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a b s t r a c t

Transitioning from a fossil economy to a bio-economy will inevitably increase the demand for biomass
production. One strategy to meet the demand is to re-cultivate set-aside arable land. This study inves-
tigated the climate impact and energy potential of grass-based biogas produced using fallow land in
Uppsala municipality, Sweden. The assessment was performed on regional level for more than 1000
individual sites, using the agro-ecosystem model DeNitrification DeComposition (DNDC) in combination
with time-dynamic life cycle assessment methodology. The results showed that the system could
significantly increase biogas production within the region, which would reduce the climate impact by
9950 Mg CO2-eq per year. Compared with diesel fuel, the grass-based biogas gave a GWP reduction of
85%. However, the site-specific GWP reduction showed large spatial variability, ranging between 102 and
79% compared with diesel fuel, depending on where in the region the grass was cultivated. Two alter-
native scenarios were investigated, increased mineral N fertilisation and inclusion of N-fixing crops in
the feedstock mixture. The highest mitigation per biogas energy produced was found for the N-fixing
scenario but, because of lower yields, this scenario had lower total mitigation potential for the region
than the increased fertilisation scenario. The increased fertilisation scenario had a lower climate miti-
gation effect per biogas energy produced, but the highest mitigation potential when the whole region
was considered, because of the increased biogas production. The method applied in this study can guide
land-use planning of local energy production from arable land, also for other regions.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

To avert the most critical harms of global warming, the world
must promptly reduce greenhouse gas (GHG) emissions overall
and, in particular, from fossil sources (IPCC, 2014). One strategy to
phase out fossil sources is to replace them with bio-based alter-
natives, thus transitioning from a fossil economy to a bio-economy.
This transition will inevitably increase the demand for biomass
production (Lewandowski, 2015). This increasing demand can
partly be met by re-cultivating set-aside arable land, which has low
short-term competition with food production and has less impact
than conversion of natural land (Tilman et al., 2009). In Sweden, a
major challenge in the transition to a fossil-free economy is the
transport sector, where about 77% of the energy use is fossil-based
ier Ltd. This is an open access artic
(SEA, 2019). The future demand for biofuels is projected to consti-
tute about half the energy use in the sector, both in the interme-
diate and long-term perspective (SOU, 2013). Biogas is a
competitive biofuel option, generated from anaerobic digestion
typically of organic wastes, such as food waste and sewage sludge.
The produced biogas can replace fossil energy in power and heat
generation as well as in transportation. Furthermore, biogas is a
storable energy carrier that can be saved for future energy use
(Weiland, 2010), and may therefore fit well into energy systems
with large shares of renewable intermittent energy sources. In 2017,
Swedish production of biogas was 7.6 PJ, of which about two-thirds
were upgraded to vehicle fuel, mainly used as fuel for cars and
buses. In the same year, the total amount of fuel delivered
amounted to 333 PJ (SEA, 2019). Besides energy, the digestate
produced in the biogas process can be used as organic fertiliser,
reducing the demand for mineral fertiliser and adding carbon (C) to
the soil.

Soil C sequestration has been advocated as a cost-effective
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (Left) Map of the study region, Uppsala municipality (inside the black line),
showing the distribution of fallow land (black dots) and the location of the biogas plant
(red and blackpurple dot). (Right) Location of the region in east-central Sweden. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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strategy with high potential to mitigate global warming. Soil C is
more abundant in perennial cropping systems, owing to greater
root biomass production, less exposure to soil disturbance and
longer growing seasons (Bolinder et al., 2010). Hammar et al. (2017)
showed that willow grown on fallow land in Sweden could
generate energy and simultaneously remove C from the atmo-
sphere through enhanced soil C sequestration. One of the most
common perennial crops in Sweden is grass, which occupies about
40% of the total arable land (SCB, 2018b). Grass is grownworldwide
mainly for fodder, but alternative uses such as feedstock for bio-
energy purposes are becoming more common (Carlsson et al.,
2017).

Life cycle assessment (LCA) is a quantitative method for study-
ing the environmental burden of products and services in a life
cycle perspective, from cradle to grave. The method was initially
developed as a site and time-independent tool for industrial sys-
tems but, over time, has become applicable for other types of sys-
tems. For LCAs involving agricultural processes, spatial and
temporal dynamics could have a significant impact on the total
environmental performance. For example, the GHG balance is
heavily dependent on properties such as soil type, climate and
agricultural practices (Miller et al., 2006). However, LCA studies
that include fine-scale spatial differentiation over time and space
are quite rare, due to the large data demand (Nitschelm et al., 2016).

Previous studies have shown that agro-ecosystem models can
be used in LCAs to generate site-specific data (Goglio et al., 2018b,
2014). In an earlier study (Nilsson et al., Unpublished results), we
combined LCA methodology and the agro-ecosystem model DNDC
to assess the environmental impact of grass cultivation at five sites
in Sweden. In the present study, we extended the system to grass-
based biogas production on regional level, using set-aside arable
land in Uppsala municipality, located in east-central Sweden. In
Uppsala municipality, about 10% of total arable land is reported to
be under fallow (SCB, 2018a), of which more than 50% has been
unused for more than three consecutive years (SCB, 2017).

