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Bioenergy expansion is present in most climate change mitigation scenarios. The associated large land use
changes have led to concerns on how bioenergy can be sustainably deployed. Promising win-win strategies
include the production of perennial bioenergy crops on recently abandoned cropland or on cropland prone to
land degradation, as perennial crops typically reduce soil erosion rates. Natural vegetation regrowth is an
alternative nature-based solution that can also co-deliver negative emissions and other environmental benefits. In
this study, we explore the potential to deploy bioenergy crops in Nordic countries (Norway, Sweden, Finland,
and Denmark) on abandoned cropland and on cropland threatened by soil erosion and compare the achievable
climate change mitigation benefits with natural regrowth. We found 186 thousand hectares (kha) of abandoned
cropland and 995 kha of cropland threatened by soil erosion suitable for bioenergy crop cultivation. The primary
bioenergy potential in the region is 151 PJ (PJ) per year, corresponding to 67-110 PJ per year of liquid biofuels
depending on biorefinery technology. This has a climate change mitigation potential from —6.0 to —17 megatons
of carbon dioxide equivalents (MtCO2q) per year over the first 20 years (equivalent to 14-40% of annual road
transport emissions), with high-end estimates relying on bioenergy coupled to carbon capture and storage
(BECCS). On the same area, natural regrowth can deliver negative emissions of —10 MtCOyq per year. Biofuel
production outperforms natural regrowth on 46% of abandoned cropland with currently available biorefinery
technologies, 83% with improved energy conversion efficiency, and nearly everywhere with BECCS. For willow
windbreaks, improved biorefinery technology or BECCS is necessary to ensure the delivery of larger negative
emissions than natural regrowth. Biofuel production is preferable to natural regrowth on 16% of croplands
threatened by soil erosion with the current biorefinery technology and on 87% of the land area with BECCS.
Without BECCS, liquid biofuels achieve larger climate benefits than natural regrowth only when bioenergy yields
are high. Underutilized land and land affected by degradation processes are an opportunity for a gradual and
more sustainable bioenergy deployment, and local considerations are needed to identify case-specific solutions
that can co-deliver multiple environmental benefits.

1. Introduction

A large-scale bioenergy deployment is essential in most future
emission pathways consistent with ambitious temperature stabilization
targets (Rogelj et al., 2018b). In top-down global econometric models,
global primary bioenergy supply is projected to increase from 57 EJ
year’1 (IEA, 2017) to a median of 222412 EJ year’1 in 2100 for 1.5 °C
scenarios across different Shared Socio-economic Pathways (SSPs)
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(Riahi et al., 2017; Rogelj et al., 2018a). Agricultural and forest residues
will not be sufficient to meet this demand, and extensive deployment of
bioenergy plantations growing dedicated lignocellulosic bioenergy
crops will be needed (Daioglou et al., 2019; Hanssen et al., 2020). The
mean projected land requirement for dedicated bioenergy crops in
1.5 °C scenarios by 2100 is 430-760 Mha across SSPs (IPCC, 2019),
equal to 27-48% of the current cropland area extent (FAO, 2011).
These massive land use changes have led to concerns on how
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environmental trade-offs and risks to food security can be avoided
(Anderson and Peters, 2016; Calvin et al., 2021; IPCC, 2019; Vaughan
and Gough, 2016). Two promising win-win strategies for near-term
deployment are the cultivation of bioenergy crops on abandoned crop-
land (Campbell et al., 2008; Nass et al., 2021, 2022) and croplands
threatened by soil erosion (Englund et al., 2020b, 2021a, 2021b).
Abandoned cropland has already been impacted by human activities as
it was until recently used to produce food or feed, and is usually located
near existing infrastructure (Lasanta et al., 2017; Li and Li, 2017).
Croplands threatened by soil erosion can benefit from the deployment of
bioenergy crops, as soil erosion by water is reduced under perennial
crops (Englund et al., 2021a; Ferrarini et al., 2017; Kort et al., 1998;
Wang et al., 2020), and the deployment of short-rotation woody crops as
windbreaks can substantially reduce soil erosion by wind with benefits
to crop yields in the sheltered areas (Englund et al., 2021b; Osorio et al.,
2019; Smith et al., 2021). Over time, high soil erosion rates risk to
compromise agricultural productivity (Kaiser, 2004), and targeting
these areas for land-based climate change mitigation measures is an
opportunity to co-deliver reduced environmental impacts and renew-
able energy production. A switch from food crops to bioenergy crops can
also enhance a variety of other ecosystem services (Robertson et al.,
2017). Perennial crops typically increase soil carbon stocks thanks to
their deep roots, thereby providing benefits to soil quality and climate
change mitigation (Ledo et al., 2019, 2020; Qin et al., 2016). Converting
cropland to bioenergy crops has also been shown to induce a local
biophysical cooling effect during the growth season, which can support
climate change adaptation (Georgescu et al., 2011; Wang et al., 2016,
2021). In addition, perennials also boost multiple indicators related to
local biodiversity and species richness (Donnison et al., 2021; McCal-
mont et al., 2017; Robertson et al., 2017).

Natural vegetation regrowth is another option for both land-based
climate change mitigation and soil erosion control. Abandoned crop-
lands have already started to accumulate carbon since abandonment
(Crawford et al., 2022), a process that will continue without human
interference. Soil erosion rates by water are also lower in forested eco-
systems relative to croplands (Borrelli et al., 2017, 2020; Hu et al., 2021;
Zhou et al., 2021), and trees can be established as windbreaks (Weninger
et al.,, 2021). Understanding where and under which conditions the
establishment of bioenergy crops can achieve larger climate benefits
than natural regrowth is vital to design optimal land management
strategies for abandoned and degraded croplands.

Fossil fuels currently represent about half of the Nordic (Norway,
Sweden, Finland, and Denmark) final energy demand, and a rapid
decarbonization of the energy system is needed to achieve the net zero
emissions needed for climate stabilization. Increasing bioenergy supply
is seen as a key option for this ambition, especially in sectors that are
hard to electrify or in combination with carbon capture and storage
(CCS). While the Nordic region has one of the highest adoption rates of
electric vehicles in the world, the ongoing process of replacing the
conventional combustion engine vehicle stock will take decades due to
the long lifetime of vehicles (Fridstrgm et al., 2016). Recent studies have
highlighted the benefits of ramping-up the supply of liquid biofuels for
road transport towards the 2030s for shorter-term mitigation (Cavalett
and Cherubini, 2022; Wrake et al., 2021). Previous studies focusing on
bioenergy resource potentials in the Nordic region have explored
biomass streams from domestic managed forest woody biomass (For-
bord et al., 2012) and forestry residues (Cavalett and Cherubini, 2018),
but the sustainable potential is limited. Further mitigation can be ach-
ieved by growing dedicated bioenergy crops (Field et al., 2020), but
near-term sustainable Nordic resource potentials are still unclear. A high
resolution approach is necessary to identify optimal short-term
deployment strategies, which co-delivers multifunctionality across
agricultural, land and energy systems.

