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The aim of this thesis is to study whether the use of biomethane as a transportation fuel
is reasonable from climate change perspective. In order to identify potentials and
challenges for the reduction of greenhouse gas (GHG) emissions, this dissertation
focuses on GHG emission comparisons, on feasibility studies and on the effects of
various calculation methodologies. The GHG emissions calculations are carried out by
using life cycle assessment (LCA) methodologies. The aim of these LCA studies is to
figure out the key parameters affecting the GHG emission saving potential of
biomethane production and use and to give recommendations related to methodological
choices. The feasibility studies are also carried out from the life cycle perspective by
dividing the biomethane production chain for various operators along the life cycle of
biomethane in order to recognize economic bottlenecks.

Biomethane use in the transportation sector leads to GHG emission reductions
compared to fossil transportation fuels in most cases. In addition, electricity and heat
production from landfill gas, biogas or biomethane leads to GHG reductions as well.
Electricity production for electric vehicles is also a potential route to direct biogas or
biomethane energy to transportation sector. However, various factors along the life
cycle of biomethane affect the GHG reduction potentials. Furthermore, the
methodological selections have significant effects on the results. From economic
perspective, there are factors related to different operators along the life cycle of
biomethane, which are not encouraging biomethane use in the transportation sector.

To minimize the greenhouse gas emissions from the life cycle of biomethane, waste
feedstock should be preferred. In addition, energy consumption, methane leakages,
digestate utilization and the current use of feedstock or biogas are also key factors. To
increase the use of biomethane in the transportation sector, political steering is needed
to improve the feasibility for the operators. From methodological perspective, it is
important to recognize the aim of the life cycle assessment study. The life cycle
assessment studies can be divided into two categories: 1.) To produce average GHG
information of biomethane to evaluate the acceptability of biomethane use compared to
fossil transportation fuels. 2.) To produce GHG information of biomethane related to
actual decision-making situations. This helps to figure out the actual GHG emission
changes in cases when feedstock, biogas or biomethane are already in other use. For
example directing biogas from electricity production to transportation use does not
necessarily lead to additional GHG emission reductions. The use of biomethane seems



to have a lot of potential for the reduction of eythouse gas emissions as a
transportation fuel. However, there are variouseatprelated to production processes,
to the current use of feedstock or biogas andédehsibility that have to be taken into
account.

Keywords: biogas, biomethane, life cycle assessni&, greenhouse gas emissions, limiting factors,
energy production, feasibility
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Nomenclature

Latin alphabet

Co specific heat capasity J kgK™?
E total emissions gCOpeqMJI™
e emissions/emission savings ggwrl
I investment €
p pressure Pa
P power W
Om mass flow kg s*
S yearly expenses €a’
S yearly incomes cat
T temperature K
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n polytrophic efficiency -
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ccs carbon capture and geological storage
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i incomes

| annualized carbon stock changes caused by laadhange

max maximum

min minimum

p processing

real realistic

sca soil carbon accumulation via improved agricaltpractices

td transport and distribution

tot total

u the fuel in use

1 first stage

2 second stage

Abbreviations
AGR agricultural biomass
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ec-a
el
en-a
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NGV
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Intergovernmental Panel on Climate Change
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economic based allocation
electricity

energy based allocation
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European Community
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fatty acid methyl ester
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greenhouse gas

International Organization for Standardization
liquid biogas

life cycle assessment

landfill gas

liquid natural gas

petroleum gas

land use change

membrane

membrane separation

month

nitrogen
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natural gas

natural gas vehicle

no allocation



14 0 Nomenclature

NOx nitrous oxides

OPEC Organization of the Petroleum Exporting Caastr
OECD Organization for Economic Co-operation andéa@pment
P phosphorous

P poor

PAH polycyclic aromatic hydrocarbons
PM particulate matter

PSA pressure swing adsorption

scen scenario

SNG synthetic natural gas

SO sulfur dioxide

TS total solids

ucC University of California

UK United Kingdom

USA United States of America

upg upgrading

\% very good

VOC volatile organic compound

VS volatile solids

WS water scrubber

WWT waste water treatment

WWTP waste water treatment plant

WWTPS waste water treatment plant sludge
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1 Introduction

1.1 Background and research environment

One of the greatest global environmental challerigaghe climate change and global
warming due to increasing greenhouse gas (GHG)sémns Carbon dioxide is the
most important greenhouse gas, and it is releasgdlynfrom the use of fossil based
energy. (World Resource Institute 2009, IPCC 20B@pulation growth will probably

increase the energy demand worldwide, which mag teaeven faster growth in fossil
energy consumption and in GHG emissions (EIA 2013A)

Approximately 15% of global GHG emissions are reéeh from the transportation
sector, and the share is expected to grow duriegfdinthcoming decades (World
Resource Institute 2009, IPCC 2007). The two majiions to reduce GHG emissions
from the transportation sector are to cut down tihtal energy consumption or to
increase the share of energy sources with lower @h&sions (EPA 2012). There are
several different options to affect these two n@ptions as can be seen in Figure 1.

HG emissions from

E— the transportation
sector
. Fossil fuel
- Fossil fuels E3 roduction
Amount of vehicles —» P
Total energy Biofuel Biofuel _
. consumption in [ foni=ls | Biofuel production =
Average mileage _ the
travelled o . —
transportation | Electricity . Electricity n
sector production
Energy efficiency of |
vehicles o P Hydrogen n
N Hydrogen ™ production

Figure 1: Factors affecting the total GHG emissiivos the transportation sector.
(EPA 2012, Ogden & Anderson 2011).

Cutting down consumption can be done by decreakimdotal amount of vehicles, by
decreasing the travel mileages per vehicle, or ropréving energy efficiency in
vehicles (EPA 2012). These actions would lead towaer total energy demand in the
transportation sector, and therefore, also to lo@&tG emissions. Another option
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would be to affect the GHG emissions related tagpartation energy production and
use.

It is not likely that the total amount of vehiclesll decrease worldwide during the
forthcoming decades due to high growth rates inntlaber of vehicles in developing
countries. Vehicle amounts per 1000 inhabitantgjaite stable in developed countries,
but the growth is rapid in developing countrieshsas Mexico, Brazil, and China. (The
World Bank 2012, World Energy Council 2013B). Tinernational Transport Forum
predicts that the amount of passanger cars witkame between 2000 and 2050 by 30—
40% in the OECD countries and by a factor of 5-6uiside the OECD region
(International Transport Forum 2011). OECD 2011dmts that the amount of cars will
double between 2008 and 2035, and that the majofitthe growth will happen in
developing countries. (OECD 2011)

The average driving distance of vehicles is a coafdd factor. Increasing
transportation fuel prices may decrease the tragefiileages in some countries. Annual
mileages travelled have decreased or stayed appatedy at the same level for
example in Finland and in the USA (Kumpulainen; \.D&partment of Transportation,
2011). Estimating average mileages travelled inettgoing countries is more complex
due to lack of specific information. For example @hina, the average mileages
travelled have been traditionally longer than ivedeped countries. This is likely due
to the lower amount of vehicles and the differemhership characteristics of passenger
car owners. (Huo et al., 2007)

The improvement in vehicle efficiencies will likelgelp to decrease the energy
consumption, but how notable the effect will bedifficult to predict (Ogden &
Anderson, 2011). Vehicle efficiencies can be impvor example by developing
advanced vehicle technologies, by using lighteremi@ts or by reducing aerodynamic
resistance of vehicles by better shape design (EPR). The development of average
fuel consumption has been slowly decreasing de#ipdtieaverage vehicle masses have
been increasing (Bovag-rai, 2008). OECD 2011 ptsdicat average global car fuel
consumption will decrease annually by 1.7% betw@08 and 2035 (OECD 2011).

Despite the fact that vehicle technology is slowigproving, the total energy
consumption in the transportation sector is esaohato grow in the near future
especially in developing countries (IPCC 2007; imé¢ional Transport Forum, 2011).
Therefore, to reduce GHG emissions from the trariapon sector, attention should
also be paid on fuel and energy sources and GHGs@ms related to their production
and use.

In addition to or instead of reducing total enempnsumption, shifting to energy
sources with low GHG emissions from production aisé is another main option to
reduce GHG emissions from the transportation sedtoe majority of energy in the
transportation sector is produced using fossilghetnd diesel. Instead of these fossil
fuels, other fossil fuels with lower GHG emissiaugeh as natural gas (NG), propane or
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butane can be used as compressed or liquid gas. (Motiva, 2012) Natural gas use as a
vehicle fuel leads to greenhouse gas reductions, which are approximately 6-20% lower
than from petrol use (U.S. Department of Transportation; U.S. Department of Energy,
2013B; Gasum Oy). However, there are also studies that show that when only tailpipe
GHG emissions are studied, they can be higher or at the same level from NG vehicles
than from diesel vehicles (Technical Research Centre of Finland, 2014; Kokki, 2006).
On the other hand, when comparing emissions from the whole life cycle perspective,
GHG emissions from NG are lower than from petrol or diesel use (U.S. Department of
Energy, 2013B).

In addition to traditional combustion engines, transportation sector can be fuelled by
electricity or hydrogen (EPA 2012). According to Ogden and Anderson (2011), electric
cars and hydrogen vehicles will be a part of the green transportation sector, and it is
likely that all the options are needed to receive high share of renewable based energy in
transportation sector. Electric cars are solely breaking into markets, and several big car
manufacturers have started their manufacturing (Hybridcars). The emissions from
electric cars are related to electricity production because electric cars have no tailpipe
emissions. If the electricity is renewable, the GHG reductions are obvious compared to
fossil fuels. As well as electric cars, hydrogen cars have also penetrated the markets
(Hybridcars). Analogous to electric cars, the emissions of hydrogen cars are related to
hydrogen production, as they do not have direct emissions. Hydrogen production GHG
emissions are highly dependent on the energy consumed in hydrogen production (U.S.
Department of Transportation).

On the other hand, the development of electric cars is technically limited by the storage
capacity of battery technology. This problem is bigger in heavy-duty vehicles where the
needed battery may even exceed the cargo weight. (Daimler Trucks North America
LLC, 2010) In addition, commercialization of long-range electrical vehicles requires
220V home charging stations, and utilities will need to provide the appropriate
incentives to consumers to charge during less expensive off-peak hours. (Ogden &
Anderson, 2011) The technical challenges that are limiting the use of hydrogen fuel are
the further need for proton exchange membrane fuel cell cost and durability, hydrogen
storage in vehicles and technologies for zero carbon hydrogen production. Increased
hydrogen utilization will demand a wider spread hydrogen infrastructure. The problem
is to distribute hydrogen with costs low enough to disperse users. For wider spread
hydrogen use, it is likely that technology-specific policies will be needed to support the
hydrogen transition. (Ogden & Anderson, 2011)

Biofuels can be produced from renewable feedstock, and it is assumed that the
utilization of biofuels will lead to GHG emission reductions compared to fossil fuels.
Ogden and Anderson (201fi)edict that in the future 10-25% of transportation fuels
could be biofuels depending on feedstock productivity and vehicle consumption
improvements. A 20% prediction for biofuels in 2050 is presented also by Kahn Ribeiro
et al. (2007). In addition to GHG emissions, other driving forces for the increased use of
biofuels are improved self-sufficiency, supply security improvements and economic
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aspects (Ogden & Anderson, 2011; Finnish Petrol€eateration). Globally the most
widely produced biofuels are biodiesel and ethakigure 2 presents the share of
different transportation fuels and modes.

a) transport energy by source b) transport energy by mode

M Petrol mLDV

M Diesel BTruck

et WBus

M Residual M Aviation

HLPG/CNG W Marine

M Biofuels  Rail

W Electricity m Other

Figure 2: Global transport energy by source andmmgde. (World Energy Council
2011).

As can be seen in Figure 2, the share of biofuelhe total fuel consumption in the
transportation sector is marginal compared to fdasis. There are several challenges
which are limiting the growth of biofuels. Techrigathe large scale production from
biomass to fuels is still a challenge with somehaf feedstock and fuels. Some fuels,
for example ethanol, may require dedicated stoeagktransportation systems or they
may have limitations in use in the existing vetsclEuel share limitation in the existing
vehicles is called "blend-wall" and is approximgt&D% for ethanol in petrol cars and
5-7% for biodiesel in diesel cars (U.S. DepartmarEnergy, 2013A, Neste Oil). The
production is also limited by the amount of feedktcavailable. The increased
production of feedstock may lead to increased diseable land, fertilizers and water.
Therefore, the environmental impact of using theoueces has to be weighed against
the benefits from producing biofuels. The incregsediuction may also impact on food
and feed production and on land use change (LU@jdén & Anderson, 2011) Land
use issues are one of the major problems from GH@Gsions, social aspects and
biodiversity perspectives with cultivated biomasssdd biofuels (Khanna & Crago,
2011; European Commission, 2012). In addition ta33¢nissions, attention should be
paid also to other pollutants such as particulaitten and NG emissions, which may
cause for example different kinds of health protdé®alonen & Pennanen, 2006).

Table 1 compares the characteristics of varioussfrartation biofuels.
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Table 1: The main characteristics of various trangpion biofuels. (Neste Oil,
Nikander, 2008; Nigam & Singh, 2011; Cascone, 2QG8yala, 2009; Antares group

incorporates, 2009; Brown, 2008; Wigg, 2011; U.8partment of Energy, 2013A)

Renewable
Biodiesel diesel
Ethanol Butanol (Fame) (HVO) Biomethane
type of sugt;arr ?]nd lignocellulosic  sugar and starch ail oil organictenial
feedstock starc
biowastes,
: sugar and lignocellulosic ) } sludge, manure
raw mat:erlais starch plants, biomasses and sugar IZ?]?SStamh O'Lﬁ!saggsd ‘f';?:te oﬂ(ﬁ?gfd ‘f";?:te cultivated
(examples) wastes plants P biomasses,
landfill gas
fermentation
, enzyme hydrolysis, fermentation,  transesterification, anaerobic
’ conversion, fermentation, enzyme gasification + digestion,
production gasification thermal conversion, Fischer Tropsch hydrotreatment thermo-chemical
+ syngas conversion gasification catalysis conversion
fermentation
. arts of plants
cellulosic ) parts of plants p
cellulosic parts (kernels etcs.), .
co-products parts of parts of plants of plants (kernelsletcs.) bio-gasoline, digestate
plants glycerine
propane,
distribution distribution distribution
distribution diss(terpi)ti:agen dzfﬁ;&;toen systems for separate systems for  systems for NG
petrol or separate distribution system diesel or separate  or separate
system system
system systems systems
petrol cars, -
vehicles flexi-fuel fIESit-rlee(I:ii:r’s pEterl;ach'rSfleX' diesel cars diesel cars gas-operated cars
cars
blend-wall** | 10% (80%) 10% (80%) 16-100% 5-7% 100% 100%
state of . under commercial, not . . )
commercial . commercial commercial commercial
technology development  widely used
corrosive may cause
. absorbs’ corrosive, problems in
disadvantages water. low absorbs water, poisonous, bad engines, does not B
of fuel ene} low energy smell preserve long
9y content times, cold-flow
content -
properties
. good storability,
advantages of| . . h'ggrﬁgﬁ{gy biodegradable, good cold .
fuel less evapor’ative non-toxic weather
performance
GHG emission
reduction
: 26-68% o
ag?f”d;.”g 01 1671% - - 19-88% (hydrotreated (7;;82;;’
irecuve vegetable oil) 9
2009/28/EC
(no LUC)
increased increased NOx
NOx and and
acetaldehyde
s acetaldehyde decreased
emission and . decreased CO : .
o decreased  €mission and emissions and increased NOx particulate low particulate
other emissions co, decregised CoO, increased NOx emissions matter, NOx, CO matter and NQ@
f particulate e and HC emissions
particulate emissions .
matter and emissions
matter and benzene
benzene L
emissions emissions

* For gasification and thermal conversion processegange of raw materials is wider.

** Value for flexi-fuel vehicles in parentheses
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Despite the fact that biomass based energy islysesn as a good option compared to
fossil alternatives, there are also various sualdlity challenges related to the biomass
use. The sustainability challenges can be dividetw ienvironmental, social and
economic challenges. According to Rockstrom et(2009), from the environmental
sustainability perspective, global limits have besxteeded in the climate change,
biodiversity loss and nitrogen cycles. Accordingthe European Commission (2014),
direct or indirect land use change, soil fertilibgs, soil compaction, biodiversity loss,
other soil and water impacts are the major sudtdiha challenges related to
agricultural biomass production. According to Saarger et al. (2009), biomass cannot
be regarded as carbon neutral due to the GHG emsssélated to land use change and
tail pipe emissions. Bioenergy production may cotager available agricultural land
against food production needed for growing globgdgation. This may lead to direct
or indirect land use change when new land areasleaged for cultivation of food or
bioenergy feedstock. Land use change leads toaswil above ground carbon stock
changes. The use degraded or poor agriculturatklarad/ lead to an increase in carbon
stock change, which may even result in negative GHBissions. (European
commission, 2014; Uusitalo & al., 2014) Increasedicaltural production demands
more fertilizers, which lead to unsustainable muttricycles. Nutrient runoff may lead to
eutrophication in water systems. Modifying natuealvironments to one-sided fields
may lead to biodiversity loss. In order to recognithe challenges related to
biodiversity, the studies are complicated, andedét biodiversity indexes may lead to
different conclusions related to biodiversity hatsp (Orme et al., 2005; Conservation
international, 2004). Another sustainability chafle is related to water use. Water
stress index can be used to evaluate water aJdiahicertain geographical locations.
Biomass production may require water use for exanplirrigation, and this may
compete for limited water resources against othatewuse. In addition, the standard
ISO 14046.2 instructs to evaluate both quantitatared qualitative water use.
Socioeconomic sustainability challenges are dicedtelocal people at all life cycle
stages. The challenges may be related for instanigealthy issues, land ownership and
food production replacement. On the other handgethee also possibilities for example
to job creation. (Havukainen et al., 2013) Them \arious methodological challenges
related to biomass sustainability assessment. LGA give answers to some
information demands, but also other sustainaldiyessment methods are needed.

One of the biofuels with a relatively high prodoctipotential is biomethane. Biogas is
produced from biodegradable materials by anaerdijestion and can be further
upgraded to biomethane. Common feedstock for biggasgluction by anaerobic
digestion are organic materials such as biowasistewvater treatment plant (WWTP)
sludge and biomasses from agriculture, for exardpticated energy crops and manure.
In addition to biogas from digestions processesy &ndfill gas is relatively similar to
biogas. According to Finnveden et al. (2005), bsogaoduction from biowaste is a
better option than composting, incineration or Idilichg from the GHG emissions
perspective. Using waste materials, problems rmlededirect land use change can be
avoided.



21

Biomethane can be used in gas-operated vehicledapmd for NG or for electricity
and heat production. In addition, biogas can alsaded in energy production without
upgrading (only rough purification is needed). ®e bther hand, biogas use in heat
production has decreased because of competing dswhiofuels such as straw and
wood chips (Lantz et al., 2007). CHP productiorbimigas or biomethane is hampered
due to lack of heat sinks (Lantz et al., 2007) tiisgtion of biomethane can be done via
existing natural gas grids or by separate pipeliaasl the technology is commercial.
(Rasi, 2009; Poeschl et al., 2010) An example ofj&s and biomethane production and
utilization options is presented in Figure 3.

OTHER UTILIZATION
OPTIONS FOR NG
ELECTRICITY
NG POWER

PLANTS
HEAT
‘ UPGRADING HDISTRIBUTION —ﬁ REFUELING }—» TRANSE%ETAT'ON

ELECTRICITY
GAS ENGINE / }_[

TURBINE
HEAT
OTHER UTILIZATION
OPTIONS FOR BIOGAS

Figure 3: Biogas and biomethane production anézatibn options.

DIGESTION

BIODEGREDABLE
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PURIFICATION H DISTRIBUTION

Biomethane can also be produced from a varietyrgamic materials by gasification
processes (Naik et al., 2010). In gasificationyzdss is turned to syngas that consists
mainly of CO, H, CH,;, CO, components and in smaller amounts of componers su
as HO, H;S, SQ and NQ (Naik et al.,, 2010; Poyry Finland Oy, 2013). Sysiga
production by gasification is a commercial proctsst has been used for example in
Fischer-Tropsch diesel production (Naik et al., @0ITo produce biomethane or bio-
SNG (synthetic natural gas), syngas has to be ipdribnd methanate. In the
methanation process, CO and &e converted to CHAfter methanation, the methane
content of the gas is up to 95%. (POyry Finland 2843) Another option to produce
biomethane is its use as storage for renewabldrieigc In the process, renewable
electricity can be used in electrolysis to con¥i® to H. Then B can be methanated
with CO, to CH,. An advantage of this method is that it can bedusestore cheap
renewable energy during the peak production hoorsekample of wind power.
Another advantage is that it offers a way to wil2Q from carbon capture processes.
(Specht et al., 2009)

The European Union has set a 20-20-20 goal foeawing the use of renewable energy
by 20% of the total energy consumption, reducingeghouse gases by 20%, and
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increasing energy efficiency by 20% by the ye020. There is also a specific goal
transportation fuels. In the year 2020, 10%energy used in th#ansportation sectt
should be renewable.Directive, 2009/28/EC; Ministry ofemployment and th
economy, 2008) There aatso several other goals in variar@untries aiming to reduc
GHG emissions from energy and transportation sefdoexamplethe Californian low
carbon fuel standardC@lifornian low carbon fuel stand:). This has led to challeng
for decision makers to decide whether biogawuld be used for transportation purpo
or for electricity and heat production purpo Because biogas is produced fr
various materials and biogas or biomethane carsbé in various applications polici
support mechanisms and legislations are vle and complex (Lantz et , 2007). In
Finland, a feedn tariff was implemented to support electricitydaheat productic
from biogasHowever, the tarifdoes not support the transportation of biomethane.
(Ministry of employment anthe economy, 2009)

The potential of biomethane usn the transportation sector cée justfied by its
applicability for various transportation ty}. Figure 4 presentgarious transportation
types hierarchicallypased orthe amount of availablalternative energy option:

Aviation

Maritime
transport

Heavy duty vehicles
Rail

Light duty vehicles

Figure 4 Energy need for transportation typeresented hierarchidy (Ministry of
transportand communicatiol, 2013)

Aviation fuels can nly be replaced by biokerose. Thereforejt is the most difficult
transportation type for alternative fuels. Maritimmanspuat is the second most diffici
transportation type. Maritime transport could be feelby replacing fossil oils by t-
oils or by biomethandas liquid biogas). Favy-duty vehicles can use biometh,
biodiesel or renewable diesel to replaceil diesel fuels. Lightest hea-duty vehicles
can also use ethanol fuels. Rail transportationbmcarried out by biuels for fossil
diesel replacementrdy biomethan. In addition,electricity is an important option fi
rail transportation. Fongation and maritime transportan, electicity is not a solutio
as they are limited bthe available battery technology. Headyty vehicles can us
electricity only in speciatases for buss in city transportation. Lighttuty vehicles ar
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the easiest transportation type from the altereafisel options perspective. For light-
duty vehicles, ethanol, biodiesel, renewable djdsi@methane and electricity are all
potential options. Hybrid technologies are alsdeza®r light-duty vehicles. (Ministry
of transport and communications, 2013) Because &iloame is a suitable fuel for all
the other transportation types excluding aviatib®,use for transportation purposes
should probably be favoured.

According to various previous studies, biomethase in the transportation sector leads
to GHG emission reductions compared to fossil fyllertl et al., 2010; Jury et al.,
2010; Tuomisto & Helenius, 2008; Borjesson & Bergly 2006). There are also
previous studies that demonstrate that energy ptimfufrom biogas leads aswell to
GHG emissions reductions compared to alternativerggn systems. (Borjesson &
Berglund, 2007; Boulamanti et al., 2013). When ftleices are made, it is important to
recognize changes also in other effects, such adogc air pollutants and
eutrophication, so that the decisions that are ragnid reduce some environmental
effects are not at the same time increasing otheranted effects. Hartmann (2006)
studied ecological effects from biogas productidocording to his studies, most of the
ecological effects related to the biogas productibain are related to the agricultural
production system. Agricultural processes produm rhajority of the effects in the
impact categories respiratory problems by inorganiemissions and
acidification/eutrophication. (Hartmann, 2006) Tidsbecause nitrogen emissions are
related to nitrogen fertilizer use. However, bioggstems have normally remarkable
benefits in the form of indirect effects such adueed eutrophication and acidification
compared to conventional agricultural practicesfkzaet al., 2007).

Despite the fact that transportation biomethanemse¢o lead to GHG emission
reductions, and is a cheaper fuel than fossil peind diesel, its use is still at a low
level. The factors that are limiting the use ofrbahane in the transportation sector are
not yet known well enough, and they should be stidnore systematically. Lantz et al.
(2007) found out that economic aspects have a Hifilhence in the profitability of
biogas systems, but they did not carry out feasitthlculations for different operators
along the life cycle of biomethane. To study thenkéthane chain from different
operators’ perspective would be important in reézigg the economic bottlenecks.

There are also uncertainties related to the climbhenge performance of biomethane.
Comparing the results from the previous studiesoigfusing because the range of the
selections related to various factors along the lifycle and of methodological
assumptions is huge and sometimes not well judtifie addition, it is not known in
which cases the transportation use of biomethapeeierable compared to the energy
production option, and what are the most importaators in these comparisons.
Additional option could also be to produce eledyifrom biogas and use it in electric
vehicles, but the option has not been previouslgietl. From life cycle assessment
methodological perspective, the variation of thedusnethods in previous studies is
wide. Some studies have concentrated on life cystdssions from biomethane
production like Borjesson & Berglund (2006), Pestl al. (2010) and Tuomisto &
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Helenius (2008). Other studies like Borjesson & dhemd (2007) have on the other
hand concentrated on larger system scale studiesewdther utilization options for
biogas and feedstock are studied. Different studessand the use of different LCA
methodologies, and therefore, it would be importemtknow when the different
methods should be used.

There are various production related factors, sashfeedstock selected, methane
leakages and upgrading technology utilized and odetlogical aspects, that affect the
total GHG emission reduction potential of biome#hgBorjesson & Berglund, 2007;
Pertl et al., 2010; Poeschl et al., 2012). For ganBorjesson & Berglund (2006) did
not include NO emissions from digestate spreading, Pertl e(28l10) concentrated
only on comparing upgrading systems and TuomistbH&lenius (2008) concentrated
only on agricultural biomass feedstock. It is alswertain whether digestate can be
regarded as a co-product or waste, which has ledsituation where different studies
do different assumptions related to digestate wskcalculation (allocation) methods
related to digestate. For example, Pertl et al1@2Cexcluded the GHG emissions
related to the digestate use in their study, whinderestimates the GHG emissions
related to biomethane use. Additional GHG emissieductions can also be gained
when mineral fertilizers are replaced by digestdieese factors and methodologies
along the life cycle of biomethane have not beadistl systematically previously.

1.2 Research problem and objectives

The aim of this dissertation is to study biomethase in the transportation sector. The
first goal is to study the advantages from the atamchange perspective when
biomethane is used as a transportation fuel. la tlésertation, the significance of
various life cycle steps in the transportation bétimane chain GHG emissions are
studied as well as the different life cycle assesgntalculation methods. The aim is
also to give recommendations for the use of diffeteCA methodologies. The second
goal is to study which factors are limiting the wédiomethane as a transportation fuel
from the economic perspective and how these lifoitat could be overcome.
Feasibility studies are also carried out from fife ¢ycle perspective by dividing the
biomethane production chain for different operators

The following research questions were formulated:

- How to maximize the benefits from the climate chapgint of view when
biomethane is utilized for transportation purposes?

- What kind of further instruction can be given fataulation methodologies if
applied for different use purposes of biomethanenfthe climate change point
of view?

- What are the factors which are limiting the utitina of biomethane in the
transportation sector from the economic perspeetnthow could these
barriers be overcome?
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1.3 Scope of the study

This dissertation consists of five research pubbeos (four published and one
submitted manuscript). All of the publications arsing the life cycle assessment
approach. Publication 1 and Publication Il wereriear out to study GHG emissions
from biomethane production and use in the trangfiort sector. Publication Il
compares hiomethane use in the transportation rséot@lectricity produced from
biogas or biomethane use in electric vehicles fGHG and feasibility perspectives.
Publication V compares GHG emissions from varicugdfill gas utilization options.
Publication IV concentrates on estimating whichdes are limiting the biomethane use
in the transportation sector. The research is daoet using life-cycle assessment
(LCA) methodology. Calculations are caried out lsing Microsoft Office Excel 2007.

Publication | studies GHG emissions from biomethgmeduction and use in the
transportation sector. Biowaste and dedicated gnergps (timothy and clover) are
used as feedstock in the study. Attention is paithé determination of the key factors
which are affecting GHG emissions of biomethanedpotion and use in the

transportation sector. In the sensitivity analysesjous factors along the life cycle of
biomethane are varied in order to figure out theeutainties derived from the
assumptions and the initial data. The impacts an rissults caused by alternative
allocation methods for digestate are also compaiman the methodological

perspective.

Publication Il compares GHG emissions from varibiggas utilization options. The
compared options are biomethane use in the tratadjoor sector and various electricity
and heat production options from bhiogas or biommhdn this publication, a wider
scale approach is used in addition to the allonatn@thodologies to give information
about real decision making situations. Alternafisedstock utilization is also included
in the publication.

Publication Ill compares GHG emissions when bioraethis used in gas-operated
vehicles to a situation when the electricity progtldy biogas is used in electric
vehicles. In addition, feasibility comparison oétHifferent options is carried out. The
goal of the feasibility study is also to estimate conomic effects on gas-operated
vehicles due to the implementation of the feedarifft for electricity produced by
biogas in Finland.

Publication IV studies different factors that mamit the amount of gas-operated
vehicles in Finland. The goal is to create a syst@rapproach method to estimate the
most important limiting factors for biomethane usethe transportation sector. The
study concentrates on estimating the theoretiaainbthane potential in Finland, the
development of distribution systems compared to skstems in other countries,

technologies of gas-operated vehicles and the ecimab feasibility of biomethane

production and utilization from different operatgoerspectives. In addition, the option
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to use reductions from external costs by using kitame in the transportation sector is
evaluated. These savings could be used to supioonethane utilization.

Publication V increases the scope of the dissertath landfill gas. In this study, GHG
emissions from landfill gas utilization in electticand heat production are compared to
landfill gas utilization in asphalt production amddistrict heating and to landfill gas
upgrading and injection into natural gas grid aledteicity and heat production.

As a conclusion, this dissertation will be carrimat by studying GHG emissions and
economic aspects of biomethane use in the traramrtsector compared to various
other utilization options. Economic aspects arelistl by estimating the feasibility for
different operators in biomethane production aritization chain and by comparing
different biogas utilization options. Table 2 pretsesome of the key issues and their
inclusion in the publications.

Table 2: Publication contributions

GHG LCA studies

Land use change X

Feedstock production and collection X X

Landfill gas X
Biogas production X X

Upgrading X X

Distribution X X X X
Transportation use X X

CHP X

Electric vehicles X

Other environmental effects

Local pollutants X X
Land use change X

Nutrient cycles related to digestate X X
Economics and limiting factors

Contribution to self-sufficiency X
Biomethane potentials X
Technological limitations X
Infrastructure limitations X
External costs X
Feasibility X X
Feed-in tariff X X
Methodological aspects X X X X

The work is mainly carried out from the Finnish North European operational
environment perspective. Political aspects are @oinating on the EU policy.
However, all of the studies can be modified forfatiént countries by changing the
country-specific information used in the studiefie Tcountry-specific information is
mainly related to GHG emissions from average energguction. In addition, climate
conditions may change the operational parametersx@ample of the digestion process.
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On the other hand applicability of methodologicetammendations is not limited by
geographical location.

This dissertation focuses on GHG emissions. Effectsother sustainability aspects
such as biodiversity, water use and social sudidityaare not included in this study.
Biomethane production from thermo-chemical procgdsealso excluded. There are
also some other novel production methods for bibaret, such as using biomethane as
a storage for renewable electricity. There are aeme preliminary studies which
suggest biogas or landfill gas utilization for hggen production. This option is also
excluded from this study.

From the LCA point of view, the most important pgeses in biomethane production
and distribution chain are taken into account ekdke distribution as liquid biogas

(LBG). This method is not widely used in biomethathstribution in Finland, and we

lack reliable data concerning LBG production. Fegus presents the biomethane
production and utilization chain from the LCA GH@rppective and the covering of the
studied field by the publications of this dissadat In this study, the transportation use
of biomethane means road transportation use inepgss cars, busses and heavy
vehicles. Other transportation options, such asmadransportation, are not included in

this study.
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1.4 Brief overview of the chapters and structure of theis work.

This thesis is based on five individual publicaiorrour of the publications have
already been published in scientific journals. flblications are presented at the end of
the thesis. The thesis consists of six chapters.

Chapter 1. Introduction presents the background of the thebis research questions
and a short description of the working methodstaedimitations of the thesis.

Chapter 2. Chapter 2 gives an overview of recent and mosomtapt research related
to biomethane use as a transportation fuel. Ittsstatith a description of various
technologies and factors along the life cycle ahsportation biomethane production
and use. Then, the GHG emissions related to tratsdjmpm biomethane are presented
based on the literature. The last part concent@atesn overview of potential limiting
factors for biomethane use in the transportatioctose This section is divided into
potentials and contribution to self-sufficiencypaomic aspects, technological aspects
and political aspects.

Chapter 3. Materials and methods give overall information@hhe methods and data
sources used in this thesis. The basic theoryaled to calculate GHG emission effects
of biofules are presented according to Directive¥R8/EC, ISO 14040 and ISO 14044
standards and Greenhouse Gas Protocol (2011). Ghi€siens calculation models

used in different publications are presented irir tben sections. In addition, methods
to create economic and potential calculation modedsalso presented.

Chapter 4. Results present the results of the thesis.

Chapter 5. Discussion gives information about the impactghef results and makes

comparisons to previous studies. It also answeargdkearch questions defined in the
introduction chapter. In addition, this chaptercdisses limitations, the impacts of the
research, future research questions and the vathe oesearch.

Chapter 6. Conclusions chapter concludes the thesis and gigesmmendations
arising from the work.
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2 Biomethane production and use in the transportation
sector

This chapter presents the previous studies anéhfisdelated to biogas and biomethane
use. It is divided into five sections. The firstcen presents the transportation
biomethane path way and detailed information rdldtevarious unit processes. This
section concentrates especially on upgrading,ibligton and biomethane use in the
transportation sector and gives an overview of rinftion that is applied in case

studies. The second section presents the previodges and results related to GHG
emissions from biomethane use in the transportat@mor. The third section presents
research related to factors that may limit or hintthe utilization of biomethane in the

transportation sector.

2.1 Production technology description

2.1.1 Feedstock

Biogas can be produced from a variety of organed$tock by anaerobic digestion
processes. Digestion process can be developed femgle feedstock or for a
combination of several feedstock. Examples of femdts and feedstock methane
productivities are presented in Table 3.