The overall aim of this study was to assess the energy potential
and climate impact of converting current unused arable land in
Uppsala municipality to intensified grass cultivation and using the
harvested biomass to produce biogas. The investigation was per-
formed on a regional level, using existing site-differentiated data.
The GHG balance was investigated for each study site, including
changes in the soil C stock. The climate impact of the fuel produced
(MJ�1) was compared with that of diesel fuel, while accounting for
the higher energy efficiency in a diesel engine. Moreover, the
climate impact variationwithin the regionwas analysed, as was the
effect of choosing the most suitable sites.

2. Method and materials

2.1. System boundary

The system boundary included grass cultivation, biogas pro-
duction, digestate use and biogas use. The grass cultivation was
assumed to be located on mineral soils under fallow in Uppsala
municipality. The assessment was performed over a 100-year time
horizon, which corresponded to 20 grass rotations. Any other co-
substrates mixed in the digester were outside the system bound-
ary for this study. Since the landwas assumed to be initially unused,
no indirect land-use changes were accounted for. The direct land-
use effects were defined as the impact of transferring the land
from the reference land use (fallow) to the altered land use (grass
cultivation) throughout the investigated time horizon. Expansion of
infrastructure, such as construction and manufacturing of trucks
and machinery and other capital goods were not included in the
assessment since their climate impact has been demonstrated to be
of minor importance compared to other activities in the system
(Hijazi et al., 2016; Tidåker et al., 2016a). All major fluxes of the
three main GHGs (CO2, CH4 and N2O) were included in the climate
impact assessment. The system was analysed in terms of three
different units: (i) hectares (ha) of land, (ii) all investigated fields in
Uppsala municipality and (iii) biogas energy produced (MJ). The ha-
based unit was used in the inventory analysis to show the effect of
land-use change, the field-based unit was used to show the climate
impact of increased biogas production in the municipality using
fallow land for biogas production, and the biogas-based unit was
included to provide figures comparable with results from other
bioenergy studies.

2.2. Study region

The study region, Uppsalamunicipality, is located in east-central
Sweden. Information about current land use was obtained from the
Swedish Board of Agriculture. The reported fallow land in the re-
gion in 2014 was 1977 sites, with a total area of 3587 ha. Organic
soils (soil organic matter (SOM) > 20%) and sites smaller in area
than 0.5 ha were omitted from the study, which reduced the
number of sites to 1240, with a total area of 3006 ha. Fine-textured
soils such as silty clay loam, clay loam, silty clay and clay together
constituted about 90% of the total area assessed, whilemore coarse-
textured soils were less frequent. The soil C content showed
considerable variation, ranging between 0.7 and 11.5%, with a
median value of 2.2%. The distribution of soil texture and C content
is shown in Fig. S1 in Supplementary Material. The soil pH value
ranged from 5.1 to 8.3, with amedian value of 6.5. Theweather data
used consisted of a 10-year sequence, collected between 2007 and
2016, which was repeated in the model within the temporal
boundary of the system studied. Mean annual precipitation for this
period was 596 ± 77 mm, and mean annual temperature was
6.5 ± 0.9 �C. We assumed the same location for the biogas plant as
for the current largest existing plant in the region (Fig. 1).

2.3. System description

The studied system was divided into six subsystems: grass
cultivation (GrassCA), biomass conversion (BioCA), digestate (DigA),
fallow (FallR), fossil fuel (FossR) and mineral fertiliser (MinR) (Fig. 2).
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The first three subsystems comprised the altered system (A) and
the latter three the reference system (R). The subsystems were also
clustered into three compartments, land use (DLU), fuel production
(DFP) and soil fertilisation (DSF), to assess the net impact of the
different steps in the life cycle. The emissions (E) from DLU were
assessed as the difference between GrassCA and FallR, those from
DFP as the difference between BioCA and FossR and those from DSF
as the difference between DigA and MinR. The basis of the com-
parison in the DLU compartment was area, i.e. the calculated
emissions were based on the same area of grass cultivation and
fallow. For the DFP compartment, engine energy was the basis for
comparison, while for the DSF compartment it was nitrogen (N)
uptake. The total GHG emissions (ETot) were calculated as the dif-
ference between the altered system and the reference system as:

ETot¼
�
EGrassCA �EFallR

�zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{EDLU

þ
�
EBioCA �EFossR

�zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{EDFP

þ
�
EDigA �EMinR

�zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{EDSF

(1)

2.3.1. Land use
The net climate impact from DLU was assessed by subtracting

the impact of GrassCA from the impact of the FallR subsystem
(Fig. 2).