Previous studies have addressed energy potentials from bioenergy
crops on abandoned cropland at the global level (Campbell et al., 2008;
Leirpoll et al., 2021; Naess et al., 2021), but they lacked country specific
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insights and did not quantify climate change mitigation potentials.
Likewise, previous studies have identified areas threatened by soil
erosion at the EU level which could benefit from a strategic deployment
of bioenergy plantations (Englund et al., 2020a, 2021b). However, these
studies did not include Norway, they did not spatially quantify bio-
energy potentials at a grid level, nor they assessed the effects of bio-
refinery technology alternatives for bioenergy with CCS (BECCS) on
climate change mitigation estimates. There is also a need to assess how
mitigation through liquid biofuel production and BECCS compares to
natural vegetation regrowth and to identify optimal land management
strategies locally.

Here we performed a spatially explicit comparison of the climate
change mitigation benefits of liquid biofuel production from bioenergy
crops and natural regrowth on abandoned cropland and cropland
threatened by soil erosion in Nordic countries. We performed a bottom-
up analysis by integrating multiple datasets and methods. We combined
two consistent land cover datasets (European Space Agency’s Climate
Change Initiative Land Cover (ESA CCI-LC) (Defourny et al., 2017) and
Copernicus Climate Change Service climate data store (C3S-CDS)
(Defourny et al., 2019) to quantify current cropland extent and histor-
ical cropland abandonment in the Nordic region between 1992 and
2018. Croplands threatened by soil erosion and suitable for beneficial
land use change through bioenergy crop deployment were mapped by
integrating the C3S-CDS (Defourny et al., 2019) with datasets on soil
erosion by wind (Borrelli et al., 2016) and water (Borrelli et al., 2017).
We used the parameterized crop yield model Global Agro-Ecological
Zones v4.0 (Fischer et al., 2021) and a high-resolution dataset on wil-
low yields (Mola-Yudego et al., 2016) to quantify bioenergy potentials
from cultivating reed canary grass, switchgrass and willow under a
modern and highly intensive agricultural management system. The
climate change mitigation potential of biofuels were estimated consid-
ering three biorefinery technologies: a currently commercial biorefinery
(Laser et al., 2009a), a future improved biorefinery (Laser et al., 2009b)
and a future improved biorefinery coupled with CCS (Field et al., 2020;
Laser et al., 2009b; Liu et al., 2011), Supply chain life-cycle emissions
(Krzyzaniak et al., 2016), soil carbon accumulation (Ledo et al., 2020),
and fossil fuel displacement were included in the analysis. Using a
high-resolution dataset of natural regrowth rates (Cook-Patton et al.,
2020), we quantified historical aboveground carbon accumulation on
abandoned cropland and future carbon accumulation potentials on
abandoned and degraded croplands. Mitigation potentials of natural
regrowth were compared with those from biofuels and BECCS.

2. Material and methods
2.1. Abandoned cropland

We used the ESA CCI-LC (Defourny et al., 2017) and the C3S-CDS
(Defourny et al., 2019) products to quantify abandoned cropland be-
tween 1992 and 2018. The ESA CCI-LC maps provides a dynamic rep-
resentation of land cover at ten arcseconds spatial resolution using 37
unique land cover classes. There are six land cover classes that represent
different cropland types, out of which four describe fully cropland cover
and two describe cropland mosaics with a mix of cropland and natural
vegetation cover. The dataset was originally developed to improve land
use change detection for use in climate models, achieving an average
global detection accuracy of 71% when compared to independent vali-
dation datasets (Defourny et al., 2017, 2019). The highest accuracy was
found for cropland classes.

We quantified abandoned cropland by comparing individual pixels
of the ESA CCI-LC and C3S-CDS datasets for all years between 1992 and
2018. Abandoned cropland was mapped as any changes from the six
cropland classes to non-cropland classes (entire pixel). This included
transitions to 30 different classes, such as to forests, grasslands, shrub-
lands, barren lands, and sparse vegetation, but excluded cropland pixels
transitioning to urban areas. Additionally, pixels transitioning from
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complete cropland cover (four classes) to cropland mosaics (two classes)
were considered as abandoned cropland. For improved consistency, the
land cover datasets require a land cover transition to be visible for 3
consecutive years before a pixel change classification (Defourny et al.,
2017, 2019). Based on this information, we quantified the area extent of
cropland abandonment per year since 1992, as it affects the current
naturally regrown aboveground carbon stock. We applied a national
identified grid (Center for International Earth Science Information
Network - CIESIN et al., 2016) to mask out country-specific cropland
abandonment in the Nordic region.

2.2. Cropland under soil erosion by wind and water

The Nordic cropland cover in 2018 was identified according to the
C3S-CDS data. We used a dataset of soil erosion by water to map Nordic
croplands under unsustainable water erosion (Borrelli et al., 2020). This
dataset was produced through the Global Soil Erosion Modelling plat-
form (GloSEM), which relies on the Revised Universal Soil Loss Equation
(RUSLE) to quantify spatially explicit soil erosion rates. The RUSLE
methodology accounts for rainfall runoff erosivity, soil erodibility, slope
length and steepness, land cover characteristics and soil conservation
measures. We integrated the soil erosion by water dataset (Borrelli et al.,
2020) with the cropland maps to quantify erosion rates for each crop-
land grid cell with the nearest neighbor method. As soil erosion rates
exceeding 5 ton ha™! year ! typically requires mitigation measures
(Panagos et al., 2015), we filtered out the cropland areas above this
threshold to be targeted for bioenergy deployment. We defined crop-
lands under soil erosion by water rates between 5 and 10 and above 10
ton ha™! year ! as under “moderate” or “high” soil erosion by water,
respectively. All the available land under soil erosion by water was
converted to bioenergy production, as a measure to reduce soil erosion.

Cropland threatened from soil erosion by wind was identified using a
European dataset (Borrelli et al., 2016). The dataset considers the most
important wind erosion factors, such as climatic erosivity, soil erod-
ibility, vegetation cover and landscape roughness. Through a fuzzy logic
technique an Index of Land Susceptibility to Wind Erosion (ILSWE) was
created and land areas were spatially ranked into five different levels of
wind erosion susceptibility. The ILSWE dataset is provided in ETRS89
Lambert Azimuthal Equal Area projection (500 x 500 m). We used ESRI
ArcGIS Pro 2.9.0 (Environmental Systems Research Institute (ESRI),
2021) to project the dataset to WGS84 at 30 arcseconds. We considered
cropland under moderate and high wind erosion susceptibility (ILSWE
categories 4 and 5, respectively) as areas where woody bioenergy crops
deployed as wind barriers can contribute to reduce wind erosion. We
aggregated the cropland (2018) from the C3S-CDS database from 10
arcseconds to 30 arcseconds to match the resolution of the ILSWE
dataset. We identified croplands under moderate and high susceptibility
and used country masks to quantify the country level extent. Estab-
lishing woody bioenergy crops in these areas as windbreaks can
co-deliver both biomass production and mitigation of soil erosion by
wind. Following Englund et al. (2021b), we assumed a willow wind-
break design with a width of 50 m, a height of 5 m, rotation periods of 3
years, and a distance between windbreaks of twenty times windbreak
height. This means that one third of all croplands threatened from soil
erosion by wind was covered by willow crops, while the remaining
croplands were retained for food crops sheltered by the new windbreaks.
Half of the windbreak is harvested at a time to keep a sustained wind-
break functionality.