Table 3: Feedstock methane productivity (Gustaf€s&toor, 2008; Rasi et al., 2012;
Kahiluoto et al., 2011)

Feedstock Methane productivity NMtyet feedstoc

Sludge 10-42 (WWTP), 42 (wood industry), 14-42 fpahd paper industry)
Biowaste 22-127

Waste 60-119 (fish), 238-351 (bakery), 18-35 (miliey), 325 (sweets)
Fat/Animal waste 288-641 (fat), 60230 (slaught®ri

Vegetable waste 6-97

Manure 5-58 (pig), 3-51 (cattle), 48 (horse)

Grass 60 (timothy-clover), 74-119 (silage), 57-&ill¢w), 48 (clover)
Reed 55-103

Vegetable tops 6-29

Straw 52-178 (cereals), 35-207 (rape)

In addition, landfill gas is relatively similar tiogas from anaerobic digestion. Landfill
gas is produced naturally in anaerobic conditionsandfills from deposited organic
wastes. Landfill gas has usually a lower methamaerd and higher nitrogen content
than biogas. In addition, some trace compounds sschydrogen sulfide @3) are
more abundant in LFG. (Rasi et al., 2007) The arhadnandfill gas is likely to
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decrease in the future as more strict legislatidhdecrease organic material deposited
into landfills. (Ministry of the Environment 2013).

2.1.2 Land use change, cultivation, feedstock collectioand transportation

Land use change (LUC) may result in increased GHGisgons because of
modifications in soil carbon stock. If dedicatecergy crops are used as feedstock for
biofuels, there are various options pertinent twdlaise change. First, feedstock from
set-aside fields, from buffer strips of water syse or from landscaping and similar
areas can sometimes be regarded as waste, thleadioty to land use change. Second,
if feedstock production takes place on fields alyeased in silage production, there are
no significant additional GHG emissions from thedause change because the carbon
stock level does not change in relation to the ipressuse. Third, if forests are logged
and converted into fields, there will indeed behange in carbon stock resulting in
increased GHG emissions. Fourth, indirect LUC soah possible consideration if
feedstock cultivation on agricultural lands leadsLtJC somewhere else. (Khanna &
Crago, 2011; European Commission, 2012; Miiller-Wé&nRrand&o, 2010; Kahiluoto
& Kuisma, 2010) The options 1 and 2 seem to bertbst relevant to Northern Europe.
This is because biogas plants are using feedstg&rded as waste, and if dedicated
energy crop is cultivated, it is done on the erigtiields as a part of the crop rotation
cycle (Kahiluoto & Kuisma, 2008; Rasi et al., 2012)

From the GHG perspective, important factors relatedcultivation processes are
agricultural machinery use, fertilizer use and jpats, fungicides and herbicides use.
Agricultural machinery, for example tractors, agng fossil fuels. Mineral fertilizer
production may consume high amounts of energy mepdhus to GHG emissions.
Furthermore, the utilization of nitrogen fertilizeleads to RO emissions from soail
(BioGrace; Brandao et al., 2011).

Feedstock collection and transportation depende@astock. Biowaste and other waste
materials are usually collected for example fronudeholds and industry using waste
trucks. The collection of agricultural biomass,sas dedicated energy crops, is usually
carried out using agricultural machines, but tlmdportation to a biogas plant can be
carried out by trucks. (Rasi et al.,, 2012) WWTPdgk! is not often transported long

distances due to its high water content. Therefoimgas plants are often built close to

WWTPs, and in those cases, sludge transportatianbeadone by pipelines. Waste

trucks, trucks and agricultural machines consurssifféuels and pipeline transportation

electricity. (Rasi et al., 2012; Latvala, 2009)

2.1.3 Digestion process

Organic raw-materials are turned into methane iaraerobic digestion process. In the
digestion process, micro-organisms are using feeksas nutriment and turning the
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carbon of feedstock into methane, which can besctdtl from the digester. The process
is adjusted by temperature and the moisture corderieedstock. In addition, non-
volatile feedstock residues and unconverted orgamatter remain in the digestate.
Further advantages in addition to gas productiomising biogas production are the
improved hygiene and reduced odour of waste feeklslaring the biogas production
process. (Latvala, 2009) Figure 6 presents tygicatess chains to produce biogas from
various feedstocks. Digestion facilities can bdd#id into three main categories: farm
size digestion facilities, waste water treatmeanpfacilities and co-digestion facilities
(Latvala, 2009; Ishikawa, 2006). Teghammar (2008ntl out that also lignocellulosic
feedstock can be used for feasible biogas productibhe production from
lignocellulosic feedstock can be improved by pestment processes. (Teghammar,
2013) However, only a little research has beenethimut related to biogas production
from lignocellulosic feedstock except grass andenptlledicated energy crops.
According to the total solids (TS) content, digestean be divided into wet (TS 20-40
%) and dry (TS 6-13 %) processes (Taavitsaineh,e2@02, Lehtomaki et al., 2007).
Another way to divide digestion processes is byperature: mesophilic degradation
takes place within the temperature range of 30-38A@ thermophilic degradation
within the temperature range of 55-60°C (Tchobamagiket al., 1993). Further ways to
divide digestion processes are based on the operstpes, such as batch process,
continuous one stage process and a continuous staffé process. The advantages of
thermophilic digestion are better hygiene of thgediate and shorter retention time. On
the other hand, mesophilic digestion has lower gghepnsumption and better control
options. (Taavitsainen et al., 2002, Ward et @08

Methane is usually the main compound in biogas. Sdwnd largest share is for carbon
dioxide and the third largest share for nitrogeherE are also several other trace
compounds with smaller shares. (Rasi, 2009) Digestzontains nitrogen and
phosphorous and other inorganic parts from feedlstmed therefore, digestate can be
utilized as a fertilizer. In some cases, digesteste as a fertilizer is limited due to the
risk of bacteria or other health risks. In thesgesa a hygienization unit can be used to
reduce these risks. The qualities of digestate mtbpm the digestion process and
feedstock utilized. In some cases, the wet andl sits of digestate are separated for
more efficient utilization. The liquid fraction ctains most of the nitrogen and the solid
fraction most of the phosphorous. Liquid and sdiattions can also be refined into
more valuable products by stripping, thermal dryémgl pelletizing. The liquid fraction
can also be used to replace raw water in the dageptant when treating low moisture
content feedstock with wet digestion method. THeldoaction can also be composted
to produce an end product containing more humus.
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Figure 6: Example plant constructions for biogasdprction (Latvala 2009).

2.1.4 Upgrading process

Upgrading processes are used for increasing theametcontent of biogas to meet the
natural gas grid standards and recommendationsallyscarbon dioxide, nitrogen,
sulfur and halogenated gas compounds are remowedthaus, the methane content
increases to over 90% and the energy content ojdkancreaces. The removal ofSH

is important due to its harmfulness and corrosizeire in the presence of water. There
are various methods for upgrading, such as waterbbing (WS), pressure swing
adsorption (PSA), membrane technology (MB) and gsses that are using other
liquids than water, such as the amine wash pro¢é¥¥). Different upgrading
processes consume electricity, heat, water and ichEntdepending on the construction
of the process. There may also be methane emiskmmsthese process steps. (Bauer
et al., 2013; Rasi, 2009; Purac puregas)

Upgrading processes where gas components fromabestgeam are dissolved into a
solvent liquid stream are called absorption. Innalzal absorption, a chemical reaction
occurs between the gas and the liquid. Adsorptificiency depends on several factors,
such as pressure, temperature and liquid-gas raheorbers can be constructed by
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various ways. Usually, the area of contact betwibenliquid and gas is increased by
dividing gas into small bubbles, by spreading ifeitl into films or forming the liquid
into small drops. A counter-current flow columncemmonly used for biogas because
it is simple and efficient method. Before utilizatj water is usually removed from
biomethane. (Bauer et al., 2013; Rasi, 2009)

Water scrubbers (WS) are based on the fact that £@nd hydrogen sulfite) has a
much higher solubility in water than methane. Waterubbing removes also other
harmful impurities, such as ammonia and sulfur diex Water is the most common
solvent in biogas upgrading. G@ absorbed into water in an absorption columre Th
process is using high pressure: 6-10 bar, @Othen released from water into a
desorption column by adding air at the atmosphmessure. Nowadays, WS processes
are using water circulation to decrease water aopson. The methane slippage from
WS is usually lower than from PSA (Bauer et al]120Rasi, 2009). However, G@nd
hydrogen sulfite are more soluble in organic sdlsehan in water. Therefore, other
solvents, such as polyethene glycol and alkanolhesjiare used. The upgrading
process with these solvents is more efficient dish more expensive. (Rasi, 2009)

Amine wash (AW) technology is less commonly used than PSAMS technology.
Amine wash uses a reagent that chemically bindd@omolecule and removes it from
the gas flow. Amines are the most common solution this. Amines are organic
compounds that contain a basic nitrogen atom. Atntoment, the most widely used
amine in biogas upgrading is activated methyldietfemine (aMDEA). In amine
upgrading, CQ@ is removed from biogas in an absorber and theroveoh from the
amine solution into a stripper. When g£f@acts with amines, it is transferred from the
gas phase into the liquid phase. This is an exotitereaction. The processes are
usually using excess amine input compared to the co@tent. In the stripper column,
heating is needed to remove £@om the amines. AW has usually a relatively low
methane slippage. (Bauer et al., 2013)

Biogas upgrading can also be done with a combinatib physical and chemical
capture, such as adsorption, membranes or tempedtp (Bauer et al., 2013).

Pressure swing adsorption (PSA)s a dry method, which separates gases via pHysica
properties. Approximately 15% of the upgrading sinit Sweden are using the PSA
technology. PSA consists of various columns aral gentinuous upgrading process. In
PSA, biogas is compressed and then fed into anrgtitso® column. The column (bed
materials) captures the G(but not the Chli(methane flows through the column). After
the column material is saturated with £Q@he pressure is decreased and, GO
desorbed. During the desorption stage, in the cojuhrere is also a certain amount of
biogas, which is lost with the off-gas flow. Thewef, the methane slippage for PSA
may be higher than for other devices. (Bauer 28l 3)
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Membrane separation (MB) uses membranes in separating various gas compgonent
Biogas is directed through a membrane (a filteat geparates the components in gas.
To receive high methane content with high methaeevery, selective membranes and
suitable design is needed. In MB separation, mendsraetain the majority of the
methane while the majority of G@asses through the membrane. The membranes can
consist of several materials for example of polyméwollow fibers or carbons. The
membranes are continuously improved to get foamst a higher selectivity. (Bauer et
al., 2013)

Cryogenic processesare not basic upgrading processes, but they cansbkd for
several applications, such as trace compound remawgrading and the production of
liquid biogas (LBG). Most of these processes argertly under development, and
therefore, there is only a little data relatedhitenh. Cryogenic processes are based on
low temperatures. The operation temperature may significantly. The condensation
point at the atmospheric pressure is —78°C fop @@ —161 °C for Cld Cooling can

be done by liquid nitrogen (expensive on a largaejcor by cooling cycle devices.
(Bauer et al., 2013)

2.1.5 Biomethane distribution

There are various ways to distribute biomethan¢h# transportation sector and for
other utilization options. The basic idea for thstribution is to use different pipelines
or container/tank transportations. Containers amdkg can be transported by trucks,
ships or rails. Transportation can be done eitheaiseous or liquid form.

One of the distribution options is the NG grid disttion the advantage of which is the
already existing NG infrastructure in various pkc®arious countries have different
standards for biomethane for NG grid injection arghicle use. In Switzerland, a
limited amount of biogas with methane content bek%6 can be added to the NG
grid. For the unlimited distribution, the metharentent has to be over 96%. In the
Netherlands, the methane content should be 85%wiaden 97% and in Finland at
least 95%. (Rasi, 2009; Gasum Oy) In addition @ rtkethane content, there are also
limitations and recommendations for various otheetdrs in biomethane. However,
there is a proposal to harmonize the quality litiotes for biomethane in the EU. (Rasi,
2009) If the biomethane quality meets the NG gtahdards, delivery can be done in
the existing NG grids. In this case, biomethanmjected into the NG grid, and it can
be used in different NG utilization options aloig tNG grid. (IEA, 2010) Because gas
molecules (biomethane and fossil natural gas) ameednduring transportation,
biomethane consumption and injection have to besored in order to know how much
biomethane is in the grids available for the udee $ystem thinking is usually similar
to that of the electric grids where for example temewable electricity input is
calculator used in various utilization options. $amy, biomethane is injected into the
NG grid and used in various NG utilization optiolisa NG grid is not available,
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distribution can be done also via separate biog&gomethane grids, which is the most
common distribution option for example in SweddgA(, 2010) According to Poeschl
et al. (2010), biogas upgrading to biomethane a#livety via natural gas grid is the
most promising technology that could support thpidautilization expansion. The
advantages of using the NG grid for biomethaneriigion are lower transmission
losses, the possibility for transmission to expamsimarket and decentralized
production. NG grids create an option for biomethatelivery if the production or
consumption of biomethane is located close to ahyms grids. The wider spread the
NG grid is, the easier it is to utilize the NG gfat biogas distribution. The increasing
use of NG and expanding NG grids will enable wislggile biomethane production and
use (Ryckebosch et al., 2011).

The biggest NG markets are in the U.S., Russiatr@eBEurope, China, Japan and
Middle East. The main global pipeline transportagi@f NG are done from Canada to
the USA, from Russia and Baltic Sea to Central perand from Central Asia to
Eastern Asia. (National Energy Board, 2009)Europe, the main pipeline connections
are located in Russia, and there are also smaillemections from the North Sea and
North Africa. The transit pipelines are mainly lea@in Central Europe and Italy. The
transmission pipelines cover most parts of Eur¢@d.E, 2009) According to the Gas
Infrastructure Europe’s GIE road map 2050, greasncga be seen as an integral part of
the NG systems in achieving a more sustainablerdutihis will be enabled by
expanding the NG grids in Europe. (GIE, 2011) I02tew pipelines were being built
in North Europe, mainly under water, from RussiaGermany and from Norway to
Sweden. The focus of the new on land pipelines maisly in South and East Europe.
New pipeline connections were being built in FranSeain, Italy, Greece, Ireland,
Turkey, Bulgaria, Romania, Hungary, Moldova, UkgmirnRussia and Belarus. In
Central Europe, new pipelines were not built, big might be due to the very extensive
existing NG grid. Spain, Italy and Turkey are biritylundersea connections to North
Africa. Turkey and other East European countries aso building new connections
into the Asian direction. (GIE, 2011) Similar daw@ient can be seen also in the USA.
The NG grids cover the majority parts of the USAd according to EIA (2012B), there
were almost 30 NG expansion projects going on betviiee years 1998-2011.

In addition to the pipeline distribution, biometleacan also be transported by trucks,
rails or ships in different kinds of containers aadks as compressed or liquefaction
gas (IEA, 2010). Liquid biogas (LBG) and liquid natl gas (LNG) are stored at a
temperature of approximately —160°C, and before insgas-operated vehicles, they
have to be regasified. Compressed biogas (CBG) insmin gas-form, but is
compressed to a 200-300 bar pressure and put Boiestor containers for
transportation. Currently, LBG and CBG are maindgd as a back-up gas. This means
that they are utilized during shortages in biome¢haroduction to ensure the gas
delivery for consumers. (Bravin et al., 2010) Aating to Rasi et al. (2012), building a
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pipeline for distribution is more profitable thanBG transportation only in short
distances or with high gas volumes. In additiorg tiobal LNG transportations are
growing. The number of LNG producing and consundagntries steadily continues to
grow. IEA estimates high new investments on LNGasfructure to meet the demand
until 2030. According to the predictions, the glbb&lG trade will grow by at least
10%-15% over the next few years (NatgaBreviously, the share of LNG
transportations compared to pipeline transportatiwas marginal. However, the share
of LNG is estimated to grow. In 2020, it is estiethto be 37% of the total gas markets.
(World Energy Council, 2013A) One reason for th@eotedly huge growth in LNG
can be the increasing production of shale gas,cedpein the USA. Due to the low
price and huge storages, shale gas transportdtimmsthe USA to other countries are
expected to grow.

Figure 7 presents an example of the distributiorbioimethane from production to
refuelling station using a combination of the drgtpipelines and CBG and LNG
transportations.

CBG/LBG

transportation
.i > CBOLBG
transportation Refueling
Biomethane

Refueling

Gas grid
Biomethane
production .
Refueling

Refueling
‘
Biomethane production

production

Biomethane
production

Figure 7: An example of different biomethane disttion options.

Refueling of biomethane can be done in slow orrafsteling stations depending on the
refueling pressure. Public refueling stations aseally fast refueling stations, but
private refueling stations can use slow refuellimghnology. Fast refueling, the
predominant refueling method in North Europe, takety minutes. Slow refueling

systems do not normally have gas storages, anchiéney only a small compressor. The
refueling with slow refueling takes several hodtsatvala, 2009; Gustafsson & Stoor,
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2008) Different biomethane distribution and refogloptions are presented in Figure 8

with example pressures. The pressures vary depgidirihe situation and technology
used.

LBG processes

and delivery |

|
-120..-170°C

—> CBGdelivery —— FAST REFUELING

200-300 bar Intermediate

storage

1-6 bar

. _ | Local gas grid Intermediate n . Gas operated
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Natural gas grid
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30-54 bar SLOW REFUELING

Natural gas grid . . Gas operated
(low pressure) Refuslingistation vehicle
4-8 bar 200-250 bar

Figure 8: Biomethane distribution options to treorsation purposes (Bravin, 2010;
Kalmari et al., 2010; Gasum Oy).

2.1.6 Biomethane use in the transportation sector

The total amount of gas-operated vehicles in thédie approximately 18 million. The

growth has been steady over the last years. Frobd 20 2011, the growth of gas-
operated vehicles was 9% worldwide and 5% in Eurdpee highest gas-operated
vehicle amount is in Iran with approximately 3 30 gas-operated vehicles. In
Pakistan 80% of vehicles are using gaseous fuein(in&G), and the share of gas-
operated vehicles is highest there. (NGVA Eurofd,3? The amount of gas-operated
vehicles and refuelling stations in various exanguantries is presented in Figure 9.

The size of the circles represents the share ebgasated vehicles of the total vehicle
amount in the country.
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Figure 9: The amount of gas-operated vehicles afidelling stations in different
countries. The size of the circles represents tagesof gas-operated vehicles of the
total vehicle amount. (NGVA Europe, 2013)

The majority of the gas-operated vehicles is dgyedioto use NG or gas with an

approximately similar methane content. Gas-operagicles are usually so called “bi-

fuel vehicles”, which are designed to use eithes gapetrol. Heavier vehicles and a
part of light-duty vehicles are also "single fugBhicles, which can only use gaseous
fuel. “Bi-fuels” and “single fuels” have a littleifferent configuration because “single

fuel” vehicles are optimized to use gas, but “@fwehicles are a compromise in the
optimization between gaseous and liquid fuels. i(R&99)

Air pollutant emissions are related to the comlmusif fuel in vehicle engines. Air
pollutants, such as particulate matter emissionksN@y emissions, cause for example
various health problems. Reducing air pollutanisigortant, especially in cities, where
large populations are exposed to pollutants. (®alafa Pennanen, 2006) The Table 4
presents air pollutant changes based on literatdmen petrol or diesel vehicles are
replaced by biomethane operated vehicles.
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Table 4: Changes in air pollutants when the utiliraof fossil fuels is transformed to
biomethane utilization in transportation use

Pollutant Busses Passenger cars Passenger cars
diesel— diesel— petrol—
biomethane biomethane biomethane
— Op*
PM: s —94%* 99.9%* 66%
PM Reduction **
Reduction *** —15...—60% ***+
—50...—800% ****
— Op*
SG, —_98%* —99%* 98%
NOx 3906+ ~57%*
(NOx+HC) —88%* No clear difference **

No clear difference **

High reduction *** High reduction **

— Of*
voe —70%* —33%* 79%
i **
€ No C|Ire]§rre(:§$ince Increase** No clear difference **
. o
Noise 50% 5096+

May be reduced **

*Lampinen, 2009

**|EA, 2010

**Nylund et al., 2004
***Biriesson & Berglund, 2007

As can be seen in Table 4, the main advantagesio loiomethane in transportation
use from air pollutants’ perspective are lower ipatate matter emissions, lower 0O
emissions, lower N@emissions and lower VOC emissions. In additiorsome cases,
also noise may be reduced. On the other hand, CiSsiems seem to be increased
compared to fossil fuels. Nylund et al. (2004) hame a comparison between the
emissions of diesel and natural gas busses. Nagawsluse in busses had many
advantages compared to diesel busses. Methang fexiq and it is free from soot. It
seems that PM levels are significantly lower wititural gas busses, but the levels of
NOx are not necessarily superior to diesel. A hgtare of emissions with high
importance on health or on the environment are tomweNG busses than in diesel
busses (for example NOPM mass, carcinogenic PAH, mutagenity and aldesyd
(Nylund et al., 2004) Because biomethane is appratély similar to natural gas,
similar benefits are likely also when comparingrbathane use to diesel use.
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2.2 GHG emission
utilization

reductions by

transportation biomethae

Several previous studies are related to the GHG®anis of biomethane. The GHG
emissions vary on a large scale depending on #rdsfeck used and on the technology
used in the various unit processes. Table 5 pregbatdata related to GHG emissions

from biomethane production and use according ¢éoditire.

Table 5: GHG emissions from various life cycle steg transportation biomethane

production and use according to literature.

Cultivation Distribution

Raw material ) Digestion Upgrading Total Source
and collection and use
gCO2eq MJ gCO2eq MF} gCO2eq MF gCO2eq M3  gCO2eq MF
Municipal Directive
organic waste 0 20 3 23 2009/28/EC
Directive
Wet manure 0 11 5 16 2009/28/EC
Directive
Dry manure 0 11 4 15 2009/28/EC
Californian low
Landfill gas - - - - 11 carbon fuel
standard
Californian low
Dairy digester - - - - 14 carbon fuel
standard
Organic waste 7 11 11* 0-2 30 Pertl et al., 2010
Agricultural
renewable 38-41 8-9 11* 0-2 59 Pertl et al., 2010
source
Energy crops
(500 a time 23 10 7 5 45 Jury et al., 2010
horizon)
Energy crops
(100 a time 34 12 10 6 62 Jury et al., 2010
horizon)

’ Tuomisto &
Organic Ley 12 9** 4 21-25 Helenius, 2008
. Tuomisto &

Biogas Ley 29 elid 4 28-32 Helenius, 2008
Reed canary - Tuomisto &
grass (organic) 24 5 3 30-32 Helenius, 2008
Reed canary - Tuomisto &
grass (mineral) 27 5 3 34-36 Helenius, 2008

Bdrjesson &
*kk -
Ley crops 14 7 7 27 Berglund, 2006
Borjesson &
Kkk -
Straw 5 8 7 20 Berglund, 2006
Bdrjesson &
kkk -
Sugar beet tops 5 7 7 18 Berglund, 2006
ok ; Borjesson &
Manure 0 8 l o Berglund, 2006
Food industry o : Borjesson &
waste 2 4 7 12 Berglund, 2006
Municipal . : Borjesson &
organic waste 6 6 7 18 Berglund, 2006
Murphy et al.,
Grass 21 29 20 70 2011

*With PSA and MB technologies the emissions frongnaling and distribution are higher
*GHGs from production phase can be reduced bygikigat exchangers
*** Digestate transportation and spreading areudeld
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According to the table GHG emissions from biomatharoduction and use vary from
11to 70 gCQeq MJ biomethane GHG emissions of cultivated biomass vary from@Z0
gCOreq MJ biomethane Of Organic Wastes from 18 to 30 g&®MJI Liomethane@nd of
manure from 15 to 17 gGg) MJ Siomethane Feedstock selected for biomethane
production appears to play an important role in tb&l overall GHG emissions:
dedicated energy crops seem to lead to lower GH{Ss@wn reductions than does the
utilization of waste materials due to the addedirenmental burden of cultivation
processes (Borjesson & Berglund, 2006; Jury eallQ; Pertl et al., 2010). However,
studies have also reached a bit dlfferlng conchssid-or example, Pertl et al. (2010)
calculated relatively high, 30 gGg&J MJ biomethane €Missions for organic waste-based
biomethane. GHG emissions for landfill gas seemntsettower (11 gC&QqMJ .andf.”gas)
than those from biomethane production by digestioe to lack of digestion and
digestate utilization processes.

There are also some key issues along the life @fddomethane, which affect the total
GHG emission reduction potential. The main GHG eiois sources for cultivated
biomasses are cultivation, biogas plant operatémmsupgrading and for organic wastes
and manure biogas plant operations, upgrading etdbdition. According to Sinkko et
al. (2010), cultivation emissions seem to be higheFinland than in Central Europe.
According to the LCA study by Jury et al. (2010) tmain factors for GHG emissions
are biogas yields from feedstock, agricultural pcas and nitrogen utilization as
fertilizer. Poeschl et al. (2012) found out thaerth is still potential to decrease
emissions from all unit processes during the lifele of biogas production and
utilization. According to their study, ways to fuer reduce emissions include for
example using biogas in energy production insteadN@. (Poeschl et al., 2012)
Bdrjesson & Berglund (2006) concluded that in ddditto raw material handling,
electricity use in biogas production and upgrading the main sources of emissions.
According to Mgller et al. (2009), the major fastofor GHG emissions from
biomethane production are;®-emissions from digestate use in soil, fugitivessions

of CH, and unburned CH The role of NO and CH leakages did not clearly come up
in literature reviews, but it is likely that if thee are high CHl leakages or pO
emissions, this will have a high importance in @lleemissions due to the high global
warming potential of Clkland NO. Biogas yield is an important factor because it
affects directly the energy amount needed in bibared production. If biomethane
productivity is low, emissions become higher peodoced MJ of biomethane.
According to Rehl & Miller (2011), there is variati in the GHG emissions from
digestate handling processes. Composting seems to lietter option than storing in
open ponds. In addition, drying and separation gsses of digestate may lead to
additional GHG emissions due to energy consumptiile GHG emissions from
digestate handling vary from 0.06 to O.lg{;@‘ldigestatedepending on the handling
method. Belt drying leads to highest emissions soidr drying to lowest. (Rehl &
Muller, 2011)
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Ryckebosch et al. (2011) gathered information abdgas purification and upgrading
systems. There are several cleaning and upgradatigoals for biogas, and this process
step seems to be important, especially when bidggagpgraded to biomethane for
transportation purposes. Pertl et al. (2010) coetpire GHG emissions when different
upgrading methods were used. According to themltgselectricity consumption and
methane leakages were the main GHG emission souncaggrading. Methane
leakages were higher with membrane separation (BI®) with pressure swing
adsorption (PSA) than with water scrubbing (WSgdHicity use was highest with MS.
New amine wash (AW) technology can be used in upbggato replace older
technologies. AW has lower electricity consumptimd approximately no methane
emissions. However, heat consumption is higher thdth other technologies. In
addition, heat can be re-utilized in the digespoocess after upgrading, which reduces
the need of external heat in the digestion proogasiac Puregas) Bauer et al. (2013)
collected data from the suppliers related to upggdystems. Their conclusion is that
WS, PSA and MB technologies are consuming appraeiya).2—0.3 kWh Ni?
electricity. However, the end pressure of the gases between the methods. AW, on
the other hand, consumes only 0.14 kWh Rielectricity but also 5.5 kwh Nmheat.
Methane leakages and energy consumption dependawous factors, and methane
leakages can be very low if for example several Mgrading systems are attached.
According to Bauer et al. (2013), methane slipplage PSA is 1.8-2%, from WS 1%,
from MB 0.5% and from AW 0.1%. These values repneseodern plants and may be
higher with older or malfunctioning systems. WS d&Mf8A need tail-end solutions to
decrease the methane slip further to meet stnietgrlations. Tail-end solutions can be
for example thermal or catalytic oxidation of thetirane slip. Methane slippage with
MD depends highly on the upgrading facility constron. (Bauer et al., 2013)

The energy balance of biogas systems affects GH@&s@ns from biomethane

production due to GHG emissions related to energglyction. Therefore, lower energy
input compared to output would likely lead to loweHG emissions from biomethane
production if the energy production method is rfedriging. However, there are several
options to calculate the energy balance of biogasem presented in literature. The
most common ways are to calculate biogas energyupem per energy input into the
system or energy input per biogas energy outpué @ihigh variation in systems, the
results are also varying on a large scale. Berglamd Borjesson (2006) studied the
energy balance of biogas systems in the Swedistatipeal environment. According to

their study, the energy input into biogas processeapproximately 20-40% of the

energy content of biogas. Tuomisto and Heleniu®§2@id an approximately similar

estimation: the input per output energy balancbiofjas systems is 20—40 %. In their
study, the biogas delivery to refueling stationsl &mansportation use were also taken
into account. According to Polsch et al. (2010¢, émergy balance of biogas production
and utilization systems depends on biogas yield, utilization efficiency and the

energy value of the intended fossil fuel substitutiTheir results show that the energy
balance of biogas system is varying between 10d662h0%. The energy output per
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input ratio varies in the studies from 1.8 to 18epending on the system boundaries
and energy flows taken into account. (Prade et2il12; Uellendahl et al., 2008;
Gropgen, 2007; Salter & Banks, 2009) The energytimpay even exceed the energy
content of biogas if transportation distances fmdstock are long enough. The most
energy demanding process part is the biogas pldmith consumes 40—-80% of the total
energy input. The energy balance is poorest in scagbere feedstock handling
consumes energy or when biogas yields are low @aem@ontents of feedstock high.
(Berglund & Bdrjesson, 2006) Biogas systems aresgming relatively high amounts
of energy. On the other hand, the energy inputegann a large scale. To achieve low
GHG emissions from biomethane production and uséh@é transportation sector,
attention should be paid on the lower energy irquiput ratio.

The GHG emissions from biomethane production ared as be compared to GHG
emissions from fossil transportation fuels. In titerature and in the previous studies,
fossil reference fuels in the transportation sebtore been diesel, petrol and NG. GHG
emissions from these fossil fuels are also vargiegending on the fossil fuel source. In
Table 6, GHG emissions from biomethane productioth ase are compared to GHG
emissions from fossil fuels, and also the GHG eimiseeduction potential is presented.

Table 6: GHG emission reductions by transportatimethane compared to fossil
fuels.

GHG emissions from

) ) GHG emissions from GHG emission
Raw material biomethane replaced fuel reductions Source
production P
gC02eq MJ™* gC02eq MJ™* %

M””'C\'A'?:S'tzrgan'c 23 83.8 (fossil fuels) 73 Directive 2009/28/EC
Wet manure 16 83.8 (fossil fuels) 81 Directive 2009/28/EC
Dry manure 15 83.8 (fossil fuels) 82 Directive 2009/28/EC

) 94.7 (diesel) 88.1 Californian low carbon
Landfill gas 1 95.9 (petrol) 88.2 fuel standard
L 94.7 (diesel) 85.7 Californian low carbon
Dairy digester 14 95.9 (petrol) 85.9 fuel standard
Organic waste 30 82 (NG) 63 Pertl et al., 2010
Agricultural renewable
source 59 82 (NG) 28 Pertl et al., 2010
Energy crops
(500 a time horizon) 45 72 (NG) 38 (30-40) Jury et al., 2010
Energy crops u
(100 a time horizon) 62 72 (NG) 14 (10-20) Jury et al., 2010
Organic Ley 21-25 80 (petrol, diesel) 68-74 Tuomisto & Helenius,
Biogas Ley 28-32 80 (petrol, diesel) 60-65 Tuomisto & Helenius,
Reed canary grass . . . Tuomisto & Helenius,
(organic) 30-32 80 (petrol, diesel) 60-63 2008
Reed canary grass . . Tuomisto & Helenius,
(mineral) 34-36 80 (petrol, diesel) 55-58 2008

Grass 70 88.8 (diesel 22 Murphy et al., 2011
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According to Table 6, the GHG emissions from fossference fuel vary from 72 to
95.9 gCQgq MJ?* and the GHG reductions vary from 14 to 85.9%. N&nparison
seems to lead to lower GHG emission reductions fierol and diesel comparisons,
depending on the GHG emission factor used for ffdgsls. Lechtenb6hmer & Dienst
(2008) have done calculations about the GHG entissfoom the natural gas supply
chain to Germany. Their conclusion is that natges delivery is efficient and has a low
level in direct GHG emissions. On the other hargh evels of direct gas losses from
natural gas in its production, processing, transpod distribution could neutralize its
low emission advantageSherefore, it is highly important to take into anob also the
GHG emissions from the whole life cycle of fosgilels and not just the tailpipe
emissions.

In addition to comparing the GHG emissions from niéhane production and
distribution to fossil transportation fuels, alsaer scale studies can be done. In these
studies, also other utilization options for feedktand biogas and biomethane use are
compared. According to Borjesson & Berglund (2007, key factors in environmental
comparisons are the raw materials utilized, eneyggvice provided and reference
system replaced. In their studies, the referensteBys based on oil, NG, petrol and
diesel were studied. In the reference systemsabifgpdstock was utilized traditionally
for example by combustion. In addition, chemicatilieers have to be used instead of
digestate in the reference system. According tdr thesults, biogas systems lead to
GHG emission reductions compared to the referegstems. There might be indirect
emissions, which can be avoided when biogas isymext! In some cases, the indirect
emissions might even be higher than the direct €oris from the replaced fossil fuels.
For example, when manure is digested, methane ieméssan be avoided compared to
the reference situation where manure is storedglBed (2006) found out that replacing
fuel oil in district heating or petrol in light-dutvehicles by biomethane leads to an
approximately 75% GHG emission reduction. AccordiogPertl et al. (2010), the
upgraded biomethane in NG grid leads usually to Gid@uctions compared to NG.
With high electricity consumption and methane lemsathe emissions of biomethane
production and natural gas substituted were alaodte same level. On the other hand,
Jury et al. (2010) studied the biogas system ajettion into the NG grid with LCA
methods. They found out that the contribution t® ¢iimate change is 30—40% (500a
time horizon) or 10-20 % (100a) lower than the dbation of natural gas importation.
Maller et al. (2009) have counted GHG emissionrgge/iwhen biogas is utilized in the
digestion facility or when biogas is upgraded tonhéthane and used in vehicles.
According to their results, global warming factorange from -375 to 111
kgCOseq.tonne'wet waste. In addition to the replaced fossil fuetsneral fertilizer
substitution may have an important role from theGsémission perspective and should
be taken into account.
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2.3 Limitations for increased use of biomethane in théransportation
sector

The total amount of gas-operated vehicles has geaning globally during the past
years (NGVA Europe, 2013). However, despite the mstitive or even lower consumer
price compared to other fuels and the environmdrgakfits, the development of gas-
operated vehicle amount has been slow in Finlamt @so in many other countries
(Ahman, 2010; Gasum Oy; NGVA Europe, 2013). Theseseveral important factors,
which may hinder the development of biomethaneizatibn in the transportation
sector. In Finland, biomethane production is cutyebased mainly on organic waste
materials, such as biowaste and WWTP sludge. Ttrverethe potential of feedstock
might be inadequate for the increased biomethaweugtion, or the biomethane
feedstock may be geographically located in diffepaces than biomethane consumers
and distribution network. There may also be tecbgichl issues related to the
distribution infrastructure or to gas-operated ekfs, which limit the utilization of
biomethane in the transportation sector. In additm these factors, the main limiting
factor may be economic. Political decisions areallglaffecting via economic factors,
for example by supports, tariffs and taxes. (Rasle 2012; Lantz et al., 2007) The
recognized aspects to study the limiting factors Bsomethane growth in the
transportation sector are presented in Figure 10.