In GrassCA, the grass, a mixture of timothy (Phleum pratense L.)
and meadow fescue (Festuca pratensis Huds.), was grown in five-
year consecutive rotation periods. The rotation started with sow-
ing and rolling in the first year and ended with ploughing. During
the rotation period, the grass was cut, chopped and fertilised with
mineral fertiliser twice a year. In total, 140 kg N fertiliser were
applied per ha and year. At each cut, 85% of the aboveground
biomass was assumed to be harvested.

Diesel consumption for sowing, rolling and spreading fertiliser
was set to 2.3, 2.3 and 4.7 dm3 ha�1, respectively, whereas diesel
consumption for cutting, chopping and ploughing was based on
linear regressionmodels with biomass yield and clay content as the
independent variable (Eq. S1). The GHG emissions from mineral
fertiliser manufacturing were 3.6 kg CO2-eq kg N�1, where the
climate impact was set to 86% from CO2 emissions, with the
remaining 14% from N2O (Brentrup et al., 2016).

The fallow land was assumed to be covered with vegetation, so-
called green fallow. The only field operation conducted on the
Fig. 2. Schematic illustration of the grass-based biogas system studied, divided into six sub
Fallow (FallR), Fossil fuel (FossR) and Mineral fertiliser (MinR). The net effect of the system
subsystems were also divided into three compartments: Land use (GrassCA - FallR), Fuel prod
in the row between the altered system and the reference system.
fallow land was cutting, which was performed once a year during
late autumn. The cut biomass was left in the field.
2.3.2. Fuel production
The net climate impact from DFP was calculated as the differ-

ence between BioCA and FossR (Fig. 2). After each cut, the harvested
feedstock was transported to the biogas plant with freight trucks.
The energy consumption for using a truck with trailer, load capacity
34e40 Mg, was taken from https://www.transportmeasures.org.
The energy use per transport Mg x km was 1 MJ, including empty
positioning of the truck.

At the biogas plant, the harvested biomass was loaded into
bunker silos. The diesel consumption for biomass compaction in
the silo was calculated based on the weight of the compressed
biomass (Eq. S2). Biogas energy produced was derived based on the
amount of biomass added to the biogas reactor and the specific CH4
production, 280 Nm3 Mg VS�1, where the volatile solids (VS) con-
tent was set to 92% of dry matter (DM). The ensiled biomass was
continuously fed to the biogas reactor, where mesophilic anaerobic
digestion converted the biomass to biogas that was upgraded to
bio-methane. A part of the biogas produced was used to heat the
reactor. The biogas conversion processes pumping, stirring,
upgrading and gas compression were all considered to be electri-
cally driven. Emissions and primary energy use for the electricity
were assessed using data for the Nordic electricity mix, which was
assumed to be close to the expansion margin based on the stated
goal of a continuous high share of renewables in the Swedish
electricity mix (Government Offices of Sweden, 2016). After the
digestion, the digestate produced was assumed to be stored, before
being transported to farms and spread in winter wheat cultivation.

The CH4 losses from biomass conversion were assessed using
data from the existing plant in Uppsala for 2015, when measured
losses during anaerobic digestion and upgrading with water
scrubbers were 0.01% and 0.3% of methane production, respectively
(Uppsala Vatten, 2017). The losses from digestate storage were
calculated using the equation for large and medium-sized biogas
plants given by Styles et al. (2016) (Eq. S2).

The biogas produced was assumed to replace diesel fuel, FossR.
In the calculations, the higher efficiency in the diesel engine was
considered by using an energy efficiency of 9.8 MJ km�1 for the
diesel compared with 11.4 MJ km�1 for the biogas (B€orjesson et al.,
2016). Hence, one MJ biogas replaced 0.86 MJ of diesel.
systems: Grass cultivation (GrassCA), Biomass conversion (BioCA), Digestate use (DigA),
was calculated as the difference between altered system and reference system. The

uction (BioCA - FossR) and Soil fertiliser (DigA - MinR). The basis of comparison is shown

https://www.transportmeasures.org
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2.3.3. Soil fertilisation
The net effect of the DSF compartment was calculated by sub-

tracting the GHG emissions occurring in winter wheat cultivation
with mineral fertiliser (MinR) from the emissions from winter
wheat cultivation with digestate fertiliser (DigA) (Fig. 2).

The digestate was transported once a year to the winter wheat
sites. The distance to the winter wheat cultivationwas set to 20 km
based on the mean distance to the fallow land from the biogas
plant. At pick up, the DM content was 9.5% for the digestate. All
transport was performed with the same type of truck as in BioCA.

For the cultivation with mineral fertiliser, the amount of N
appliedwas 135 kg ha�1. The same spreading techniquewas used as
for the grass cultivation subsystem. The amount of digestate pro-
duced in the system was calculated by following the mass balance
from biomass input to the reactor to field application (Fig. 3).

The C and N content of the digestate was obtained by calculating
the C losses in the form of CO2 and CH4 conversion during anaerobic
digestion and CH4 emissions during the digestate storage phase.
The biogas before upgrading was assumed to contain 55% CH4. The
N content in the digestate at application was assessed by calcu-
lating the losses of N, in the form of N2O and NH3, during digestate
storage (Fig. 3). The equation used to calculate the conversions is
presented in Supplementary Material (Eq. S3).