2.3. Bioenergy yields

Two perennial grasses, reed canary grass (Phalaris arundinacea) and
switchgrass (Panicum virgatum), and the woody crop willow (Salix sp.)
were the biomass species considered for deployment in the Nordic re-
gion (Supplementary Text 1). They have shown promising yields and
suitability as bioenergy crops, and they thrive under different climatic
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conditions (Lewandowski et al., 2003; Nordborg et al., 2018; Usfak
et al., 2019).

The parameterized Global Agro-Ecological Zones (GAEZ) v4 model
(Fischer et al., 2021) at 5 arcminutes was used to obtain dry mass yields
of perennial grasses on the identified available land (Supplementary
Fig. 1a and b). Previous versions of GAEZ has been used to assess the
productivity of bioenergy crops (Leirpoll et al., 2021; Neess et al., 2021;
Staples et al., 2017, 2018; Zhang et al., 2020), and it has been validated
against observational field data for perennial grasses (Nzss et al., 2022).
GAEZ models yields using a variety of site-specific parameters, such as
climatic conditions, soil quality, terrain, agricultural management, and
water supply. Climatic parameters considered are local surface irradia-
tion, temperature, and precipitation throughout the year. Yield losses
from pests, soil workability constraints and frosts are also considered
(Fischer et al., 2021). GAEZ models three different levels of agricultural
management, and Nordic agriculture is closer to high management in-
tensity (Naess et al., 2021), representative of a market-oriented and
mechanized production system where yield gaps are closed, with high
yielding varieties, optimal fertilizer use, and optimal pesticide use. We
considered present day climatic conditions (multi-ensemble mean of
2011-2040, Representative Concentration Pathway 4.5 (Van Vuuren
et al., 2011)) from the NorESM (Tjiputra et al., 2013) model which was
downscaled to 0.5° (Hempel et al., 2013).

For willow, we used a spatially explicit yield dataset at 1 km reso-
lution specifically developed for Northern Europe (Supplementary
Figure 1c¢) (Mola-Yudego et al., 2016). Dry mass yields were modelled
based on Swedish harvesting records from 1790 willow plantations
(Mola-Yudego, 2010), by applying the boosted regression trees
approach to combine both statistical and machine learning techniques
(Mola-Yudego et al., 2016). The willow model identifies three categories
based on agricultural performance at a municipality basis so that vari-
ance mainly reflects non-climatic parameters such as management.
Consistent with high management intensity from GAEZ, we used the
high-performance category from the willow model (based on the top ten
percent performing willow plantations per municipality). We used ESRI
ArcGIS Pro 2.9.0 (Environmental Systems Research Institute (ESRI),
2021) to project the willow yield data from UTM zone 33 N (1 x 1km) to
WGS84 at 30 arcseconds for consistency with the land cover data. We
then integrated the willow dataset with land availability maps of
abandoned cropland and cropland threatened by soil erosion at 30
arcseconds. Spatially quantified dry mass potentials of willow were
upscaled to 5 arcminutes to match the resolution from GAEZ perennials.

We converted dry mass yields to bioenergy yields using lower heat-
ing values of 18.06, 17.82, and 18.49 GJ tdm™! for reed canary grass,
switchgrass, and willow, respectively (ECN.TNO, 2019). The carbon
yield was quantified using carbon content of dry mass ratios of 0.4526,
0.4632 and 0.4882 tC tdm ! for the respective three crops (ECN.TNO,
2019).

2.4. Crop distributions

We allocated the three bioenergy crops to the available land ac-
cording to the following criteria:

i) Cropland and abandoned cropland under moderate or high levels
of soil erosion by wind were allocated to willow to create wind
barriers perpendicular to the dominant wind direction, thereby
co-delivering reduced wind erosion and biomass production.

ii) Cropland and abandoned cropland under moderate and high
levels of soil erosion by water were allocated to the highest
yielding crop by maximizing energy production, as soil erosion by
water is reduced with both perennial grasses and woody bio-
energy crops.

iii) Cropland and abandoned cropland subject to both soil erosion by
water and wind was allocated to willow to mitigate both soil
erosion types.
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iv) Abandoned cropland not subject to soil erosion was allocated to
the highest yielding crop to maximize energy production.

While results are mainly shown at 5 arcminutes for improved visu-
alization, the same pixel can contain shares of both perennial grasses
and willow, as ESA CCI-LC and the ILSWE datasets were integrated at a
higher resolution of 30 arcseconds. Fractional crop allocations were
used in the calculations of gridded yields and potentials, while only the
dominant crop is shown in the crop distribution maps.

2.5. Biorefineries and CCS

We considered three different cases of biorefinery with and without
implementation of CCS technology (following ref (Field et al., 2020)
Biorefinery efficiencies for energy conversion and CCS are shown in
Supplementary Table 1.

First, we considered a biorefinery producing cellulosic ethanol
consistent with present day available technologies (Laser et al., 2009a).
This conversion pathway includes dilute acid pretreatment, saccharifi-
cation and fermentation. Wastewater was treated with a sequence of
anaerobic and aerobic digesters to recover organic material that is used
to generate electricity through a Rankine cycle. In total, 40.4% of
biomass primary energy was converted to ethanol and 2.9% to exported
electricity.

We also considered a future design with a hybrid biochemical-
thermochemical pathway (Laser et al., 2009b) as a potential future
biorefinery. It applies an innovative pretreatment of ammonia fiber
expansion and a consolidated bioprocessing to ethanol. Syngas from
gasification of fermentation residues (mostly lignin) is additionally
converted to Fischer-Tropsch (FT) liquids through single-pass FT con-
version. This future biorefinery returned 54.1%, 9.7% and 6.1% of
biomass primary energy as ethanol, FT diesel and FT gasoline, respec-
tively. Residual syngas not converted to biofuels was used to produce
electricity, with electricity exports equaling 1.3% of biomass primary
energy. This process had a CCS efficiency of 1.7% (captured input car-
bon) due to the production of a char by-product which was assumed to
be applied to soil at a 80% long-term carbon retention (Roberts et al.,
2010).

Finally, we considered another future biorefinery design with CCS
(BECCS) (Field et al., 2020), where CO4 streams from the conversion
process (Laser et al., 2009b) were subject to CCS (Liu et al., 2011). The
fermentation produces CO at a 1:1 stoichiometric ratio with ethanol,
where 17.9% of the input biomass carbon is captured. Another 30.2% of
input carbon is captured from two other streams of CO; (a stream of CO5
during syngas cleanup and from unconverted syngas downstream of the
FT reactor). CCS is associated with increased electricity use and turns the
future BECCS biorefinery into a net importer of grid electricity equal to
2.3% of the primary energy in the biomass.

2.6. Biofuel climate change mitigation

We quantified the climate change mitigation potential of biofuels
using Global Warming Potential with the time horizon of 100 years
(GWP100) as climate metric (Forster et al., 2021). Life cycle impacts
were quantified for activities of the supply chain, energy substitution of
fossil fuels and grid electricity, and soil carbon change due to changing
land cover. For abandoned land, we also considered the initial impli-
cations of clearing aboveground carbon from natural regrowth after
abandonment.