Technology
-Infrastructure
-Vehicle

Production
potential

Figure 10: Various aspects that may be limiting ghewth of biomethane use in the
transportation sector based on literature.

Growth of biomethane
utilization in
transportation sector

2.3.1 Biomethane potentials and contribution to self-suftiency

Biogas potentials vary depending on the geographication and may put limitations
for biomethane production. Smyth (2010) studied tiemethane potential from
cultivated grass and agricultural wastes and residn Ireland. According to her
studies, by using 10% grass produced in Irelandbfomethane production, 55% of
private vehicles could be fuelled by biomethanantsgricultural wastes and residues
for biomethane production, 35% of vehicles in Inglaould be fuelled. Sludge had the
highest potential of agricultural wastes and resgdSmyth, 2010) According to NREL
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(2013), the USA could replace 56% of NG consumpiiothe transportation sector by
biomethane. Seiffert et al. (2009) studied the Httrane potential in Chile to replace
the imported natural gas from Argentina. Accordiagheir results, by using digestion
and thermo-chemical processes, Chile could coveroapmately 84% of its natural gas
consumption by biomethane. Ahman (2010) studied lienethane potential and
economics in Europe. According to his results, kitmane should be considered as a
large-scale future contender. Several local stud#é® also been carried out to clarify
the biogas potential of a certain feedstock on tpwnr city level. However, the
different studies are difficult to be compared las basic assumptions are usually very
different, and therefore, the results vary consitib.

Biomethane potentials from various Finnish natiostadies are gathered in Figure 11
as an example. As can be seen in the figure, thradithane potential of various areas is
still unclear, and there are high differences iontéthane potentials between different
areas. It is commonly known that usually the highsmethane potentials are in areas
with most intensive agriculture due to high agrietdl biomass amounts (Smyth, 2010;
Berglund, 2006). For some reason the strong aguiailareas in Western Finland do
not arise in previous studies. Based on these egudhe total theoretical biogas
potentials in the studied areas is approximatebyBA'h a*. The final report for the
feed-in tariff for electricity produced by biogas wind power presents the biogas
potentials for Finland calculated by Pdyry Oy. Aaling to the results, the theoretical
potential for biogas production in Finland is 6BNh a’. The study shows that
technical biogas potential in Finland is approxiehat2.8 TWh a'. The biogas
utilization in Finland is currently approximately50TWh a*. (Ministry of employment
and the economy, 2009) In Sweden, the approximatgab production is 1.4 TWh'a
and the potential is estimated to be ten timeserighantz et al., 2007). The highest
biogas potential is usually in dedicated energpsythen in manure and then in organic
wastes and WWTP sludge (Lantz et al., 2007). Adogrtb Lantz et al. (2007), farmers
may have limited knowledge, especially relatechs tse of agricultural by-products in
biogas production, and the public acceptance maggainst biogas plants, which may
hinder biogas production.
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Figure 11: Biomethane potentials in Finland basedarious local studies. The values
are in annual biogas potentials. (Rasi et al., 2&Ehiluoto & Kuisma, 2010; Kurki,
2008; Virkkunen, 2010; Vanttinen, 2010; NiemitaR)08; Laine, 2008; Kuittinen,
2006; Sankari & Imppola, 2011; Kiviluoma-Leskel@1D)

The increasing use of NG and increasing LNG trartapons will affect the self-
sufficiency of different countries. The Europeampeledency on the imported NG was
below 50% in 2010 but it is estimated to be 7492030 (Bilgin, M., 2009). Locally
produced biomethane and distribution to NG grid imelyp to reduce the dependency on
imported NG. In Finland, fossil transportation fuehave been mainly based on
imported oil, and several biofuels are importedbased on imported raw material, such
as palm oil. Biomethane production, on the otherdhas local and based on domestic
feedstock, and could therefore improve the employmand increase the self-
sufficiency regionally (Seiffert et al., 2009; Lata, 2009). Domestic production can
also be more easily overseen, and environmentattsfaire easier to point out than for
the imported biofuels.

2.3.2 Technological aspects of biomethane use

There may be some limiting factors, which can bBated to the distribution network or
gas-vehicle technology. For example, there are tomsnwith a very low amount of
refueling stations (for example 2 in Denmark andn4Estonia) and gas-operated
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vehicles (NGVA Europe, 2013). According to EIA 201Be absence of widespread
public refueling infrastructure may impose a sesioconstraint on NG vehicle
purchases. Lantz et al. (2007) pointed out thatithiged distribution network may be
an important barrier. The vehicle technology sedmse relatively well working
because gas-operated vehicles can be the mairles&ype in certain countries (NGVA
Europe, 2013).

2.3.3 Economic and political aspects for biomethane prodetion and use

The complexity of biogas and biomethane is the ttaat they can be utilized both as a
transportation fuel and in energy production. Them various targets to reduce GHG
emissions and increase the use of transportatiofudds, but also to increase the
production of renewable energy.

Patterson et al. (2011) have concluded in theidistuthat directing biogas to the
transportation sector is economically competitivgaiast the electricity and heat
production from biogas. In addition, Patterson let(2011) found out that producing
biogas is cheaper than producing liquid fuels. @& other hand, according to the
results of Tricase & Lombardi (2009), in Italy basgproduction is limited by the higher
price compared to the price of fossil fuels. In sonases, competing fuels, such as
ethanol, may be more inexpensive (Lantz et al.7208omb et al. (2007) compared the
biofuel use in the UK and Germany from socio-pcéitipoints of view. They discussed
the role of the government and difficulties in mgtbiofuel system into action in the
early years of biogas utilizatioheir conclusions were that the consumers buy the
cheapest fuel and the fuel emissions do not hasigrédficant effect on the decisions.
Excise duty exemptions and reductions are the kejriments to ensure the price
competitive production of biofuels. According torita et al. (2007), existing incentives
for biogas systems can be divided into those affgcthe production of biogas and
those affecting the utilization of biogas. Due ke thigh variation of feedstock and
utilization options for biogas and biomethane, thiegas systems are affected by
various different incentives including energy, veasteatment, organic waste landfill
deposit ban, tax on waste incineration and agricailtpolicies. On the other hand
competing options may be made more unprofitableidizg taxes such as G&ax for
fossil fuels, emission trade or other instrumegitantz et al., 2007)

There are also other instruments to increase thefusiomethane. Transport companies
are usually consuming high amounts of fuels, arey thre operating with relatively
fixed routes. These companies can therefore opevdte a relatively limited gas
distribution infrastructure. In the early stageb@dmethane use, co-operation with these
local operators is needed. For example in Switadrland Sweden, some cities have
decided to run public transport on biomethane. Theates a good basis for biomethane
producers as they have stable starting markets awitimited distribution infrastructure
for biomethane. In ltaly, incentives have been te@avith tax allowances and support
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for eco-investments, and the domestic car manufstiare developing gas vehicles.
Sweden grants tax reliefs, parking benefits anbresiefs for biofuels and company

vehicles using renewable energy. Other optionsdacbalto reduce tax for gas-operated
vehicles provided by the employer; these passeocger may be exempted from the
congestion charge trails in Stockholm’s and freekipg options. There is also a

demand for alternative fuels, and therefore, réfigedtations have to have an option for
biofuel refueling. (Rasi et al., 2012; Lantz et aD07)

According to Patterson et al. (2011), one of thmiting factors may be the higher
purchase and maintaining costs of gas-operatedleshiThe same conclusion was also
made by Lantz et al. (2007). According to theiiireates, in the UK, support in this
area could lead to a rapid expansion of biomettearesportation infrastructure and
bring significant long-term environmental and eomim advantages. In Finland, there
have been problems in using gas-operated busses.mHintenance costs of gas-
operated busses have been 20 000'@igher than those of diesel busses. In addition,
gas-operated busses have operated approximatel903 kéh before a need for
maintenance, but diesel busses have operated ampgiteky 10 000 km. These factors
have led to a situation where Helsingin bussililkerOy is going to end using gas-
operated busses in its operations. (Salomaa, 28d&)rding to Poeschl et al. (2010),
the Renewable Energy Act and energy tax reliefs/igeo bases for the support of
expanded biomethane utilization in Germany. Acaagdob Lantz et al. (2007), in some
cases, competing treatment technologies may be profiable, commercial fertilizers
are inexpensive, energy crops not intended for dsiogroduction may have higher
profitability and partly immature market is leaditoghigh investments.
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3 Methods, materials and case descriptions

In this chapter, the methodologies used in thisithare presented. This chapter begins
with life cycle assessment methodology presentatidnich is the main methodology
used in this thesis. Life cycle assessment is {me@HG emissions calculations, but it
is also applied in economic evaluations and in yshgl the limiting factor for
biomethane use in the transportation sector. Iitiaddo the LCA methodology, also
the payback time and potential analysis methodetgare presented. After the
methodology descriptions, data collection and duadire assessed, and they are
followed by actual case example descriptions.

3.1 Life cycle assessment

Life cycle assessment is a tool or a method thateaused for assessing environmental
impacts through a product life cycle. It was oralip developed to help quantify
various environmental pressures related to a ptedifetime. (European commission,
2010) Life cycle assessment has been internatiostdhdardized. In the early 1990s,
the Society of environmental Toxicology and Chemistorking groups developed the
first code of practice in LCA. It was followed b® 14040 series in 1997 (European
commission, 2010; ISO 14040; ISO 14044) Accordmg herubini et al. (2009), there
is a broad agreement in the scientific communitat thCA is one of the best
methodologies for the evaluation of environmentatden associated with biofuel
production by identifying energy and materials usesdwell as waste and emissions
related to the environment. It also enables thegeition of options for environmental
improvements. (Cherubini et al., 2009) Accordinghe European commission (2010),
there are five advantages in the use of LCA:

1. It contains a wide range of environmental profde

2. It captures these problems in a scientific amahtjtative manner.

3. It allows the environmental impact potentiabtorelated to any defined system.

4. The entire life cycle of the studied producpoocess is included.

5. It equalizes different systems/options to hdmtify areas of improvement.

The LCA is a relative approach method, consistifighe comparison of various
systems to each other (ISO 14040). There are aste dimitations related to the
environmental LCA (European commission, 2010). €fae, it must be complemented
with other methods depending on the case. The L£AISo developed to take into
account the full sustainability assessment, whiels hot been possible previously.
(European commission, 2010)
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3.1.1 1SO 14040 and ISO 14044

The International Organization for Standardizat{t80) has published ISO 14040 and
14044 standards. I1ISO 14040 consists of Environrhem@nagement, Life cycle

assessment and principles and framework. Its n@ipesis to give rules for conducting
LCA studies. The standard gives instruction aboops, terminology, main characters
of different methods, reporting and critical evdloa. The main characters of LCA
according to ISO 14040 are presented in Figure 12.

Main Characters of LCA

'§ \ (ﬁ
Setting goals R
and scopes €
—
Applications:
-Improving products
| N -Strategic planning
nvento_r\/ —> Analyzing < -Political decision making
analysis N the results -Marketing
\. J/ -ETCS.
A
s N
Impact >
assesment -
\ J 1\ J

Figure 12: Main steps in conducting LCA studiesoading to ISO 14040.

As can be seen in Figure 12, setting goals andescapventory analysis and impact
assessment affect the result analyzing and viceavbecause LCA is an iterative
process. Therefore, all the LCA steps should befahlly evaluated to gain as good and
liable results as possible. According to ISO 14Q4DA is always a relative approach,
and therefore, the definition of the functional tuisi important. The functional unit

defines what is being studied, and the results usgally expressed based on the
functional unit. After defining the functional unihe system boundaries for the study
should be set. According to ISO 14040, the follayisteps should be taken into
consideration in setting the system boundaries:

- Acquisition of raw materials,
- Inputs and Outputs in the main manufacturing/prsiogssequence,
- Distribution and transportation,
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- Production and use of fuels, electricity and heat,

- Use and maintenance of products,

- Disposal of process wastes and products,

- Recovery of used products,

- Manufacture of ancillary materials,

- Manufacture, maintenance and decommissioning afataguipment and
- Additional operations, such as lighting and heating

After the setting system boundaries, the data tyuasied in LCA should be evaluated to
get information about the reliability of the stucbsults.

ISO 14044 gives additional information for LCA siesl It gives guidelines for

example to setting goals, inventory analysis, impanalysis, analyzing results,
reporting, critical analysis and limitations. 1IS@Q044 presents a more detailed figure
about the LCA process as can be seen in Figure 13.

Main Characters of LCA \
Setting goals / Assesment:
and scopes -Completeness

Recognicing -Sensitive
important analysis
factors -Consistence
Invento_ry - analysis
analysis - - Other analysis
~ J
Impact Conclusions, limitations and
assesment \ recommendations
J/
T
T L

Applications:
-Improving products
-Strategic planning
-Political decision making
-Marketing
-ETCS.

Figure 13: Main characteristics of LCA according$® 14044.

As can be seen inFigure 13, ISO 14044 gives intru@bout the different steps which
should be taken into account when conducting LCédiss. ISO standards give a
framework for the LCA studies. The rules preseritethe standards are applicable for
various kinds of LCA studies. The rules are conegimtg on handling the whole LCA

process instead of detailed information. Theref@egenhouse Gas Protocol is also
used in this thesis. Greenhouse Gas Protocol givere detailed instructions and
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recommendations related to GHG emission LCA studiésrther on, Directive
2009/28/EC is also used as a basis for calculatiodels in this dissertation because it
presents more detailed GHG emission calculatiogsridr biofuels.

3.1.2 Greenhouse Gas Protocol

Greenhouse Gas Protocol is an international midkeholder partnership convened by
the World Resources Institute and the World Busin€ouncil for Sustainable
Development. It is the most widely used internaiceccounting tool for governments
and companies. The mission of the Greenhouse Gaeddl is the development of
internationally accepted GHG accounting and repgrstandards and tools. Greenhouse
Gas Protocol’'s “Product Life Cycle Accounting an@pBrting Standards” gives
recommendations for LCA studies. It gives guidddiher example to boundary setting,
collecting data and assessing data quality, allmecatssessing uncertainty, calculating
inventory results and reporting. Figure 14 preséhés process steps that should be
taken into account in calculating GHG emissions.G5emissions from biofuel use
phase can be assumed to be bound back to natusbatiasynthesis.

Recycle/reused into
another product life cycle

T e Ball |

Material asquisition & Production Distribution & storage
pre-processing

Return to nature

Figure 14: Product life cycle stages according teeBhouse Gas Protocol, modified for
biomethane.

According to Greenhouse Gas Protocol, the functiana defines the unit of analysis.
A well defined functional unit should consist ofék general parameters, which are the
magnitude of the function or service, the duratiorservice of the life of that function
or service and the expected level of quality. (Bheeise Gas Protocol, 2011) For
boundary setting, the following parameters shoulel taken into account: the
attributable processes in the life cycle that arectly connected to the product and its
ability to perform its function, to group the abwktable processes into life cycle stages
and to identify the material, service and energwfi needed for each process. In
addition, the illustration of the product’s life dg processes should be done with a
process map. (Greenhouse Gas Protocol, 2011)

Greenhouse Gas Protocol presents also optionstitbags the uncertainty of results.
The protocol divides the uncertainties to three nmjipes. The first type is the
parameter uncertainty, which can be related toctliemissions data, activity data,
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emission factor data or global warming potentiatdes. The second type is the scenario
uncertainty, which is related to methodological ices. The third type is model
uncertainty, which is related to model limitatiofGreenhouse Gas Protocol, 2011)

3.1.3 Directive 2009/28/EC

The European Union announced the Directive 28/Z28036 promote the production of
energy from renewable sources. Article 19 in thredive gives rules to calculate the
GHG impact of biofuels and bioliquids. The annexdsthe directive give detailed
introductions on how to calculate GHG emissiongrfrine production of biofuels and
GHG emissions savings compared to fossil fuels. ofdiog to the Directive
2009/28/EC, the total emissions from the producéind use of a fuel can be calculated
with the following equation.

E=ata+etagdte—6catcsCcr—e (E1)

E the total emissions from the use of the fuel

€ec emissions from the extraction or cultivation of renaterials
a annualized emissions from carbon stock changesedahy

land-use change
emissions from processing

Qq emissions from transportation and distribution
emissions from the fuel in use
Esca emissions savings from soil carbon accumulation via
improved agricultural management
€ccs emission saving from carbon capture and geologitahge
€scr emission savings from carbon capture and replaceme
€oe emission savings from excess electricity from cagation

The directive’s calculation method for GHG emissi@nd process steps taken into
account in biofuel production are widely used iis thesis. Figure 15 presents the same
calculation method illustrated for biomethane pdn and use. According to the
directive, GHG emissions from biofuel use in thensiportation sector (direct emissions
from combustion in engines) can be assumed to foe ze
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Figure 15: Different factors in calculating thealoemissions of a fuel according to
Directive 2009/28/EC.

In Directive 2009/28/EC, the calculated emissiamsnf the production and use of the
fuel should be compared to the value of replacesbifduels to calculate the GHG
emission reduction. GHG emission savings can beulmbd with the following
equation:

SAVINGS=(E—Eg)/Er (E2)
Es the total emissions from the biofuel or bioliquid
Er the total emissions from the fuel comparator

As s reference value for fossil fuels, 83.8 g&MJ ™" can be used if there is no better
knowledge about the average emissions of fosdi inehe European Community.

3.1.4 Co-product handling in LCA studies

This section presents the ways to conduct calauati cases where in addition to the
main product, also co-product or co-products aredpced. These calculation
methodologies are used especially when aLCA is @l the emissions from the
production and use of the main products are cdkdlaln the biomethane case, a
potential co-product is digestate, which can bedus® a fertilizer to replace mineral
fertilizers. According to ISO standards 14040, 41@#d Greenhouse Gas Protocaol, in
case there are co-products, the emissions shoutlivisied for the main products and
for the co-products. The first option is processdsusion where the common processes
are divided to sub-processes. The second optioto isise system expansion or
substitution method, which includes the emissidrg are replaced by co-products. The
system expansion method is a widely used termsgorie LCAs where emissions from
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substituted or alternative processes are modeledavbid misunderstandings, in this
thesis the term substitution method is used wherGGithissions are calculated for
biomethane and digestate and emissions, which ustisited by digestate use, are
reduced from the total GHG emissions. The actustiesy expansion method (originally
presented in ISO/TR 14049) is used when varioudsteek and biogas utilization

scenarios are compared. This is explained in maildin section 3.1.5. The

substitution method can be seen as a special afiplicof the system expansion
method. The third option is to use allocation pcases. In Greenhouse Gas Protocol,
redefining the unit of analysis is also recommenttedvoid allocation. This means

changing the functional unit to cover also the codpicts if possible.

In biomethane use as a transportation fuel, prosegslivision or redefining the
functional unit cannot be used because digestateepsing is tightly bound on biogas
production. Due to additional processes for biogasmgrading and distribution
redefining, the functional unit is also impossibléhe next section presents in more
detail the substitution and allocation methods,clvtare the most applied methods for
biomethane calculations. Table 7 presents the usegroduct handling method
according to the literature review of biomethaneéALsTudies.
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Table 7: Digestate handling LCA methodologies méil in different biomethane studies
based on literature.

Source Basic method Notifications

Pertl et al. (2010) Digestate and its utilization are npfThere are several utilization options
taken into account in calculations.| for digestate, but the quality ¢
databases is poor.

=4

Borjesson & Emissions from digestate utilizatignlf chemical fertilizers can be replaced
Berglund (2006) are included in GHG emissions fpby digestate, GHG emissions from
biogas. digestate utilization decrease.

Jury et al. (2010) Digestate and its utilization are npDigestate is assumed to be given for
taken into account in calculations.| farmers free. If there is an econoni
value for the digestate, GH
A share of digestate is used @asmissions should be allocated
fertilizer in energy crop cultivation according to the economic value.
to produce feedstock for biogasAnother option is to use system
process. expansion. Digestate can also |be
regarded as waste when emissions
from digestate use in farms should pe
added to GHG emissions of
biomethane.

o=

Murphy et al. (2011 Emissions from digestate utilizatignPotential to replace chemica
and spreading are included in GHGertilizers with digestate is taken int

o

emissions for biogas. account in economic calculations.
Tuomisto & Substitution (Digestate is used td-or some of the feedstock digestate is
Helenius (2008) replace mineral fertilizers and GHGcirculated and used as a fertilizer

emission reductions are reducgdhside the system boundaries.

from GHG emissions from biogds

production).
Directive Allocation based on the energyAccording to the Directive, digestate
2009/28/EC value can also be regarded as waste as|the

processes does not aim to |ts

production

As can be seen in the table, there are three €éiffeways to handle the co-products
from biogas or biomethane production in the literat One is to include the GHG
emissions from digestate use in the GHG emissioms biogas production. Another
option is to exclude the GHG emissions relatedigestate from the calculation model.
The third option is to use substitution or allooatprocedures.

3.14.1 Substitution method

According to the ISO standards and Greenhouse Gatedel, allocation should be
avoided whenever possible. One way to avoid allogais to expand the product
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system to cover the co-products and their utilaratn addition to the systems that they
are replacing. Weidema, B.P. (1999) sees this mletisoa good way to handle the co-
products of renewable materials. This way the d@maironmental benefits of utilizing
the co-products can be studied and taken into atctlsing the substitution method,
the alternative option to produce co-products sthdnd known. The basic idea for the
substitution method is presented in Figure 16hdubstitution method, only average
emission data is usually used, instead of moddlrgwhole replaced systems. The
GHG emissions replaced by the co-products are eetifrom the total GHG emissions
of the product. In literature, the term “system axgion” is also used for the method
which in this dissertation is called the substi@ntmethod. In this dissertation, the term
“substitution” is used when avoided emissions agracted from the emissions of the
main product to calculate the GHG emissions reltdgte main product.

Product A:
Determining product for the
co-producing process

Process A: |
Co-producing process

Process B: Displaced or |
avoided process or sub- |
system ‘

Product B: Avoided

Co-product: - = product

Figure 16: Substitution method (Weidema, B.P. 1999)

3.1.4.2 Allocation

If there are co-products in addition to the maindurct, emissions from the common
processes can be allocated between the main praddcto-product(s). According to
ISO 14040, ISO 14044 and Greenhouse Gas Protdimaation should be done only if
it cannot be avoided. On the other hand, accorttirirective 2009/28/EC, allocation
should be the primary option to take the co-proslirttio account. A simple allocation is
presented in Figure 17.
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Emissions allocated between
product A and co-product Emissions allocated for product A

Process A:
Co-producing
process

Product A:
Determining product for the
co-producing process

Emissions allocated for product B

Process B:
Co-product: Intermediate
treatment

Product B, in which the co-
product is utilised

Figure 17: Basic allocation between the product@ngroduct

Allocation can be done by various ways, for examdeed on physical or economic
characters of the main product and co-productsreThee some different rules for the
allocations between different products. AccordingDirective 2009/28/EC, allocation
has to be done based on the energy value of ditfgreducts. A side flow is regarded
as a product if the processes are aiming to itduymtion. If the process is not aiming to
the production of the co-product, it cannot be rdgd as a co-product and allocation
cannot be done. According to ISO 14040 standalakations can be done according to
the physical characteristics or economical valumsg, only for co-products, not for
wastes. Objects or materials which are going tddstroyed or disposed are regarded as
waste. Greenhouse Gas Protocol recommends theatdlocbased on physical,
economical or other relationships. Physical allmcafactors can be for example mass,
volume, energy content, number of units, proteimteot of food and chemical
composition. Other relations are those which carmtmeasured and physical or
economical allocation cannot be done. Allocatiomsreot done for waste, which is a co-
product, which does not have an economical valableT8 presents waste definitions
and recommended allocation methods based on differstructions.



60 3 Methods, materials and case descriptions

Table 8: Definition of waste and allocation methbdsed on different instructions.

Directive ISO 14040 and ISO Greenhouse Gas

2009/28/EC 14044 Protocol
and additional
materials

Co-product regarded as A process residue A waste is an object orA co-product without
“waste” or “process residue” is a substance material which the economic value s
(no allocation) that is not the end holder is going to considered as waste and

product(s) that a destroy or deposit no emissions or

production removals are allocated

process directly
seeks to produce

Recommended allocation Energy allocation Physical or economic Physical allocation,
methods if allocation allocation if allocation economic  allocation,
cannot be cannot be avoided other relationships if
avoided allocation cannot be

avoided

3.1.5 System expansion method

The use of the term "system expansion" in thisedliation is different than its' common
use in literature. According to the literature, thee of the term “system expansion”
usually refers to a method, which in this thesisalled “substitution method”. In this
dissertation the term "substitution method" is onolsed when GHG emissions are
calculated for the main product and allocationvisided by subtracting the emissions
which can be avoided by co-product utilization. sTHivision, between the two terms
has been carried out in order to clearly sepatséwo methodological approaches that
are both used in this dissertation.

In this thesis, the term “system expansion methigditilised for wider perspective
studies to compare various feedstock or biogaszatiibn scenarios. ISO/TR 14049
instructs to use "system expansion” in comparisanan there are options for various
main products. In this method avoided emissions rave subtracted but added to
alternative scenarios. For example, biogas candeel as a transportation fuel or in
energy production. If biogas is used as a tranaport fuel, in system expansion,
energy has to be produced by other methods. Asudt reystem expansion presents the
emissions from the whole studied system in differgrenarios. Emission reduction
potential can be calculated by comparing the resiltifferent scenarios. When system
expansion is used, the alternative production m®e® for various products has to be
know. In Figure 18 a basic system expansion methdtis dissertation is presented.
The figure presents a situation where there isl@mnative use for the current use of



3.1 Life cycle assessment 61

feedstock. The alternative process B produces mniediate product, which has two

alternative utilization options: processes C andlibDthis case, emissions from the

current use of feedstock can be compared to atieenases (Scenario 1 and 2). When
emissions from Scenario 1 are calculated the eamisdrom processes E and G have to
be taken into account. These processes producprdlaeicts A and C, which are not

produced from the feedstock in Scenario 1.

Base case A: ~ 777 Process E: Displaced or
Feedstock Current use of - Product A + avoided process or sub-
feedstock system

Product B
= Basecase 'g:if:::fg: “ "7 Process G: Displaced
-===4» Scenario 1 utilizations of Cavoidediprocess o

sub-system
Scenario 2 product B

Figure 18: System expansion method in this dissenta

ccecs Process B: Process C:
Alternative | _ ..o Options for Lo

processing of utilizations of
feedstock product B

* Process F: Displaced or
{ avoided process or sub-
| system

3.1.6 Attributional and consequential approach

LCA studies can be divided into two main categoriattributional (aLCA) and
consequential (cLCA). These two approaches haveesdifierences, but various
experts are not unanimous about the definitiongribMtional LCA concentrates on
analyzing the environmental impacts through a petddife, and it commonly uses
allocation methodology. Attributional LCA is not ualy using a specific case but
average data. The results based on aLCA are usoaihparable and give overall
information related to the environmental performaraf products. They are also
applicable for example in the marketing of the pmd. Consequential LCA
concentrates on the environmental impact of spedfises, analyses changes and
typically uses system expansion method. (Rehl.eRall2; Vaisanen, 2014; Lippke et
al., 2011) It can be used for example for providimfgrmation for decisions makers. In
the following figure, an example of these two aputtes is presented for biomethane in
the transportation use. The figure is simplifiedd goresents an example how the
differences in system boundaries between aLCA &@hccan be divided by extreme
interpretation. In this dissertation, GHG emissiogiated to biomethane production for
transportation use are closer to aLCA, but the @impns of various feedstock and
biogas utilization options are closer to cLCA.
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CONSEQUENTIAL SYSTEM IMPACT ON MARKET PRICES AND INDIRECT

LAND USE CHANGE IN THE FUTURE

MARKET DISPLACEMENT OF COMPETING
PRODUCTS IN THE FUTURE

CONSUMER BEHAVIOR

CHANGE ‘ ‘ POLITICAL INTERACTION

ATTRIBUTIONAL SYSTEM
" i
I CULTIVATION | COLLECTING AND
} AND LAND USE } TRANSPORTATION B DIGESTION —® UPGRADING [ DISTRIBUTION —m-| USE
[ |
i | 1 ] L
CO-PRODUCTS DIGESTATE
REPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT
OF OTHER LAND OF OTHER OF OTHER OF OTHER
USE PRODUCTS PRODUCTS FUELS
COMPOSTING OR OTHER ENERGY AND HEAT
S| UTILIZATION OPTIONS L PRODUCTION FROM
FOR FEEDSTOCK BIOGAS OR BIOMETHANE
DISPLACEMENT DISPLACEMEN

OF OTHER OF OTHER
PRODUCTS ENERGY
SYSTEMS

Figure 19: A simplified example of the system boanies of the attributional allocation
and system expansion consequential system approaetiigure presents the extreme
interpretation of these two options. Real casesianally somewhere between these
two options (Vaisanen, 2014; Rehl et al., 2012)

3.2 Feasibility and payback times

Economic comparisons are mainly carried out by qudime payback time method.

Payback time is the length of a period that is rded recover the costs of investment.
The shorter the payback time is, the better theestmment. Payback time can be
calculated simply (if the interest rate is not tak&to account) by dividing the

investment by annual incomes:

PAYBACK TIME=1/(S-S) (E3)
I investment [€]
S yearly incomes [€7]

S yearly expenses [€4 (Haverila et al., 2005)
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3.3 Biogas Potential analysis

Biogas potential can be estimated for a certaia byedividing first the area to subareas
(Figure 20). The data can be collected for eaclarm#bas detailed as possible. The
feedstock for potential analysis are chosen, ardathount of each feedstock for each
subarea is calculated or collected from the litematBy using the biogas productivity of
various feedstock, the biogas potential for eadbasea can be calculated. The total
biogas potential can be calculated by combininggdso potentials of the studied
subareas. This method has been used previouslydbw tét al. (2014), Rasi et al.

(2012), Smyth (2010) and NREL (2013).
feedstock 1

Biogas productivity for
R feedstock 2
Biogas
potential for
Biogas productivity for area 2
Feedsiock 3 feedstock 3

Biogas productivity for
Feedstock N feadstock N

Area 2 —
Area 1

Area 3

Area 5
Area 4

Area M

Figure 20: Biogas potential evaluation method.

3.4 Data collection and quality

To create calculation models for this thesis, ahitiata was collected from various data
sources. For GHG emissions related to energy ptmauand transportation use, the
data has been commonly collected from various datsh Because biogas upgrading
and distribution technologies are developing rapidiore exact and up to date data has
been collected from manufacturers, operators aowh fother experts. Economic and
biomass potential data varies between differenntas, and there is a lack of peer
reviewed economic and biomass data concerningridnl@herefore, the economic and
biomass potential data had to be collected froronat publications and from experts.
Materials and Methods present all initial data assumption but quality of main initial
data sources are also analyzed in Appendix A.
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3.5 GHG emission case modeling

This section presents the materials and methodseteko the GHG emission models
carried out in this dissertation. The first andosetsections present the GHG emissions
from transportation biomethane production and Uise. first part of the first section is
based on Publication | and the second part on &atldh Il. The first part concentrates
on the effects of various factors along the lifeleyof transportation biomethane, as
well as on the effect of different allocation medbofor digestate. The second part
expands the research to WWTP sludge and agriculiimaass based on Publication II.
The third part presents a comparison of the GHGgions from biomethane to various
fossil transportation fuels. This part is not dilpdrom any of the publications, but
combines data from Publication | and Publication II

The second section compares various utilizationionpt of feedstock, biogas,
biomethane and landfill gas. The first part preseatcomparison of biogas and
biomethane utilization options based on PublicatibnThe second part presents a
comparison of various landfill gas utilization apts based on Publication V. The third
part presents a comparison of biogas and biomethased electricity use in electric
vehicles compared to direct transportation usdarhbthane based on Publication lIl.

The third section presents stydy for the limitirectbrs for biomethane use in the

transportation sector. The first part of the sectiwesents the theoretical biomethane
potential calculation for Finland, the second ahddt part presents the study for

technical and economic limiting factors. All of Hgesections are based on Publication
IV. The last part of the section presents the ¢dfe€biogas electricity feed-in tariff as a

political steering mechanism for biogas and biorapéhuse based on Publication Ill.

3.5.1 GHG emissions from transportation biomethane prodution and use

The first part presents GHG modeling for biowaste dedicated energy crops (timothy
and clover) based biomethane in the North Europganational environment based on
Publication I. The first part concentrates on tffea of various uncertainties along the
life cycle of biomethane and on the effects ofetiéint allocation methods for digestate.
The second part of the section presents GHG emissieling for biowaste, WWTP

sludge and agricultural biomass based biomethanesase Helsinki region based on
Publication I, thus expanding the feedstock bak¢his dissertation. The third part

presents a comparison of the results to GHG enmissiom fossil transportation fuels.
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3.5.1.1 Case biowaste and dedicated energy crops: effect oficertainties and
allocation methods for digestate

LCA methods are widely employed in similar GHG esios studies to compare
various options and to evaluate the effects ofagerparts of the life cycle on the entire
process (Fruergaard et al., 2009; Achten et alQ8R0The functional unit in all
calculations is 1 MJ of biomethane produced anttidiged to the transportation sector.
The modeling was carried out by calculating GHG s=ioins from each process step.
For the factors used in the calculations, the bas&umption of a certain value is
presented; thereafter, the variation of the vatupreésented in parentheses. The factors
chosen for the sensitivity analysis are also prteskim the Sensitivity analysis table in
the Results section. The variation of the valuaigsd in the sensitivity analysis to
determine the significance and uncertainties rdledesach factor.