In order to compare the digestate to the mineral fertiliser, the
mineral fertiliser equivalent (MFS) was calculated to represent the
difference in fertilisation effect, i.e. how much digestate was
needed to replace the mineral N, given the specific composition of
the digestate. The MFS was obtained by iteratively executing the
agro-ecosystem model (section 2.4.2) with different amounts of
applied digestate until the average yields corresponded. The MFS
for the digestate produced was found to be 80%, leading to a total
amount of digestate spread per hectare of 37.1 Mg (wet weight),
containing 1183 kg C and 169 kg N (tot-N). The digestate properties
are presented in Table S1. The diesel consumption for spreading the
digestate was 0.31 dm3 MJ�1.

2.4. Life cycle inventory analysis

2.4.1. GIS model
The ArcGIS product (ArcMap version 10.3, ESRI, Redlands, CA,

USA) was used to link soil data to the specific study sites in the
region. All land reported as being under fallow was linked to spe-
cific soil properties, in terms of initial soil organic matter, clay, silt
and sand content and pH. This was done by interpolating data from
258 measurement points spread out over the study region. ArcGIS
was also used to calculate road route distances from the grass
cultivation sites to the biogas plant.

2.4.2. Agro-ecosystem modelling
The process-based agro-ecosystem model DNDC (DeNitrifica-

tion DeComposition) was first developed in 1992 to model C and N
Fig. 3. Conceptual model of the mass balance calculation for digestate (illustration not
to scale).
fluxes in agricultural soils (Li et al., 1992). Since then, the model has
been updated and branched into several versions, which have been
used in studies all over the world (Gilhespy et al., 2014). In the
present studywe used the Canadian version, DNDC-CAN, which has
been validated in similar cool-weather conditions as those pre-
vailing in Sweden. Following an assessment of different methods
for estimating soil-borne N2O and CO2 emissions, Goglio et al.
(2018a) concluded that DNDC was the only model among those
tested that gave similar results to measurements for N2O emissions
estimates. Here, the model was used to generate annual, site-
specific, inventory data comprising biomass yields, soil C balances
and soil N2O and CH4 emissions. The input variables field capacity,
wilting point porosity and bulk density were estimated using a
pedotransfer model developed by Saxton and Rawls (2006).

The crop and management model set-up was the same as in
Nilsson et al. (Unpublished results), in which the same grass
mixture was modelled at five locations in Sweden. The fallow land
was simulated with the same set-up as for the grass crop, but
without added fertiliser. In order to capture the initial effect of the
grass-based biogas system, the simulation was formulated to
include a spin-up period with the reference system land use, which
was executed before collection of the inventory data started. We
used a spin-up period of 10 years, which is typically used for the
DNDC model (Grant et al., 2016).

The effect of using the digestate as fertiliser was analysed by
executing the DNDC model for winter wheat cultivation, both with
digestate application and mineral fertiliser. In contrast to the
GrassCA subsystem,whichwasmodelled for all 1240 fields,DigAwas
modelled for one field which represented the average conditions in
the region. Both fertiliser options were assessed with the same
management procedure, in terms of timing for ploughing, har-
vesting and spreading fertiliser. The winter wheat area for which
the N demand could be met by the digestate produced from 1 ha of
grass cultivation, here denoted Fdig, was calculated as:

Fdig ¼
�
Ndig �NNH3 loss app

�.
Ndemand (2)

Fdig was multiplied by the GHG emissions per hectare for the
simulated winter wheat cultivation to obtain the GHG balance from
the Dig subsystem, where Ndig (kg N ha�1) is the N in the digestate,
NNH3 loss app (kg N ha�1) is the NeNH3 losses during digestate
application, and Ndemand (kg N ha�1) is the N demand of winter
wheat, i.e. the amount of mineral N applied divided by MFS
(explained in section 2.3.3). Model input parameters for all the
different land uses are listed in Table S2.

2.4.3. Energy conversion
The energy output from the altered system was calculated at

regional level. The major primary energy input, in terms of fossil
fuel and electricity, was included. The biogas produced was
assumed to be partly used to heat the biogas plant, so heat was not
considered an energy input. The energy performance of the altered
system was finally assessed by calculating the energy ratio (ER)
(Djomo et al., 2011), calculated as the ratio of energy produced to
primary energy input:

Energy ratio¼ Energy output=Primary energy input (3)