Supply chain emissions considered were on-farm agricultural activ-
ities and biomass transportation. Spatially explicit life cycle emissions
related to agricultural inputs and energy use needed to produce peren-
nial grasses were based on Giroux (2020). System boundaries were set to
include all processes related to biomass planting, cultivation and har-
vesting up to the farm gate. Processes considered in the foreground
system included mowing, ploughing, planting, weeding, fertilizer
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application, harvesting and bailing (see Supplementary Tables 2-6). The
background system covered all the material and energy inputs used
during production. Our study assumed a crop cycle of 15 years. We
considered country-specific electricity emission factors (Supplementary
Table 7) and produced life cycle climate impacts for each country at 5
arcminutes. For willow, agricultural life cycle emissions were based on
Krzyzaniak et al. (2016). Spatially explicit climate impacts were quan-
tified using a fitted model as a function of willow yields (tCOs-eq.
tdm ™) (Supplementary Figs. 2 and 3). Transportation of biomass be-
tween farm gate and the biorefinery was assumed to be 200 km for all
bioenergy crops, a conservative estimate based on a previous study
(Cavalett and Cherubini, 2018). We calculated transportation impacts
considering fossil diesel energy use in trucks as of 0.811 MJ ton km™!
(Etiope, 2009).

Mitigation of climate change was computed by considering emission
savings from fossil fuel substitution, CCS, and soil carbon accumulation.
Biofuels were assumed to replace fossil fuels at a 1:1 energy ratio. We
considered fossil fuel climate impacts to be 84.2 gCOzeq MJ ™ for fossil
diesel and 87.1 gCOzeq MJ~! for fossil gasoline (Wernet et al., 2016).
The climate impacts of each country specific electricity mix (Wernet
etal., 2016) (Supplementary Table 7) were used to quantify the effect of
electricity substitution for the current and future biorefinery, as well as
the added impacts from electricity imports to biorefinery operations (in
the future BECCS case). Negative emissions from BECCS were calculated
as the product between land availability, carbon yields and CCS
efficiencies.

Soil carbon sequestration after establishment of bioenergy crops was
estimated using a semi-empirical model that predicts the changes in soil
organic carbon stocks from conversion of croplands and fallow land to
bioenergy crops (Ledo et al., 2020). It is based on a state-of-the-art open
access dataset of soil organic carbon change under perennial crops (Ledo
et al., 2019) and applies generalized linear mixed modelling techniques
with a Gaussian distribution as identity link function (Ledo et al., 2020).
A range of parameters related to climatic conditions, topography, soil
characteristics, and land use were considered to produce multiple fitted
models. The best fitted model can explain 20% of soil carbon dataset
variance, a non-neglectable share due to the heterogeneity in available
data (Ledo et al., 2019, 2020). Here, we applied the best fitted model
parameterized with gridded data on annual mean temperature (°C), crop
age (years since the switch to bioenergy crops), soil depth (cm), clay
content (%), soil bulk density (g cm’g), and coefficients for previous and
current land use.

The ratio of soil carbon change was quantified for 100 cm soil depth
over a period of 20 years at 5 arcmin resolution. We used mean annual
surface temperature data for the years 2021-2040 and scenario SSP2-4.5
from NorESM2-MM (Seland et al., 2020) at a resolution of 0.9 x 1.25°,
downscaled to 5 arcminutes with the nearest neighbor method. Spatial
datasets of soil bulk density and clay contents were taken from the World
Soil Information from the International Science Council (ISC) World
Data System (Batjes, 2012). For cropland and abandoned cropland
conversion to bioenergy crops we used previous land use coefficients for
annual crops and fallow land, respectively (Ledo et al., 2020). The
current land use coefficient was set to bioenergy grass for land converted
to reed canary grass and switchgrass, and agroforestry for willow
deployment. The obtained ratios of soil carbon change were spatially
multiplied with present soil carbon stock data from the European Soil
Data Center (Hiederer and Kochy, 2011), thereby quantifying total soil
carbon accumulation (tC ha™') over the 20-year period. As it is not
recommended to use the method for longer time horizons, we conser-
vatively assumed that soil carbon accumulation due to a switch to bio-
energy crops saturates after 20 years.

The climate mitigation benefits or trade-offs of clearing secondary
vegetation to make land available for bioenergy crop production de-
pends both on how much carbon has been accumulated and the fate of
the cleared biomass. We assumed that aboveground carbon on aban-
doned cropland (see Natural vegetation regrowth section) was collected
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and fed to the same bioenergy supply chain for biofuel production as
bioenergy crops. We considered a carbon content of 0.487 tC tdm ! and
a lower heating value of 18.27 GJ tongs, which for simplicity was
assumed equal to birch (ECN.TNO, 2019). Climate impact from sec-
ondary vegetation harvesting was taken as 0.0132 tCO,eq tong, based
on the use of a harvesting machine (Wernet et al., 2016). Otherwise, we
considered the same parameterization and conversion pathways as for
bioenergy crops. As an additional test, we also explored a scenario
where aboveground carbon is instead cleared through combustion and
released completely to the atmosphere as COo, thereby providing an
increased initial carbon penalty.

2.7. Natural vegetation regrowth

To compare the climate change mitigation potential of biofuels from
bioenergy crops and natural regrowth, a state-of-the-art spatial dataset
of carbon accumulation of natural forest regrowth at 30 arcseconds
(Cook-Patton et al., 2020) was used to quantify carbon sequestration.
The dataset was produced with machine-learning techniques based on
13,112 georeferenced measurements of natural vegetation regrowth
from 1400 different studies. A set of 66 environmental covariates
including climate, soil nutrient, soil chemical, soil physical, radiation,
topography, and nitrogen deposition variables were considered. Out of
16 different applied combinations of machine learning and feature se-
lections, a random forest algorithm with no feature selection performed
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the best.

Yearly cropland abandonment maps were upscaled from 10 to 30
arcseconds to match the natural regrowth dataset and historical
aboveground carbon accumulation per cell was calculated as the prod-
uct between abandoned land, carbon accumulation rate and the number
of years since abandonment. Likewise, future carbon accumulation from
natural regrowth was calculated based on land availability and consid-
ered time horizon.

We also considered soil organic carbon accumulation from natural
regrowth based on mean soil carbon accumulation rates among biomes
from a literature review (Cook-Patton et al., 2020). The 14 defined bi-
omes are proxies to divide the Earth’s terrestrial ecosystems into areas
with similar climatic and environmental conditions (Olson et al., 2001).
Soil carbon accumulation rates per biome were based on 5762 field
measurements from 3058 unique plots taken from 227 different studies.
We quantified abandoned cropland and cropland under soil erosion in
each of the four biomes located in the Nordic region at the country level
using country (Center for International Earth Science Information
Network - CIESIN et al., 2016) and biome (Olson et al., 2001) masks
(Supplementary Tables 8 and 9). Using biome-specific mean soil carbon
accumulation rates (Cook-Patton et al., 2020) we obtained country
specific rates of soil carbon change (Supplementary Table 10).

