to the theoretical, the technical, the economic or the market potential
etc. (Egnell and Bérjesson, 2012).

Studies of the biogas potential in a certain region often start with an inventory of the
amount of feedstock that can be utilized for biogas production. As previously
mentioned, this could include all organic material which potentially could be used as
feedstock. Combining this inventory of feedstock with the maximum theoretical
production of CH4 which can be calculated if the composition of the feedstock is
known or can be estimated (Symons and Buswell, 1933), gives the theoretical

potential.

The practical amount of feedstock available is, however, reduced due to technical and
economic limitations. Some organic residues and waste are currently used as feed.
Others are treated in competing waste management systems (Linné ez a/., 2008).
Some feedstock, such as manure and crop residues, does not require any additional
treatment. Thus, the biogas producer may need to cover parts of or the entire cost of
handling and transport of the feedstock. The impact of assumptions made on the
economic conditions for biogas production is especially apparent for biogas crops
where the biogas producer competes with the market for food and feed. If the biogas
producer can offer the farmer a compatible price, the biogas crop potential could be

very high compared to other kinds of feedstock. If the biogas producer’s ability to pay
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is not high enough, the market potential is, however, negligible. This could also be
the case if regulations are implemented, limiting the use of agricultural land for
bioenergy production. Also, in today’s commercial, full-scale biogas plants, the
theoretical methane potential is not reached, and the achieved methane production
will depend on the technology used and operational parameters. The methane
potential of a specific feedstock may also be limited by economic conditions. For
instance, the biogas producer will not apply a longer retention time in the reactor
than motivated from an economic perspective. Thus, it may be feasible to optimize

biogas production per volume reactor instead of the biogas production per volume of

feedstock.

Waste and Residues

The Swedish biogas potential from waste and residues has been estimated to be in the
vicinity of 60 PJ assuming that no competing utilization pathways exist and that all
municipal organic waste and all crop residues are collected etc. Including some
limitations, such as competing utilization pathways (e.g. industrial residues used as
feed and ecological restrictions on how much straw can be collected etc.) the practical
potential has been estimated to approximately 30 PJ (Linné ez /., 2008; Lantz and
Borjesson, 2010). The corresponding potential in Europe has been estimated to 1 825
PJ (Aebiom, 2009), see Table 1.

Table 1: The biogas potential in Sweden and EU-27 (Linné at al., 2008; Lantz and Bérjesson, 2010;
Aebiom, 2009 )

Sweden EU-27

Origin of feedstock

PJ % PJ %
Agricultural
- Crop residues 11.1 37 403 22
- Manure 9.9 33 738 40
Household and industry
- Household 2.7 9 360 20
- Industry 3.8 13 108 6
- Sludge from WWTP 2.5 8 216 12
Total biogas potential 30 1825
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Dedicated biogas crops

The biogas potential presented in Table 1 is based on waste and residues that are
produced whether biogas production is implemented or not. Dedicated biogas crops,
on the other hand, are produced to be utilized for biogas production only. The biogas
potential depends on the amount and type of arable land utilized and the type of crop
that is cultivated. Different potential studies in Swede have, for example, assumed
that energy crops could be cultivated on approximately 10 — 40% of the arable land
(SOU, 2007). This can be compared to the situation in Germany where 5% of the
agricultural land was used for the cultivation of biogas crops in 2009 (Delzeit e# al.,
2012). The European Biomass Association also presents an example where 5% of the
arable land in the EU is utilized for energy crop cultivation (Aebiom, 2009). In
Sweden, this would represent some 130 000 ha (SCB, 2012b).

In Paper III, some possible biogas crops are analysed from an economic point-of-view.
Although none of them was economically feasible under current Swedish conditions,
some were found to be more cost-efficient than others. In Table 2, crop and methane
yield are presented for the four most cost-efficient crops if cultivated in the southern
part of Sweden (Gissén er al., 2012). Assuming that these crops were cultivated for
biogas production on 5% of the arable land, one quarter each, results in a biogas
potential of 15 PJ, equivalent to 50% of the biogas potential from residues presented
in Table 1. Thus, energy crops could play an important role in a future biogas system.
The corresponding potential in Europe has been estimated to be 980 PJ, which also
corresponds to approximately 50% of the potential from residues (Aebiom, 2009).

Table 2: Crop and methane yield for energy crops (Gissén ez al., 2012).

Energy crop Crop yield Methane yield Methane yield
¢ DM'/ha GJ/t DM GJ/ha
Sugar beet” 13.6 12.5 170
Maize 9.9 11.0 109
Triticale 7.9 12.2 97
Wheat grain 6.7 13.2 89
" Dry matter

" Including roots and tops
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Summary

In Sweden, current biogas production, including landfill gas, amounts to less than
20% of the biogas potential based on waste and residues. Although feedstock from
the agricultural sector represents 70% of the potential, its current contribution to
biogas production is limited. By including dedicated energy crops, the agricultural
sector’s share of the potential biogas production increases even further. Thus, any

substantial increase in Swedish biogas production will be based on agricultural

feedstock.
Given the energy supply in Sweden, the biogas potential of 30 — 45 PJ could, for

example, replace 10 — 15% of the fuel used within the transportation sector,

excluding aviation and bunker oil, or 48 — 71% of the natural gas consumed.
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The research presented in this thesis is based on a broad systems perspective. As
argued by Miser and Quade (1985) this approach does not imply specific methods or
techniques. Instead, it is a way of approaching a problem and carrying out decision-
oriented research. This thesis thus includes complementary methods and assessment

techniques in the various papers.