2.5. Climate impact assessment

The climate impact was assessed both with GWP methodology
and with Absolute Global Temperature Potential (AGTP), defined by
Myhre et al. (2013). The latter approach is used to assess the
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temperature response, in Kelvin (K), to changes in radiative forcing
caused by GHG fluxes. All GHGs have different impacts on radiative
forcing, depending on atmospheric lifetime and radiative efficiency,
i.e. the impact on the balance of incoming solar and outgoing
terrestrial radiation. The annual net fluxes of all major GHGs (CO2,
CH4 and N2O) from the system were annually aggregated and
converted to temperature response over the analytical time hori-
zon, 100 years. This rather extensive time frame was adopted to
enable investigation of the time dynamic variation of the climate
impact of the system. The temperature response for each year was
then accumulated for each of the simulated years as:

DTiðHÞ¼
XH
t¼0

XiðtÞAGTPiðH� tÞ (4)

where DTi(H) is the cumulative temperature response to the flux
of GHG i during analytical time horizon H, Xi(t) is the total flux of
GHG i in year t, and AGTPi(H - t) is the temperature response of
GHG i flux between the time t and the analytical time horizon H
per unit GHG. This approach can be used to assess the dynamic
climate impact and has previously been used in LCA studies to
evaluate the climate impact of bioenergy systems (e.g. Hammar
et al., 2017).

A more common approach to assess the climate impact is
determination of Global Warming Potential (GWP), where the
radiative forcing caused by a pulse emission of a GHG is calculated
and compared with the same amount of CO2 over a specific time
horizon, normally 100 years. In contrast to the dynamic AGTP
approach, GWP does not include the timing of the GHG flux, which
means that emissions that occur during different points in the life
cycle are added together, although the endpoint of the impact
differs (Kendall, 2012). The characterisation factors used here in
GWP calculations were 34 and 298 for CH4 and N2O, respectively,
with the inclusion of climate-carbon feedbacks (Myhre et al., 2013).
The net GWP for the biogas produced, without fossil fuel substi-
tution, was compared to diesel by calculating the GWP reduction
from replacing the fossil alternative with the biogas:

GWP reduction¼ ðGWPF �GWPBÞ =GWPF (5)

where GWPB is the GWP caused by net emissions from the system
under study, without fossil fuel substitution (i.e. ETot � EFossR ), and
Fig. 4. Annual primary energy (PE) input and energy output of the altered system for
the study region, divided between the subsystems grass cultivation (GrassCA), biomass
conversion (BioCA) and digestate use in winter wheat cultivation (DigA).
GWPF is the GWP caused by emissions from an equivalent amount
of fossil fuel (EFossR ).

2.6. Alternative scenarios

Two alternative scenarios were compared with the base sce-
nario, the grass-based biogas system described in section 2.3. These
were: (i) increased mineral fertilisation rate in the GrassCA sub-
system, from 140 to 200 kg N ha�1 and (ii) exclusion of all mineral
fertiliser in the GrassCA subsystem based on the assumption that
the feedstock crop can satisfy its N demand through biological N
fixation from the atmosphere, e.g. a grass-clover mixture. Both
alternative scenarios were simulated in DNDC, with otherwise the
same model set-up. For the N fixation scenario, the fixation rate
was adjusted so that the average yield was about 15% lower than for
the base scenario (Tidåker et al., 2016b).

3. Results

3.1. Inventory results

3.1.1. Energy balance
The annual primary energy input and energy output from the

altered system are shown in Fig. 4. On a yearly average using all
1240 land sites, the vehicle fuel produced amounted to 167 TJ
biogas y�1, with a primary energy input of 47.8 TJ. This resulted in
an energy ratio of 3.5, whichmeans that for every energy unit input
in terms of fossil fuel and electricity, the system produced 3.5 units
of biogas fuel. The highest primary energy input was in BioCA,
where upgrading and compression were the processes with the
highest energy use. For GrassCA, most energy input was required for
manufacturing the mineral fertiliser, which represented 31% of the
total energy input. The energy gained from replacing mineral fer-
tiliser with digestate was not included in the energy balance.

3.1.2. Soil carbon balance
The modelled soil C balance of GrassCA showed large differences

between the different sites (Fig. 5). In the field with the highest
ability to sequester C, the stock was increased by 16 Mg C ha�1

during the study period, which corresponded to a sequestration
rate of 160 kg C ha�1 y�1 averaged over the simulated 100 years.
The C sequestration rate was higher during the first part of the
period than in the latter part. This pattern was more evident in the
soil with the median change, 6 Mg C ha�1, where the C stock
reached equilibrium in the first half of the simulated period. The
site with the lowest ability to sequester C lost 13 Mg C ha�1. Large
variation between the sites was also seen for the FallR subsystem
(Fig. 5). Compared with the gross effect of GrassCA and FallR, the net
effect of DLU showed lower spatial variability, ranging between 10
and 4 Mg C ha�1 with a median increase of 6 Mg C ha�1. The net
effect indicated an increased soil C stock at all sites, which means
that 100 years of grass cultivation resulted in a larger soil C stock in
the region than continued fallow land.

The soil C balance was further investigated by simulating the
effect of digestate use on soils with median soil properties in the
region. The use of digestate in winter wheat cultivation increased
the soil C stock while the mineral fertiliser showed depletion,
which entailed a large C increasing net effect of the DSF of 23 Mg C
ha�1 (Fig. 6). On average, the mean digestate produced per ha grass
cultivation covered the N demand of 0.66 ha of winter wheat
cultivation.