Total:
198 kha
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Fig. 1. Land availability for bioenergy production in Nordic countries. Maps of (a) Nordic cropland abandonment (1992-2018) as fraction of grid cell, (b) current
croplands under land degradation by soil erosion as fraction of grid cell, and (c) cropland threatened by soil erosion categorized after moderate and high levels of soil
erosion by wind and water (or both). (d) Country level distribution of potential land availability for bioenergy crops (kha), made by all abandoned croplands (a), all
croplands threatened from soil erosion by water (b) and one third of the cropland threatened from soil erosion by wind (b). Maps are shown at a resolution of 5
arcminutes. Note: Different scales on color bars in (a) and (b). A grid box in (c) is completely colored if there is any land inside the grid box allocated to bioenergy
(>0 ha). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion
3.1. Abandoned cropland and cropland threatened by soil erosion

We have found 198 kha of cropland abandonment between 1992 and
2018 (Fig. la). Cropland abandonment is most intense in Denmark,
Southeastern Sweden, and the Central and Northern parts of Norway. A
total of 74, 32, 14 and 78 kha of abandoned cropland was found in
Norway, Sweden, Finland, and Denmark, respectively.

A total of 2.8 Mha of Nordic croplands were under moderate and
high levels of soil erosion by wind and water (Fig. 1b). Out of this, 1000
kha was considered for bioenergy deployment, as only one third of the
land under soil erosion by wind should be deployed with windbreaks.
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About 927 kha was allocated to bioenergy production through a wind-
break system. Croplands under soil erosion by water was 84 kha, with
32 kha under simultaneous pressure from soil erosion by water and
wind. Cropland at high risk of degradation from soil erosion by water
was mainly located in the coastal areas of the Nordic region (Fig. 1c).
Large parts of Denmark were under moderate and high levels of wind
erosion, giving a bioenergy land availability of 382 kha and 190 kha,
respectively. The southern coastline of Sweden and large parts of the
Norwegian coastline was also under moderate and high wind erosion
levels. There was a potential for wind break deployment of 284 kha and
66 kha in Sweden and Norway, respectively. Norway was the only
country with cropland under unsustainable levels of soil erosion by
water, especially in coastal and mountainous areas (70 kha and 14 kha
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Fig. 2. Primary bioenergy yields (GJ ha™! year™'), crop allocations, and primary bioenergy potentials (PJ year ') on abandoned cropland and cropland threatened
by soil erosion in Nordic countries. Bioenergy yields are shown for (a) reed canary grass, (b) switchgrass, (c) willow for the grid cell where each of these crops achieve
the highest yield. Crop distribution maps refer to (d) abandoned cropland and (e) cropland under moderate and high levels of soil erosion by wind and water. (f)
Annual bioenergy potentials of deploying both available abandoned cropland and cropland under moderate and high soil erosion by wind and water. Map resolutions

are 5 arcminutes.



J.S. Neess et al.

under moderate and high levels, respectively).

The total considered land for bioenergy crops (Fig. 1d) was the
highest in Denmark (650 kha), followed by Sweden (316 kha), Norway
(213 kha), and Finland (19 kha). This equaled 25%, 12%, 13% and 1% of
the current arable land extent in each country, respectively (Natural
Resources Institute Finland, 2021; Statistics Denmark, 2021; Statistics
Norway, 2021; Statistics Sweden, 2021). Cropland under wind erosion
contributed to 90% and 88% of the total land availability in Denmark
and Sweden, respectively. Cropland threatened from soil erosion by
water covered the largest share of land availability in Norway (39%). In
Finland, abandoned cropland was the major contributor with 75% of its
total land availability.

3.2. Bioenergy productivity and energy potential

Fig. 2 shows bioenergy yields of the individual bioenergy crops, crop
allocations on the identified land, and the bioenergy potentials. The
mean primary bioenergy yield of reed canary grass on productive land
was 217 GJ ha™! year™!, with yields higher than 200 GJ ha! year ! in
Denmark and the southern coastline of Norway and Sweden (Fig. 2a).
Reed canary grass yields decreased at higher latitudes, but most of the
land stayed productive (>98%). Switchgrass showed a 12% higher mean
bioenergy yield on productive land (243 GJ ha ! year ') than reed
canary grass but was mostly unproductive above 60 °N due to unfa-
vorable climatic conditions (Fig. 2b). Willow was also productive nearly
everywhere (98% of the land), but with a mean bioenergy yield of 111
GJ ha! yr*1 (Fig. 2c). Willow had higher productivity than the two
perennial grasses only in mountainous areas or at high latitudes (34
kha).

Most of the abandoned cropland was allocated to crops based on
maximal energy production (156 kha), except abandoned croplands
under soil erosion by wind which were forced to willow for windbreaks
deployment to provide environmental benefits through reduced wind
erosion (30 kha). On abandoned cropland, 48 kha, 91 kha and 47 kha
were allocated to switchgrass, reed canary grass and willow,

70 T T T T
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respectively (Fig. 2d), while 12 kha was unproductive. Switchgrass was
the dominant crop on abandoned croplands in Denmark due to superior
productivity (42 kha), followed by reed canary grass (20 kha) and wil-
low windbreak deployment (16 kha). In Sweden, 18, 7, and 4 kha were
allocated to reed canary grass, switchgrass, and willow, respectively.
Reed canary grass covered nearly everything in Finland (14 kha). Nor-
wegian abandoned cropland had 40 kha allocated to reed canary grass
and 26 kha to willow. For croplands threatened by soil erosion (Fig. 2e),
all areas in Denmark (572 kha), Sweden (287 kha) and Finland (47 kha)
were allocated to willow for windbreaks deployment. In Norway, 76 and
59 kha were allocated to reed canary grass and willow, respectively.

In total across both abandoned croplands and croplands threatened
by soil erosion, 965 kha, 168 kha and 47 kha were allocated to willow,
reed canary grass and switchgrass, respectively (Supplementary Fig. 4).
This gave a total primary energy potential of 151 PJ year ! in the Nordic
region (Fig. 2f). About 22% came from biomass produced on abandoned
cropland and 78% from biomass from cropland threatened by soil
erosion. With the given crop allocation, 98% of the available land was
productive and utilized for bioenergy production. Most of the primary
potential was in Denmark (86 PJ year’l), followed by Sweden (35 PJ
year’l), Norway (27 PJ year’l) and Finland (3.3 PJ year’l).

The net final energy produced was 67, 110, and 105 PJ year™! with
the current, future, and BECCS biorefinery, respectively (Fig. 3). Crop-
land threatened by wind erosion was the major contributor to potentials
in Denmark (78%) and Sweden (84%), whilst abandoned cropland
dominates in Finland (93%). Norway was the only country with crop-
lands experiencing unsustainable levels of soil erosion simultaneously
by both water and wind (21% of the potential), and these areas may be
especially beneficial to target for deployment. Final energy supply was
mostly cellulosic ethanol, with additional co-production of electricity,
Fischer-Tropsch diesel, and Fischer-Tropsch gasoline depending on the
biorefinery (Supplementary Table 11). Notably, with BECCS, the bio-
refinery turned from an electricity producer (4.6 and 2.0 PJ year ! for
the cgrrent and future refinery, respectively) into an importer (—4 PJ
year ).
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Fig. 3. Final energy potential achieved with different biorefinery technologies per country (PJ year '). Contributions from abandoned cropland and cropland under
moderate and high levels of soil erosion by wind and water are shown in the stacked bars. Multiple impacts refer to areas threatened from soil erosion by both wind

and water.
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Biofuels from biomass produced on abandoned cropland and crop-
land under soil erosion could meet between 8 and 15% of the current
Nordic demand in the road transport sector (which was 722 PJ year ! in
2020), depending on biorefinery technology (Supplementary Table 12).
The potential was especially large in Denmark, where biofuels could
meet between 23 and 38% of the demand in the road transport sector
(160 PJ year’l). In Norway and Sweden, biofuels met up to 14% and 9%
of the demand, respectively.