In this research, the North European operationgiremment was selected. The two
types of feedstock chosen for the study are bicavéstganic waste) and dedicated
energy crops (clover and timothy because they adelwused in Finland in grass
production). Figure 21 presents the biomethaneymtooh chain modeled.

w } boA LA LA b A

COzq COzeq N:O COzq COwq  CH COay  Chs COuq  CHe  COapne s N:O
LAND CULTIVATION | | TRANSPORTATION | | PRETREATMENT

DISTRIBUTION USE IN

USE AND OF FEEDSTOCK AND DIGESTION AND REFUELING H TRANSPORTATION

CHANGE COLLECTION

BIOGA! UPGRADING fBIOMETHANE»{

4 A * A A A
FULLS ruk  ELECTRCITY ELECTRICITY ELECTRICITY
FERTILIZERS ; g | HEAT HEAT \ s |
AGRICULTURAL DIGESTATE CHEMICALS )

MACHINERY

FUELS® DIGESTATE [ N0 %
AGRICULTURAL HANDLING
MACHINERY — ™ COzurd

Figure 21: Biomethane production chain and flowsitesl to various process steps
(Latvala, 2009; Smyth, 2010; Tuomisto & Heleniu®08; Boérjesson & Berglund,
2006; Jury et al., 2010; Pertl et al., 2010; Murghgl., 2011). (Publication 1)

The following global warming potentials are used @wbon dioxide equivalent
emissions for carbon dioxide, methane and nitroteo respectively:

-1 gCQquCOz_l

- 23 gCQeqgCH, ™

- 296gC0reqgN.O * (Directive 2009/28/EC)

The new global warming potentials provided by IP&€ higher for methane than those
used in this dissertation. The use of the 2013esiumould lead to a higher importance
in methane leakages from the climate change pdigpec

From a methodological perspective, much variatiaiste in the methods used for
allocating emissions from digestate handling arilization. Emissions from digestate
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handling can be mainly attributed to the machinegeded for its transport and
spreading and to 4D emissions resulting from its use on fields (Myrgh al., 2011,
Tuomisto & Helenius, 2008). There are four commoaysvof dealing with GHG
emissions from digestate use in the context ofistudf biomethane emissions. First, if
digestate is not of economic value or the holdéends to dispose of it, it can be
regarded as waste, according to the 1SO 14040 atdsicand the Greenhouse Gas
Protocol. In this case, GHG emissions from digestsilization are added to the GHG
emissions of biomethane. This method has beenepfly Borjesson & Berglund
(2006) and Murphy et al. (2011). Second, in othedies, GHG emissions from
digestate utilization are not included for biomethaand allocation is not done, despite
the fact that the digestate is regarded as wasty €t al., 2010; Pertl et al., 2010).
Third, if digestate is of economic value, it canlanger be regarded as waste, and thus
part of the GHG emissions from the joint productadrdigestate and biomethane must
be allocated (ISO 14040; Greenhouse Gas Proto6dl])2 Allocation may be done
according to the economic value or to the instangiof Directive 2009/28/EC, based
on the energy content of the products. Fourth, ghiestitution method is the final
calculation method, and it may be employed to avaltbcation (ISO 14040;
Greenhouse Gas Protocol, 2011; Tuomisto & Helend®)8). In this case, GHG
emissions from digestate utilization are included lhiomethane, but GHG emission
savings incurred by replacing mineral fertilizershwdigestate are subtracted from the
total emissions. This dissertation studies the cigfeof four allocation methods
applicable for digestate. The various options aesgnted in Figure 22, represented in
Scenarios A-D.
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Figure 22: Various allocation methods for dealinghvicHG emissions from digestate
utilization. Scenario A depicts a waste assumptiwhereby GHG emissions from

digestate utilization are included in GHG emissidnem biomethane production.

Scenario B also depicts a waste assumption, but @idiSsions from digestate use are
not included in GHG emissions from biomethane potidn. Scenario C depicts the
allocation method based on economic or energy sal@xenario D depicts the

substitution method for replacing mineral fertilige(Publication I)

When economic allocation methods are used, theoasimnvalue of the products must
be defined (ISO 14040; Greenhouse Gas Protocoll)20he opportunity to gain an
economic advantage from digestate use dependseaositttation, and is still somewhat
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unclear. Based on the literature, the maximum piacaligestate is approximately 11
€t jenatered digestatt@hiluoto & Kuisma, 2010). The price for biogasdabiomethane
also varies, but is approximately 0.5 €kgas and 1.5 € kGbiomethane (Rasi et al.,
2012). For the energy allocation method, the loweating value for digestate is
assumed approximately 2.5 MJ kgFor the substitution method, the emission factors
for fertilizers are presented in the section onti€atiion.

If biowaste is used as feedstock for digestiorait replace other waste management
options such as composting. According to Finnvederal. (2005), digestion and
biomethane use as a transportation fuel is a beftéon than composting or landfill
deposit from the global warming perspective (Firdere et al., 2005). Replacing the
composting process will lead to additional GHG esiois savings with biowaste biogas.
This is further studied in Publication .

Data and assumptions

Land use changg(LUC) may occur when feedstock cultivation is @adrout in areas
that have not been used for cultivation previousiyother option for LUC is that plant
species in cultivation are changed. The basic aggamis that cultivation in Northern
Europe can be done without significant LUC, sodffects of LUC are presented only
in the sensitivity analysis. The worst case sceném LUC in this dissertation is the
conversion of a hectare of boreal forest into @og| which leads to 114 ¢gemissions
over 119 years (the amount of time the carbon nesna the atmosphere) (Miller-
Wenk & Brandé&o, 2010). LUC emissions are dividedapeflect two annual crops in
the calculations (Rasi et al., 2012).

Cultivation processes lead to GHG emissions via the utilinatb fertilizers and
machinery. Feedstock productivity varies greatlypeataling on the geographical
location. For the purposes of this dissertatiormd$tock productivity (timothy and
clover) is estimated to be 10 000 kg*h@ 000 — 14 000 kg A (Smyth, 2010; Rasi et
al.,, 2012). The required amounts of fertilizer awsfor dedicated energy crops
(timothy and clover) are 100 kg Hg50-150 kg hd) for nitrogen (N) fertilizer, 10 kg
ha' (0-20 kg ha') for phosphorus (P) fertilizer and 280 kg h@00—280 kg ha) for
calcium carbonate (CaGp fertilizer (Smyth 2010). Phosphorus fertilizereuss
relatively low in Europe, as nitrogen is the limgifactor for growth (Poeschl et al.,
2010; Kahiluoto & Kuisma, 2010). The productionroineral fertilizers leads to GHG
emissions of 5880.6 gGE kgn ™, 1010.7 gC@uqkgrzos~ and 129.5 gC&q kgcao -
(BioGrace). In addition, the utilization of nitragéertilizer leads to nitrous oxide {N)
emissions (Brandéo et al., 2011). In this resedréhpf nitrogen is estimated to react to
N,O (Brandéo et al., 2011). Cultivation processes adgjuire the use of machinery in
fertilizing, harvesting, ploughing and seeding. Esions from the use of machinery are
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calculated based on agricultural tractor emissi¢hschnical Research Centre of
Finland, 2011).

Collection and transportation of feedstock related GHG emissions are calculated
using transportation emission data for transpamatiucks (BioGrace). Biowaste must
be collected from households, public services dustry, and the collection distance is
estimated to be 50 km (10-50 k(S}tatistics Finland, 2010A). Dedicated energy crops
collection is included in agricultural machinerydais carried out by a tractor. The
transportation distance after collection for biotgaand dedicated energy crops is also
approximately 50 km (10-100 km) (Statistics Finla2@10A).

Digestion and pre-treatmentprocess are studied as the same process Babe 9
presents the characteristics of the feedstock imsedlculations. These values are used
to calculate the amount of feedstock needed to ym®dthe functional unit of
biomethane and to evaluate the effects of feedsjaekty on GHG emissions.

Table 9: Characteristics of feedstock (Rasi e2@1.2).

TS VSITS CH, N P

% - nt tvs™ %-TS  %-TS
Biowaste 27 (27-66) 90 (85-90) 400 (400-450) 2 0.4
Dedicated energy crops 35 (28-35) 85 (85-90) 3B0-+350) 3.4 0.6

*Total solids
By/olatile solids

The digestion process is modeled based on anaewnsdtienesophilic digestion. The
process is assumed to produce biogas with methatert of 60%. The electricity and
heat demand are calculated based on the heatirtheofeedstock and on energy
consumption during the pre-treatment and digegpimtesses. The electricity demand
is calculated assuming 55 MJ (10% TS) for feedstock and 16.2 MJgtestate fOr
dewatered digestate (Berglund & Borjesson, 2006 iarking 10% TS refers to a
mixture of substrate with a 10% dry matter contd@his dry matter content is obtained
by recycling reject water and adding fresh watdre Tecycling rates, or water used, is
50% for biowaste and 100% for dedicated energy r(ipe recycling rates were
calculated). On the other hand, much higher enggyands are presented in the
literature. Based on these assumptions, the alégtdemand for biowaste is 72 M3 t
(72-230 MJ 1) (10% TS), and for dedicated energy crops, 76 MJ76—230 MJ 1)
(10% TS) (Berglund & Borjesson, 2006; Rasi et 2012). The digestion process heat
demand is calculated by summing up the heat neéaletieating the material for
digestion and the heat losses from the reactort m@sumption is 59 MJ't (59-320
MJ ) (10% TS) for biowaste and 25 MJ {25-320 MJ 1) (10% TS) for dedicated
energy crops. These values may be regarded asaltyfpicnew digestion plants, but
especially the energy efficiencies of biogas plars/ on a large scale. (Berglund &
Borjesson, 2006; Rasi et al., 2012; Pdschl eR8lL0). Various references provide low
values for methane leakages from digestion (BerylirBorjesson, 2006; Pertl et al.,
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2010); the maximum methane leakages in the digestiocess are estimated to be 5%
(Borjesson & Berglund, 2007; BioGrace).

Digestatemay be used as a raw material for fertilizer potidun; it may be spread on
fields without any additional processing (otherrthgygienization for biowaste based
digestate), or it may be used in the compostinggss. The energy consumption of
hygienization is taken into account in the energmend of the digestion process. In
this study, covered storages for digestate andvezgmf residual methane are included
to avoid methane emissions (Poeschl et al., 20f2Jigestate is to be used as a
fertilizer, it must satisfy the quality requiremer{639/2006; Heinonen et al., 2008r
the purposes of this study, digestate is assumdak transported by trucks to fields
estimated to be located within 50 km from the digesplant and then to be spread
using agricultural tractors. It is estimated th&4 &f nitrogen in the digestate results in
N,O emissions (Branddo et al., 2011). The Nitratee@ive limits the maximum
amount of N that can be used for certain fields€Etive 91/676/EEC); therefore, there
may not be an adequate amount of suitable fieldsecenough to the digester, which
may in turn limit the use of digestate as a faiti In these cases, additional digestate
has to be for example composted. This option iglistliin the sensitivity analysis.
Composting does consume some electricity, but thjenity of its emissions are related
to NL.O emissions from N in the digestate (Rehl & MUIR®11). It is estimated that 71
gCOseq kg‘lfeedsmckis emitted from a compost process ¢&trd NO) and machinery use
in the handling of compost products (Kahiluoto &igma, 2010; Tanskanen, 2009). In
addition, 1% of nitrogen in the compost produatstimated to result in JO emissions
during the compost product utilization stage (B&met al., 2011). Similar compost
process is used to estimate GHG emissions from dsitev composting in waste
management.

Upgrading is needed for increasing the methane proportiothefproduced gas by
removing CQ. There are several upgrading methods: pressurggsadsorption (PSA),
water scrubbing (WS) and amine wash (AW). Thesehous differ in methane
leakages as well as in electricity and heat consiompMethane leakages from PSA are
4%, from WS 1.5%, and from AW 0.1% (0-0.1%) (Pettlal., 2010; Purac Puregas;
Patterson et al., 2011). The electricity use foARS0.72 MJ Nnﬁ3,w,ga'S for WS 0.97
MJ N 3amgas and for AW 0.36 MJ Nifaugas (Pertl et al., 2010; Purac Puregas;
Patterson et al., 2011). Additionally AW consumds i2J Nm‘3rawgasof heat, and 1.44
MJ N “awgas Of heat can be recovered for the digestion processch in turn
decreases the heat consumption in digestion (Pptaegas). Heat recovery of
upgrading is taken into account within the upgrgdprocess step (so as to prevent
misinterpretations). AW technology is assumed thgidselection, and emissions from
PSA and WS are presented in the sensitivity aralysdter the upgrading process, the
methane content of biomethane is assumed 98%.
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Distribution of biomethane to consumers is also needsdveral solutions for
distributing biomethane to the transportation seete available. The natural gas grid
and other suitable gas grids can be used to distrilbiomethane. In gas grid
distribution, biomethane is pressurized to conftongrid pressure, which, for example,
is 55 bar for natural gas grid distribution in ind, but may be lower if distribution is
done via low pressure grids (Rasi et al.,, 2012kctkcity consumption in the
compressor is 0.5 MJ Thfor natural gas grid distribution (Rasi et al.12Q If no grids
are obtainable, the biomethane must be transpamtdiduid or compressed form by
trucks, rail or ships. This dissertation examinethtihe natural gas grid distribution and
truck transportation of compressed biomethaneth&tatter, biomethane is pressurized
to 250 bar, and the transported gas amount is Xg0per truck (Rasi et al., 2012;
NSCA; Gustafsson & Stoor, 2008). The transportatiistance for the compressed
biomethane is assumed 100 km (50-250 km) basech®riotations of refuelling
stations and gas grids in North Europe. The amotidiewatered digestate is 0.07 kg
MJ™ (TS 30%) for biowaste and 0.134 kg M(TS 30%) for dedicated energy crops.

Gas-refuelling stationsare needed for biomethane distribution. The statioray be
located either along the gas grids or in separatations. For fast refuelling, the
predominant refuelling method in Northern Eurogdes pressure of the biomethane
should be increased to 250 bar from NG grid’s pressand refuelling takes only
minutes (Latvala 2009; Gustafsson & Stoor 20083 cfricity consumption in refuelling
station compressors is 0.16 MJnand in other devices, 0.04 MJH(Rasi et al., 2012;
BioGrace). If a refuelling station is not locatddrey the gas grid, a back-up gas system
is required to ensure gas delivery during the shwitd of bioreactors. In this research,
the proportion of back-up gas is estimated to 8% d®the total distributed gas amount,
but it should be borne in mind that only little anfnation related to back-up gas use is
available.

Several kinds of vehiclesare developed to run on gaseous fuel. The mosbvabwusers
are buses, taxis and other vehicles operatinglatively confined areas. For example,
local buses can operate with only one refuellirgtian. It is also possible to use
biomethane in heavier vehicles, such as waste grslokki, 2006). An example
passenger car in our research has an average gssngation of 2.3 MJ ki, and an
example bus has an average consumption of 21.2nvkirkurban driving (Rasi et al.,
2012; Technical Research Centre of Finland, 20¥&hicle emissions used in this
study are 0.0011 gCHkm™ and 0.0021 gD km™* for passenger cars and 1.0 gCH
km™ and 0.032 ghD km™ for busses (Technical Research Centre of Finlafd}).
Based on Directive 2009/28/EC, emissions from th#éization of biofuels in
transportation can be excluded from the studied, this is taken into account in the
sensitivity analysis.
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Emissions levels from processes consuming enerdgpend largely on the emissions
resulting from energy production. Emissions amoagous energy production methods
vary greatly; therefore, various emission factorastmbe used in calculations. In
Finland, GHG emissions from average electricitydpiciion vary from 45 to 86 gGg)
MJ* (Statistics Finland, 2012C). However, GHG emissioriginating from electricity
production may be significantly lower if a high shaf renewable energy is used. In
other Nordic Countries, emissions from electrigitpduction are lower than in Finland.
For example, in Sweden, GHG emissions from aveesggricity production may be as
low as 14 gC@qMJ ™" (Schakenda & Nyland, 2008). On the other handpeiv
electricity consumption occurs, new electricity guotion is also needed, and this new
electricity may be produced by marginal electrigiypduction methods (coal power)
especially in the beginning (Voorspools & D haesgle2000). GHG emissions from
marginal electricity vary from 222 to 250 g@;@MJ‘l (Thyholth & Hestnes, 2008;
Holttinen & Tuhkanen, 2004). Based on this inforimat 83 gCQeq MJI™ (14-250
gCOseqMJI™) is chosen for this study to determine the effedtthe utilized electricity
type. The chosen value represents the GHG emisdions the average electricity
production in Finland. The variation of electricigroduction related emissions is
applicable also in many other geographical locatidamissions from average heat
production in Finland are 58 gGg&Q MJ™ (Statistics Finland, 2012C). The highest
emissions from the heat use by energy method itafidinwere 81 gCg MJ™ during
2005-2009, which is close to the emissions fromunaatgas-based heat (Statistics
Finland, 2012C). The lowest emissions from heatdpction are 4 gCgq MJI 2
occurring when heat is produced by wood chips (R&sil., 2012). In this research,
emissions from heat production are assumed 58&@0 (4-81 gCQegMJI™).

3.5.1.2 Case biowaste, WWTP sludge and agricultural biomassn Helsinki
region

This research is based on Publication Il and th&@rhissions from biowaste, WWTP
sludge and agricultural biomass based biomethamealculated using Helsinki region
as a case example. In the Finnish capital reglwretare two digesters that are using
sludge from waste water treatment plants (WWTPh dsedstock. They have been
using the produced biogas for electricity and h@atluction. The produced heat has
been used to cover the own heat consumption oYMWETP. The electricity has been
sold to the grid. However, one of the WWTPs stattedell its biogas for the NG grid
delivery and transportation use instead of energduypction. In addition to the WWTP
digesters, there is a biowaste digester under wangmn. It will start using source
separated biowaste from the capital region to predoiogas for the gas engines to
produce electricity and heat. In addition to biolgaand WWTP sludge, there are
organic agricultural masses, which could be usetifigas production.
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This research is carried out by calculating the Geét@issions from different process
stages of three different digesters: biowaste, WV¥Itielge and agricultural biomass,
which are the main feedstock for biogas productidre digestion plant for biowaste is
located in the Ammassuo landfill where the souregasated biowaste is transported,
the digestion plant for the WWTP sludge close t® YWWTP plant and the digestion
plant for agricultural biomass close to the NG gricthe area where the agricultural
biomass density is the highest. (Rasi et al., 2012)

The functional unit used in this study is 1 MJ l@sgroduced. Process steps studied for
biomethane from different feedstocks are preseint&igure 23.
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Figure 23: Process steps and GHG emissions fordittane production from different
feedstocks.

The research is basically carried out analogoukdaesearch presented in the previous
section. However, the feedstocks are differentsorde Helsinki region specific data is
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used. In the calculation model, GHG emissions e€elab digestate use are included in
biomethane GHG emissions (waste assumption) orcald according to energy
values. The maximum heating value for digestated lise2.5 MJ kg" (Statistics
Finland, 2011).

Data and assumption

Feedstock production and transportation The amounts of collected biowaste and
WWTP sludge in 2009 in Finland's capital region atgosen for the study. The
agricultural biomasses, used as raw material iragnultural biogas plant, are manure,
silage, straw of cereals, vegetable tops, greemhaaste and potato waste. The raw
materials, with the exception of silage, are com®d as waste materials, and therefore,
the GHG emissions from their acquisition phasesnateincluded here. The field area
that is not used for feed and food production isstdered to be potentially available for
energy crop production (MAVI). The biomasses areirttotal solids (TS) are presented
in Table 10.

Table 10: Biomass amounts and their total soliésl us the study. (MAVI; HSY, 2010;
Tike, 2008; Sundell, 2011; EVIRA, 2009)

Mass fraction Mass TS
ta %
Agricultural biomass
Manure 1100 32
Silage 20 000 35
Straw of cereals 5000 85
Vegetable tops 300 11
Greenhouse waste 20 12
Potato waste 20 25
Source separated biowaste 36 700 27
Sewage sludge 149 400 10

Grass is considered to be a potential energy €amp rotation of grass is assumed with
grain in the sequence of two seasons of grasshaed seasons of grain. The yield used
for the grass is 7.% ha™ (Rasi et al., 2012). The emissions of silage waltbn and
harvesting are based on machinery use in agriallprocesses. Fertilizing is assumed
to be carried out by using digestate from the digasprocess as fertilizers. This is
explained in more detail in the section Digestate. u

The transportation of biowaste is carried out bysteatrucks. Waste trucks are
collecting source separated biowaste from the Hulds, public services and industry
sector. The collected biowaste is transported ® digestion plant. The average
collection and transportation distance for biowastdd3 km Thiowase and the GHG
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emissions from transportation are calculated bggiie emission data of the Research
Centre Finland (Technical Research Centre of Fthl@a®012). For WWTP sludge, no
transportation is needed as the digestion plafdated next to the WWTP. To the
agricultural biogas plant the masses are assumieel tansported from within 10 km of
the plant based on a pre-analysis. (Rasi et al2RUThe transportation distance over
which the biogas feedstock can be economically mialepends on its energy density
and its transportation properties. In practise, ttensportation distances for raw
materials vary from 10 to 40 km (Dagnall et al.,0@0 Palm, 2010). Agricultural
biomass is assumed to be mostly transported kactotr(Technical Research Centre of
Finland, 2012).

Biogas production. Wet (total solids 10%) mesophilic digestion is usedbiogas
production. The used electricity consumption isNB5 £+ (10% TS) for all digesters
(Berglund & Bérjesson, 2006), and the calculateat lmensumptions are 97 MJ for
the sewage sludge, 59 M3 for the biowaste, and 25 MJ for the agricultural biomass
digesters. The heat demand includes the heatitigeahaterial and the heat losses from
the reactor. The recycling rate of water is 50%biowaste digestion, while with
agricultural masses it can be as high as 100%WAMTP sludge digester there is no
water recycling because WWTP entering the procesdréady wet for digestion. The
digestate was assumed to be mechanically dewatbseddecanting centrifuge
consuming 4.5 kWh't electricity (Mgller et al., 2002).

Digestate transport and useDewatered digestate from biowaste and sewage eludg
digestion is assumed to be treated in a compogiiagt. The GHG emissions for
composting (direct emissions and emissions rel@tedachinery) used in this study are
71 KG:0zeqt digestate(Tanskanen, 2009).

The dewatered digestate from the agricultural besydigestion is used as a fertilizer in
the arable land used for the silage cultivationislassumed to be transported with a
tractor and a trailer for a distance of 7 km. Thgcet water is directed back to the
digester to substitute fresh water. The digestat@ssumed to cause® emissions of
0.203 K@i20eq t feedstock when applied on the arable land (IPC@)6R The
spreading is done by using an agricultural tracad the diesel consumption is 14 MJ
t for the dewatered digestate (Berglund & Borjes®006). There is also additional
digestate from agricultural biomass which can bkl $0 replace mineral fertilizers
elsewhere. The share of additional digestate isoaxppately 24% based on the N and P
contents of digestate and need in silage cultimafidfve amounts of digestate and N and
P contents of digestate are calculated using the pi@vided by Rasi et al. (2012).
Emissions from mineral fertilizer production are838g:o2eq kgy ™t and 1011 8o2eq
kgr20s5 * (BioGrace).

Purification and upgrading. The upgrading process is also located close & th
digestion plant because the gas amount is redusidgdthe upgrading, and therefore,
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the transportation of the upgraded gas is moratpbdé. In this study, AW is used as an
upgrading method especially due to its low methimad&ages. The methane leakage
from AW is 0.1%. Its electricity use is 0.1 kWh Nﬁ;gwgas(Purac puregas). AW is also

using 0.55 kWh Nffaugasheat, and 0.4 kWh NfawgasOf the heat can be recovered
back to the digestion process, thus decreasindhéla¢ consumption in the digestion

(Purac puregas). In the Result section, the heatvezy of the upgrading is taken into

account in the upgrading process to prevent migstatedings.

Biogas distribution. In this research, only the NG grid distributiorstadied because it
is the only delivery method for longer distancesdusurrently in Finland. In the NG
grid delivery, biomethane is pressurized to NG 'gmqtessure (55 bar) and injected into
the grid (Gasum Oy). Biomethane from the NG grich @ used in the existing
refueling stations along the grid. Biomethane caapion is estimated to consume
0.143 kWh m? electricity for NG grid’s pressure and 0.045 kWH electricity for the
refueling pressure. (Rasi et al., 2012) In addjtather devices in the refueling station
consume 0.01 kWh Telectricity (BioGrace).

Biogas and biomethane useThe example gas-operated passenger car in geaneh
is Volkswagen Passat with an average gas-fuel copson of 0.6 kWh kit. GHG
emissions from vehicles are regarded as biogenissémns and are not included in
calculations based on the calculation rules of &ive 2009/28/EC.

GHG emissions related to energy productionGHG emissions from electricity and

heat production used in the study are presentedaiple 13. For the electricity

consumption the average GHG emissions are used.tHeotheat consumption, in

addition to average heat production, the effectsenewable and NG heat are also
studied.

3.5.1.3 GHG emissions comparison of transportation biomethae and fossil
transportation fuels

The previous sections present the ways that tre difcle GHG emissions from

transportation biomethane production and use wateulated in this study. These
emissions can be compared to GHG emissions fronduptmn and use of fossil

transportation fuels. In Publications | and Il, tanslard value presented in Directive
2009/28/EC is chosen for fossil transportation Suélowever, there are various fuels
that may be replaced by biomethane use, and the @HiGsions from these replaced
fuels vary on a large scale according to the litega In this dissertation, the GHG
emission reduction of transportation biomethanes€daon Publications | and Il) has
been compared to fossil petrol, diesel and NG. Gii@ssions from these fossil fuels
have been varied according to the literature. N@amement is an obvious option for
biomethane because both fuels can be used in gaateg vehicles. On the other hand,
if the share of biomethane increases in the tratefan sector, it is likely that
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biomethane utilization will replace the use of fbpsetrol and diesel. Petrol cars can be
modified to use gaseous fuels (NG and biomethang)the change may occur also
when people are investing in new vehicles. Thefailhg table presents the variation of
GHG emissions from various fossil fuels.

Table 11: GHG emissions from fossil fuels accordm¢he literature (Directive
2009/28/EC; Californian low carbon fuel standardrtPet al., 2010; Jury et al., 2010;
Tuomisto & Helenius, 2008; Murphy et al., 2011; fieical Research Centre of
Finland, 2014; Wang-Helmreich & Lochner; Statistigsland, 2012C)

Fuel GHG emissions [gCQ MJ ]
Fossil petrol 69.3-95.9

Fossil diesel 71.7-94.7

Natural gas 55-82

Fossil fuels (Directive 2009/28/EC) 83.8

Vehicles operating with different fuels have diffet efficiencies in turning the energy
content of fuels to travelled kilometers (tank-tbeel). According to Technical
research centre of Finland (2013), the averageggreamsumption of a petrol passenger
car is 2.5 MJ kit and 2.3 MJ kit for a diesel passenger car. Kappel and Vad
Mathiesen (2013) compared gas consumption to pedrisumption. According to their
comparisons and literature review, it seems that g@erated vehicles have
approximately the same energy efficiency as petrglines. There may be marginal
differences, depending on whether the engine isgusinly gas or bi-fuel technology. In
this comparison, the GHG reductions are calculatedtravelled kilometers, and for
that, the energy efficiency of petrol and gas-ofelavehicles is estimated to be the
same. In Publication | and Publication II, the fimeal unit is MJ biomethane
produced, but in this section, the results have lmeedified per km travelled.

3.5.2 Comparison of biomethane, biogas and landfill gasivarious utilization
options

The first part presents the GHG modeling for vasibiogas and biomethane utilization
options. In this model, Helsinki region is usedaasase example, and the transportation
use of biomethane is compared to various electrimitd heat production options. In
addition, other feedstock utilization options aleoastudied. The second part presents
the GHG modeling for various landfill gas utilizati options. In this part, biomethane
from landfill gas is compared to electricity andahproduction and to heat production
option (heat production for asphalt production &mddistrict heating).The third part
presents a model for the comparison of biogas @mbthane based electricity use in
electric vehicles and direct biomethane use irtrdmesportation sector.
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3.5.2.1 Biogas and biomethane utilization options compariso

The goal of this calculation model is to compare Glemissions from various

feedstock, biogas and biomethane utilization ogtitnfigure out where the biogas or
biomethane should be used in various situationg. §thdy is carried out by using a
calculation model based on the system expansiohadeBy using system expansion
method, the differences between various biogasbémethane utilization options can
be studied from the whole Helsinki region’s persipec (ISO 14040; Greenhouse Gas
Protocol, 2011).

Biogas or biomethane can be used for energy pramfuetith several applications. In
this research, gas engine and micro gas turbinetadéed for biogas. Gas engines and
micro gas turbines are used to produce energy Faonfill gas, and therefore, they are
proven technology. Replacing NG in an already exdgsNG combined heat and power
(CHP) plant is also studied as it is one optiomtibize biomethane. Table 12 presents
the electricity and heat production efficiencies tbe studied energy production
methods. The basic assumption is that the heatbeantilized throughout the year.
However, in some cases, there is a need for hégptdoming the winter months. Heat
utilization during only the three winter months ssudied in sensitivity analysis.
Feedstocks in this study are biowaste, WWTP slashgkagricultural biomass.

Table 12: Heat and electricity production efficieyscin different energy production
applications.

Electricity Heat Operational  Source of data
production production hours [h]
efficiency  efficiency

Gas engine 0.4 0.4 6000 (MWM)
Micro gas turbine 0.32 0.4 6000 (Capstone 2010)
NG CHP plant 0.47 0.43 8700  (Helsingin Energia)

Using the system expansion method, GHG emissiam filifferent scenarios can be
calculated and compared to other scenarios. Iscaharios, transportation mileages,
electricity, heat and compost/peat are chosen raditinal units and they are produced
by biogas or by alternative production methods. 3ystem expansion calculations are
carried out by comparing different scenarios wtdoh the following:

- Scenario 1: Composting. All the feedstocks are composted. Electricity &edt are
produced by average energy generation methodspetndl is used as a fuel in the
transportation sector.

- Scenario 2: Transportation use. Feedstocks are used for biogas production, and
biogas is used in the transportation sector. Bigtrand heat are produced by average
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energy generation methods, and peat is used inefeamnpost. Digestate is composted
or used as a fertilizer.

- Scenario 3: Gas engine usé&eedstocks are used for biogas production, andabiizg
used in electricity and heat production in gas eegji Additional electricity and heat are
produced by average energy generation methodsyl pstused in the transportation
sector, and peat is used instead of compost. Rigess composted or used as a
fertilizer.

- Scenario 4: Micro gas turbine useFeedstocks are used for biogas production, and
biogas is used in electricity and heat productionniicro gas turbines. Additional
electricity and heat are produced by average engeggration methods, petrol is used
in the transportation sector, and peat is use@aasbf compost. Digestate is composted
or used as a fertilizer.

- Scenario 5: NG CHP plant useFeedstocks are used for biogas production, and
biogas is used to replace NG in a NG CHP plant.ithafdhl electricity and heat are
produced by average energy generation methodsyl pstused in the transportation
sector, and peat is used instead of compost. Rigess composted or used as a
fertilizer.

Figure 24 presents the process steps chosen fosyftem expansion method and
different scenarios.
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Figure 24: Total GHG emissions from biogas sectar studied using the system
expansion method. Different scenarios are displdyedlifferent arrows. (Publication

)
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Data collection for the calculation models

GHG emissions of energy used in processe&HG emissions from the energy
production are varying yearly and depend on the&tian in production. The method to
calculate GHG emissions related to energy prodndiadlocation between electricity
and heat) has also impacts on the results. Maxigmoimminimum GHG emissions from
electricity and heat production in Finland by eryeand benefit allocation methods are
presented in Table 13. The calculations are camigdby using emissions from the
average electricity and heat production. When nemdyction or electricity
consumption is launched, it leads to increasedggnegroduction, and this energy may
be produced by marginal methods. Over time, thecstre of electricity production
reacts to the changed consumption, and the consefeetticity will be closer to the
average electricity. Therefore, the electricity disa processes may, in reality, be
categorized as somewhere between the marginal\erdge electricity on a long term
(Voorspools & D’haeseleer, 2000). The effects ofgiraal electricity, renewable heat
and NG heat are studied in the sensitivity analydarginal electricity in the European
electricity markets is electricity produced in ceahdensing power plants (Thyholt &
Hestnes, 2008).

Table 13: GHG emissions from energy production {Rsdsal., 2012; Thyholt &
Hestnes, 2008; Statistics Finland, 2012C).

Average emissions  Variation of Alternative emissions used

chosen for average emissions in sensitivity analysis
calculations
Jcozec kWh_l Jcozec kWh_l Jcoze kWh_l
Electricity 300 162-309 820 (marginal coal)

16 (renewable wood chips)

Heat 210 92-287 287 (NG heat)

Emissions for gas engine use are 8@4g/Ithioga§1 and 0.14 g0 Mthiogagl and for
micro gas turbine 110 rags Mcps > and 17 mgao Mcna > (Niskanen, 2009; Nielsen et
al., 2008). Emissions from NG used in a NG CHP fplare 86.2 go, M ™
(BioGrace). Purification needs to be done beforeghs engine or gas turbine use to
remove water and siloxanes from biogas. The gamerng usually located close to the
digestion plant to prevent the biogas distributiolong pipelines and to enable the
utilization of the produced heat in the digestiongesses. The compost is sold further
to be used as soil for landscaping by replacing. figaissions from peat production and
transportation are estimated to be 102dsgytoear - Maximum (Myllymaa et al., 2008).
GHG emissions for petrol use in passenger cars188 Gooeq km™ (Technical
Research Centre of Finland, 2012).
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3.5.2.2  Landfill gas utilization option comparison

In this study, GHG emissions from various utilipatioptions of landfill gas (LFG) are

studied. The research is published in PublicatiomMs calculation model expands the
thesis to LFG in addition to biogas production bgedtion process. Three utilization
options for LFG are compared from the GHG emisgierspective: combined heat and
power (CHP) production, heat production for asphathduction and district heat

production and LFG upgrading to biomethane.

LFG production

The calculations are based on an old (closed in 2081) & new (opened in 2001)
landfill located in Kymenlaakso region in Finlarithe landfills are located next to each
other.

Approximately 0.80 million ma™ LFG was collected in the old landfill in 2008, and
the new landfill produced approximately 4.5 milliori a* LFG in 2010 according to a
micrometeorological measurement method carried lmytFinnish Meteorological
Institute (Detes, 2008; Laurila, 2010). Methaneceatiration for the old landfill is 33%
and for the new landfill 56%. (Sarlin, 2007; Laaril2010). In this model, the gas
collection efficiency for the new landfill is seb 75% as recommended by USEPA
(2008). The energy content of yearly collected LEGhus 2 600 MWh for the old
landfill and 18 700 MWh for the new landfill. Thetal yearly collected LFG is 21 300
MWh, which is a reference unit for each gas util@ascenario.

LFG and biogas utilization scenarios

In a base case LFG is treated by flaring. The imeat efficiency for LFG flaring is
assumed 99 % (SEPA, 2002). The other studied Sosrexe:

- Scenario 1: Combined heat and power (CHP) préglugtith a gas
engine.
- Scenario 2: The combination of heat generatiorife asphalt
production process in the summer and district heat
production by a water boiler in the winter.
- Scenario 3: LFG upgrading to biomethane (cowrdmg to the quality
of natural gas).

Scenarios 1 and 2 are chosen based on previoubiligastudies (Karttunen, 2007;
Niskanen et al., 2009). Scenario 3 can be seem @wnavative option in Finland, and
hence, it is included in this research. In Scenarmomethane is utilized in a NG CHP
plant along the NG grid. The LFG utilization optioare presented in Figure 11.
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Figure 25: The LFG utilization options and replapedcesses.

In every scenario, yearly utilization period is iestted to be 8000 h. In CHP
production, gas engines are used. For a gas ertgmefficiency to produce electricity
is 39% and heat 44% (Wong et al., 2001). The eifficy of heat production in district
heating and in asphalt production is approxima@$c. The overall internal energy
consumption in the upgrading process is 9.1%, @inly CH, loss, which is set to 1.5%
of the total amount of collected GKPertl et al., 2010).The lost Gli$ not assumed to
be released into the atmosphere without treatment.

LFG collection is assumed to use average elegtrigith GHG emissions of 207 kg
MWhs . The upgrading process is estimated to use margieetricity because if the
utilization process is realized, it will increagetload of electricity consumption. GHG
emissions from marginal electricity production @stimated to be 823 kg MWH
(Dahlbo et al., 2005; Statistics Finland, 2010Bg Thethane oxidation efficiency in the
landfill cover for the released LFG is assumed @01lb%. The GHG emission factor
(GHG emissions per production, for energy produciio unit: kg:ozeq MWh™) and
other assumptions for LFG utilization and the eoiss of replaced fuels are presented
in Table 14.