The correlations between input data soil properties and the soil
C sequestration potential in GrassCA were analysed using Pearson
correlation coefficient (r) (Table S3). The strongest correlation was
found for initial C content, which had a negative correlation with



Fig. 5. Cumulative change in soil organic carbon (SOC) over 100 years for all sites investigated (N ¼ 1240), simulated with the DNDC model, for (left) grass cultivation only, (centre)
fallow land only and (right) the net effect of changing the land use from fallow to intensified grass cultivation. The dashed black line represents the 95th percentile (max), the grey
line the 5th percentile (min) and the black line the median.

Fig. 6. Cumulative change in soil organic carbon (SOC) over 100 years, simulated with
DNDC model, for winter wheat cultivation with biogas digestate as fertiliser (dashed),
mineral fertiliser (grey) and the net effect, i.e. the difference between digestate and
mineral fertiliser (black). The DNDC model was executed with the input parameters
setup that represented the average conditions in the region.
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cumulative change in C content. The second highest correlationwas
for clay content, which had a positive correlation with cumulative
change in C content.
3.1.3. Soil nitrous oxide emissions
The modelled soil N2O emissions also displayed large variations

between different sites and years. In general, N2O emissions from
GrassCA were higher than from FallR (Fig. 7). This entailed a mean
increased soil N2O net effect, which ranged between 2.0 and 0.2 kg
N2O ha�1 y�1, with 1.3 kg N2O ha�1 y�1 from the median soil.

For the DSF compartment, the net N2O emissions were low or
negative during the earlier part of the study period and increased
over time. The mean net N2O emissions from the soil fertiliser
compartment were 0.50 kg N2O ha�1 y�1, i.e. the digestate applica-
tion in the winter wheat cultivation increased the emissions of N2O
compared with mineral fertiliser. The soil N2O emissions in GrassCA
had the highest correlation with soil pH, which showed a negative
relationship. The secondmost influential parameter was the initial C
content, which showed a positive relationship (Table S3).
3.2. Climate impact assessment

The climate impact assessment revealed a net decreased tem-
perature response over the study period (Fig. 8). Although the
altered system entailed an increased temperature over the time
horizon studied, the impact was far lower than that from the
reference system. This was largely attributable to the substitution
of diesel fuel. The increased soil C stock in the DLU compartment
was not large enough to compensate for other emissions in the
subsystem, primarily because of the emissions from fertiliser
manufacturing and the elevated soil N2O emissions from fertiliser
usage. The net effect from the DSF compartment was a negative
temperature response due to the net increase in the regional soil C
stock together with the substitution of mineral N fertiliser.

For the altered system, the impact was dominated by emissions
from the GrassCA and the BioCA subsystems. In the short-term, the
emissions from BioCA determined the magnitude of climate impact.
However, over time, the impact of the GrassCA became increasingly
significant. This was because the principal GHG emitted from
biomass conversion was CH4, through losses during biogas pro-
cessing and digestate storage, where about 60% of the CH4 emis-
sions were from losses during digestate storage. Methane is a
relatively short-lived climate forcer, which explains the declining
climate impact rate over time (Fig. 8).

For all sites in the region, the net GWP of the biogas produced
without fossil fuel substitution (FossR) was 10 g CO2-eq MJ�1, which
corresponded to a GWP reduction of 85% comparedwith diesel fuel.
When only the best-performing sites from a climate change
perspective were selected, the GWP reduction compared with the
fossil alternative increased. The total GWP reduction in relation to
the fraction of study region land used in the biogas system is shown
in Fig. 9. For instance, if only 10% of the best-performing sites were
included, the GWP reduction increased to 95%.

The spatial difference in the GWP reduction was further inves-
tigated (Fig. 10). The impact varied between �1 and 14 g CO2-eq
MJ�1 in the study region, which corresponds to a GWP reduction of
102 to 79% compared with diesel. The variation could at large be
explained by differences in net soil N2O emissions, r ¼ 0.97, which
in turn were most affected by soil pH (Table S3). In contrast, net



Fig. 7. Annual soil nitrous oxide (N2O) emissions for (left) the grass system and (centre) fallow land, and (right) net emissions for feedstock cultivation during 100 years for all sites
investigated (N¼1240). The dashed black line represents the 95th percentile soil (max), grey line the 5th percentile soil (min) and the black line the median soil.

Fig. 8. Temperature response, in degrees Kelvin (K) and using all fields studied (N ¼ 1240, 3006 ha) in the region, for (left) the altered system and (centre) the reference system, and
(right) the total net effect.