3.3. Climate change mitigation

The average and breakdown of the individual contributions to
climate change mitigation per hectare are shown in Fig. 4. For biofuels
produced from abandoned cropland, the average net annual mitigation
was —6.2 =+ 4.4 tCOzeq ha! year ! with current biorefinery, —11.8 +
4.7 tCOzeq ha™! year ! with the future biorefinery, and —21 + 6.9
tCOseq ha™! year™! with the BECCS technology (ranges refers to one
standard deviation of spatial variability weighted by productive area of
bioenergy crops). For comparisons, natural regrowth achieved a lower
average of —5.9 + 3.5 tCO2eq ha! year ! on abandoned cropland. The
predicted carbon yields of harvested aboveground biomass from bio-
energy crops were on average about three times higher than the pre-
dicted natural regrowth rates (Supplementary Fig. 5). On croplands
under soil erosion (Fig. 4), biofuels achieved an average annual net
mitigation of —4.9 + 2.3, —8.0 + 2.6 and —13 + 3.4 tCOzeq ha! year™!
for the current, future and BECCS biorefinery, respectively. In these
areas, biofuel mitigation intensities were relatively lower than those
from abandoned cropland due to the allocation of low yielding willow
for windbreak deployment on croplands threatened by wind erosion. For
this reason, natural regrowth was generally a more competitive option
on croplands threatened by soil erosion with a sequestration potential of
—9.3 + 3.1 tCOzeq ha~! year L. As areas under soil erosion were mainly
located in Denmark and the southern areas of Norway and Sweden,
average natural regrowth rates were higher relative to abandoned
cropland which is more evenly spread out across the Nordic region.

On average, for abandoned cropland the ranges due to spatial vari-
ability of mitigation from natural regrowth overlapped with those from
biofuels under the current and future biorefinery technology. For
cropland threatened by soil erosion, the standard deviation range of the
net mitigation of natural regrowth overlapped with those from all bio-
refinery technologies. Notably, for interpretation, the gridded mitiga-
tion intensities of liquid biofuels were negatively skewed around the
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mean (skewness range between —1.19 and —2.50) spreading towards
stronger mitigation, whilst the natural regrowth data was more sym-
metrical (skewness of —0.66 and —0.06 for abandoned cropland and
cropland threatened by soil erosion, respectively) (Supplementary
Table 13). Biofuels provided the largest mitigation on 46% of abandoned
cropland with the current technology, 83% with the future, and 100%
with the BECCS technology (Supplementary Fig. 6 and Supplementary
Fig. 7). Biofuels outperformed natural regrowth on 16%, 24% and 87%
of cropland threatened by soil erosion for the current, future and BECCS
biorefinery, respectively. A two-sample t-test confirmed that the natural
regrowth and liquid biofuels (all refineries) have unequal means at a 5%
significance level for both abandoned cropland and cropland threatened
by soil erosion (Supplementary Table 14). Natural regrowth was
preferred over willow windbreaks in Denmark and southern coastal
areas of Sweden and Norway with the current biorefinery. Biorefinery
efficiency gains and BECCS is key to providing higher negative emission
with biofuel production from willow windbreak deployment in these
areas.

Mitigation contributions from the different components varied be-
tween abandoned cropland and cropland under soil erosion, due to the
changing spatial patterns of land availability, crop allocations, and
emission inventories (Supplementary Text 2). For example, we found
that the mean soil organic carbon sequestration following land use
change to bioenergy crops (Supplementary Fig. 8) was relatively lower
on croplands under soil erosion than abandoned cropland, reflecting
that soil carbon change following a switch to bioenergy crops is typically
weaker in warmer climates than colder (Ledo et al., 2019, 2020).

Cumulative net mitigation over time is shown in Fig. 5 for the first 30
years. Average cumulative net mitigation intensity of biofuels produc-
tion on abandoned cropland (Fig. 5a) was —169 + 93, —329 + 119, and
—591 + 192 tCO2eq ha~! for the current, future and BECCS biorefinery,
respectively (ranges refer to one standard deviation of spatial variability
weighted by productive area) (Fig. 5a). For comparisons, natural
regrowth achieved —183 + 137 tCO2eq ha™!, with variability ranges
which overlap with the current and future biorefinery. For biofuels
produced with cropland threatened by soil erosion (Fig. 5b), average
cumulative net mitigation intensities were —125 + 51, —219 + 65, and
—377 + 92 tCO2eq ha~! for the current, future and BECCS biorefinery,
respectively. Variability ranges of natural regrowth (—270 + 115
tCO2eq ha™!) overlapped with those of biofuels for cropland threatened
by soil erosion, independently of the refinery. Willow deployed as
windbreaks had relatively lower yields than perennial grasses, making
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Cropland under erosion - future refinery
Cropland under erosion - current refinery
Abandoned cropland - continued regrowth
Abandoned cropland - future BECCS refinery
Abandoned cropland - future refinery

Abandoned cropland - current refinery

Fig. 4. Net GHG mitigation potential of biofuel on abandoned
cropland and cropland under soil erosion in Nordic countries
(tCO2eq ha-1 year’l). Results are averaged over the first 20
| years. Individual contributions from different components are
changes in aboveground carbon (due to natural regrowth or
clearing abandoned cropland), soil carbon changes following
land use change, supply chain emissions (on-farm activities
and biomass transport), CCS (biorefinery carbon capture and
{  storage, including a smaller contribution of a char by-product
applied to soils), and energy substitution (mainly fossil fuel
displacement, plus a smaller contribution from additional
displacement of grid electricity). Error bars represent spatial
variability in terms of one standard deviation around the
1 mean (weighted by productive land).
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and 30 (10% increase every year).

natural regrowth more competitive in areas threatened by wind erosion.

Cumulative mitigation of bioenergy production on all considered
lands were —156, —279 and —485 MtCO-eq for the current, future and
BECCS biorefinery, respectively (Fig. 5c-d). Natural regrowth (—304
MtCOzeq) outperformed the future biorefinery case (+9%), mainly due
to our conservative assumption that soil carbon changes after conver-
sion to perennial crops saturate after 20 years. We also considered a
scenario with a dynamic biorefinery deployment with gradually
improved technology (the current biorefinery was assumed for the first
ten years, before a gradual linear change from current to future bio-
refinery occurred between year 11 and 20 (10% increase every year),
and a further change from future biorefinery to BECCS biorefinery
occurred between year 21 and 30 (10% increase every year)). In this
dynamic case, a cumulative mitigation of —254 MtCOseq was achieved

through biofuel production, which was 16% lower than natural
regrowth.