3.5 GHG emission case modeling 83

Table 14: Assumptions of replaced processes anss@mifactors.

Utilization process Replaced process Basis for the GHG emission factor
assumption [Kdcozec MWH ]
CHP heat production by Local heat production  Current fuel for district 213
LFG by NG heating
CHP electricity Marginal electricity Change in electricity 823
production by LFG production by coal in  generation
Finland
District heat by LFG Local heat production Current fuel for district 213
by NG heating
Heat production in Heat production by Current fuel in asphalt 220°
asphalt production light fuel oil (specific production process
process process)
CHP heat production by Local heat production  Current fuel for district 213
upgraded LFG by NG heating
CHP electricity Marginal electricity Change in electricity 823
production by production by coal in  generation
upgrading LFG Finland

3GHG emissions based on fuel classification of Stigé Finland (2010B) and heat and electricity
Eroduction efficiencies reported by Flyktman andyiden (2003).
The heat production efficiency for NG is assumetde®0%.

3.5.2.3 Biomethane use in the transportation sector compartkto electricity
produced from biogas or biomethane use in electrieehicles

This calculation model is created to compare GHGsions from transportation use of
biomethane to GHG emissions from biogas or biommthbased electricity use in
electric cars. The calculation model and resules @rblished in Publication Ill. The
model is based on a new anaerobic digester plamnied built in Nastola, Finland. The
amount of biogas produced in the bioreactor is éxathin this study. The biowaste
and sludge volumes fed into the bioreactor are agmately 120 000 fa The
bioreactor will produce approximately 5.2 million®nof methane yearly. (Hame
Regional Environment Centre, 2009). A part of tmedpced biogas will be used to
generate power needed in the bioreactor's own psasg and only a part of the total
biogas amount can be directed to further proces#ingough estimation is that the
bioreactor's own energy consumption is 50% of tihergy content of the biogas.
Additionally, 4% of the produced biogas will be tl@kie to leakages, but it is turned
into carbon dioxide in burners. The methane contéttte biogas can vary from 45% to
75%, and it is estimated to be 55% in this studgulidein & Steinhauser, 2008). The
location of the biogas reactor is 2 000 meters ftbenatural gas grid, and therefore,
the upgraded biogas can be delivered through theyitlz This provides a wider range
of possibilities for biomethane use in differenpbgations.

Biogas can be upgraded into transportation fuel us®tl in gas-operated cars, or used
to produce power for electric cars (NGVA Europe,l20Bekkering & Broekhuis,
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2010). Power and heat can be produced in gas engiear a bioreactor or from
upgraded biogas in natural gas installations, f@ngple in large scale combined heat
and power plants (CHP plants). The studied waystitze the energy from biogas in
transportation are presented in Figure 26

Bio reactor

¥
* Biogas delivery

Injection into gas
grid
Gas motor +

| Matural gas |<—{ Delivery in grid |
. Heat m % CHP plant -+ Refuelling station

L . Biomethane as traffic
District heat | | Grid | 436 % | Heat | | Power | 473% fuel

District heat Grid
Electric cars

Figure 26: Different ways of using biogas as anrgpesource for transportation.
(Publication 111)

The average energy consumption figures of Finnashdéstribution used in this study
are 0.66 kWhkm for diesel cars, 0.69 kWhKtfor petrol cars, 0.3 kWhkm for
electric cars and 0.5 kWhKkfor gas-operated cars (Technical Research Cefftre o
Finland, 2011; U.S. Department of Energy, 2011; t&feson & Stoor, 2008). The
energy consumption of electric cars is presentedelastricity consumption. In
electricity production from biogas or biomethartes production efficiencies are taken
into account. With these average consumption figutiee total distances driven with
biomethane or with electricity produced from biogasbiomethane can be calculated.
The processes needed in the different options ¢obirsgas as an energy source for
transportation are presented in Figure 27.
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Biogas use in gas engines Biogas use as a traffic fuel Biogas use in CHP plant
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Figure 27: The processes of the different optienase biogas as an energy source for
transportation. (Publication III)

Biogas use in gas engines near the bioreactdBiogas should be pressurized and
purified before it can be used in gas engines iegde electricity. Siloxanes and water
are removed from the biogas, but the methane ctratiem is not notably increased
(Lammi, 2009). Two gas engines are used to progheeer and heat in the example
plant in Nastola. Using two gas engines will enafolere flexible usability. Annual
maintenance operations are assumed to take appt@tini 000 hours. The maximum
electric load can be utilized for approximately @0/ours a year. Heat can be utilized
only during the three winter months (2 200 h pearyeDuring downtimes, the
produced biogas will be burned in a burner. Itisossible that the produced heat
cannot be put to use at all, or if heat consumpitn@neases in nearby areas, it can be
used throughout the year. A connection pipelinghtolocal district heat grid will be
needed for the heat delivery (Finnish Energy Indesst 2006). A generator and a grid
connection to the electric grid are needed forefleetricity delivery. In Finland, electric
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cars can be charged by using already existingrgatists. This is slow, and therefore,
also some high-speed charging stations are ne&tliedefficiency of power production
in gas engines is assumed 40% and that of heatugtiod 40% (MWM). The power
capacity of a gas engine is 1 200 kW, as is thedagzacity. (Lammi, 2009; MWM)

Biomethane use as a transportation fuelBiogas needs to be pressurized and
transferred to an upgrading plant to process ib iat transportation fuel. At the
upgrading plant, the methane concentration of thgas will be increased to over 95%
by removing carbon dioxide and sulphuric oxidese Tipgrading can be carried out for
example by water scrubbing or by pressure swingratisn (Pertl et al.,, 2010).
Feeding into the natural gas grid requires thegurization of the biogas into the grid
pressure of 54 bar (Gasum Qy). A pipeline connactiod analysis centre to measure
the biomethane amount are needed. According tgdbegrid analogy, the gas amounts
taken from the natural gas grid should be at timeskevel as the amounts fed into the
natural gas grid. There are already refuellingiatatin Finland for gas-operated cars
(Gasum 0Oy). The capacity of the existing refuellgtgtions allows the delivery of the
studied biomethane volumes. In this study, howeiteis assumed that two new
refuelling stations have to be built: one larged ane smaller.

Biogas use in natural gas CHP plantThe biogas upgrading and feed into the natural
gas grid are similar to the transportation useoopti he biomethane can then be used in
an existing natural gas CHP plant to replace nbagas. The Helsinki Energia power
plant in Vuosaari is considered here as an examlplet. The total efficiency of the
Vuosaari power plant is 91% (Helsingin Energia)e Hiectrical power capacity of the
plant is 630 MW and the heat capacity is 580 MWef@il, 47.3% of the energy
produced is electricity and the rest is heat (Mgisi Energia). The produced heat is
used for district heating in the Helsinki metropenhi area (Helsingin Energia). The
delivery system for power and heat exists alreldytwo high-speed charging stations
are needed to direct the power to transportatien us

Evaluating the effects on the GHG balance

The GHG emissions were calculated by comparing ®o1is to the situation before the
use of biogas or biomethane. The used method isxip@nding the product system. The
functional unit of this study is the annual biogasount produced in the biogas reactor.
The final scenarios are the following:

Reference situationPetrol and diesel are used in transportation, @ logating plant in
Nastola produces heat in the region near a biavgaad a CHP plant produces heat for
the district heating grid in the Helsinki Metrogal area and electricity for the national
grid from natural gas.

Scenario 1. Power and heat are produced in gas engines nebiatteactor. Electricity
will be used in electric cars to replace a parpetrol and diesel. Heat produced with
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biogas will replace local heating in the districtating grid near the bioreactor in
Nastola. The CHP plant operates normally, as ineference situation.

Scenario 2.All petrol and diesel are replaced with biomethasea transportation fuel.
The CHP plant and the district heat plant operatenally, as in the reference situation.

Scenario 3.A part of the petrol and diesel are replaced egetekity produced from
biomethane. Natural gas will be replaced with bitrage in a CHP plant in Helsinki.
Because the power is produced for transportatiopgaes, additional electricity has to
be taken from the national grid. Electricity congation of the scenarios is presented in
Table 15.

Table 15: Electricity consumption of the scenarios.

Scenario 1 Scenario 2 Scenario 3

Process step [MWha’]  [MWhal [MWh a7
Biogas pressurization and 500 500 500
delivery from bioreactor
Biogas purification 700 0 0
Biogas upgrading and 0 1400 1400
pressurization
Refueling 0 500 0

The actual fuel distribution of the district hegtiplant is not known, but we can use the
average values for a Finnish district heat plarar ibe natural gas grid (40% natural
gas, 20% biomass, 20% peat and 20% oil). The agetaghon dioxide emission for
such a plant would be approximately 0.214ddgWh™ (Statistics Finland, 2012C). The
average carbon dioxide emissions of electricitydpoed in Finland in 2006 amount to
0.280 kgokWh™ (Statistics Finland, 2012C). The carbon dioxideurgin calculation
system is presented in Figure 28.
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Figure 28: Energy flows in different scenarios. §fzation I11)

CO:; reductions in transportation can be calculateadbas the total driving distances
when using biogas or electricity produced with ki®gr biomethane as an energy
source for transportation. Without the use of bititare, the same driving distance
should be performed using petrol and diesel as fadFinland, a bit less than 20% of
passenger cars are diesel-fuelled, but a relatimeber of diesel cars will increase in the
near future, and therefore, it is estimated thathis study, 20% of passenger cars are
diesel fuelled. (Pdllanen et al., 2006). The averegrbon dioxide emissions for a car
with 1.7 passengers, driving in cities 35% and ayhlvays 65% are 181 gkrhfor
petrol cars and 175 gkihfor diesel cars (Technical Research Centre ofaRihi2011).
The electric cars are not emitting GHG emissionsndutheir drive, and the GHG
emissions from biomethane-operated cars are asstntedzero as the G@ biogenic
(Pollanen et al., 2006).

In this research, the actual biogas production ggees are not included in the study
because these process steps are similar for aliestwoptions. To compare the three
scenarios, it is not necessary to include biogadymtion steps.
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3.6 Modeling and estimating limiting factors for biomethane use in
the transportation sector

In this section, potential limiting factors for bi@thane utilization in the transportation
sector are studied. The limiting factors are stidiem the life cycle perspective in

Finland’s operational environment. The first step tb calculate the theoretical

biomethane production potential in Finland. Thea limiting factors are studied from

technological and economic perspectives. The tdobital study concentrates on gas-
operated vehicles, and for the economic study, bilbenethane production chain is
divided into various operators’ perspectives. Ridssieductions of the external costs,
and the potentials to use these reductions to stppomethane use in the

transportation sector are also studied.

3.6.1 Biomethane potential modeling case Finland

This study is carried out by calculating theordtismethane potentials of different

areas in Finland. Biomasses that are used for ptmposes such as for food production
are excluded from this research. Finland is dividecbrding to the Centre of economic
development, transport and the environment, as idaé&ailable for this scale. These
regions are similar to the counties in Finland viiv exceptions. Aland is not included

in this study, as it is not a part of the contirérinland. Figure 29 presents the
locations of each studied region.

1 Uusimaa

2 Southwest Finland

3 Satakunta

4 Tavastia

5 Pirkanmaa

6 Southeast Finland

7 Southern Savonia

8 Northern Savonia

7 12 2 North Karelia

10 Central Finland

11 Southern Ostrobothnia
12 Ostrobothnia

13 Northern Ostrobothnia
ey 2 14 Kainuu

’-1 A 15 Lapland

Figure 29: Finland is divided into regions presdnite the map (Centre of Economic
Development, Transport and the Environment, 2011).

In Finland, population is concentrated on SoutHéntand while Northern and Eastern
Finland are more sparsely populated. Due to thellptipn distribution, also the highest
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transportation fuel need is in Southern Finlandhl&d 6 presents the population, area
and amount of passenger cars in each region iarkinl

Table 16: Population, area and amount of passexagerin different regions (Statistics
Finland, 2012A, Finnish Transport Safety Agencyl 20

Amount of
passenger
Area Population cars

Area km? - -
1 Uusimaa 9100 1550 000 676 600
2 Southwest Finland 10 700 470 000 234 000
3 Satakunta 8 000 230 000 122 700
4 Tavastia 10 000 380 000 190 200
5 Pirkanmaa 12 400 490 000 236 700
6 Southeast Finland 10 800 320000 167 600
7 Southern Savonia 14 000 150 000 79 200
8 Northern Savonia 16 800 250 000 120500
9 North Karelia 17 800 170 000 85100
10 Central Finland 16 700 270 000 133 200
11 Southern Ostrobothnia 13 400 190 000 108 600
12 Ostrobothnia 12 800 247 644 134 500
13 Northern Ostrobothnia 35500 400 000 184 500
14 Kainuu 21500 81200 41 500
15 Lapland 92 700 180 000 88 500

In Finland, biogas is mainly produced from biowasWTP sludge and agricultural
biomasses, such as manure, potato waste and @ratssla 2009)

Evaluating feedstock amounts and biomethane pramupbtential are the first steps in
the life cycle of biomethane. In order to calculdbeoretical potential, the basic
assumption is that biogas is not used to produeeggmeeded in the biogas production
process. Therefore, all biogas can be upgrade@todihane. The energy needed in the
processes has to be produced by other energy s@iai as natural gas or wood chips.
The results are compared to renewable transpartdtiel targets of the European
Union. In addition, the effects on Finland’s trandption fuel self-sufficiency are also
studied.

In Finland, biowaste can be collected from différemurces such as households, private
companies, public services and industry. At the ermmsource separated biowaste is
mainly used in anaerobic digestion and in compgstiogas from anaerobic digestion
is mainly used for energy production. (Ymparistigtb, 2013; Rasi et al., 2012) The
amount of household biowaste is approximately 9@kger person (variation 83—100
kg a® per person) (Rasi et al., 2012). According to Rasil. (2012), the biowaste share
of private companies, public services and indusrgpproximately 50% (46—55%) of
the total biowaste amount. By using these assump@md populations in each studied
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region, the approximate maximum amount of biowaatebe calculated. The collection
rate for biowaste is estimated to be 65% from hloolsls and 80% from other sectors
(Rasi et al., 2012). In the future, stricter legigin will decrease organic material
deposited into landfills, and therefore, biowast#ization potential may slowly be
increasing (Ministry of the Environment, 2013).

WWTP production is related to human activities andustrial processes. Sludge
amounts by regions were collected from Havukairteal. 2012B). Approximately half
of the WWTP sludge is currently digested, and tbst is composted. Biogas from
sludge digestion is mainly used to produce elatyriand heat needed at the WWTP.
(Poyry Environment Oy, Ympadristotilasto, 2013). Téstimation is that all the sludge
could potentially be anaerobically digested.

Manure amounts were calculated by using databdseg eegional amounts of different
animals. (Matilda, 2011). The manure type was dated by the average manure
collection types in the area. In Finland, somehaf &nimals are put on the pasture in
summer time, and during that period, manure is ¢eftthe fields (Matilda, 2010).
Currently, the majority of the manure is being spre@n the fields as a fertilizer. If
manure were used for biogas production, the nugisnmanure could be collected in
digestate which could be used as well, as a fegtilon fields. Data used in the manure
amount modeling is presented in Table 17 and ilerad.

Table 17: Animal numbers per region. Values aremiv thousands. (Matilda, 2011)

g g8g g5 & g &8 = g 8 & ¢ 8

5 5255 2 & § @ 5 35 & & %
1 Uusimaa 8.2 1.2 4.3 21 6.8 31.4 3.7 13.2 7.7 0.2 3.9
2 Southwest 8.6 4.5 59 54 126 3686 394 37425 144 05 2.3
Finland
3 Satakunta 8.3 2.8 5.8 52 11.0 1534 187 2202.6 6.1 0.3 1.6
4 Tavastia 152 26 8.2 52 140 927 8.4 134.5 4.8 0.0 2.9
5 Pirkanmaa 158 4.9 9.5 50 157 89.2 9.6 926.7 6.8 1.3 2.8

6 Southeast Finland 13.6 2.4 7.0 33 118 32.2 4.4 74.9 5.0 0.0 2.5
7 Southern Savonia  14.2 3.0 8.2 55 151 13.9 1.4 162.6 5.9 0.1 1.9
8 Northern Savonia 38.3 5.8 212 143 425 33.0 4.0 29.5 34 0.3 2.3

9 North Karelia 175 4.1 9.9 6.4 194 9.1 0.9 32.3 4.9 0.1 1.3
10 Central Finland 143 4.2 8.6 6.2 179 14.3 2.0 49.9 8.3 0.0 2.4
11 Southern 335 56 186 145 352 2272 231 22936 6.6 145 2
Ostrobothnia

12 Ostrobothnia 322 52 178 128 354 2145 209 530.1 11.0 04.7 1
13 Northern 435 7.1 232 143 453 51.8 5.8 13.7 111 0.1 2.2
Ostrobothnia

14 Kainuu 8.1 1.6 4.0 2.1 6.9 0.9 0.0 10.3 3.4 0.0 0.4

15 Lapland 106 1.9 5.9 54 109 0.0 0.0 4.7 171 0.1 0.6
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Table 18: Values used for manure amount calculat{datilda, 2010, Rasi, 2012).

Pasture  Share of Share of Share of Annual Annual
period pasture slurry litter manure slurry litter
using manure farms manure per manure per
farms farms animal animal
Animal mth a* - - - - t
dairy cow 4.1 0.871 0.41 0.59 25.3 24.0
suckler cow 6.1 0.577 0.25 0.75 18.0 16.9
Heifer 6.1 0.577 0.25 0.75 10.0 10.9
Bull 6.1 0.577 0.25 0.75 14.5 13.4
Calf 6.1 0.577 0.25 0.75 7.0 7.6
Pig 0 0 0.73 0.27 2.0 1.5
Sows 0 0 0.73 0.27 7.0 54
Poultry 0 0 0.03 0.97 0 0.1
Sheep 5.0 0.835 0.02 0.98 0 1.5
Goat 5.0 0.835 0.02 0.98 0 15
Horse 5.5 0.675 0 1.00 0 12.8

Cultivation in greenhouses produces different kinfiside flows such as leaves and
plant parts. The amount of greenhouse side flows lwa calculated according to
greenhouse areas regionally and by using the awesidg flow yields for greenhouses.
Vegetable tops from potato and sugar beet can derded as waste, and they can be
used for digestion. Silage is produced to feedecdttis usually produced as a part of
the crop rotation with cereals and other plantsltiGion areas of silage can be
collected regionally from Matilda (2011) databa8ecertain share of silage could be
used for biomethane production. Luostari et al.0@Opresented that in Finland, the
field area to produce energy plants is approxinga00 000 ha. According to
Niemeldinen et al. (2012), in 2012, there is a Q90 ha area of fields that are
maintained but not under cultivation. In this resbait is estimated that 200 000 ha of
fields could be used for biogas feedstock grastvatibn. This area is estimated to be
distributed according to the distribution of grdigdds in Finland. Also other biofuel
feedstock such as rapeseed could be cultivatedhign area, which may limit the
utilization potential for biogas production.

Straw is a side flow from cereal and plant oil pratibn. Straw amounts can be
calculated using the average straw yields per hegieesented in Table 20. Areas in
cultivation can be collected regionally from Maéil@2011) database. A part of straw is
used as litter for cattle, but there is still addial straw, which is ploughed into fields
because there is no better use for it. In thisediaton, it is approximated that 50%
could therefore be used for biomethane productioismall scale, straw use in energy
production is also tested, but it is not widely dige Finland. The problem of straw as
feedstock for anaerobic digestion is the high diatter content. Therefore, digestion
could be done more easily as co-digestion with maaterials with higher water content
such as manure. (Hills, 1980; Fischer, 1983)
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Field areas in different regions in Finland aresprged in Table 19. To calculate the
feedstock amount based on these areas, the bigradsctivity of different feedstock
is needed. Average productivities used in thisaedeare presented in Table 20.

Table 19: Regional use of agricultural land. Valwes given in 1 000 hectares.
(Matilda, 2011)

Region cereals grass oil potatoes and greenh set-
plants sugar beet ouses aside
1 Uusimaa 130 29 12 1 0 5
2 Southwest Finland 262 34 20 8 0.1 5
3 Satakunta 120 24 6 10 0 3
4 Tavastia 151 35 11 2 0 4
5 Pirkanmaa 107 44 9 0 0 4
6 Southeast Finland 93 33 7 0.5 0 6
7 Southern Savonia 32 35 1 0.5 0 4
8 Northern Savonia 69 84 2 0 0 4
9 North Karelia 37 44 1 0 0 3
10 Central Finland 47 41 2 0 0 6
11 Southern Ostrobothnia 192 65 11 6 0 9
12 Ostrobothnia 159 62 7 5 0.1 5
13 Northern Ostrobothnia 150 99 3 4 0 6
14 Kainuu 9 22 0 0 0 2
15 Lapland 5 39 0 0 0 0

Table 20: Biomass productivity of agricultural biasses used in calculations (Rasi et

al., 2012).

Raw material t ha
Straw of cereals 3
Straw of oil plants 2
Grass 6
Potato waste 5
Sugar beet tops 7.5
Greenhouse waste 35

To calculate the biogas and further biomethane ntiae from feedstock, certain
assumptions about the total solids (TS), volatlédsVS) and methane productivity are
needed for the calculations. Feedstock propersesl in the calculations are presented
in Table 21.
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Table 21: Feedstock properties (Rasi et al., 2012)

TS VS TS'  methane productivity
Feedstock - - Apatys
Biowaste 0.27 0.9 400
WWTP sludge 0.20 0.7 300
Slurry manure cows 0.06 0.8 200
Slurry manure pigs 0.04 0.85 300
Litter manure cows 0.19 0.6 200
Litter manure pigs 0.24 0.8 300
Litter manure chicken and turkeys 0.38 0.71 300
Litter manure sheep 0.32 0.6 250
Litter manure goats 0.32 0.6 250
Litter manure horses 0.32 0.6 250
Straw of cereals 0.85 0.91 230
Straw of oil plants 0.9 0.92 250
Potato and sugar beet tops 0.11 0.85 300
Greenhouse waste 0.11 0.85 300
Silage 0.35 0.85 300

To calculate the amount of vehicles that could theeproduced biomethane as energy
source, some assumptions have to be done relatbé war fleet. The average driving
distance of passenger cars in Finland is approxiynas 800 km @ (Tiehallinto 2009).
The average consumption of gas-operated passeagedepends on the car type. For
this study, the consumption of Volkswagen Pass&tk®h kn* is chosen (Lehtomaki

& Mykkénen).

3.6.2 Technological limiting factors

After estimating biomethane production potentiak second and the third step in the
life cycle of biomethane are the distribution ahd tise in gas-operated vehicles. The
lack of gas-refueling stations or distribution ops could be a limiting factor from the
infrastructure perspective. The development aneéasting of a gas-refuelling station
network in Finland is estimated by comparing the-ggueling station and gas-operated
car numbers to other European countries. In additidferent ways for distribution are
also estimated. There are approximately 1000 gasatgd vehicles in Finland, and 18
refueling stations for gaseous fuel (NGV globall@0Gasum Oy). The total amount of
gas-operated vehicles in Europe is approximate®@@000 (NGVA Europe, 2013).
Data about gas-operated vehicles, car amountsedndling stations is collected from
the statistics of the World Natural Gas Vehicleoagsgtion and the World Bank (NGV
global, 2010; The World bank, 2012). In additiontgntial technological limitations for
gas-operated vehicles compared to traditional \ehiare studied from the literature.
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3.6.3 Economical limiting factors

Economical limiting factors are studied from ditfat operator’ perspective and by
studying the effects of the feed-in tariff in Finth

3.6.3.1  Operators in biomethane chain

For economical modeling, the biomethane productitistribution and utilization chain
is divided into four main operators based on thedicle of biomethane (Figure 30).
The economical calculations are mainly carriedlputalculating the payback time for
investments needed in different cases.

Feedstock Biomethane Biomethane Biomethane
producer producer distributor user

Transportation %I-{ Digestion F‘ Upgrading %I-{ Distribution H Refueling %I% Biogas use ‘
I I *
- | | .
Agricultural . . |
biomass I I |
| | -
A\ Y SR ‘
) Composting b L | Petroland |
Alternative Digestion P i'fgt;'zg i diesel
options Traditional agricultural | | s
- = : : production
biomass utilizations | !

Figure 30: Different operators in the biomethanedprction and utilization chain.
(Publication 1V)

The first operator type is the feedstock produsgrich may be for example a farmer, a
municipal waste company or WWTP. The feedstoclbfomethane production is waste
or a co-product from their processes. Feedstocymers usually have to transport the
feedstock to a biogas plant and pay a gate feEinland, the gate fee is approximately
30-75 € T for biowaste, 30-55 €'tfor WWTP sludge and 0-70 €' tfor manure. In
addition, the biogas plant usually pays 20—30"€or grass biomass. (Mykkénen, 2009;
Poyry Environment Oy, 2008) In Germany, the gateife25-40 €1 (Poeschl, 2010).
Producers have also other options to utilize tles$tock. For biowaste and WWTP
sludge, one of these other options could be fomgi@ composting (Tanskanen 2009).
The price of composting and digestion in Finlandesabetween 72 and 106# and in
Germany between 35 and 95 in addition, the post aging costs 5-21"€ (Mroueh et
al., 2007, Poeschl et al., 2010) The gate-feerfoineration plants in Germany is 60—
350 € t* (Poeschl et al., 2010). For farmers, other opttonstilize for example manure
could be the traditional manure utilization optiatsfarms which cost 20 €'tat the
minimum (POyry Environment Oy, 2008). In Finlandrrhers may get support if they
distribute the slurry manure to fields (Maaseutasto, 2009).
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The second operator type is the biomethane prodBiemethane producers invest in
digestion and upgrading facilities. One conceptle¢tde to use 50% of biogas in gas
engines to produce the heat and electricity neéadlguocesses and upgrade 50% to
biomethane. Another concept could be to upgradehallbiogas to biomethane and
produce the energy needed in the process for exalmphatural gas or wood chips.
Biomethane producer gets income from gate-feesframad biomethane sale. Although
the biomethane price is not commonly known in Fidlathe incomes from biomethane
sale should be higher than from electricity prodctwhich is supported by the feed-in
tariff. Otherwise biogas will not be directed tmiviethane production but to electricity
and heat production. In this study, a biogas pieing 120 000 t & raw material is
used as an example. Table 22 presents the investraad operational costs for the
biomethane production process.

Table 22: Investments and operational costs fombtbane producer. (Publication lll,
Havukainen et al., 2012A)

Investment Operational costs
million € million € &"
Digestion plant 7.2 0.72
Gas engines 1.3 0.08
Upgrading 2.5 0.175

The third operator type is the biomethane distohuBiomethane distributors are for

example NG grid and refueling station owners. Bitrare distributors have to invest

in gas pipelines, in wheel transportation machiraerg in different applications needed
in distribution. They also invest in refueling #bats. Wheel transportation can be either
liquid biomethane (LBG) or compressed biometharBGtransportation. Biomethane

distributors pay for biomethane and get incomesnflmiomethane sale in refueling

stations. In some cases they also own the upgranfregstructure and buy raw biogas

from producers. For this study, it is assumed thatbiomethane distributor owns the
upgrading facilities. The investments and operatiaosts for biomethane distributor

are presented in Table 23.

Table 23: Investments and operational costs fanbibane distributor. (Publication 111,
Rasi et al., 2012)

Investment Operational costs
million € million € a*
Compressing 0.35 0.14
Pipeline (2 km) 1.27 *
Pipeline (10 km) 5.67 *
Existing NG grid 0.17 *
Wheel transportation 0.56 *
Refueling 0.60 0.36

* included in compressing
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The fourth operator type is the biomethane user tnys biomethane from refueling
stations and invests in gas-operated vehicles.aFoonsumer, biomethane is a little
more expensive than NG, but both gaseous fuelclaeaper compared to petrol or
diesel (Gasum Oy). On the one hand, gas-operateidlee are more expensive than
those using liquid fuels (Volkswagen, 2013). In iidd to new vehicles, the already
existing petrol cars can be modified to use alssegas fuel with a relatively low price
(Oragas Oy). The gas-operated vehicles are appatiyn 1 000-2 000 € more
expensive than the petrol fuelled cars (Volkswad@1,3). On the other hand, biogas
price is lower than the price of petrol. Biogascprias petrol equivalent is 0.96 2 |
while petrol price is 1.5 €1 (Gasum Oy). In addition, the economics are stutted
case when the maintenance costs are 208€gher for a biomethane operated vehicle.

3.6.4 Reducing external costs to subsidize biomethane use

The external costs of biomethane use are comparte texternal costs of petrol use in
the transportation sector. In addition, other endercosts can be related to the fuel
production chain, but they are excluded from thiglg. External costs are directed to
the society due to different effects such as hesdférts. In this study, the external costs
from climate change, from air pollutants (P NO; and SQ) and from energy
dependency are studied. The external costs framatdi change can be calculated using
avoidance cost or by damage cost approach. Dansjeapproach takes into account
the costs related sea level rise, energy use,udtgnial impacts, water supply, ecosystem
and biodiversity, extreme weather effects and othejor effects. Avoidance cost
approach is based on a cost-effectiveness andhatisletermines the least-cost option
to achieve the required level of greenhouse gassoni reduction for example related
to policy target GHG emissions. External costs frmimpollutants are related to health
costs, building and material damages, crop lossesgriculture and impacts on
biosphere and impacts on biodiversity and ecosystdémergy dependency costs are
related to different cost mechanisms due to thewni@gncy on imported oil. (CE Delft,
2008) The input data for external costs calculatignpresented in Table 24. However,
it is very difficult to evaluate external costsdaherefore, the uncertainty of the data is
high.

Table 24: Input data for external cost calculatigiiechnical Research Centre of
Finland, 2012; Lampinen, 2009; CE Delft, 2008).

Cost type amounts for petrol reduction from external cost
petrol to
biomethane
CO2e 210 g km! 70% 40 €T
PM, . 0.003 g krit* 66% 100 000 €t
NOx 0.33 g km* 57% 800 €1
SO 0.00094 g krt 98% 1800 €1

Energy dependency 7.81100Km 100% 0.03 €1




98 3 Methods, materials and case descriptions

Reductions of the external costs could be diretbedertain parts of the life cycle of
biomethane chain as subsidy by political decisidits could help to avoid economic
bottle necks along the life cycle and increase kitwane utilization as a transportation
fuel. External costs from different transportatienergy systems can be seen as a
potential way to evaluate and estimate the sulesiokzd for different options.

3.6.5 Feed-in tariff as a political steering mechanism fioelectricity from biogas

In Publication lll, different utilization optionsf diogas and biomethane were compared
from economic perspective in addition to GHG congmar presented in section 3.5.2.3.
In this study, the economic effect when a new fimethriff for electricity produced
from biogas is implemented in Finland is studiedofomic comparison of different
biogas utilization options takes into account irtremts and operating and maintenance
costs that have been gathered for each processT$teizes and costs of the different
components are evaluated according to the biogasi@snand costs are considered from
the natural gas grids owner’s perspective. The iofmtmation is based mainly on the
estimations of the experts from Sarlin Oy and Gasyrbecause there is not enough
Finland-specific published data available. The do&irmation for the studied size of
components is presented in the Table 27. Caloustare performed by using a 20-year
period, a 5% interest rate and payback time metoggo



3.6 Modeling and estimating limiting factors for bomethane use in the

transportation sector

99

Table 25:Cost calculation information (Lammi, 2099Suomilammi et al., 2039
Energy Market Authority, 20f0Biomeeri Oy, 2009

Scen 2 Biogas

Scen 1 Gas use in Scen 3
engines transportation CHPplant

Biogas delivery from bioreactor
Compressor investment € 53 000 53 000 53 000
Compressor use €a 47 000 47 000 47 000
Delivery pipeline$ € 55 000 55 000 55 000
Purification and upgrading of biogas
Siloksan removal investmeént € 253 000 0 0
Siloksan removal use €'a 80000 0 0
Upgrading investmeft € 0 2500 000 2500 000
Pressurization investmént € 0 350 000 350 000
Upgrading and pressurization tise €at 0 175 000 175 000
Biogas injection into natural gas grid
Pipeline investmeAt € 0 550 000 550 000
Connection investmeht € 0 62 500 62 500
Analysis investmeft € 0 100 000 100 000
Injection and directing in gas grid dse €at 0 144 000 144 000
Power and heat production
Gas engine investmént € 1 000 000 0 0
Use and maintenance in energy production € a* 100 000 0 120 000
Torch investment (estimation) £a 50 000 0 0
Delivery systems
Electric grid investmet € 25000 0 0
Transformer investmeht € 55 000 0 0
District heat pipeline investment (estimation) € 0&mo 0 0
District heat line ventilation investment
(estimation) € 2 000 0 0
Refuelling station 1st investmént € 0 1200 000 0
Refuelling station 1st ue €at 0 60 000 0
Refuelling station 2nd investmént € 0 600 000 0
Refuelling station 2nd use €a' 0 90 000 0
Speed loading stations for electric éars € 2 000 000 0 2 000 000
Investments € 4 090 000 5 470 000 5670 000
Yearly costs € 227 000 516 000 486 000
Current value € 2830 000 6 433 000 6 057 705

Total costs

€ 6930000 11 900 000

11 730 000
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The profits from selling biogas are calculated Isying the produced energy amounts
and energy prices. The calculation of the energpumts are presented in section
3.5.2.3 with the GHG emission modeling. Prices way greatly, and the estimation of
long-term price development is uncertain. The prieged in this study are 44 € MWh
for electricity, 20 € MWHh' for heat and 69 € MWHh for biogas in transportation use.
(Gasum Qy, Ministry of Employment and the Econog2(09)

A feed-in tariff includes the electricity producedth wind power or biogas in Finland.
The tariff provides a guarantee price of 83.5 €MWlor electricity produced with
biogas. If the total efficiency of the plant is 0\&%, an extra price of 50 €MWh
(heat premium) will be paid. The tariff will be pafor 12 years after the start-up of a
plant. The tariff does not include biomethane usgas-operated vehicles. (Ministry of
employment and the economy, 2009)
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4 Results

This chapter presents the results of this dissentaThe first section presents the GHG
emissions from biomethane production and use franous feedstocks and compares
them to the GHG emissions from fossil transportafieels. It also presents the effects
of changes in various factors along the life cysfebiomethane and the effects of
different allocation methods for digestate. Thatfigection is based on Publications |
and Il. The second section presents a GHG emissiomparison of various biogas,
landfill gas and biomethane utilization optionseThist part presents the comparison of
GHG emissions from transportation biomethane totetéty and heat production from
biogas and biomethane. The second part presentsl@ @nission comparison of
various landfill gas utilization options. The thinglart presents a GHG emission
comparison of biomethane use in gas-operated ashamd electricity produced from
biogas or biomethane use in electric vehicles. Fkreond section is based on
Publications Il, Ill and V. The third section presethe limiting factors for biomethane
use in transportation sector. The third sectidmaised on Publications Il and IV.