Paper I includes a systematic review of policy instruments and other incentives and
barriers affecting the implementation of various biogas systems in Sweden. Identified
incentives and barriers were categorised according to how they influence i) the
production of biogas from different types of feedstock, or ii) the utilisation of the
biogas for heat, electricity or vehicle fuel production. The review in Paper I includes a
system expansion approach also taking into account associated systems of, for
example, waste handling, agriculture production and energy generation, and their

related policy implications on the development of biogas systems.

Based on the findings in Paper I, techno-economic assessments were performed for
selected biogas systems in Paper II and III, including evaluations of suggested and
implemented policy instruments. The methods applied in the techno-economic
assessments are further described in section 3.1. In Paper IV, an environmental
systems assessment was performed for an existing biogas system, focusing on
greenhouse gas emissions, but also involving economic aspects. The assessment was
based on the methodology for Life Cycle Assessments (LCA), which is described in

section 3.2.
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3.1 Techno-economic assessments

The techno-economic assessments presented in this thesis are based on an evaluation
of the technical and economic performance of the different biogas systems analysed.
The technology assessments include parameters such as process energy requirements,
energy conversion efficiency and methane losses. These parameters are used, for
example, to evaluate biogas production on different scales, from different feedstock
and by different process concepts or to compare different technologies to produce

combined heat and power and to upgrade biogas into vehicle fuel.

The economic assessments are based on traditional investment analysis where the
economic conditions for biogas production and utilization are evaluated from an
economic point-of-view. In Papers II — IV, the investment analysis is based on the
annuity method where the initial investment is presented as an annual cost of capital
during the lifetime of the investment. This annuity cost is calculated by multiplying
the initial investment by the annuity factor (A), which is calculated according to
Equation 1. An alternative, commonly used method is to calculate the Net Present
Value of an investment. By this method, the present value of a future cash flow is
calculated and compared to the original investment. When comparing different
investments, these two methods will give the same result and they are both highly
dependent on the discount rate (Persson and Nilsson, 1999; Yard 2001).

T

= o (Equation 1)

A = Annuity factor
r = Discount rate (%)

N = Time (year)
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Discount rate

An investment analysis is performed based on nominal (including inflation) or real
(excluding inflation) economic conditions. Thus, an investment analysis based on a
nominal cash flow considers price changes over time, including inflation, whereas an
analysis based on real terms should consider only real price changes over time. When
nominal conditions are applied, the discount rate should also be nominal and vice
versa (Persson and Nilsson, 1999; Yard 2001). The assessments presented in Papers 11
— IV are based on real terms with fixed real prices but in the sensitivity analysis

different price levels are addressed.

The discount rate could be based on the investor’s actual cost of capital, such as the
interest rate on commercial loans. The discount rate could also indicate the minimum
rate of return required by an investor. With this approach, the investors also consider
the rate of return from alternative investments and the risks involved compared to
other investments. The discount rate is often decided by calculating the weighted
average cost of capital (WACC) taking into consideration the fact that different
providers of capital may require different rates of return. Thus, the discount rate

could vary depending on the project and the investors.

For example, the European Commission’s guide to cost benefit analysis of investment
projects presents an indicative average real discount rate of 4.8% based on a portfolio
of different securities (EU, 2008). In Sweden, The Transportation Administrations
guidelines for cost benefit analysis within the transportation sector, suggest an interest
rate of 5% for commercial loans and a WACC of 10% as a required rate of return for

businesses in general if the actual requirement is not known (STA, 2012).

Considering different biogas projects, it is relevant to compare the discount rate with
those applied for investments in the agricultural sector and the energy sector. In the
agricultural sector, applied real discount rates given in the literature vary from 6 - 7%,
with reference to conventional production of crops for food and feed, milk and meat

as well as energy crops (Agriwise, 2013; Gissén et al., 2012).

When calculating the production cost for power production in new facilities in
Sweden, Nystrém ez al. (2011) use a real discount rate of 6%. Regarding the
transmission of electricity and natural gas, these grids may be operated by private

companies in Sweden but this infrastructure is based on local monopolies. Thus,
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network tariffs are monitored and supervised by the Energy Market Inspectorate
which applies a real discount rate of 5.2% (Energimarknadsinspektionen, 2011). For
investments in gas grids, Gustafsson and Ottosson (2012) estimate the real WACC to
be 5.5 — 6.7% for 2010. In Papers II — IV, the real discount rate is set to 5 — 6%.