The considered time horizon is important when assessing optimal
land-based mitigation strategies on abandoned cropland (Fig. 5¢). Bio-
energy crops provided a 15-year cumulative mitigation from —15 to —59
Mt CO2eq depending on technology, and improved refinery technology
or BECCS is necessary to outperform the —17 MtCOzeq achievable
through continued natural regrowth on abandoned cropland (Fig. 5c).
After 30 years, cumulative mitigation was between —31 and —110
MtCOzeq for biofuels and —34 MtCOeq for natural regrowth. Most of
the abandoned cropland in the Nordic region was abandoned in the
1990s (96 kha), while 55 kha and 48 kha were abandoned during the
2000s and 2010s, respectively (Supplementary Fig. 9). Natural regrowth
on abandoned cropland has led to an accumulated aboveground carbon
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stock at present day of 3.9 MtC equal to 14 MtCO.eq if combusted
(Supplementary Fig. 10). A clearing and collection of regrown above-
ground carbon biomass for biofuel production thus caused an initial
carbon penalty of 9 and 5 MtCOzeq for the current and future bio-
refinery, respectively, and a smaller initial benefit with BECCS of —2
MtCOqeq (Fig. 5¢). Most of the abandoned cropland was allocated to the
highest yielding crop for maximized energy production, and the carbon
penalty was paid back after 6 and 3 years for the current and future
biorefinery, respectively. If instead the standing aboveground carbon
stock was burned at site and released as atmospheric CO the initial
carbon penalty would be 14 MtCO-eq for all refineries, which would be
paid back after 9, 6 and 4 years of biofuel production (Supplementary
Fig. 11). For this case, natural regrowth was preferable to biofuels
produced with the current refinery throughout the full 30 years. With
improved refinery technology or BECCS, the cumulative climate benefits
of liquid biofuel production became stronger than natural regrowth after
11 and 5 years, respectively.

For cropland under soil erosion (Fig. 5d), the 30-year cumulative
mitigation potential of biofuel production ranged between —125 and
—375 MtCO-eq, while it is —269 MtCO-eq for natural regrowth. Willow
had lower average productivity (113 GJ ha™! yr™1) than the perennial
grasses in the Nordic region (274 and 222 GJ ha™! year! for switch-
grass and reed canary grass on their respective productive areas), and
while it delivered the benefit of reduced wind erosion by slowing down
surface wind speed, it also led to lower climate change mitigation
relative to perennials. For example, considering a pure energy optimized
crop allocation on these areas increased 30-year cumulative mitigation
to between —286 and —786 Mt COqeq across biorefinery technologies as
willow got largely replaced by grasses (Supplementary Fig. 12), but this
also removed the environmental benefit of windbreaks (for example,
reduced soil erosion rates (Weninger et al., 2021) and potential yield
gains in surrounding areas (Osorio et al., 2019)). The yield of the bio-
energy crop is thus key to secure larger climate benefits than natural
regrowth without BECCS, and there is a trade-off between energy po-
tential and mitigation of soil erosion with willow.

Comparing the mitigation potential from biofuels with today’s
annual road transport emissions in the Nordic region (Supplementary
Table 15), we found that 14-40% of the emissions could be mitigated,
depending on technology. The mitigation potential of biofuels with the
current biorefinery was equal to 29%, 15%, 9% and 2% of the road
transport emissions in Denmark, Norway, Sweden, and Finland,
respectively. In Denmark, biofuel production with BECCS had the po-
tential to mitigate nearly all emissions (84%). Large mitigation could
also be achieved with BECCS in Norway and Sweden (39% and 27%,
respectively).

3.4. Limitations and uncertainties

The results of this study rely on the integration of a variety of models,
methods and datasets which are subject to different limitations and
uncertainties. We used the ESA CCI-LC (Defourny et al., 2017) and
C3S-CDS products to estimate cropland abandonment between 1992 and
2018 and the current cropland extent in the Nordic region. The products
have an overall global accuracy of 71%, with cropland classes user and
producer accuracies ranging between 85-94% and 76-92% across the
datasets, respectively. Previous validation attempts of ESA CCI-LC in the
Arctic region showed a 62% overall accuracy (north of the arctic circle
only) (Liang et al., 2019). ESA CCI-LC also achieved a 64% consistency
when compared with the European land cover product CORINE in
Finland (Karvonen et al., 2018). Non remotely sensed country-level land
use inventories from the Food and Agricultural Organization (FAO) of
the United Nations and national statistics confirm cropland contraction
in the region over the last three decades (Supplementary Table 16). Our
estimate of abandoned land (198 kha) is conservative relative to FAO
reported cropland contraction in the Nordic region (466 kha from 1992
to 2018), and higher land availability would increase climate change
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mitigation potentials. More refined satellite-based estimates combined
with on-field observations would allow a more accurate estimate of
abandoned cropland extent (Olofsson et al., 2014).

Most of the abandoned cropland considered here was in 2018 clas-
sified by the land cover dataset as either forests (72%), grasslands
(17%), or sparse vegetation (6%) (Supplementary Table 17). Parts of the
abandoned cropland may be committed to other uses that prevent bio-
energy crop deployment. For example, the land cover dataset used here
does not distinguish between natural and managed forests or grasslands.
Site-specific evaluations are needed to assess actual land availability.

We relied on spatially explicit soil erosion data to quantify cropland
areas under unsustainable soil erosion by wind and water. The spatial
distribution of erodible croplands found here generally aligns with
previous studies (Englund et al., 2020a, 2021b; Zhou et al., 2021). When
comparing the wind erosion dataset to 155 locations described in local
and regional studies, areas predicted to be susceptible to wind erosion
coincided well with the literature (95.5% accuracy) (Borrelli et al.,
2016). For example, wind erosion is well documented as an important
ongoing process in western Denmark, with incentives already in place to
deploy windbreaks (Veihe et al., 2003). Our study used the ILSWE in-
dicator to identify croplands that can benefit from windbreak con-
struction, but a strategic implementation should integrate this indicator
with site-specific evaluations of feasibility and need. For simplicity, we
considered a specific willow windbreak design with a fixed width of 50
m, a height of 5 m, rotation periods of 3 years, and a distance between
windbreaks of twenty times windbreak height. The optimal design of
windbreaks at each site will vary with changing wind erosion rates and
wind speed, with shorter distances between windbreaks at sites expe-
riencing higher impacts (Englund et al., 2021b). The water erosion
dataset relies on data-driven assumptions that have a variety of limita-
tions, such as no simulation of soil deposition and inability to predict soil
removal along drainage lines (Alewell et al., 2019; Borrelli et al., 2017).
The water erosion dataset also has a coarser resolution than the other
datasets, leading to additional uncertainty when coupled to
high-resolution land cover data. Future soil erosion rates by wind and
water will be affected not only by climate change, but also by land
management choices and priorities (e.g., food-only approach vs. a more
ecosystem service wide management) (Borrelli et al., 2017; Gawith and
Hodge, 2019; Giovanni et al., 2021). More research is needed to un-
derstand how bioenergy crops can be efficiently deployed within a
context that maximizes the co-delivery of multiple ecosystem services
from land management under a changing climate and the interlinkages
with different socio-economic pathways.