4.1 GHG emissions from biomethane production and use ocapared
to various fossil transportation fuels

This section presents the results related to the&sGithissions from transportation
biomethane production and use based on Publicatiamng II.

4.1.1 Case Biowaste and dedicated energy crops: the effef uncertainties and
allocation methods

Based on the assumptions made and the data use@HG emissions for biomethane
from biowaste are 22 gGg) MJ™, and for biomethane from dedicated energy crops
(timothy and clover) 61 gC,MJ ™" without allocation for digestate (Figure 31).
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Figure 31: GHG emissions from various process dtapsiowaste-based biomethane
and dedicated energy crops (timothy and clover@dbasomethane. (Publication I)

Dedicated energy crops-based biomethane yieldsfisagmtly higher GHG emissions
mainly because of the relatively high emissionsnfraultivation processes and digestate
utilization. Digestate from biomass of dedicateergy crops contains more N than
does digestate from biowaste, and therefore thegeausf the former leads to highesN
emissions. GHG emissions related to transportatigyestion, upgrading, distribution
and use are relatively low for both types. The mjof emissions from these process
phases are related to electricity use. The seitgiimalysis for GHG emissions related
to various factors along the process chain is ptegein Table 26. High additional
emissions can be related to LUC, cultivation, digtssutilization, digestion technology
and upgrading technology. On the other hand, lowGG&ission reductions can be

gained in almost all life cycle steps.
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Table 26: Sensitivity analysis of various factdang the process chain influencing the
total GHG emissions.

GHG emissions
compared to the

base case
[gCOze MI™]
Factor Variation MIN MAX
Biogas from biowaste
Biowaste transportation 10-100 km -2.2 +1.4
Digestion technology Heat 320 MJt (10% TS) and electricity 230 M3 (10% TS) +23.4
Digestion methane leakages 5% CH leakage +22,5
Digestion heat production Wood chip heat 4 gC@,MJ ™ or high heat production emissions o5 +1
method 81 gCQeqMJI* :
Digestion electricity Low electricity production emissions 14 g&@ MJ™ or D) +11
production method marginal electricity 250 gC@,MJ™*
. Variation in TS-%, V! -% an I ivi ffi n

Feedstock quality elic?rtic?ity andShea’t cgn:fmptie:)nd CH productiviy, eflects on - _g.7 +0.3
Digestate utilization

Digestate comp_osting + additional 1%,ON emissions from +18.3

compost spreading :
Biogas from dedicated
energy crops(timothy and
clover)

The conversion of a hectare of boreal forest imbpland, which
LUC leads to 114 tg emissions over 119 years. Double cropping +81

used.

—— Dedi nergy crop pr ivi haN-fertilizer

Cutivaton Dedicle sy o prouciy 600 e e w76
Feedstock transportation 10-100 km -0.9 +2.2
Digestion technology Heat 320 MJT (10% TS) and electricity 230 M3 {10% TS) +31.2
Digestion methane leakages 5% CH; leakage +23.4
Digestion heat production Wood chip heat 4 gC@,MJ™ or high heat production emissions 13 +05
method 81 gCQeMJ™* : ‘
Digestion electricity Low electricity production emissions 14 g&@ MJ™ or 3 +14
production method marginal electricity 250 gCQ,MJ™
Feedstock quality Variation in TS-%, VS T$-% and CH productivity, effects on 03 +1.0

electricity and heat consumption
Digestate composting + additional 1%,ON emissions from +36.1

Digestate utilization compost spreading

Biomethane production and

use
. PSA use in upgrading with higher electricity congtion and

Upgrading technology methane leakages +18.8
Upgrading methane leakages 0% CH,; leakage -0.5
%@?ﬁigmg heat production Heat 320 MJ T (10% TS) and electricity 230 MJ(10% TS) -1.4 +0.6
Upgrading electricity Low electricity production emissions 14 g&@ MJ™* or 12 +2.8
production method marginal electricity 250 gCf,MJ™ :

ot : CNG and back up gas transportation 250 km. Lowtedéty +
Dlstrlpqtlon technology and production emissions 14 gGQMJ™ or marginal electricity 250 —2.1 7.0
electricity use GCOse MI™
Use The emissions from use are not included accordingitective 03 +1.3

2009/28/EC or high emissions from gas bus
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In addition, different allocation methods were $wd(Figure 32). Emissions from
biomethane production are significantly higher igefario A than in the other
scenarios. In Scenario A, digestate was assuméa twaste; therefore, all emissions
related to digestate handling and use are includethe emissions of biomethane.
Scenario B depicts that excluding digestate utilira from the calculations will
decrease the total GHG emissions significantly.n8de C shows that with the
application of energy or economic allocation me#adthe majority of the emissions
(87-95 %) from common processes will be allocatetdibmethane because of the low
heating and economic value of digestate. Theretoredifferences between Scenarios
B and C are marginal. In the future, if prices eftifizers and digestate increase, the
allocation rate for digestate would also increagkich would lead to a lower GHG
emission load for biomethane in Scenario C. Scenarishows that the usage of the
substitution method and replacement of mineralilifegts leads to additional GHG
emission reduction from mineral fertilizer prodecti This substitution method results

in the lowest GHG emissions especially for biowdsieed biomethane.
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Figure 32: GHG emissions from biomethane productieith various

methods for digestate. (Publication I)
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4.1.2 Case Biowaste, WWTP sludge and agricultural biomass Helsinki

GHG emissions for transportation use of biometHama biowaste, WWTP sludge and
agricultural biomass were calculated using the iHkilsregion as a case area. The
results are presented in Figure 33. The resultp@sented with and without the GHG
emission allocation for digestate. In addition, #féects from the options to utilize

renewable heat or NG heat for biomethane produetierstudied.

a) Biowaste
econmr ) ecomr D) WWTP sludge
50 50
40 40 4
30 30
20 - 20 A
N I l: N l:
ﬂ T T T T ‘} 7 T T T
Mo No Mo Allocation Mo Mo Mo Allocation
allocation allocation, allocation, for allocation allocation, allocation, for
renewable NG heat digestate renewable NGheat digestate
heat heat

gco..,mrr €) Agricultural biomass
50

W Digestate transportation and

use
40

m Biomethane distribtuion

30

m Upgrading

20
m Bicgas production

10
m Feedstock production and

transportation
ﬂ T T T
Mo No Mo

Allocation
allocation allocation, allocation, far
renewable NG heat digestate
heat

Figure 33: GHG emissions of transportation use a@miethane from different
production plants according to the calculation dase the Directive 2009/28/EC.
(Publication 11)

As can be seen in Figure 33, the GHG emissiondh&réowest when biomethane is
produced from biowaste. If the GHG emissions al@cated for digestate, the WWTP
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sludge biogas plant and biowaste plant have theedbwemissions. Using renewable
energy for the process heat production decreasessiems only slightly, as there are
several emission sources that are not affectedhbyhtat production method. The
utilization of NG heat increases the emissionshélljgcompared to the utilization of
average heat. GHG emissions from the digestatdage an important role, especially
with WWTP sludge and agricultural biomass. Heatscomption in the WWTP sludge
digestion plant is higher than in the other plamsause water is not recycled, and
therefore, the need for heat is higher. Whetheascation can be used or not, has a
strong effect on the results. Using allocationdestate decreases the GHG emissions
from transportation biomethane. Allocation does iave as strong effects on
agricultural biogas plants as the majority of tigedtate is recycled to silage cultivation
process within system boundaries. Biogas upgraaimbdistribution processes seem to
have relatively low emissions, which is mainly doethe low emissions from the AW
process studied in this dissertation. In additidistribution emissions are lower than
from the other life cycle stages. The main emissioarces in addition to the digestate
use are the biogas production stage and biowaléztion and transportation.

4.1.3 GHG emission reduction potential of transportation biomethane
compared to fossil transportation fuels

GHG emissions for transportation biomethane (Pabbtios | and 1) are compared to
GHG emissions from fossil transportation use iruFég34.

8CO,, km-
0 50 100 150 200 250 300

Fossil petrol

Fossil diesel

Natural gas

Biowaste (Publiation 1) [ ]

Dedicated energy crops (Publiation 1) [ ]
Biowaste (Publiation II)

WWTP sludge (Publiation Il) ] L

Agricultural biomass (Publiation I1) [ ]

Figure 34: GHG emissions from use of transportab@methane compared to fossil
transportation fuels
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As can be seen in Figure 34, the GHG emissions framsportation biomethane are
lower than from the use of fossil fuels. The onkception may be if biomethane
produced from dedicated energy crops replaces NGTuse variation of factors along
the life cycle of biomethane (Publication 1) arg mluded in this figure. The highest
emissions for biomethane are when no allocatiowden digestate and biogas is
carried out. The lowest values of the variation aeeeived with allocation or

substitution methods when digestate can be utilized

4.2 GHG emissions from various biogas, landfill gas antiomethane
utilization options

This section presents the results of GHG emiss@mparisons of various feedstock,
biogas, landfill gas and biomethane utilizationiaomms.

4.2.1 Biogas and biomethane use in energy production anish transportation
sector

The GHG emission change achieved by the biogasamndihane use in the energy
sector of Finland’s capital region was studied gishe system expansion method. The
results of the GHG emissions for different biogad biomethane to energy options are
presented in Figure 35.
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Figure 35: GHG emissions with different biogas nergy options. (Publication I1)

As can be seen in Figure 35, the transportation(8senario 2) has the lowest overall
GHG emissions. GHG emissions from Scenario 2 ar&@ &ozeq MJI™ lower than
from Scenario 1 and 12-2%@eqMJ” ! lower than from Scenarios 3-5. The energy use
in the electricity and heat production has alsoelo®HG emissions than Scenario 1 in
which feedstocks are composted and energy has pooloeced by alternative methods.
Major differences between different energy produttnethods were not found, but NG
CHP plant utilization replacing NG leads to litttever GHG emissions than the other
options. This is however highly dependent on thssifobased emissions that are
replaced by producing electricity and heat fronghm In some cases, depending on the
legislation and by using hygienization also digesfaom biowaste and WWTP could
be used as a fertilizer. In this case, insteackaf,pmineral fertilizer production could be
replaced by digestate, which would improve the Gét@issions from Scenarios 2-5
compared to Scenario 1.
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Figure 36 presents the sensitivity analysis of rgults. The main focus is on the
energy that is replaced by biogas, such as petvelrage electricity and average heat.
Changes in the emissions from composting or froogds production should change
dramatically to make Scenario 1 better than theroficenarios. Sensitivity analysis is
carried out only for biowaste based biogas andfmnarios 1-3, as Scenarios 4-5 are
acting approximately analogous to Scenario 3. E@fia presents the base case. Figure
36b presents the situation when electricity produnggas engine is replacing marginal
electricity. Figure 36¢ presents the situation winat produced by gas engine is
utilized only during three winter months. Figured3@resents the situation when biogas
is replacing NG in the transportation sector ingtefpetrol.
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Scenstio 1: Composting Scanario2 Scenario 3: Gas engine Scenatio 1: Compasting Scenario 2: Scenario 3: Gas angine
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W Biogas/biomethane prod., upg. and distr. W Petrol use

= NG use Emissions replaced by gas engine electricity
Emissions replaced by gasengine electricity (marginal) Emissions replaced by gasengine heat

Emissions replaced by gasengine heat (3 months)
Figure 36: Sensitivity analysis for biowaste biogést. (Publication I1)

As can be seen in Figure 36, GHG emissions artothest in the gas engine (Scenario
3) if marginal electricity is replaced. On the atlrand, if heat from gas engine can be
utilized only during three months, emissions of iga® 1 and Scenario 2 become
lower compared to Scenario 3 from the GHG perspectif NG is replaced in the
transportation sector instead of petrol, Scenarean@ Scenario 3 have approximately
the same GHG emissions. Therefore, it is import@akhow the realistic heat utilization
rate and what electricity is replaced in a systéd®& may be replaced in the
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transportation sector if the majority of the gasmped vehicles are using NG and the
vehicle amounts are not increasing with the in@ddsogas production.

4.2.2 GHG emissions from landfill gas utilization options

In addition to biogas produced by anaerobic digesin Publication V, three different

options to utilize landfill gas (LFG) were studidd. Scenario 1, LFG is used in CHP
production to produce electricity and heat in agagine. In Scenario 2, LFG is used in
asphalt production during summer time and in ditfrheat production during winter
time. In Scenario 3, LFG is upgraded to biomethame then used for CHP production
in a NG CHP plant. In the reference situation LEB@ared without utilization.

As can be seen in Figure 37, the highest GHG ramuctan be gained when LFG is
used for electricity and heat production to replaginal electricity and local district

heat production by NG. The second highest GHG eéaomsseductions are gained
through LFG upgrading to biomethane and CHP pradiciAccording to the results,

improving the quality of LFG by the upgrading preseleads to additional GHG

emissions due to the electricity consumption inuhgrading process. Gas utilization in
asphalt and heat production leads to lower GHG sonisreductions than the other
scenarios. This is mainly due to lower replaced Géissions from heat production
than from electricity production. However, usingrisas heat consumption options
during the year can improve the GHG performancepaoed to a situation in which

only a single option, such as district heatingised.

B M CHP heat
tCOzeq a !
-10 000 -8 000 -6 000 -4 000 -2 000 0 2000 ECHPel
| J I ' ' ] ' M District heat

Scenario 1 o
Heat generation in asphat prod

Scenario 2 UpG CHP heat

UpG CHP el
Scenario 3

Electricity consumption

Figure 37: Estimated magnitudes for GHG emissiornd emission savings caused by
collected gas management on Scenarios 1, 2 amiiBli¢ation V)
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The results are in line with the results in Puliima Il, where biogas use in electricity
production led to higher GHG savings than trangimm use when was marginal
electricity was replaced.

4.2.3 Differences between GHG emission reductions of biag in transportation
use versus electricity produced from biogas use ilectric vehicles.

In Publication 1ll, GHG emissions from biometharseln gas-operated vehicles were
compared to electricity produced from biogas ontethane and use in electric vehicles
by using the system expansion method. Table 2&pteshe energy amounts produced
in various scenarios, and Figure 38 presents th& @hhissions from the scenarios
compared to the base case (reference situation).

Table 27: Produced energy amounts in different ates

Scenario 1: Gas Scenario 2: Scenario 3: NG
engines Biomethane use CHP plant
in transportation
Biomethane to transportation [MWHR 24 000
Electricity to transportation [MWh§ 9 300 11 400
Heat [MWh &'] 2 400 10 500

tCO,, at
16000
Electricity from the
grid
14000
12000 NG electricity
production
10000
NG heat production
8000
6000 —
M Local heat
4000 production
2000 M Petrol and diesel use
- in transportation
0 T T T

Base case Scen 1: Gas engines Scen 2: Biomethane Scen 3: NG CHP plant
use in transportation

Figure 38: GHG emission reduction when biogas éxlus gas-operated vehicles
compared to biogas based electricity use in eteeghicles. (Publication Ill)



112 4 Results

As can be seen in Figure 38, GHG reductions atieeatame level when biomethane is
used in gas-operated vehicles or when electrisiproduced from biogas in an efficient
NG CHP-plant and electricity is used in electrihiieées and heat in district heating.

From the GHG emission point of view, reductionstaelowest when biogas is used in
gas engines with lower electric efficiency and loeat utilization rate. However, if the

efficiencies for electric vehicles are improvingetGHG reduction for CHP-plant use
and electric vehicle use would lead to higher Gld@uctions than gas-operated vehicle
use because then they are able to replace highmurasnof fossil petrol and diesel. In

addition, if heat can be utilized throughout tharyegas-engine options would lead to
higher GHG emission reductions than shown in theré.

4.3 Limiting factors in biomethane use in the transporation sector

4.3.1 Biomethane potential in Finland

Using the assumptions defined in the chapter Matgrmethods and case description,
the theoretical biomethane potential for Finlandswelculated. The potential was
divided between different regions based on differtgedstocks. The results are
presented in Figure 39.
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Figure 39: Geographical distribution of biogas ptitds from different feedstocks. The
first map presents the numbers of each studiedmedihe last map presents the NG
grid location and maximum share of passenger batscould be fuelled by biomethane
in each region. (Publication V)

As can be seen in Figure 39, the biogas potentalg a lot between different regions.
The highest overall potential is with agricultubgmasses, especially with manure and
straw. Biowaste and WWTP sludge have a high impogaonly in regions with the
highest population because they are directly boomdiuman activities. According to
these calculations, the maximum theoretical bioameth potential for Finland is
approximately 10 TWh 4. The highest biomethane potential is located irséfe and
Southern Finland, where the majority of the popatalives and where agriculture is
most intensive. In areas with a lot of agricultuaiehigh share of passenger cars could
use biomethane as fuel. In the Uusimaa regionstiage is the lowest due to the high
number of cars and relatively little agriculturen the NG grid area, biomethane
production and consumption can be studied from dewperspective because all the
biomethane produced in this area can be used #enygG grid. As a result, 22% of the



114 4 Results

passenger cars in this area could be fuelled bgndileane. This will enable higher
biomethane utilization also in the Uusimaa regionother regions, due to the lack of
NG grid, biomethane distribution should be done lbgal pipelines or by truck

transportations.

In theory, Finland could achieve 41% self-suffiaggiin passenger car fuels by utilizing
the total theoretical biomethane potential. Finlandsumes approximately 45 TWh NG
annually. By utilizing Finland’s biomethane potaht22% of the imported NG could

be replaced. The results presented previouslyimtltesis were for a situation where
the electricity and heat consumption of biogas potion and upgrading are produced
by additional energy sources, such as wood chipsay, however, be likely that biogas
plants will be using 50% of the produced biogastlfier plant’s own electricity and heat
production and only 50% of gas could be distributedther uses. (Publication IIl) This

would decrease the shares in the previous resulpjroximately 50%.

4.3.2 Technological limiting factors

There are some countries where gas is the mairfdug¢he transportation section. For
example Germany, Italy and Sweden are exampleswitdes in Europe where there
are a lot of gas-operated vehicles. In this sectiechnological limiting factors, mainly
related to distribution infrastructure and gas-ekhtechnology, were studied.

According to EIA (2012A), the absence of a wideagrpublic refuelling infrastructure
may impose a serious constrain on NG vehicle psehaAs a key ratio, gas-operated
vehicles per a refuelling station were calculatadrinland, this ratio is approximately
55 gas-operated vehicles per one refuelling stafitis is much less than for example
the 110 gas-operated vehicles per a refuellingostah Germany, 250 gas-operated
vehicles per a refuelling station in Sweden and @@8-operated vehicles per a
refuelling station in Italy. In Finland, the gaduelling station network seems to be
relatively well developed compared to gas-operatelicle amounts, but it covers
mainly Southern Finland. Therefore, the distribntinetworks limit the growth in
Northern, Western and Eastern Finland, but proaigessibility for growth in Southern
Finland. According to EIA (2012A), the worldwide erage is 672 vehicles per a
refuelling station, and 600-1000 vehicles per aekihg station is an economically
suitable ratio for public refuelling stations. Find and also many other European
countries are way behind this ratio.

Gas-operated cars have been proven to be workthgaéogy as they have been used in
several countries during several years (EIA, 2012AS. Department of Energy,
2013B; IEA, 2010; NGV global, 2010). According tbA52012A), NG can be used as
efficiently as diesel in heavy-duty vehicle applicas with the current technology.
According to the U.S. Department of Energy (2013fjs-operated vehicles are good
choices for high-mileage, centrally fuelled fleg¢bst operate within a limited area.
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According to IEA (2010), the vehicle and fuel teclogy are already available and
relatively affordable, particularly in comparisorithvother alternative fuel vehicles. In
addition, gas can cover almost the whole spectrfindifferent vehicle types. One
technical issue, which might be a problem with gperated vehicles, is the shorter
range by gas. Comparing the ranges of differentopesated passenger cars it seems
that the range with gas is approximately 300-500 Wihile in bivalent cars, the range
with additional petrol is 150—700 km (Gibgas, 20IR)e total range seems to be a little
shorter than with traditional petrol or diesel carkis is mainly due to the larger space
need for gas tanks. The gas tanks may also retlecgptace in the boot of a car. This
has in some car models led to the decision that tkeno spare tire in a car.

4.3.3 Economical limiting factors

4.3.3.1  Operators on biomethane chain

For feedstock producers, an important questionhistiaer they should pay gate-fees for
the biogas plant instead of alternative utilizatioptions of feedstock. For waste
companies and WWTPs, it seems that the gate-fedswer than the costs of biowaste
or sludge utilization as feedstock for compost fdaar for own digestion plants.
Therefore, biogas production seems to be a coriyeetitilization option compared to
other options. On the other hand, for agricultymaducers, there are cheaper options
for manure, silage and green waste utilization. réfoee, it might be hard to get
agricultural biomasses for biogas plants. In addittransportations of feedstock cause
additional costs, but they are excluded from thislg

Figure 40 presents the payback time of biogas ptargstments for biogas producer.
The incomes of the biogas plant depend heavilyherfaedstock type and gate-fees.
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Figure 40: Profitability for biomethane produceYsaxis presents the investments and
x-axis the payback time. (Publication IV)

As presented in Figure 40, the payback times datively short, and operations seem
to be profitable for biomethane producers if g&tesfare paid for the feedstock. The
gate-fee amounts are key factors in the total aioifity. On the other hand, without
gate-fees or with low gate-fees, the payback tibeome much longer, and operations
do not seem to be as profitable anymore. If theydsoproducer has to pay for the
feedstock such as grass, the incomes become loaeithie expenses, and the operation
becomes unprofitable. This limits highly the utiiion of cultivated biomasses.
Biomethane price does not have a significant effecthe results as the majority of the
incomes becomes from gate-fees. For example, ifise-fee is 40 €% approximately
80% of the biogas plant incomes come from gate-fieethis study, the incomes from
biomethane selling were estimated to be at a cambparevel to the feed-in tariff
incomes. Figure 41 presents the biogas productidengial calculated for Finland and
approximate relative costs for biogas produced fudifferent feedstocks. As can be
seen in the figure, landfill gas offers the cheames source because the collection
pipelines are usually already installed and lahdfs is formed naturally in landfills
without energy inputs. WWTP sludge and biowastetheesecond cheapest feedstock
as the biogas plant gets gate-fees from them. Maand agricultural wastes have
usually traditional utilization options, such asmaosting, but they could be directed to
a biogas plant by offering the collection and tpargation. Grass and straw are the
most expensive feedstock options. Biogas produasertd pay for grass utilization, and
straw is also relatively expensive because it bdetcollected and transported from the
fields. Grass potential is relatively low in thitudy because it was assumed to be
produced only on set-aside fields and in othed§iehat are maintained but used in
cultivation.
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Figure 41: Biomethane production potential and cashparison of biomethane from
various feedstocks (Idea for the figure from Bengl{2006) and Lantz (2007)).

For distributors the payback times are also quote (Figure 42) due to biogas and
biomethane prices. If long distribution pipelineava to be built, investments may
increase rapidly and payback times become longgng.the already existing NG grids
or wheel transportations as CBG or LBG seems td teashorter payback times than
the building of new pipelines and grids. Small des in biomethane prices for
consumers do not have significant effects on payhaes.
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Figure 42: Profitability for biomethane distribusoiY-axis presents the investments and
x-axis the payback time. (Publication V)

The fourth step in the life cycle of biomethan¢his biomethane consumers. Ultimately,
it is the vehicle owners who make the decisionsthdrethey invest on gas-operated
cars. They have to decide whether to buy a moreresipe gas-operated car or more
expensive petrol fuel for petrol cars. Figure 48sgnts the expenses of petrol cars
compared to gas-operated cars as a function afrthieg distance.
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Figure 43: Profitability for biomethane consuméPublication 1V)
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As can be seen in Figure 43, the using of gas-tgmbrzehicles becomes cheaper after
four years’ driving in the base comparison. Howevethere were no vehicle tax on
driving power for gas-operated vehicles, it wouktdme an even more feasible option
compared to petrol cars. On the other hand, iftaétenance costs are higher for gas-
operated vehicles, the total costs are on the savekas with petrol cars.

4.3.3.2 Feed-in tariff

In addition to studying biomethane chain econonaynfivarious operators’ perspective,
an economic analysis related to the effects of -feethriff was carried out in
Publication lll. The feed-in tariff gives a guaraatl price for electricity produced by
biogas or biomethane. The feed-in tariff is notpfair transportation biomethane, and
therefore, there is a risk that the feed-in tahifiders the use of biomethane in the
transportation sector. This research was carrietl fmmm the NG grid owner’s
perspective by calculating payback times for vagibiogas and biomethane utilization
scenarios. The results without (a) and with (b)fde-in tariff for electricity produced
from biogas are presented in Figure 44.
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a) Payback times without a feed-in tariff
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Figure 44: Economics of biogas use in gas-openagbitles or biogas based electricity
use in electric cars. (Publication III)

The results show that selling biomethane for trartsion purposes leads to highest
incomes and shortest payback times for investméntestments for electric production
in a high efficiency CHP plant were at the sameellelut in the gas engine option,
investments were much lower. On the other handynmes from electricity and heat
selling were lower than from biomethane sellingtiansportation purposes. This is
mainly due to the low price of heat and high praédiomethane in the transportation
use. Therefore, the payback times for electricitgd &eat production investments are



4.3 Limiting factors in biomethane use in the tranportation sector 121

longer. According to the results, when the feedaniff is not put into action,
biomethane use as a transportation fuel is ecoradinitie most tempting alternative.

According to the results, the feed-in tariff is siglizing electricity and heat production
from biogas and biomethane heavily. This makedrénesportation fuel and electricity
and heat production option payback times closeath other. As can be seen in Figure
44b, the payback times of different options haveedogether. In this figure, also the
heat premium is paid for the electricity becausetthal efficiency of energy production
is over 50%. On the other hand, if investment aidilgy be paid for biomethane use in
the transportation sector, the investment wouldetese, which would also shorten the
payback time.

4.3.4 Potential for reduced external costs to overcomertiiting factors

Countries, different areas or communities may redegternal costs if they use

biomethane instead of fossil based fuels. Thesermait costs are mainly related to

health, environmental or energy dependency problesssciated to the utilization of

different fuels. By comparing the annual exterredts of biomethane, operated car and
petrol car possible reductions can be calculatedodparison of the annual external
costs for passenger petrol and biomethane carssepted in Figure 45.
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Figure 45: External costs of a petrol and biomethear. (Publication V)

As can be seen in Figure 45, the external costspatrol car are higher than those of a
biomethane car, and the difference in the annu@real costs is approximately 140 €.
The main external cost sources are related to th&5 Gemissions and energy
dependency. The importance of the external costs &ir pollutants was not as high.
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5 Discussion

In the Discussion chapter, the research questicesepted in the Introduction chapter
are answered in the Synthesis section. The resgaggiions are:

- How to maximize the benefits from the climate chapgint of view when
biomethane is utilized for transportation purposes?

- What kind of further instruction can be given fataulation methodologies if
applied for different use purposes of biomethaonenfthe climate change point
of view?

- What are the factors which are limiting the utitina of biomethane in the
transportation sector from the economic perspeeintghow could these
barriers be overcome?

After the Synthesis section, the limitations of thissertation, effects on the practice,
future research topics and the value of the rebeme discussed in separate sections.

5.1 Synthesis

5.1.1 Maximizing the benefits from the climate change paoit of view when
biomethane is utilized for transportation purposes?

The acceptability of biomethane use as a trangpmmtduel can be evaluated by
comparing the GHG emissions from the biomethane&yrion and use to those of
fossil transportation fuels. GHG emissions fromsfbpetrol and diesel vary from 69 to
95 gCQeq MJI™ ! which can be regarded as an acceptability |étiglire 46 compares

the GHG emissions from biomethane production amdimushis thesis to other previous
studies and to some reference values. As can Ioeirseke figure, the GHG emissions
from biomethane production and use are below th& @irhissions from fossil petrol

and diesel in all studied cases. Therefore, bioamthproduction can be regarded
acceptable. However, if compared to NG, GHG redustiare not always obvious.
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Figure 46: GHG emissions from biomethane productod use calculated in this
dissertation compared to previous studies andeeder values. Darker bars present the
values calculated in this dissertation.

As can be seen in the figure, the results of thesis are mainly at the same level with
the previous studies. However, there are also szl differences. GHG emissions
from agricultural biomass are higher than in thevjous studies because in this case,
cultivated grass was added with other agricultbrainass to the process. The previous
studies related to that category concentrated doudigiral "waste" feedstock (manure,
straw and sugar beet tops). GHG emissions from WWTiBge biomethane have not
been widely studied previously.

In addition to acceptability calculations variouther comparisons were carried out
using wider perspective system expansion methddgadte treatment (composting) is
replaced by biowaste digestion, the additional Gld@ission saving would be
approximately 28 gCgq MJ™. This is an important additional motivator for npi
biowaste in digestion from the GHG emission perSpec The GHG emission
reduction compared to compost processes dependropost emissions, which were
regarded as relatively low in this study.



5.1 Synthesis 125

The advantages of biomethane use in the transjortagctor are complicated by the
fact that biogas, landfill gas or biomethane caso dbe used in energy production.
According to the results, the energy productionians also leads to GHG emission
reductions compared to compost processes. Theigueghether transportation use or
energy production leads to higher GHG emissionegdus is complicated and depends
on the situation and especially on replaced engngyluction systems. Therefore,
comparisons related to actual cases are alwaysdeed

In this dissertation, an additional GHG emissiomparison was carried out where the
produced electricity was used in electric vehidleglacing fossil transportation fuel.

This option was compared to direct biomethane ndbe transportation sector. Based
on the results, biomethane use in the transpontagiector leads to as high GHG
emission reductions as electricity produced fromntsathane in a NG CHP plant and
use in electric vehicles. Electricity produced frdmogas in gas engines for electric
vehicles led to a little lower GHG emission redastipotential. If the efficiencies of

electric vehicles improve compared to gas-operagdicles, there might be potential to
achieve higher GHG emission reductions from electehicle utilization.

As a conclusion, the transportation use and enprggluction by biogas, landfill gas
and biomethane usually leads to GHG emission rezhg;twhich was also previously
concluded by Boérjesson & Berglund (2007), but thetloption depends on the replaced
or alternative energy systems. Only relatively $radlvantages can be achieved when
the already existing biogas energy production enged to transportation purposes. A
huge challenge is however to recognize what agtw@a# the replaced energy systems,
for example, if electricity is produced from biogagich energy production methods
are replaced. However, from the GHG reduction pointiew, the transportation use
should be favoured for new biogas plants in mosesdecause they are likely to lead
to lower overall GHG emissions by replacing fossihsportation fuels.

There are usually more options to produce renewahkrgy locally (e.g. solar and
wind, biomass) than transportation fuels. Thisrie motivator why biomethane should
primarily be used in the transportation sectoradidition, biomethane is ranked high in
the transportation energy hierarchy because itlmmsed also in heavier vehicles,
which is not possible with several other renewaldasportation energy systems. For
example, heavy vehicles cannot use electricity s energy source, and therefore,
biomethane would be a potential biofuel for heawhivles even if passenger cars
started to use electricity in expanding amounts.

5.1.1.1  The significance of various life cycle steps in GHGemissions of
transportation biomethane?

The transportation biomethane GHG emissions vargedding on the feedstock
selected for biogas production. In both studiedesaghe GHG emissions from
biowaste-based biomethane were approximately 22,g®0 " without the allocation
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for digestate. The other feedstocks were studidg amce either in Publication | or II.
The GHG emissions from dedicated energy crop (tiymand clover) based biomethane
were approximately 61 gGg MJ™ without allocation for digestate. Similarly, the
GHG emissions for agricultural biomass based bibaret were aplproximately 28
gCOueqMJI ™ and for WWTP sludge based biomethane 40 ggRaJ™. This shows
relatively high variation in the results based loa teedstock selected. Dedicated energy
crops based biomethane, which in this case is tiynaind clover, has the highest
emissions and waste materials have lower emissiegld. Agricultural biomass based
biomethane led to relatively low GHG emissions lseait consists mainly of waste
materials such as manure and other agricultura f@vs, and to a smaller extent of
grass.

There are various factors along the life cycleiofriethane that may have effects on the
overall GHG emissions from biomethane productiod ase. In this dissertation, the
GHG emissions were divided between different lijele steps of biomethane and the
key factors were recognized. These factors weredaspecially in Publication I. For
dedicated energy crops based biomethane, the mBiG @mission source is the
cultivation process of the feedstock. The total GHE@issions from this phase are
approximately 33 gCg&q MJ?, which is half the total of GHG emissions.
Approximately 50% of cultivation emissions are tethto fertilizer production and the
other 50% are related to,® emission from soil and on agricultural machinesg in
cultivation and collection. This confirms the rdsulof previous studies that are
presenting cultivation emissions from 7 to 37 gg;(MJ'l (Tuomisto & Helenius, 2008;
Jury et al.,, 2010; Pertl et al.,, 2010; BdrjessonBé&rglund, 2006). According to
Tuomisto & Helenius (2008), & emissions are the most important emission source
from the cultivation process. They reached a logdtivation GHG emission because
they replaced a part of the fertilizer input by efitate within the system boundaries.
Hartmann (2006) concluded that using energy plaiits a high productivity per area
unit, for instance maize, have lower climate impattan crops like grass. The lower
emissions can be achieved if, for example, recydétllizers are used instead of
mineral fertilizers, the fertilizer use is low amMthO emissions are at a low level.
However, if the cultivation is carried out on pdand where feedstock productivity is
low and fertilizer-use more intensive than the ager the GHG emissions from
cultivation alone can be almost 80 gg&MJ‘l. On the other hand this is probably not
very likely. If dedicated energy crops cultivatiteads to land use change, it may result
in roughly 80 gC@,MJ™* additional emissions if boreal forest is turnediédds. This

is also not very likely because cultivation usud#igtes place in already existing fields
and as a part of crop rotation. Emissions from LhE¥e been often excluded from
previous studies. However, LUC may be a highly ingat factor in increasing GHG
emissions if new fields are established for feedsfwroduction, and therefore, it should
be included in the studies.
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For all the other studied feedstocks, digestalezation is the most important emission
source, and for dedicated energy crops, it is étersd most important emission source.
However, the use of digestate in replacing minésdilizers may lead to additional
GHG emission reductions. For biowaste and dedicatadrgy crops, digestate
spreading on fields was studied, and it led to OggMJI™ and 16 gCQuq MJ™
emissions. In this case, the emissions were maialysed by BD resulting from
nitrogen in the digestate. The GHG emissions faticdded energy crops were higher
due to the higher nitrogen content in the digestagricultural machinery use in
spreading had only a small impact on the total simis. In Publication 11, the digestate
from biowaste and WWTP sludge were treated by catipg, which led to 6 gC&,
MJ ' and 19 gC@q MJ ™" emissions. The digestate from agricultural biomass
assumed to be spread on the fields, which led tgQGyq MJ™ which is at the same
level as from dedicated energy crops. Boérjesson &&gBind (2006) calculated low
GHG emissions for digestate transportation andasiing because they assumed short
transportation distances for digestate and p© Bmissions. The highest emissions for
digestate was calculated in Publication | for bisiga and digestate with the
combination of composting process and compost dprgdo fields. This process was
assumed to lead to,N emissions from both stages. These maximum emissiere 26
gCOpeqMJI™ for biowaste based biomethane and 52 ggkaJ ™ for dedicated energy
crops based biomethane. There is a high varietiffifrent compost processes, and in
addition, the nitrogen conversion rate taNis not well known. Therefore, the
emissions related to digestate use may imposefisigmi uncertainties.