3.2 Environmental systems assessments

The environmental assessment presented in Paper IV is based on the methodology for
Life Cycle Assessments (LCA) as described in the ISO standard 14040 — 14044 (ISO,
2006). In a LCA, the environmental impact of a product, process or service is
calculated and includes the complete life cycle; from the cradle to the grave. The life
cycle perspective is often applied in various contexts although not always in full
compliance with the ISO standard. For example, the Renewable Energy Directive
(RED) requires a certain reduction of GHG emissions when biofuels replace fossil

fuels calculated from a life cycle perspective (EU, 2009).

A LCA may include various impact categories such as global warming potential
(GWP), acidification potential (AP), eutrophication potential (EP), photochemical
creation potential (POCP), toxicity and use of energy (Tufvesson, 2010). The
assessment performed in Paper IV focuses on the GWP and the use of energy. Some
key parameters in the LCA method are the functional unit, the system boundaries

and allocation, which are briefly described here.

Functional unit

In a LCA, the functional unit (FU) defines what is produced in the system analysed
to which all input and output can be related. The FU can, for example, be defined as
1 kg of product or 1 MJ of fuel. The definition of the FU should, in addition to
quantity, also address the quality of the production and, if relevant, the time horizon
(Tufvesson, 2010; Ekman, 2012).

In Paper 1V, the FU is defined as 1 MJ] of upgraded and compressed biogas
distributed via the natural gas grid. The FU could also have included the utilization of
the biogas as a vehicle fuel where the environmental impact is presented per km of
distance driven instead. This approach is recommended by Sing ez 4/. (2010) and
Cherubini and Stremman (2011) in order to make possible a comparison and

evaluation of different fuels. However, this type of approach also requires assumptions
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on what kind of vehicle and engine is used as well as driving behaviour and speed. In
Paper IV, the primary objective is to evaluate a specific biogas system and not to
compare the biogas produced with other vehicle fuels and applications. Thus, the FU
does not include the utilization of the biogas, although the result can be used in such

analyses.

System boundaries

The technical system boundaries define the system analysed and the processes that are
or are not included in the assessment. In Paper IV, the system analysed includes the
transport of feedstock, biogas production and upgrading as well as gas grid injection
and compression at the filling station. Thus, the environmental impact of the biogas
produced is calculated from well to tank. System boundaries should also include a
geographical area and a time frame. The biogas plant analysed in paper IV was
established in 2006, is thus an existing production system having an expected
technical life time of approximately 15 to 20 years. It is located in the southern part
of Sweden which also defines the geographical system boundary applied. The time
frame is also important for the calculation of the environmental impact. For instance,
the GWP is calculated using characterisation factors to recalculate emissions of
different greenhouse gases into emissions of COs-eqvivalents. In a 100 year
perspective (GWP100), 1 kg of CH4 would correspond to 25 kg of CO»-eqvivalents,
while in a 20 year perspective; 1 kg of CHs would correspond to 72 kg of COs-eqv.
(Forster ez al., 2007). The production and utilization of biogas could lead to losses of
CHjs but, when produced from manure, biogas production could also reduce CHy
emissions from conventional manure storage. Thus, this time aspect could make a
great impact for the analysis of biogas systems. In general, the 100 year perspective is
the most commonly used today (Tufvesson, 2010) and is also applied in Paper IV.
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Allocation

The biogas system analysed in Paper IV, produces not only biogas but also digestate
that is used as fertilizer. Thus, the environmental impact can be allocated between
these different products. Such allocation can be based on the physical or the economic
properties of the various products. However, according to the ISO-standard (ISO,
2006), allocation should be avoided by system expansion when applicable. This
means that the system being analysed is expanded so that it also includes an
alternative production of the co-product or a product with a similar function. In
Paper IV, system expansion is applied by including the production and application of
mineral fertilizers which are replaced by the digestate produced.

Input data

The input data utilised in the LCA in Paper IV are to a high degree based on site-
specific measurements in connection to the existing plant. Some average data are also
utilised in the assessment, for example regarding energy carriers used in the biogas
system. This approach is also known as an accounting LCA, evaluating an existing
production system, using average data. However, the LCA also apply a system
expansion approach, e.g. by including the mineral fertilizer replaced by the digestate
produced, which leads to different indirect environmental effects. The system
expansion also include changed in soil properties, both positive and negative, on the
local farmland. The quality of the various input data utilised are critical assessed and
the consequences of changing input data and key parameters is shown in sensitivity
analyses. This is referred as the interpretation phase in LCA methodology (ISO,
2006).
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Biogas can be produced from a wide variety of feedstock, by different actors and on
various scales. The biogas produced can be utilized for various energy services by
different consumers. The conditions for the use of digestate can also vary depending
on feedstock and scale of production. The prospects for biogas production and
utilization are thus affected by a wide range of policies, objectives and undertakings

within different sectors, resulting in a variety of incentives and barriers (Paper I).

This chapter provides an overview of incentives and barriers, focusing on policy
instruments affecting; (i) the production of biogas and (ii) the utilization of biogas. In
Paper I, this distinction is justified by the fact that some incentives and barriers affect
the availability of different feedstock and production of biogas as such but do not take
into account the actual utilization of the biogas. Other incentives and barriers affect
the utilization of biogas with minor or no concern of how the bio