While the GAEZ model is widely used in literature, it relies on many
assumptions, such as those related to yield losses from frosts, moisture
stress and excess air humidity (Fischer et al., 2021). Our GAEZ yield
estimates referred to present day climatic conditions, but climate change
is projected to lead to increased crop yields throughout the Nordic re-
gion, and to potentially increase the productive area of bioenergy crops
that require warmer growing conditions (Ness et al., 2021). Extreme
events such as droughts or floods can also periodically affect yields of
bioenergy crops (Lesk et al., 2016). We considered high management
intensities both from the GAEZ model and the willow yield dataset in the
main analysis, thereby assuming high-performance production systems
and closed yield gaps. As an additional test, we therefore repeated the
entire analysis for willow deployed on abandoned cropland with less
intensive agricultural management (Supplementary Table 18). Energy
potential decreased by —45% and the associated mitigation declined by
—35% to —43% depending on biorefinery technology with an average
performing management system relative to a high performing manage-
ment system. Type of agricultural management is thus an important
factor to achieve high energy and climate change mitigation potentials.

Reduction in food production from reducing agricultural land to
establish woody crops as windbreaks can be expected, although it will be
(partly) compensated for by yield gains between windbreaks (Supple-
mentary Fig. 13), and it will be more sustainable in the long term by
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reducing irreversible soil losses. Typically, studies report yield losses
close to the windbreaks (horizontal distance of about 0-3 times wind-
break height) due to sunlight shading and increased competition for
water and nutrients with the windbreaks themselves (Weninger et al.,
2021). At the same time, there has been substantial average yield gains
observed in the range of 8-25% for wheat growing in most of the shel-
tered zone (up to 20 times in horizontal distance of windbreak height)
(Campi et al.,, 2009; Osorio et al., 2019; Smith et al., 2021). We
considered 995 kha of croplands threatened by soil erosion for
land-based climate change mitigation, out of which 927 kha were allo-
cated to windbreak deployment. Nordic agriculture is dominated by
cereal production (FAO, 2022). Using wheat yields modelled by GAEZ as
a proxy, we found that potential food production losses from a complete
windbreak deployment is likely in the range of —5.6 to —3.4 million tons
depending on the achieved mean yield increase between windbreaks
(Supplementary Fig. 14). This equals about 11-17% of the annual crop
production in the Nordic region (FAO, 2022). Consequently, potential
indirect land use change could occur elsewhere to replace the lost pro-
duction and meet food demand. We did not attempt to quantify carbon
penalties (indirect deforestation) from those here as indirect land use
changes are highly uncertain and controversial (Daioglou et al., 2020).
Yield response to windbreak shelters is also crop-specific and wind-
breaks can be especially beneficial for vegetables and fruits, with
strawberry yield increases reported above 50% (Peri and Bloomberg,
2002; Smith et al., 2021). Furthermore, the strategic introduction of
perennials may in fact reduce or even stop ongoing land degradation
processes by soil erosion and secure long-term agricultural productivity,
despite some possible yield declines in the short-term. It will also
decrease the risks of larger yield losses and future land abandonment,
with associated deforestation to make space for new agricultural land.

We used a commercially available biorefinery technology as a
baseline for the analysis, while also exploring the potential future gains
due to the implementation of innovative technologies based on previous
modelling efforts. BECCS is vital in most climate change mitigation
scenarios (Rogelj et al., 2018a). BECCS technology is relatively mature
(Baik et al., 2018), and could theoretically be introduced to biorefineries
at a faster pace than we considered in our dynamic refinery case.
However, large-scale BECCS deployment is still uncertain because of its
dependency economic and social factors, such as lack of incentives and
low social acceptance (Fridahl and Lehtveer, 2018). Successful BECCS
deployment in Nordic countries will require supporting policies, such as
state guarantees, quota obligations for selected sectors, or allowing the
trade of BECCS negative emission credits to compensate for emissions
elsewhere in the European Union’s Emission Trading System (Fuss and
Johnsson, 2021; Zetterberg et al., 2021). Additionally, captured CO,
must be transported and injected into reservoir infrastructure for long
term storage, and the offshore oil and gas infrastructure and used res-
ervoirs in the North Sea offer possibilities. Two full-scale Nordic
demonstration geological reservoir projects for CO, storage are
currently under development with expected capacities of 1.5 and 4-8
MtCO, year ! in Norway (Northern lights, 2021) and Denmark (Project
Greensand, 2021), respectively. In comparison, annual BECCS storage
requirements in our study were 7.4 MtCO, year !, with 1.3 and 4.3
MtCO, year ! from production based on plantations in Norway and
Denmark, respectively. BECCS deployment beyond the planned capacity
would require opening new storage sites or transporting CO, over longer
distances to utilize other European sites (Rosa et al., 2021).

Estimating soil carbon changes associated with natural regrowth on
abandoned cropland is challenging due to a lack of harmonization of
data and large variance of measurements even within biomes and with
similar soil texture (Cook-Patton et al., 2020). Likewise, while a switch
to bioenergy crops typically leads to soil carbon accumulation, field data
also show large variance (Ledo et al., 2020). Predicted crop yields
showed no clear correlation (Pearson correlation coefficient of 0.06)
with the predicted soil carbon change after land use conversion to bio-
energy crops (Supplementary Fig. 15). The soil carbon change method
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used here produced generic rates for all bioenergy crops, and future
work should consider using processed-based land surface models to
assess the effect of individual crop characteristics. There is also a need
for more field work and increased standardization of reporting to
improve our understanding of soil carbon accumulation following land
use change (Ledo et al., 2019).

4. Conclusion

Utilizing abandoned cropland and cropland threatened by soil
erosion for bioenergy production can ramp-up Nordic bioenergy supply
(up to 110 PJ year ! of final energy), with reduced impacts on food
production and by providing environmental co-benefits through
reduced soil erosion. Such an integrated strategy for bioenergy
deployment can make a substantial contribution to reaching climate
change mitigation targets and moving towards net zero emissions while
co-delivering improved ecosystem services. There is a potential to
mitigate 14% of the current Nordic land-based transport emissions with
a commercially available biorefinery technology, and up to 40% if
production is combined with BECCS technology.

Achievable bioenergy crop yields, biorefinery technology, and CCS
are important for the relative climate change mitigation performance of
biofuel production when compared to natural regrowth. Targeting
abandoned cropland for liquid biofuel production (—31 Mt COgeq) is
competitive with continued natural regrowth (—34 Mt CO2eq) in Nordic
countries after the first 30 years. Future gains in biorefinery efficiency
and the introduction of BECCS can potentially triple climate benefits of
liquid biofuel production (up to —110 Mt COzeq), thereby out-
performing natural regrowth on abandoned cropland. It is important to
make efficient use of any aboveground biomass cleared during the
recultivation of abandoned cropland to maximize mitigation. There is
also a substantial potential for annual mitigation through a windbreak
system (—3.7 to —11 Mt COqeq year 1), equal to 9-26% of annual
emissions from Nordic land-based transport. For willow windbreaks,
yields are lower than for perennial grasses, and improvements in energy
conversion efficiencies or BECCS are typically necessary to ensure larger
climate benefits than natural regrowth.

Deployment strategies for bioenergy production need to be
comprehensive to ensure food security and protect biodiversity. Local
assessments should aim to identify what global challenges can be better
addressed by the given local context, considering both bioenergy pro-
duction and nature-based solutions. Our study asserts that targeting
abandoned cropland and cropland prone to soil erosion for bioenergy is
a promising near-term option to increase biomass supply, and they are
an example of sustainable land management strategies that can co-
deliver multiple benefits (for climate, nature, and soil quality) and
may minimize environmental trade-offs.
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