Feedstock collection and transportation emissioasevapproximately 2 gGQ MJ™
The exceptions were WWTP sludge, which was produdede to digester, and
emissions from the transportation of sludge wetenesed to be 0 gC£y MJ ™ The
highest collection and transportation emissionsewegiiculated for biowaste in the
Helsinki region. The emissions were 6 gg;@/lJ‘l. This is much higher than the 2
gCQOzeq MJ™? calculated with the average transportation disgtanim Finland. The
difference is caused by the facts that there idigester close to Helsinki, and the
collection has to be mainly carried out as urbaivedwith several stops, which
increases the fuel consumption. In sparsely popdlareas, the distance for the
collection of biowaste may increase, which subsetipéncreases emissions. On the
other hand, with well-planned collection of biowegstmissions may decrease.

GHG emissions from pre-treatment, digestion, upg@g@nd distribution are mainly
related to energy consumption and to methane leskdgechnologically speaking, the
utilization of old technology or of technology withhigh rate of energy consumption or
a high level of methane leakages may greatly irserethe emissions from the
production phase. These factors are varying onge lacale depending on the utilized
technology. In addition, the energy production rodtifior utilized electricity and heat
has importance. GHG emissions from pre-treatmethidégestion process varied from 6
to 8 gCQeqMJ_l for biowaste, dedicated energy crops and agri@llbhiomass. WWTP
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sludge digestion led to significantly higher (17 @, MJ™) emissions due to lower
water recycling rate and therefore higher heat womdion. These values were
calculated with the average electricity and heatdpction and by estimating that
methane leakages can be avoided. With a 5% metbakage, which was presented in
the literature, an additional 23 gg@MJ™ emission would result from the digestion
process. According to previous studies, digestimissions vary from 3 to 29 gGg)
MJ ™ and these results were confirmed, and the lowesssions can be reached if
methane leakages are low and average or renewnblgyeis utilized. (Pertl et al.,
2010; Tuomito & Helenius, 2008; Borjesson & Berglu2006; Murphy et al., 2011).
The highest digestion emissions were calculatedMioyphy et al. (2011) with high
methane leakages. The use of quality feedstocHigghigh methane productivity will
further reduce GHG emissions. Feedstock qualityaictep digestate quality, digestion
energy consumption and feedstock transportatiorallSrariations in the quality do not
significantly impact the total emissions, but higiriations in the quality may do so.

Emissions from upgrading and distribution were afiected by feedstock selected.
Amine wash (AW) technology was used in base calicia and it led to 2.0-3.5
gCOeq MJ ' emissions. The contribution of heat and elecriditilization was
approximately the same (1-1.5 ggQJIJ‘l), and the contribution of methane leakage
was roughly 0.5 gCg&q MJ™. Much stronger effect was with the technology ctele.
The highest emission was calculated for PSA withhh#% methane leakages (22
gCOzeq MJI™). For WS with a 1.5 % methane leakage but relptivigh electricity
consumption, the emissions were 11 gg;,@lJ‘l. The AW technology clearly leads to
the lowest emissions with the assumption madeimdissertation. However, it has to
be acknowledged that the source data related to i&Vifom a manufacturer, and
therefore, its accuracy may be limited. Based oa pinevious studies, upgrading
emissions vary from 3 to 39 gQQMJ’l (Jury et al., 2010; Pertl et al., 2010; Murphy et
al., 2011; Tuomisto & Helenius, 2008; Borjesson &@und, 2006). The highest GHG
emissions were calculated by Pertl et al. (2010)M8 technology with high methane
leakages (6%). However, as was presented in se2tiof, the upgrading technologies
are developing, and for example methane leakageshearelatively well eliminated
from different technologies. Therefore, GHG emissifrom the upgrading process are
not necessarily technology dependent but moreegléd energy consumption and
methane leakages in each case.

In this dissertation, the main distribution optisras the NG grid distribution. In
Publication I, also CNG distribution by trucks wstsidied. GHG emissions from NG
distribution and refuelling were approximately J&0eq MJ™. Using CNG truck
transportation leads to higher GHG emissions th&h dyid distribution. Natural gas
grid distribution is thus promising in regard to GHemissions reductions. This is
highly dependent on the transportation distance. reéuelling stations not located
along gas grids, additional emissions are causethéydistribution of back-up gas.
Little focus has been directed toward distributsystems in previous studies. In most
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cases, emissions from distribution are low desthite fact that electricity is usually
consumed to pressurize the gas.

The emissions from biomethane use in the trangpamtaector varied from 0.3 to 1.5
gCOzeqMJI™. The highest emissions from the use were calaliliatebus use and the
lowest emissions in passenger car use. The differinthat in bus use, the methane and
N2O emissions are slightly higher. Low use phase @Gssions were also calculated
by Pertl et al. (2010).

As a conclusion for cultivated biomass, the cuttowa process and in some cases LUC
has the highest GHG emissions from the life cyélbiomethane. For other feedstocks
digestate handling and use angONemissions have the most important role. The &ctua
processing (pre-treatment, digestion and upgradiag)a relatively small significance
in the total emissions if methane leakages canvbaled or when electricity and heat
consumption are relatively low. We also still laockormation related to methane
leakages throughout the biomethane production chhiknown methane leakages may
have significant effect on the results from evergcpss step. Berglund (2006) studied
that from the GHG perspective eliminating signifitanethane leakages is essential. In
addition, NO emissions from digestate use are also unsuregeffine, more attention
should be paid on methane leakages ag@@ &missions in the future.

5.1.2 Further instructions for calculation methodologiesif applied for different
use purposes of biomethane from the climate changeint of view

The selections related to life cycle methodologies important in gaining reliable

results in addition to recognizing various factaieng the life cycle of biomethane.

GHG emissions from biomethane production chain bancalculated using mainly

allocation methodology for co-products. These eimisscan be then compared to the
emissions from other transportation fuels to euvalithe acceptability of biomethane
use as a transportation fuel. The method can be tess@roduce overall information

related to advantages in using biomethane as apwatation fuel, but not in actual

decision making situations. When GHG emissions frivemsportation biomethane

production chain are calculated, the main quessisalated to allocation methodologies
for digestate and biogas. The allocation methoecsieh is strongly bound on digestate
utilization and whether digestate can be regardedvaste or co-product. In this

dissertation, four different scenarios, which weased on calculation instructions or on
previous studies, were compared.

In the waste assumption method (Scenario A), GHGsans from digestate handling
and use were added to the emissions of biometfdme . method seems to be justified
when digestate does not actually replace any mlifiertilizers or when it cannot be
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used in fertilizing or there is no other use forlit these cases, the digestate does not
have an economic value. The emissions from digestese can occasionally be
attributed to compost processes or to digestateadprg. According to the Directive
2008/98/EC, a substance (other than main prodrmt) the process is not waste if the
further use of the substance is certain. In additidhas to be able to be used directly
without further processing, it is an integral pafta production process and its further
use is lawful and does not lead to overall advems@ronmental to human health
impacts. In case of digestate, there may be ceua@ for it, but some additional
processing such as hygienization may be needeth®other hand, these processes are
usually integrated into the biogas plant.

Scenario B, in which digestate is regarded as whstedigestate emissions are not
included in biomethane emissions, is against trscballocation rules (ISO 14040;

Greenhouse Gas Protocol, 2011) and should notftiterbe used. This option leads to
different results from those of Scenario A, andpitesthe fact that it is a relatively

widely used method (Jury et al., 2010; Pertl et 2010), the results are misleading
because digestate handling and utilization emissioay have high importance in the
total emissions.

Economic allocation (Scenario C) appears to betgehgstified method than energy
allocation because the former takes into accouatréfal utilization potential of the
digestate in terms of its economic value. Enerdgcation (Scenario C) should be
employed only if the digestate is used for energydpction (e.g. at an incineration
plant). By using economic or energy allocation, tigestate handling and use
emissions are not included in biomethane emissiasit reduces biomethane GHG
emissions significantly.

Avoiding allocation by the substitution method (8ago D) is applicable if digestate is
used to replace other fertilizers and it is welbwm which fertilizers are replaced and
what is their origin. The substitution method se¢migad to the lowest GHG emissions
for biomethane. It decreases the emissions for &ibame by 10 gCf, MJ* and the
emissions from dedicated energy crops by 22 gg]@]‘l. Allocation methods do not
lead to as low biomethane emissions because 0rll§%-of GHG emissions from the
common processes are allocated to the digestatsobtc allocation leads to lower
GHG emissions from biomethane than energy allosatamd allocation has higher
effects on dedicated energy crops biomethane thdmiocwaste biomethane.

Waste assumption method is justified especially rwtieere is no use or the use is
unsure for the digestate or the digestate use dignfamther processing. Allocation
method, especially economic allocation, is judifiethere are markets for digestate and
it has an economic value. This is mainly the cakenit is known that the digestate is
used for example in fertilizing but the actual séeunknown. Energy allocation is
misleading when the digestate is used in fertigzimut if it is used in energy
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production, it may be justified. Digestate may blatively moisture and may not have a
positive heating value. In these cases, energygatit;m cannot be used, even though
digestate is combusted. The substitution methaghidicable when the actual site of the
digestate use is known, as well as what productgraresses are replaced. This is the
case when it is exactly known that the digestat®risexample sold for certain farms
and they are using it in fertilizing instead of miial fertilizers.

In actual decision making situation wider perspecttudies are needed to calculate
actual GHG emission reductions. Biomethane uséénttansportation sector can be
compared to other utilization options of feedstobipgas or biomethane. This is
justified to be done by using the system expansiethod and the approach is wider
and concentrates not only on biomethane produattmain but also to other option.
These studies should be able to answer the follp\irestions to gain enough reliable
results:

1. What is the amount of GHG emissions from feedstdikzation currently?

2. What is the amount of GHG emissions from biogasipction and use?

3. If feedstock use is changed, are there productsogroducts that have to be
produced by other methods and what is the amourhé& emissions from
these methods?

4. What is the amount of GHG emissions of energy pctdn methods or fuels

replaced by biogas?

The results of these studies are highly dependerthe replaced energy in different
cases. If produced electricity replaces averageradiy, the transportation option leads
to the highest GHG emission reductions, but if rimergelectricity is assumed to be
replaced, the energy production option leads tohighest GHG emission reductions.
When studying new energy production from the LCAspective, the replaced energy
is usually assumed to be produced by marginal tdolgies with high GHG emissions.
Therefore, the GHG emission reduction potentialigsially also high. On the other
hand, there is marginal energy in the markets ocbasionally during peak hours. If
new electricity consumption or production occumhéy lead to increased production or
replace marginal electricity (coal power) in theginaing (Voorspools & D haeseleer,
2000). However, with time, the electricity prodwoctistructure reacts to the changed
consumption or production, and then the consumedeplaced electricity becomes
more average electricity. Therefore, the margitedtecity replacement assumption is
not always justified. It is, however, very diffitub predict which electricity is actually
replaced. On the other hand, in the transportatémor, the majority of fuels in use are
fossil fuel, regardless of hour. Therefore, it seembe more predictable, which are the
GHG emissions that are replaced by using biofuels.

Similar challenges are related to biomethane primlucchain and emissions from
energy consumed. Using renewable electricity oewable heat in digestion could
decrease the emissions slightly. On the other hudiyestion plant leads to increased
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marginal electricity production, this would lead twver 10 gCGwq MJ™ higher
emissions. In upgrading if AW technology was udesluse of renewable electricity and
heat almost eliminated the emissions from upgraditage, but the utilization of
marginal electricity and heat with high GHG emissided to an additional 3 gG&
MJ™. Emissions from distribution would be roughly twiones higher if marginal
electricity was used.

When system expansion is used in decision makhmgycalculations involved should

always be based on real technology and specificegalised in the processes. Rough
assumptions may lead to incorrect results or irh higriation in the results, as was
concluded in this dissertation. The wrong assumpgtionay subsequently lead to
incorrect decision making. Therefore, the initiatal should be carefully tested by
sensitivity analysis.

The selected calculation methodology plays a vité in the results. Therefore, the
research questions and aims of LCA conducted shbeldcarefully decided. By
following only one single calculation rule or preus research may lead to wrong
results. For example, the calculation rules of &ixe 2009/28/EC may be misleading
if it is used in actual decision making becausg floece to use the allocation method A
(waste assumption) even if the digestate has amoetic value or is replacing mineral
fertilizers. In addition, they do not instruct teaisystem expansion in cases in which
biogas or feedstock is already in some other ubke.directive is mainly developed to
produce overall GHG acceptability data of biofuatel GHG reduction potential data
when fossil fuels are replaced. Due to the complexfi methodological selections, the
conductor of LCA should have enough knowledge altbetmethodologies and risks
related to wrong methodological selections. In &ddj legislations should not restrict
the options to choose methodologies too stronglydéxision making. This, however,
makes it more difficult to compare the results iffledent cases.

5.1.3 Factors which are limiting the utilization of biomethane in the
transportation sector from the economic perspectiveand ways to
overcome these barriers

From an economic point of view, the most problemaiperators are the feedstock
producers, especially agricultural biomass produicHrfeedstock utilization is more
expensive than the biogas plant gate-fees, biogatuption is an attractive option. It
seems that for waste feedstock, such as biowasW,TRV sludge and for some
agricultural wastes, biogas production may be draciive option. However, if the
traditional utilization options for example of maauare cheaper, it is hard to get
manure into a biogas plant. There might be somsidigls which are affecting strongly
other manure utilizations, and therefore, manureoisdirected to the biogas process.
For straw, other utilization options such as planghnto ground are very cost efficient.
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From cultivated biomass the producers are expettingt price instead of paying gate-
fees. This limits strongly the use of dedicatedrgnerops in biogas production.

For a biogas producer, gate-fees should be highginto make biogas plants feasible.
According to the results, biomethane productionuideasible if the biomethane
producer has to pay for the feedstock. This mayficerthe utilization of cultivated
feedstock very strongly. On the other hand, larcgesbiogas production would need
feedstock from agriculture, especially dedicatedrgy crops. According to the results,
the biomethane potential in case Finland is apprasely 10 TWh &. The majority of
the potential is in agricultural biomasses, buteesly in populated areas, biowaste
and WWTP sludge have also importance. From teclgicab perspective in some
cases, the operation of digester could be a prabfemnexample straws are relatively
dry material, and therefore, they have to be degkstith a wetter feedstock. Manure
could be a good option for co-digestion with str&m the other hand, in some regions,
the straw potential might be higher than the mamuméential, which may cause
problems. There are several different kinds of jmew potential studies for different
regions in Finland. The results between differ¢ndigs vary at a relatively high level
due to different assumptions. Poyry Energy hasmegéid that the maximum biogas
potential for Finland would be 6.6 TWHawhich is less than the 10 TWHR &alculated

in this study (Ministry of Employment and the Ecang 2009). Even higher potentials
have been estimated. For example according to Basil. (2012), the theoretical
biomethane potential in Southeast Finland and Swmgh Finland regions was
approximately 0.5 TWha more than the potentials studied in this disseratThe
difference is mainly due to grass biomethane patkemrstimations. A biomethane
potential study by Kahiluoto & Kuisma (2010) esttetha similar biomethane potential
for the Satakunta region, but their estimation Southern Savonia region was a little
lower. (Kahiluoto & Kuisma, 2010)

For a distributor, the investment on the distribathetwork seems to be a key issue. If
long pipelines have to be built, the feasibilit@screase quite rapidly. Therefore, the
existing gas grids seem to have an important noléhe wider scale utilization of
biomethane. Technological challenges can be relatatistribution and gas-operated
vehicle technology. In the studied case in Southeémiand, the refuelling station
network could support higher biomethane utilizatibat in other parts of Finland, the
distribution network limits the growth of biometheaatilization. However, if the biogas
production and utilization are on a high enougteleliiomethane grids can be built as
has been done in Sweden (IEA 2010). In these cdseadditional gas may have to be
transported from the NG grid as the backup gaskidagas is needed to ensure the gas
delivery in cases when there are problems in tbhmbthane production. (Torri, 2012)

For consumers or vehicle owners biomethane is apgreoption than petrol at least
when the annual driving distances are long. Thsiliddy of gas-operated vehicles can
be improved by lower taxation, and on the otherdh#émere is a risk of lower feasibility

if the maintenance costs are higher for gas-opegragéhicles. For a consumer there
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might be an additional risk that the residual vatfiex gas-operated vehicle is lower if
the biogas production decreases over time. Pdlitieaisions related to biomethane
have varied for example in Finland. The taxationgak-operated vehicles has also
changed, and it has probably lifted the thresholbuy gas-operated vehicles. The gas-
operated vehicle technology does not seem to pjdrrhmitations for the growth as it
can be seen that in several countries gas-opevatédies can be the main vehicle type.
Maybe more research could be carried out on gastgzbvehicles in northern climate.
The main technical disadvantages of gas-operataitles seem to be shorter range
with gas and smaller space in boot due to gas tanks

In addition to feasibility for different operatattse feed-in tariff for electricity produced
by biogas has effects on the big picture. It ishhiglikely that the feed-in tariff
increases biogas production and use in electraity heat productionf the feed-in
tariff increases the electricity and heat productmd heat cannot be utilized, the total
GHG emission savings may be lower than with thespartation use. According to the
results, biogas use is highly dependent on cupelities and subsidies. However, there
is a risk that the subsidies are not directing &sogse into the most potential direction.
In addition to electricity and heat production,das use as a transportation fuel should
also be subsidized equally.

Based on this result, the government and commasnituld subsidize biomethane

utilization by approximately 140 € annually per leayas-operated car because of the
reduced external costs. This could be directeedfample to biomethane car prices and
taxation or for subsidizing biomass producers teditheir feedstock for biomethane

production instead of alternative utilization opi$o As was seen in the economical
results section, the support based on politicaisitats would be needed in some parts
of biomethane production and utilization chain. fEhare however huge uncertainties
related to external costs and their evaluation.

By using biomethane as a transportation fuel Fihleould, in theory reach the EU’s
biofuel targets. Meeting the targets would demamnlglterm development in gas
utilization in the transportation sector. Italy h#dte fastest growth in gas-operated
vehicles in 2009-2011. It has increased the gasatgmk vehicle amounts by
approximately with an average of 0.23% of all védgcannually. Sweden posses the
second fastest growth which has been approxim&€l8% annually during last ten
years. Finland could reach the maximum of 60 OGBayeerated vehicles by year 2020
with the Italian growth rate. This amount of caaohnly 5—-6 % of the passenger cars in
Finland. If those vehicles were passenger cary, wuwild consume approximately 600
GWh gas annually. This amount could be relativelsilg produced by using feedstock
with the easiest access, such as biowaste and WaNitige. What are the factors that
have led to higher gas-operated vehicle amountiifiarent countries? According to
IEA (2010), there are several factors which dribe expanded utilization of gas-
operated vehicles. These factors are for examplguaility, freeing up oil for exports,
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reducing governmental spending on subsidies, priomaif local vehicles, improving
security and overall gas market development. Taradind subsidy policies seem to be
the most important factors to affect the growtreraf gas-operated vehicles. (IEA,
2010)

The approach to study the limiting factors for b&hane use in the transportation
sector can be further developed to be used fafalie transportation energy systems.
To find out the key issues, which may limit the riasing utilization of new
transportation energy options, the following pecsives should be taken into account:
technology, economy and policy. All of these pecsipes should be studied along the
life cycle of the product. From the technology pedtive, the production potential,
distribution infrastructure and vehicles should btidied. From the economic
perspective, the feasibility for different operatatong the life cycle should be studied.
From the political perspective, subsidizes showdddlrected to the bottle necks along
the life cycle. Subsidizes can be based on thectehs from the external costs by
utilizing alternative transportation fuel optionsnepared to the options in use. Another
option could be to reduce subsidizes for fossillSudhis may however, be very
difficult. Using methods presented in this dissrtacould be further utilized for local
studies for example for hydrogen and electric cirsddition, there may also be some
smaller additional limiting factors, which are napplicable for biomethane but for
other fuels.
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Figure 8. Systematic approach for recognizing limgifactors for transportation energy
systems.

5.2 Limitations of the research

Figure 47 presents, which parts of life cycle abdas, landfill gas and biomethane
production and utilization options are includedimd excluded from this dissertation.
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Figure 47: The boundaries of this thesis from tlALperspective. Grey unit processes
are included in the dissertation but the white caresexcluded.

This research concentrates on biogas that is peading anaerobic digestion. There are,
however, other options to produce similar biogasbimmethane from syngas or by
methanation processes from hydrogen. Biogas distoib is modeled by pipeline
transportation or by CBG transportation. LNG trasrgation is not included in this
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research. In addition to gas-operated vehiclesetextric vehicles, the energy of biogas
could be directed to the transportation sector ydpcing hydrogen for hydrogen
vehicles. This method is not widely used, and doethe undeveloped hydrogen
infrastructure, this option was not included irstthiesis.

This study was done in a North European operatienaironment, especially by using
Finland related data. Transportation, cultivatiogtimods, land use, emissions from used
energy and means of distribution may, howeverediffccording to the geographical
location. For areas with denser population, calbectnd transportation distances may
be even shorter than those used for the purposdsisotudy. In a warmer climate,
GHG emissions from cultivation may be lower duehigher crop productivity and a
longer growth season. Therefore, in general, sdtfeedindings and results may not be
applicable straight forward in other geographicatations. On the other hand,
recommendations for the use of various LCA methogiek are applicable in different
geographical locations and for some other tranafiort energy systems than for
biomethane. The study of limiting factors for bidtrene use was mainly carried out by
using Finnish data. Therefore, the results mayedifftrongly in other geographical
locations. On the other hand the approach in thidysis applicable also elsewhere.

This dissertation was carried out by using standaddmethods and commonly used
techniques. LCA was mainly used in GHG emissiooudations. Economic evaluations
were carried out by using a payback time appro&shilar methods are utilized also in
other scientific studies. There are various assiomptrelated to methodologies and
data, which may cause uncertainty to the resul@A ldata has been gathered from
various sources, and there may be differences andtion in between the sources. The
data that is used in the calculations has beenechasainly by technological,
geographical and temporal representativeness. @ier has also been used in the
sensitivity analysis. Assumptions related to sdesaand data utilized have direct
impact on the results. To recognize these impac®ublication | various factors and
assumption were varied according to the differeniceslata and assumptions. For
example, technological solutions and assumptioatedl to transportation distances
were varied. In addition, emissions related toghmuction of energy that was utilized
in biogas production were varied. Maybe the highesertainty is related to the energy
systems that could be replaced by energy produdtitim biogas. Therefore, a high
scale of variation has been carried out relatethéoproduction methods of replaced
energy. Additionally, the impacts with the use dfelent methodological options were
studied in Publication | and Publication Il. Theakaess of economic evaluations is
that they are using mainly Finland related datd, smmetimes the availability of data is
limited. In addition, data related to economy sdenbe changing more rapidly. Data
related to external costs has also high uncertdieggause it is difficult to estimate.
Therefore, the uncertainty related to economic watmons is higher than the
uncertainty related to GHG studies. The conclusinasvn from economic evaluations
are not as detailed but more overall and directiona
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5.3 Implications

5.3.1 Practical implications

The dissertation can help in decision-making relatebiomethane and biogas systems.
It gives methodological recommendations and teiniata about how biomethane
GHG LCAs should be carried out. It presents howeptability of biomethane
production should be evaluated and how a widergystcale approach should be used
in actual decision making situations. The resulie gnformation about the climate
change performance of biomethane, which can be fgedxample in marketing. In
addition, the effects of various factors along ttie cycle on GHG emissions of
biomethane are studied. This helps to figure oaththtspots of biomethane chains from
the GHG perspective. By recognizing the hot spbis easier to decrease the carbon
footprint of biomethane. The results of this thedisw that only a marginal advantage
is received if biogas from electricity and heatdarction is directed to transportation
use. Much higher advantages are received when iogadproduction is launched.

Using only narrow calculation instructions suchisective 2009/28/EC in decision
making may lead to wrong conclusions. Thereforés highly important to know what
are the goals of LCA studies. Some political instemts such as feed-in tariffs are also
not necessarily only improving the GHG emissionuibn but also reducing them.
Therefore, for multi usable fuels, such as biomathall the utilization aspects should
be taken into account in subsidizing procedures.

From the economic perspective, the bottle necksaandpproach to study bottle necks
are presented. This helps to direct political slikes and to evaluate what are the
effects of the subsidizes. The thesis also presbattheoretical biomethane production
potential for Finland, which helps to estimate tb&e of biomethane in reaching the
renewable energy targets. In addition, this thgsiss on overview and important steps
which have to be taken into account when biomethaitieation in the transportation
sector is to be increased.

The comparisons of allocation methods and factffecting the GHG emissions help
researchers and operators to study and developdb®gstems to more environmental
friendly direction. The approach to study limitifagtors could be applied also for other
transportation energy systems.

5.3.2 Theoretical implications

The theoretical implications of the dissertatiore anainly related to life cycle
assessment methodologies. The recommendationsimg afiocation procedures in
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acceptability evaluations and system expansioeah case comparisons are presented.
The substitution method was studied as an altemdtir the allocation method, but it
requires actual data related to the replaced psesesAs the theoretical questions
related to biofuel LCA are usually complicatedsitimportant that the LCAs are carried
out by persons who how have enough understandingonV assumptions in
methodologies may lead to wrong decisions. FromGR& perspective, it is highly
important to recognize which products or processesactually replaced by the main
product or process.

When limiting factors for biofuel chains are studjié is always important to split the
life cycle of the biofuel according to different eyators. This gives more detailed
information, especially on the economic bottle reedk the production chain. An
approach to study the limiting factors for alteimattransportation energy systems was
created. The approach will help in recognizinglibttle necks and in increasing the use
of alternative transportation energy systems.

5.4 Future research topics

Improving technologies are probably going to leadten lower GHG emissions from
biomethane production by digestion. This shouldalen into account in future studies
and comparisons of various biogas and biomethaifigatibn options. In addition,
emissions related to methane leakages a@ éynissions from cultivation and digestate
use are still unclear even though they have a gtedfect on the results. Additionally,
energy production efficiencies are likely to deyelas well as electric vehicles. If
electric vehicles break through to markets, thegédouse for electricity production
could be the best option from the GHG and infragtme perspectives. If hydrogen
infrastructure expands and becomes a more availetiaology, biogas use to produce
hydrogen may lead to higher GHG emission reductemmspared to direct biogas use in
gas-operated vehicles. In addition, storing renésvaleak electricity such as solar or
wind electricity to methane by first producing hgden from water and then through
methanation processes producing methane, may he@ortant method to produce
methane in the future. Additionally thermo chemjgadcesses to produce methane from
lignocellulosic feedstock are also developing. Exoit studies would be needed to
evaluate which feedstock should be directed to dsogroduction and how policies
could better subsidize biomethane use in the ttesjion sector to gain as cheap GHG
reductions as possible. From the energy systenpeetige, it would be also important
to know, how biomethane should be utilized. A ngwraach is probably needed to
evaluate available options to produce energy amusportation fuels needed at certain
areas. This could help to put different energy usesierarchical order based on
available options to their production.

More attention should also be paid on the comparafaifferent fuels from also other
than GHG perspective. Biomass production and use mlgo lead to other
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environmental, social and economic sustainabilitglienges. Some of these challenges
can be avoided by the use of waste feedstock mhstBaultivated biomass. Especially
biogas production may have a significant contritmution nutrient cycles and on
eutrophication. However, the impacts on other $ughdlity issues should be further
studied and the effects of biomethane productionpared to other alternative options.
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6 Conclusions

In this dissertation, biomethane production fonsgzortation purposes was studied from
climate change and economic perspectives by ugiegcycle assessment approach.
Biomethane production and use seem to be acceptabte the GHG perspective
because its GHG emissions are lower than thoseos$ilf transportation fuels.
Biomethane production may have also additional athges compared to other
feedstock utilization options. However, biogasdidhgas or biomethane use in energy
production leads also to GHG emission reductiomas$ #ne approximately at the same
level as from the transportation use. If biogasligady used for electricity and heat
production, the advantages of directing biogagaasportation may be marginal from
the GHG perspective. Therefore, to increase biogasn the transportation sector with
the intention to reduce GHG emissions, new biogasiyction should be built using
feedstocks which are currently not used for biogaxluction. Biogas or biomethane
use in electricity production for electric vehiciesalso a potential option to increase the
use of renewable energy in the transportation secto

GHG emissions from biomethane production and distion are relatively low if the
energy and especially electricity consumption areadow level and there are no
significant methane leakages. Especially, the usewvaste feedstock enables the
biomethane production with low GHG emissions. Byngswaste feedstock, the
complicated issues related to land use change eaavbided. Processes related to
feedstock cultivation and digestate use may leadekatively high GHG emissions,
particularly via NO emissions. In addition, waste water treatmenntptdudge with
high moisture content leads to higher energy compsiam in digestion because more
heating is needed. The new technology seems toebelaping into a lower energy
consumption direction, and methane leakages amelas with new technologies and
upgrading applications.

There are various methodological options to studynkethane use in the transportation
use. GHG emissions from biomethane production @edcan be calculated to evaluate
overall acceptability of transportation biomethacempared to other fuels. This
methodology is a good option when comparing variwassportation fuel options, but
actual specific cases are not studied. In thesdiesty from the methodological
perspective, the key issue is whether digestatéddoel regarded as a co-product and
which allocation methods should be applied. Diges&hould be handled as a co-
product if there is an economic value and usetferdigestate. In these cases, economic
allocation is the most justified. Energy allocatshould be applied only when digestate
is directed to combustion. Waste assumption isifigdt when there is no use for
digestate. If it is exactly known where digestateused, a substitution method could
also be applicable. However, if real cases are emetpto get information for decision-
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making, a wider system expansion approach shoulgsbkd. In system expansion, also
the alternative uses for feedstock and biogas @amdmpared. The use of system
expansion demands knowledge of the replaced emgigggms. Due to the high variety
of methodological options, legislation should nestrict too much the methodological
choices in decision making in order to get reliatdaclusions.

Despite the fact that biomethane use in the tratesjian sector seems to lead to GHG
emission reductions, the amount of gas-operatedcleshis still low in several
countries.From the economic perspective, agricultural bionmsessms to have several
limitations in biogas production. First, there mhg more inexpensive alternative
utilization options. For a biomethane producer,egaes from the feedstock are
essential, but dedicated energy crops producerscexp get paid for the feedstock.
Agricultural biomass has the highest biogas prddaqtotential. In addition, the use of
dedicated energy crops does not lead to as high @r@sion reductions as waste
feedstock. For the waste feedstock, similar problemlimitations were not found or
the magnitude of the problems was lower. For ailligor, the existing gas grids are
essential. Building long gas grids is expensive ingkhe distribution unprofitable. For
consumers, the biggest problem is the higher invest cost of gas-operated vehicles.
Therefore, despite the cheaper fuel, they are igpificantly more inexpensive than
traditional vehicles. Political decisions can heip improve the economics of
biomethane production and utilization chain for rapée by subsidizes or tax reliefs.
These subsidizing mechanisms could be based ardletions from the external costs
compared to vehicles using fossil fuels. The nedgp scould be to create political
instruments to compare subsidizes paid for diffetesansportation energy systems to
achieve as high environmental benefits with asdosgis as possible.

Biomethane use as a transportation fuel shouldakeufed over electricity and heat
production because the options to produce trarepamt fuels locally are usually more
limited than the options to produce energy. In &ddj biomethane is ranked high in the
transportation fuel hierarchy because it can bal w#eo in heavier vehicles, where
renewable energy choices are otherwise very limiBéddmethane production should
start from the cheaper waste feedstock to gairhigeest GHG emission reductions.
Further more expensive cultivated biomass has toslesidized to expand the
biomethane production potential. With cultivatedrbass, it is important to ensure a
high enough GHG reduction potential by paying dttenon cultivation processes.

It appears that biomethane leads to GHG emissidhgctions in transportation use, and
the potential for even greater emission reductimay increase in the future with the
advent of improved technology, greener energy prtioln methods and higher demand
for recycled fertilizers. The methane leakages Bp@ emissions related to digestate
use are still unclear and should be studied in aenuetail because they have a
significant contribution on the total GHG emissionslore detailed economic

calculations are also needed to direct subsidipeshé most important parts of
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biomethane life cycle and to avoid harmful subsdizThis research did not take into
account biomethane production by thermo-chemicalhaus or from hydrogen by
methanation. These developing technologies careaser the biomethane production
potential significantly, for example by using woas a feedstock or excess renewable
electricity in hydrogen production. Other sustailiphissues than GHG emissions were
mainly excluded from this study. With biomass basgofuels other sustainability
issues may also posses huge threats. Some of ¢hasbe avoided by using waste
feedstock instead of cultivated biomass. Howeuvegsé issues related to biomethane
should be further studied.
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Appendix A: Data quality

The Appendix A presents the main initial data searic modeling at different life cycle
stages. Data quality is evaluated based on theuaigins of Greenhouse Gas Protocol.
The quality is evaluated based on temporal reptageeness, geographical
representativeness, technological representatisenempleteness and reliability. In the
column Quality V is very good, G is good, F is faind P is poor. More detailed
definitions for the categories can be found in @heeise Gas Protocol 2011. Data is
also divided to primary and secondary data. Pringiata is case specific data which is
usually measured. Secondary data is average daith@r not case specific data. The
table also displays publications of this thesis ighigitial data is used. The last column
describes how much initial data is varied in sévigitanalysis in order to figure out the
impact related to data selections. Data selectéms assumptions are described more
detailed in Materials and Methods and in publigagio
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ABSTRACT: Employing a life-cycle assessment approach, this paper studies greenhouse gas (GHG) emissions resulting from
biomethane used as transportation fuel. It focuses on both GHG allocation methodologies and uncertainties regarding GHG
emissions from biomethane. The goal is to calculate GHG emissions of two types of biomethane used in transportation: that
produced from biowaste feedstock and that extracted from dedicated energy crop feedstocks. The effects of allocation methods
used for digestate and those of other factors arising during the life cycle of biometha.ne are studied. The GHG emissions of
biomethane produced from biowaste with dlgestate use are approximately 22 gCO,q MJ™Y; those of biomethane extracted from
dedicated energy axggs A 61 gCO,.q MJ™". However, using the substitution method for digestate decreases biowaste emissions
by 10 gCO,., MJ ™" and dedicated energy crop emissions by 22 gCO,., MJ~". The highest emissions uncertainties are related to
land use change, cultivation processes, digestate use, and technology selections in digestion and upgrading. Using technology
with high energy consumption or methane leakages will significantly increase total emissions. On the other hand, use of
renewable energy in processes is one option for decreasing total emissions. It appears that biomethane could be produced with
lower emissions than previous studies have shown by optimizing production and implementing new technology. The utilization
of digestate in replacing mineral fertilizers, resulting in additional GHG emission reductions, is a key issue which should be
accorded more attention in the future. For one to achieve reliable results, factors related to biomethane production and allocation
methods for digestate emissions should always be chosen on a case-by-case basis.