Fig. 9. Global warming potential (GWP) reduction compared with diesel from using
the grass-based biogas system, without fossil fuel substitution (FossR), in relation to
fraction of total area used in the region.
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changes soil C stock had a low impact on the spatial variation in
climate impact (r ¼ �0.28).
3.3. Climate impact of alternative scenarios

The climate impact of the grass-based biogas system and that of
the two alternative scenarios (increased fertiliser intensity inGrassCA

and GrassCA with biological N-fixation) are shown in Fig. 11. The
temperature response of the different scenarios was assessed both
per biogas energy produced (MJ) and for all fields investigated in
Uppsala municipality. The biogas produced in the scenario with
increased fertilisation rate showed the lowest climate change miti-
gation per MJ, �3.4 K*10�17, which was similar to that in the base
scenario, �3.5 K*10�17. The scenario with biological N fixation pro-
duced the biogas with the highest mitigation per MJ, �4.6 K*10�17.
However, due to the assumption of lower yields, this scenario had
the lowest overall biogas production, which resulted in lower total
mitigation potential for the study region compared with the
increased fertilisation scenario. In contrast, the increased fertilisation
intensity scenario entailed greater biogas production, which led to
the highest climate change mitigation potential for the region. Both
alternative scenarios showed greater potential for climate change
mitigation in the study region than the base scenario.



Fig. 10. Spatial variation in global warming potential (GWP) reduction compared with
diesel of using the grass-based biogas system, without fossil fuel substitution (FossR).
Colours indicate site-specific GWP reduction. Background indicates the soil pH, where
a darker shade indicates lower pH. The white dashed line represents the municipality
border. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 11. Total temperature response (degrees K), over 100 years, and average biogas
potential (TJ per year) for the base scenario and for two alternative scenarios:
increased fertilisation and use of biological N-fixing crops. The numbers next to the
icons show the temperature response per unit of biogas produced (K*10�17MJ�1).
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4. Discussion

In this study, we investigated the energy potential and climate
impact of utilising set-aside arable land in Uppsala municipality to
produce grass-based biogas. The system studied showed consid-
erable energy potential, with an annual production rate of
167 ± 14 TJ, which would more than double the current biogas
production in Uppsala municipality. Besides biogas, the system also
produced digestate that could substitute mineral N fertiliser use
corresponding to 1980 ha of winter wheat cultivation. The energy
ratio for the biogas system was 3.5 (Fig. 4). Energy ratio for large-
scale biogas production typically ranges between 2.5 and 5,
without including upgrading (Berglund and B€orjesson, 2006).
Grass-based biogas is usually at the lower end of this range, because
of mineral fertilisation and the need for handling the biomass
before anaerobic digestion.

The total regional climate impact of the biogas system showed a
lower temperature response compared with the reference system
(Fig. 8). Based on GWP calculations, biogas from the study system
without fossil fuel substitution had a climate impact of 10 g CO2-eq
MJ�1 when all 1240 sites with fallow land (3006 ha) were included.
This resulted in a GWP reduction of 85% compared with diesel
(Figs. 9 and 10). Consequently, using the biogas produced instead of
the fossil alternative would considerably decrease the amount of
GHG emissions, by about 9950 Mg CO2-eq y�1.

The biogas system acted as a net atmospheric sink of C, mostly
through C sequestration in the DLU and the DSF compartments. Soil
C sequestration is a time-dependent reversible process, where the
intrinsic dynamics are a balance between C input and output. For
soils that are in equilibrium, i.e. C input equals C output, an
increased input will result in an increased soil C stock. The C stock
will continue to increase until the soil reaches a new dynamic
equilibrium, with the rate of increase normally being faster at the
beginning and then levelling off (K€atterer et al., 2012). The temporal
aspect is therefore essential when including C balance in a climate
impact assessment, as demonstrated by the simulated soil C bal-
ance in the present study (Figs. 5 and 6). For instance, the C
sequestration rate in grass cultivation with the median soil C
change was about five-fold higher in the first 10 years than when
averaged over the 100-year study period.

The simulated grass cultivation resulted in a larger gross C stock
at most sites investigated (Fig. 5). However, the change in C stock
varied between locations. This variation was mainly attributable to
initial soil C and clay content, with soils with low initial C stock and
high clay content having a greater ability to sequester C. This agrees
with findings in previous studies (Bolinder et al., 2010; Poeplau
et al., 2015). The simulated C input was quite low on the fallow
land, on average 1.7 Mg ha�1. Greater biomass production on this
fallow land would reduce the net soil C increase at the sites
investigated. Compared with the DLU compartment, the net effect
of using digestate as fertiliser was a greater net increase in the soil C
stock in the DSF compartment. This was mainly because of the high
C depletion for the winter wheat cultivation with mineral fertiliser.
The effects on the soil C balance of using digestate from grass-based
biogas production are unfortunately poorly documented. Tatzber
et al. (2012) performed long-term field trials of degradation of
different organic amendments, e.g. farmyard manure, for which
they concluded that the C fraction remaining in the soil after 5, 10
and 37 years was 30%, 20% and 9%, respectively. Using these figures,
the soil C sequestration from digestate application would be
10 Mg ha�1 over 37 years, which indicates that our estimates may
be slightly low.

The simulated soil-N2O emissions were generally higher for
grass cultivation than for fallow land, due to the use of N-fertiliser
(Fig. 7). The net N2O emissions from the DLU compartment showed
great variation between sites. The strongest correlation to input
data was with pH and initial C content (Table S3), indicating that
soils with lower pH and high C content generate higher N2O
emissions. Experimental studies have shown that pH affects the
ratio between N2O and N2 emissions, with increasing N2O emis-
sions with decreasing pH, which has been attributed to the inter-
ference of N2O denitrification in environments with lower pH (e.g.
McMillan et al., 2016; Russenes et al., 2016). Soil N2O emissions
from the DLU compartment explained the largest proportion of the
net spatial variation in climate impact.

N2O is a very potent GHG, 298 times stronger than CO2 over a
100-year perspective. Strategies to increase soil C by intensifying
fertilisationmay, therefore, be precarious, since soils are not infinite
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C sinks.When the soil reaches a new C equilibrium, it will no longer
sequester C. However, soil N2O emissions induced by increased
fertilisation rate will continue. Stopping fertilisation at that point
would eventually cause lower primary production and hence lower
C input, leading to soil C losses. Thus, the effects of increasing the
fertilisation rate could go from climate mitigating to climate
forcing.

The scenario analysis showed that increasing fertilisation in
GrassCA entailed increasing climate change mitigation potential for
the study region compared with the base scenario (Fig. 11). This
effect was attributed to the increased biogas production, which
meant that the system could substitute more diesel fuel. On the
other hand, the scenario with biological N fixation displayed the
highest climate efficiency, meaning the highest mitigation per
biogas energy produced (MJ). The greatest difference in this sce-
nario was that no mineral N fertilisers were added to feedstock
cultivation. This reduced the soil N2O emissions, which is in line
with IPCC default values for leguminous crops (IPCC, 2006), where
direct N2O emissions are neglected based on results from Rochette
and Janzen (2005). In this study, we added the N-fixing ability to
the simulated grass crop in the base scenario, and hence this
simulation was not validated against data for N-fixing crops, which
needs to be considered when interpreting the results. Because of
the lower biogas production, this scenario led to lower mitigation
potential than the scenario with increased fertilisation. All the
scenarios had a negative temperature response, which meant that
the reference system had a larger climate impact than the altered
system. However, none of the scenarios achieved negative emis-
sions when only considering the altered system. The lowest tem-
perature response for the altered system was for the N-fixation
scenario and the highest was for the increased fertilisation in-
tensity scenario. To increase climate efficiency further, use of fossil
fuels in field operations and transport could be excluded and CH4
losses during digestion and storage could be prevented.

Besides providing a renewable alternative to diesel fuel, the
grass-based biogas system investigated here could provide other
benefits. For example, cultivating fallow land would increase soil
fertility for future biomass cultivation, although of course at the risk
of losing the build-up of C stock. The grass biomass produced could
also serve as fodder back-up in periods with low fodder production,
e.g. due to heatwaves, which are expected to becomemore frequent
with increased global temperature (IPCC, 2014).

Process-based models, such as DNDC, can theoretically be
applied to many combinations of geography, climate, cropping
systems and management practices. However, existing models are
based on the current collective scientific understanding of agro-
ecosystem processes and there are still many knowledge gaps
that needs to be filled to improve themodels. More basic research is
therefore essential, e.g. on the processes underlying soil N2O for-
mation and soil C balance.

5. Conclusions

In this study, biogas production from grass was assessed using
LCA methodology in combination with a process-based agro-
ecosystem model fed with regional-specific data spatially organ-
ised with GIS programming. This combined method could be used
to design biomass production schemes in other regions, thereby
serving as a strategic tool to assist land use planning of local energy
production from arable land. The agro-ecosystem models are,
however, limited by scientific understanding of the described
processes.

The biogas produced from grass grown on fallow reduced the
climate impact significantly, by 79e102%, compared with diesel
fuel. Variations in soil N2O emissions between fields explained
most of the spatial variation in climate impact in the study region.
By implementing the proposed system, the region’s biogas pro-
duction could on average be doubled, which would reduce the
climate impact by 9950 Mg CO2-eq every year and increase soil
fertility in the region through increased soil C stock.

Manufacturing of mineral N fertiliser represented approxi-
mately one-third of total primary energy input to the altered sys-
tem and soil N2O emissions related to N fertilisation were the
greatest source of emissions from the grass cultivation system.
Excluding N fertiliser by using feedstock crops relying on symbiotic
N fixation, such as clover, increased the energy efficiency and
resulted in the highest climate mitigation per energy produce
biogas (MJ). However, this scenario reduced biogas production, due
to the assumption of lower yields. In contrast, increasing the fer-
tilisation rate in grass cultivation entailed a lower mitigation po-
tential per MJ but higher biogas production, which resulted in the
highest climate change mitigation potential in the region.
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