1. INTRODUCTION from the production and use of biofuels may be even higher
Approximately 15% of global greenhouse gas (GHG) emissions than emissions from those of fossil fuels.'® In addition, there are
are emitted from the transportation sector,"” the main cause of great differences in GHG emissions of biofuels depending on
these high GHG emissions being the use of gasoline and diesel the feedstock and production method used."'* In light of this
fossil fuels. One option for replacing fossil fuels, reducing GHG variation, several studies have shown that the GHG emissions
emissions, and increasing the use of renewable energy in the from biomethane production and use are lower than GHG
transportation sector is the use of biofuels, for example, ethanol emissions from fossil fuels."*'* Yet, still other studies have
and biodiesel.> Biomethane, specifically addressed in this paper, demonstrated that the potential for GHG emissions reductions
is another biofuel alternative for gas-operated vehicles. is only marginal in some cases.'>"

Biomethane can be produced from biogas, which in turn can According to previous studies, GHG emissions from
be produced by means of anaerobic digestion using organic raw biomethane production vary from 12 to 70 gCO, MJ ™', and
materials, such as organic wastes or dedicated energy crops, as thus the GHG emissions reduction potential of biomethane
feedstock.”* Digestate is a coproduct from the digestion compared to various fossil fuels varies from 10% to 70%."*"'*
process in biogas production, and it can be used as fertilizer due Feedstock selection for biomethane production appears to play
to its nitrogen and phosphorus content.’ After the digestion an important role in total overall GHG emissions: dedicated
process, the methane (CH,) proportion of biogas can be energy crops seem to lead to lower GHG emission reductions
increased in an upgrading process to produce biomethane. The than does the utilization of waste materials due to added
quality of biomethane, having a methane content of environmental burden of cultivation processes."*™'¢ However,

. L. 7
PP Fomme;tely 98%’bls ‘Sil,mﬂ%r to dt}];at of natur?l 8as. | studies have reached differing conclusions. For example, Pertl et

Blogzzt ang c;m efu lftg uted by mfzar;s N emftmgzr;at’}l{la al.'® calculated relatively high emissions for organic waste-based
gas grids and be refueled in gas refueling stations. € biomethane, and Directive 2009/28/EC"* provides low default

proportion Of European. natural gas vehicles in the total values for biowaste-based biomethane production. There are
European vehicle market in 2012 stood at 0.5% but has been . . .
also some key issues along the life cycle of biomethane that

steadily increasing.” There are over 4000 refueling stations for
7 & & affect the total GHG emissions reduction potential. Borjesson

aseous fuels for transportation in Europe.” The existin

gaseot P . P e & Berglund found that the handling of raw materials is often a

utilization of gaseous transportation fuel creates the basis for o AT : =
significant source of GHG emissions. During digestion and

increasing biomethane use, as distribution networks and users ° -
can be, depending on the country, already in place. upgrading processes, energy consumption and methane

The main goal of biofuel usage is to reduce GHG emissions

in the transportation sector; however, biofuel production and Received: August 2, 2013
utilization also generate GHG emissions in various steps along Revised:  February 17, 2014
the life cycle. Some studies have shown that GHG emissions Published: February 17, 2014
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Figure 1. Biomethane production chain and flows related to various process steps.

leakages seem to be the major sources for GHGs." %" Pertl et
al.'® compared various upgrading methods and showed that
technology selection has a relatively large effect on emissions
from the upgrading phase. Cultivation processes may also be an
important factor if biomethane is produced from dedicated
energy crops.'>'>'® Despite the emissions released along the
life cycle, biogas systems normallgr lead to environmental
benefits, which can be considerable.”

From a methodological perspective, much variation exists in
the methods used for allocating emissions from digestate
handling and utilization. There are four common ways of
dealing with GHG emissions from digestate use in the context
of studies of biomethane emissions. First, if digestate is not of
economic value, it can be regarded as waste, according to the
ISO 14040 standards® and the Greenhouse Gas Protocol.”” In
this case, GHG emissions from digestate utilization are added
to the GHG emissions of biomethane. This method has been
applied by Bérjesson & Berghmd14 and Murphy et al."’” Second,
in other studies, GHG emissions from digestate utilization are
not included for biomethane, and allocation is not done despite
the fact that the digestate is regarded as waste.!>'¢ Third, if
digestate is of economic value, it can no longer be regarded as
waste, and thus part of the GHG emissions from the joint
production of digestate and biomethane must be allocated.*"**
Allocation may be done according to economic value or to the
instructions of Directive 2009/ 28/EC,12 based on the energy
content of the products. Fourth, the substitution method is the
final calculation method, and it may be employed to avoid
allocation.”"** In this case, GHG emissions from digestate
utilization are included for biomethane, but GHG emissions
savings incurred by replacing mineral fertilizers with digestate
are subtracted from the total emissions.

Many studies of biomethane utilization and GHG emissions
reductions have been carried out. However, previous research
has mainly focused on using only one example of various
possible biomethane production chains, feedstock, or allocation
methods.'*™"” The perspective of those studies has been to
replace various reference systems with biogas or biomethane
use or to concentrate on a certain part of the biomethane
production chain.'®*° Therefore, there is great variation in the
results, and we still lack a clear picture of the importance of
various factors of GHG emissions along the life cycle of
biomethane and of allocation methods. Biomethane producers
need more information to focus on the most important process
steps for reducing GHG emissions from biomethane
production and for satisfying legislative requirements. In
addition, natural gas grid distribution has been viewed as a
key issue for the expanded utilization of biomethane,® but little
related research exists. A range of important factors may affect
GHG calculations, for example, emissions from electricity

1902

production, cultivation processes, and employed technology. In
addition, the effects of a given allocation methodology for
digestate utilization are still unclear. The fuel choices in the
transportation sector are becoming increasingly important in
energy conversations. It is therefore imperative that we discover
how biomethane could be produced with low GHG emissions
and that we identify which factors increase the risk that GHG
emissions from biomethane production will increase. We also
still lack a clear picture of the significance of the differences
between various allocation methods.

The aim of this study is to fill in the gaps in our knowledge
concerning GHG emissions from biomethane production and
utilization. The goal is to clarify the big picture of GHG
emissions related to transportation biomethane by answering
the following questions: What is the role of different life cycle
steps in biomethane production and utilization for studied
cases? What are the effects of various uncertainties along the life
cycle of biomethane on total GHG emissions? What are the
effects of a selected allocation method on the results, and when
should various methods be used to gain the reliable picture of
GHG emissions of biomethane? Are the uncertainties related to
allocation methods more significant than uncertainties related
to various factors along the life cycle of biomethane?

2. MATERIALS AND METHODS

Assumptions and Boundaries. We have carried out our research
using life-cycle assessment (LCA) methodology and Microsoft Office
Excel 2007. LCA methods are widely employed in similar GHG
emissions research to compare various options and to evaluate the
effects of certain parts of the life cycle on the entire process.”*** Our
calculations are based on the instructions of ISO 14040 standards,*
the Greenhouse Gas Protocol,zz and Directive 2009/28/EC.'> The
functional unit in all calculations is 1 MJ of biomethane produced and
distributed to the transportation sector. The modeling was carried out
by calculating GHG emissions from each process step. For factors used
in calculations, a basic assumption of a certain value is presented;
thereafter, the variation of the value is presented in parentheses. The
variation of the value is used in the sensitivity analysis to determine the
significance and uncertainties related to each factor.

In this research, a North European operational environment was
selected. The two types of feedstock chosen for the study are biowaste
(organic waste) and dedicated energy crops (clover and timothy).
Figure 1 presents the biomethane production chain modeled in this
paper.

The following global warming potentials are used as carbon dioxide
equivalent emissions for carbon dioxide, methane, and nitrous oxide,
respectively:

1gCO,

-1
68C0,

23 gCOqugCH4_1
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Figure 2. Various allocation methods for dealing with GHG emissions from digestate utilization. Scenario A depicts a waste assumption, whereby
GHG emissions from digestate utilization are included in GHG emissions from biomethane production. Scenario B also depicts a waste assumption,
but GHG emissions from digestate use are not included in GHG emissions from biomethane production. Scenario C depicts the allocation method
based on economic or energy values. Scenario D depicts the substitution method for replacing mineral fertilizers.

296 §CO, gN,0™'

In biomethane production, digestate is also produced. Digestate
consists mainly of nonvolatile feedstock residue and unconverted
organic matter, and it can be used as fertilizer due to its nitrogen and
phosphorus content. Emissions from digestate handling can be mainly
attributed to machinery needed for its transport and spreading and to
N,O emissions resulting from its use on fields."*'” This paper studies
the effects of four allocation methods applicable for digestate. The
various options are presented in Figure 2, represented in scenarios A—
D.

When one uses economic allocation methods, the economic value
of the products must be defined.”** The opportunity to gain an
economic advantage from digestate use depends on the situation and is
still somewhat unclear. On the basis of the literature, the maximum
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price for digestate is approximately 11 € t™ 4. iered diges(ate'zs The price
for biogas and biomethane also varies but is approximately 0.5 €
kg_lbiogas and 1.5 € kg_lbimm}me.26 For the energy allocation method,
the lower heating value for digestate is assumed to be approximately
2.5 MJ kg". For the substitution method, the emissions factors for
fertilizers are presented in the chapter on cultivation.

If biowaste is used as feedstock for digestion, it can replace other
waste management options such as composting. According to
Finnveden et al, digestion and biomethane use as a transportation
fuel is a better option than composting or landfill deposit from global
warming perspective.”’ Replacing composting process will lead to
additional GHG emission savings with biowaste biogas. This is
discussed in the results section.

Land Use Change. Land use change (LUC) may result in
increased GHG emissions because of modifications in soil carbon

dx.doi.org/10.1021/ef4021685 | Energy Fuels 2014, 28, 1901-1910



Energy & Fuels

Table 1. Characteristics of Feedstock>®

TS (%) VS?/TS (=)
biowaste 27 (27-66) 90 (85—90)
dedicated energy crops 35 (28-35) 85 (85—90)

“Total solids. ®Volatile solids.

CH, (m® tVS™") N (%-TS) P (%-TS)
400 (400—450) 2 0.4
350 (300—350) 3.4 0.6

stock. If dedicated energy crops are used as feedstocks for biofuels,
there are various options pertinent to land use change. First, feedstock
from set-aside fields, from buffer strips of water systems, or from
landscaping and similar areas can be regarded as waste, thus not
leading to land use change. Second, if feedstock production takes place
on fields already used in silage production, then there are no significant
additional GHG emissions from the land use change, because the
carbon stock level does not change with relation to the previous use.
Third, if forests are logged and converted into fields, there will indeed
be a change in carbon stock resulting in increased GHG emissions.
Fourth, indirect LUC is also a possible consideration if feedstock
cultivation on agricultural lands leads to LUC somewhere else. The
options 1 and 2 are the most relevant to Northern Europe. For the
purposes of this paper, land use change emissions are divided up to
reflect two annual crops in the calculations.”® The basic assumption is
that cultivation in Northern Europe can be done without significant
land use change, so the effects of LUC are presented only in the
sensitivity analysis. The worst case scenario for LUC in this paper is
the conversion of a hectare of boreal forest into cropland, which leads
to 114 tC,q emissions over 119 years (the amount of time the carbon
remains in the atmosphere).*®

Cultivation, Collection, and Feedstock Transportation.
Cultivation processes lead to GHG emissions via the utilization of
fertilizers and machinery. Feedstock productivity varies greatly
depending on the geographical location. For the purposes of this
paper, feedstock productivity is estimated to be 10 000 kg ha™' (6000—
14000 kg ha™!).>*® The required amounts of fertilizer are 100 kg ha™
(50—150 kg ha™") for nitrogen (N) fertilizer, 10 kg ha™" (0—20 kg
ha™) for phosphorus (P) fertilizer, and 280 kg ha™ (100—280 kg
ha™!) for calcium carbonate (CaCO,) fertilizer.® P fertilizer use is
relatively low in Europe, as N is the limiting factor for growth.*>* The
production of mineral fertilizers leads to GHG emissions of 5880.6
gCO0, kegy !, 1010.7 g2C0, kgp,0, ', and 129.5 gC0,q kgcoo 2 In
addition, the utilization of nitrogen fertilizer leads to nitrous oxide
(N,0) emissions.*® In this research, 1% of nitrogen is estimated to
react to N,O.*° Cultivation processes also require the use of machinery
in fertilizing, harvesting, plowing, and seeding. Emissions from the use
of machinery are calculated based on agricultural tractor emissions.”"

GHG emissions from collection of biowaste and transportation of
feedstock are calculated using transportation emission data for
transportation trucks.”” Biowaste must be collected from households,
public services, or industry, and the collection distance is estimated to
be 50 km (10-50 km).*” Dedicated energy crops collection is
included in agricultural machinery and is carried out by a tractor. The
transportation distance after collection for biowaste and dedicated
energy crops is also approximately SO km (10—100 km).>

Digestion and Pretreatment Process. Table 1 presents
characteristics of the feedstock used in calculations. These values are
used to calculate the amount of feedstock needed to produce the
functional unit of biomethane and to evaluate the effects of feedstock
quality on GHG emissions.

The digestion process is modeled based on anaerobic wet
mesophilic digestion. The process is assumed to produce biogas
with methane content of 60%. The electricity and heat demand are
calculated based on the heating of the feedstock and on energy
consumption during the pretreatment and digestion processes. The
electricity demand is calculated assuming 55 M]J t™ (10% TS) for
feedstock and 16.2 MJ t_ldigemg for dewatered digestate."* The
marking 10% TS refers to mixture of substrate with a 10% dry matter
content. This dry matter content is obtained by recycling reject water
and adding fresh water. The recycling rates, or water used, is 50% for
biowaste and 100% for dedicated energy crops (the recycling rates
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were calculated). On the other hand, much higher energy demands are
presented in the literature. On the basis of these assumptions, the
electricity demand for biowaste is 72 MJ t™' (72—230 MJ t™') (10%
TS) and for dedicated energy crops is 76 MJ t™' (76—230 MJ t™")
(10% TS).'**° The digestion process heat demand is calculated by
summing up the heat needed for heating the material for digestion and
the heat losses from the reactor. Heat consumption is 59 MJ t™* (59—
320 MJ t7') (10% TS) for biowaste and 25 MJ t™" (25—320 MJ t™")
(10% TS) for dedicated energy crops. These values may be regarded as
typical for new digestion plants but especially energy efficiencies of
biogas plants vary at high scale."*?** Various references provide low
values for methane leakages from diges’tion;M'16 maximum methane
leakages in the digestion process are estimated to be 5%.>%>°
Digestate Use. Digestate may be used as a raw material for
fertilizer production, it may be spread on fields without any additional
processing (other than hygienization for biowaste based digestate), or
it may be used in the composting process. The energy consumption of
hygienization is taken into account in the energy demand of the
digestion process. In this study, covered storages for digestate and
recovery of residual methane are included in study to avoid methane
emissions.”* If digestate is to be used as a fertilizer, it must satisfy
quality requirements.‘%s’}'6 For the purposes of this study, digestate is
assumed to be transported by trucks to fields estimated to be located
within 50 km from the digestion plant and then to be spread using
agricultural tractors. A total of 1% of nitrogen in the digestate is
estimated to result in N,O emissions.>® The Nitrate Directive limits
the maximum amount of N that can be used for certain fields;*”
therefore, there may not be an adequate amount of suitable fields close
enough to the digester, which may in turn limit the use of digestate as
fertilizer. In these cases, additional digestate has to be for example
composted. This option is studied in the sensitivity analysis.
Composting does consume some electricity, but the majority of its
emissions are related to N,O emissions from N in the cligestate.38 It is
estimated that 71 gCO,q kg ' fedsto is emitted from a compost
process (CH; and N,0) and machinery use in handling of compost
products.”*® In addition, 1% of nitrogen in the compost product is
estimated to result in N,O emissions during a compost product
utilization stage.*® A similar compost process is used to estimate GHG
emissions from biowaste composting in waste management.
Upgrading. Upgrading is needed for increasing the methane
proportion of the produced gas by removing CO,. There are several
upgrading methods: pressure swing adsorption (PSA), water scrubbing
(WS), and amine wash (AW). These methods differ in methane
leakages as well as in electricity and heat consumption. Methane
leakages from PSA are 4%; from WS, 1.5%; and from AW, 0.1% (0—

0.1%)."%**! The electricity use for PSA is 0.72 MJ N m™>__; for
WS, 097 MJ N m™>,,..; and for AW, 0.36 MJ N m3,...'****
also consumes 2.0 MJ N m’3rawgas of heat, and 1.44 MJ N m’3mWgas of

heat can be recovered for the digestion process, which in turn
decreases the heat consumption in digestion.** Heat recovery of
upgrading is taken into account within the upgrading process step (so
as to prevent misinterpretations). AW technology is assumed to be the
basic selection, and emissions from PSA and WS are presented in the
sensitivity analysis. After the upgrading process, the methane content
of biomethane is assumed to be 98%.

Distribution. Several solutions for distributing biomethane to the
transportation sector are available. The natural gas grid and other
suitable gas grids can be used to distribute biomethane. In gas grid
distribution, biomethane is pressurized to conform to grid pressure,
which, for example, is S5 bar for natural gas grid distribution in Finland
but may be lower if distribution is done via low pressure grids.>®
Electricity consumption in the compressor is 0.5 MJ m™ for natural
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Figure 3. GHG emissions from various process steps for biowaste-based biomethane and dedicated energy crops-based biomethane.

gas grid distribution.* If no grids are obtainable, the biomethane must
be transported in liquid or compressed form by trucks, rail, or ships.
This paper examines both natural gas grid distribution and truck
transportation of compressed biomethane. For the latter, biomethane
is pressurized to 250 bar, and the transported gas amount is 2000 kg
per truck.2%*** The transportation distance for the compressed
biomethane is assumed to be 100 km (50—250 km) based on locations
of refueling stations and gas grids in North Europe. The amount of
dewatered digestate is 0.07 kg MJ™ (TS 30%) for biowaste and 0.134
kg MJ ™" (TS 30%) for dedicated energy crops.

Biomethane is refueled in gas-refueling stations, which may be
located either along gas grids or in separate locations. For fast
refueling, the predominant refueling method in Northern Europe, the
pressure of the biomethane should be increased to 250 bar from NG
grid’s pressure, and refueling takes only minutes.**

Electricity consumption in refueling station compressors is 0.16 MJ
m3, and in other devices, 0.04 MJ m™> 2629 1f 5 refueling station is not
located along a gas grid, a back-up gas system is required to ensure gas
delivery during shutdowns of bioreactors. In this research, the
proportion of back-up gas is estimated to be 10% of the total
distributed gas amount, but it should be borne in mind that only a
little information related to back-up gas use is available.

Transportation Use. Biomethane can be used in several kinds of
vehicles developed to run on gaseous fuel. The most obvious users are
buses, taxis, and other vehicles operating in relatively confined areas.
For example, local buses can operate with only one refueling station. It
is also possible to use biomethane in heavier vehicles, such as waste
trucks.**

An example passenger car in our research has an average gas
consumption of 2.3 MJ km™, and an example bus has an average
consumption of 21.2 MJ km™" in urban driving.***' Vehicle emissions
used in this study are 0.0011 gCH, km™" and 0.0021 gN,O km™" for
passenger cars and 1.0 gCH, km™" and 0.032 %NZO km™" for busses.”'
On the basis of Directive 2009/28/EC,'> emissions from the
utilization of biofuels in transportation can be excluded from the
studies, and this is taken into account in the sensitivity analysis.

Emissions from Energy Production. Emissions levels from
processes consuming energy depend largely on the emissions resulting
from the method of energy production. Emissions among various
energy production methods vary greatly; therefore, various emission
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factors must be used in calculations. Despite the fact that Finland
related values are used in the calculations, the same values are
applicable throughout North Europe. In Finland, GHG emissions from
average electricity production vary from 4S5 to 86 gCO, ML
However, GHG emissions originating from electricity production may
be significantly lower if a high share of renewable energy is used. In
other Nordic Countries, emissions from electricity production are
lower than in Finland. For example, in Sweden, GHG emissions from
average electricity production may be as low as 14 gCO,q MJL* On
the other hand, if new electricity consumption occurs, it may utilize
marginal electricity (coal power) in the beginning.*’ This may occur if
a high capacity of new biomethane production is produced. GHG
emissions from marginal electricity vary from 222 to 250 gCO0,¢q
M)~ ** On the basis of this information, 83 gCO,. MJ™" (14-250
gCO,q MJ ™) is chosen for this study to determine the effects of the
utilized electricity type.

Emissions from average heat production in Finland are 58 gCO,,,
MJ~L* The highest emissions from the heat use by energy method in
Finland were 81 gCO,,, MJ ™! during 20052009, which is close to the
emissions from natural gas-based heat.** The lowest emissions from
heat production are 4 gCO,q M, occurring when heat is produced
by wood chips.?® In this research, emissions from heat production are
assumed to be $8 gCO, MJ™" (4—81 gCO,, MJ 7).

3. RESULTS AND DISCUSSION

On the basis of the assumptions made and data used GHG
emissions for biomethane from biowaste are 22 gCO,, MJY,
and for biomethane from dedicated energy crops, they are 61
gCO,q MJ™" with allocation method A (Figure 3).

Dedicated energy crops-based biomethane yields significantly
higher GHG emissions mainly because of the relatively high
emissions from cultivation processes and digestate utilization.
Digestate from biomass of dedicated energy crops contains
more N than does digestate from biowaste, so usage of the
former leads to higher N,O emissions. GHG emissions related
to transportation, digestion, upgrading, distribution, and use are
relatively low for both types. The majority of emissions from
these process phases are related to electricity use.
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Table 2. Sensitivity Analysis of Various Factors along the Process Chain Influencing Total GHG Emissions

factor

biowaste transportation

digestion technology

digestion methane leakages
digestion heat production method

digestion electricity production
method

feedstock quality
digestate utilization

LUC

cultivation

feedstock transportation

digestion technology

digestion methane leakages
digestion heat production method

digestion electricity production
metho

feedstock quality
digestate utilization

upgrading technology
upgrading methane leakages

upgrading heat production
method

upgrading electricity production

10—100 km
heat 320 MJ t™! (10% TS) and electricity 230 MJ t™' (10% TS)
5% CH, leakage

digestate composting + additional 1% N,O emissions from compost spreading

Double cropping used.

10—100 km
heat 320 MJ t™' (10% TS) and electricity 230 MJ t™' (10% TS)
5% CH, leakage

digestate composting + additional 1% N,O emissions from compost spreading

PSA use in upgrading with higher electricity consumption and methane leakages
0% CH, leakage
heat 320 MJ t™' (10% TS) and electricity 230 MJ t™' (10% TS)

GHG
emissions
compared to
the base case

[gCOq MJ]

metho
distribution technology
distribution electricity use

use

CNG and back up gas transportation 250 km

The emissions from use are not included according to directive 2009/28/EC or high emissions from gas bus

variation min max
Biogas from Biowaste
=22 +14
+23.4
+22.5
wood chip heat 4 gCO,q MJ™" or high heat production emissions 81 gCO0,q My -25  +1
low electricity production emissions 14 gCO,q MJ™" or marginal electricity 250 gCOyq My -2 +11
variation in TS-%, VS TS™'-% and CH, productivity, effects on electricity and heat consumption =07 +03
+18.3
Biogas from Dedicated Energy Crops
The conversion of a hectare of boreal forest into cropland, which leads to 114 tC,, emissions over 119 years. +81
dedicated energy crop productivity 6000 t ha™', N-fertilizer use 150 kg ha™ and phosphorus use 20 kg ha™ +47.6
=09 +22
+31.2
+23.4
wood chip heat 4 gCO,q MJ~" or high heat production emissions 81 gCO0q My -13 +05
low electricity production emissions 14 gCO,., MJ™" or marginal electricity 250 gCO,¢q MJ™! -3 +14
variation in TS-%, VS TS™-% and CH, productivity, effects on electricity and heat consumption 03 +1.0
+36.1
Biomethane Production and Use
+18.8
-0.5
—-14  +0.6
low electricity production emissions 14 8COyq Mjf' or marginal electricity 250 gCOy M]" —-12 +28
+7.0
low electricity production emissions 14 gCO,.q MJ™" or marginal electricity 250 gCO,¢q MJ ™" -2.1 +49
=03 +13

GHG emissions from the production and utilization of fossil
fuels are from 72 to 95.9 gCO,, MJ~". On the basis of this
value, usage of biowaste-based biomethane in the trans-
portation sector leads to 70—77% GHG emissions reductions;
usage of dedicated energy crops-based biomethane leads to
15-36% GHG emissions reductions.'”'>'> These results
confirm the conclusion of previous studies that biomethane
use in transportation could indeed lead to GHG emissions
reductions.">~"” If waste treatment (composting) is replaced by
biowaste digestion, additional GHG emission saving would be
approximately 28 gCO,, MJ ™. This is an important additional
motivator for using biowaste in digestion from a GHG
emissions perspective.

The sensitivity analysis for GHG emissions related to various
factors along the process chain is presented in Table 2. There
may be significant additional GHG emissions for dedicated
energy crops if feedstock production thereof leads to land use
change or if demand for nitrogen fertilizer is high. In previous
studies, emissions from LUC are often excluded. However,
LUC may be a highly important factor in increasing GHG
emissions if new fields are established for feedstock production.
Previous studies show that cultivation emissions vary from 7 to
37 gCOsq MJ~L131516 On the basis of the findings of this
paper, these emissions are 32 gCO, MJ' (0-81 gC0;¢q
MJ™"). This demonstrates that cultivation with high usage of
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nitrogen fertilizer results in emissions which may be
significantly higher than previous studies have shown. Using
energy plants with a high productivity per area unit; for
example, maize has lower climate impacts than crops such as
grass.®

Raw material collection and transportation vary according to
the location of the raw materials and the digestion plant but
based on the assumptions made in this paper does not
correspond to a high increase in emissions. In sparsely
populated areas, the distance for the collection of biowaste
may increase, which subsequently increases emissions. On the
other hand, with well planned collection of biowaste emissions
may decrease.

Technologically speaking, the utilization of old technology or
of technology with a high rate of energy consumption or a high
level of methane leakages may greatly increase the emissions
from the production phase. This can particularly be noticed in
the case of digestion technologies (Table 2). During the
digestion process, small methane leakages and energy-intensive
technology usage increase GHG emissions. However, using
renewable energy in production enables the further reduction
of emissions. If the latest technology has already been
implemented, further potential for emissions reduction at this
stage then chiefly lies in the utilization of renewable energy.
According to previous studies, digestion emissions vary from 3
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Figure 4. GHG emissions from biomethane production with various allocation methods for digestate.

to 12 gCO,q M_]_l.M'16 This study shows that emissions from
digestion are 6 gCO,., MJ™! (1—-37 gCO,q MJ™"). With low
energy consumption and low methane leakages, emissions from
digestion become low, and with renewable energy, emissions
may virtually be eliminated. The use of quality feedstock
yielding high methane productivity will further reduce GHG
emissions. Feedstock quality impacts digestate quality, digestion
energy consumption, and feedstock transportation. Small
variations in quality do not significantly impact total emissions,
but high variations in quality may do so. If digestate from the
digestion process is directed to compost processes, then
emissions are significantly higher than if the digestate is
directed to usage on fields as fertilizer. This is mainly due to
higher N,O emissions from the compost process.

Emissions from the three upgrading options differ consid-
erably. AW technology clearly leads to the lowest emissions
with assumption made in this paper. However, it has to be
acknowledged that the source data related to AW is from a
manufacturer, and therefore its accuracy may be limited. PSA
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and WS technologies lead to high emissions, especially owing
to methane leakages. PSA and WS technologies would improve
considerably if methane leakages could be eliminated for
example by changing the configuration of the plant. On the
basis of previous studies, upgrading emissions vary from 6 to 12
gCO0, M%7 we found upgrading emissions to be
significantly lower than those values when AW technology is
implemented: 3.4 gCO,eq MJ™" (0.3—22 gCO,q MJ 7).

In terms of distribution, natural gas grid distribution leads to
lower GHG emissions than does compressed biomethane
distribution by trucks. Natural gas grid distribution is thus
promising with regard to GHG emissions reductions. Poeschl
et al. found that the natural gas grid distribution would be an
important factor in enabling wide-scale production and
utilization of biomethane.® For refueling stations not located
along gas grids, additional emissions are caused by the
distribution of back-up gas. Little focus has been directed
toward distribution systems in previous studies. In most cases,
emissions from distribution are low despite the fact that
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electricity is usually consumed to pressurize the gas. This paper
assumes that distribution emissions are 2.5 gCO,q My (04—
9 gC0yy MJ™'). What was not previously known is that
compressed natural gas distribution with back-up gas
distribution may greatly impact results. Emissions from grid
distribution appear to be lower and are highly dependent on
the electricity used in compression. In the use phase, low
nonbiogenic methane and N,O emissions are emitted by
passenger cars, and slightly higher emissions are released by
buses. The CO, from use is regarded as biogenic and is
therefore excluded from this study.

For the digestion and other electricity-consuming process
stages, the amount of consumed electricity is an important
issue. When new production in tandem with electricity
consumption is launched, it initially possibly uses marginal
electricity with high GHG emissions. Over time, the structure
of electricity production reacts to the changed level of
consumption, and the consumed electricity will be closer to
the average electricity usage. However, there is always a base
consumption of lower emission electricity; therefore, the
electricity used in processes may be categorized as somewhere
between marginal and average electricity‘47 In Table 2, the
effects of electricity use with marginal and low emissions as well
as those of heat use with low and high emissions are studied for
digestion, upgrading, and distribution. The effect of the chosen
energy production methods are studied only for the basic
technologies selected for the study. The synergy of using
energy-intensive technology and emission-intensive energy
production methods is not, however, studied in this paper.

In addition, different allocation methods were studied in this
paper (Figure 4). Emissions from biomethane production are
significantly higher in scenario A than in other scenarios. In
scenario A, digestate was assumed to be waste; therefore, all
emissions related to digestate handling and use are included in
the emissions of biomethane. Scenario B depicts that excluding
digestate utilization from the calculations will decrease the total
GHG emissions significantly. Scenario C shows that with the
application of energy or economic allocation methods, the
majority of the emissions from common processes will be
allocated to biomethane because of the low heating and
economic value of digestate. Only 5—13% of GHG emissions
from common process steps are allocated for the digestate.
Therefore, the differences between scenarios B and C are
marginal. In the future, if prices of fertilizers and digestate
increase, the allocation rate for digestate would also increase,
which would lead to a lower GHG emissions load for
biomethane in scenario C. Scenario D shows that usage of
the substitution method and replacement of mineral fertilizers
with digestate leads to additional GHG emissions reduction
from mineral fertilizer production. This substitution and
replacement method clearly results in the lowest GHG
emissions especially for biowaste based biomethane.

For biowaste-based biomethane, the effect of the allocation
method is a maximum 10 gCO,,, MJ ™Y for dedicated energy
crops, it is 22 gCO,q MJ™". The usage of digestate to replace
mineral fertilizers seems to play a significant role in total GHG
emissions. The waste assumption method (scenario A) seems
to be justified when digestate does not actually replace any
mineral fertilizers or when it cannot be used in fertilizing. In
these cases, emissions from digestate use can occasionally be
attributed to compost processes. Economic allocation appears
to be a better justified method than energy allocation, because
the former takes into account the real utilization potential of
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digestate in terms of its economic value. Energy allocation
should be employed only if the digestate is used for energy
production (e.g, at an incineration plant). Scenario B, in which
digestate is regarded as waste but digestate emissions are not
included in biomethane emissions, is against the basic allocation
rules”™*” and should therefore be excluded. This option leads
to different results than those of scenario A, and despite the fact
that it is a relatively widely used method,'>'® the results are
misleading. The calculation instructions of Directive 2009/28/
EC'?> define digestate as a waste because biomethane
production process is not aiming to produce digestate.
Therefore, calculations are made according to the methodology
of scenario A, even if the methodology of scenario D would
better suit the situation. Therefore, the digestate waste
assumption (scenario A) of Directive 2009/28/EC may lead
to unfair results if digestate replaces mineral fertilizers.

When GHG emissions from biofuel production are studied,
the calculations involved should always be based on real
technology and specific values used in the processes. Rough
assumptions may lead to incorrect results and subsequently to
incorrect decision making. As this paper has demonstrated,
GHG emissions may be even lower due to specific decisions
such as the use of renewable energy in production. However,
the calculations were carried out by using the average GHG
emission factors for renewable electricity. In addition, the
selected calculation methodology plays a vital role in the results.
If the various options are not taken into account, the
advantages of biofuels could even be underestimated. If
decision makers base their decisions on results from average
calculations, they might drive biofuel development in the wrong
direction, because with certain optimizations, the results might
differ a fair amount. This puts business opportunities at risk, as
good options may be discarded because of inexact estimations.

This study was done in a North European operational
environment, but geographically speaking, our result could be
more widely applied especially those related to differences
between various allocation methods. Transportation, cultivation
methods, land use, emissions from used energy, and means of
distribution may, however, differ according to geographical
location. For areas with denser population, collection and
transportation distances may be even shorter than those used
for the purposes of this study. In a warmer climate, GHG
emissions from cultivation may be lower due to higher crop
productivity and a longer growth season. According to this
study, emission reductions are likely when biomethane is used
in the transportation sector. This is good news, as biomethane
offers a domestic fuel option that also improves energy security.

4. CONCLUSIONS

In this paper, GHG emissions from biomethane production for
transportation purposes were studied from a life-cycle
perspective. Both production-related factors and allocation
methodologies were examined. GHG emissions of biomethane
are usually lower than those of fossil fuels in the case studies. In
most cases, the highest GHG emissions are emitted from
cultivation and digestate use. Technologies with low energy
consumption and with the utilization of renewable energies
further reduce already low emissions from the production,
upgrading, and distribution stages. However, technology
selections have a significant effect on the results via energy
consumption and methane emissions.

The selected allocation methodologies for digestate have a
notable effect on biomethane GHG emissions. The effect is
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approximately at the same level as the variation of other
important factors along the life cycle of biomethane. When
mineral fertilizers are replaced with digestate and the
substitution method is used, the GHG emissions of biomethane
are at their lowest. In the selection of the most suitable
allocation method, the actual use of digestate should be known.
On the other hand, the calculation instructions and legislation
may restrict the use of allocation methodologies. Depending on
the given situation, digestate may be regarded as waste, it may
have an economical value, it may be employed in energy
production, or it may be used to replace mineral fertilizers.
Emissions from digestate use should never be completely
excluded from studies.

There are also several other allocation methodologies and
technical solutions for biomethane production, which were not
studied in this paper. In the future, changes in biomethane and
digestate prices may affect the allocation results. To get a clear
picture of the advantages of biomethane transportation use,
comparisons should be carried out also between various waste
treatment options, various other feedstock utilization options,
and various biogas use options.

It appears that biomethane leads to GHG emissions
reductions in transportation use, and the potential for even
greater emissions reductions may increase in the future with the
advent of improved technology, greener energy production
methods, and higher demand for recycled fertilizers. Increasing
the use of biomethane in the transportation sector may well
result in significant GHG emissions reduction. Because of the
limited amount of biowaste resources, wide-scale biomethane
production would require the use of dedicated energy crops.
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