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ARTICLE INFO ABSTRACT

Keywords: Cultivating perennial grasses on abandoned cropland for bioenergy production is a promising option to meet
Bioenergy future renewable energy demands at lower risks for food security and environmental degradation. Studies on the
Negative emissions potential environmental impacts of perennial grasses mostly focus on specific locations, while effects and po-
LCA . . . .

soC tentials of a large-scale deployment on abandoned cropland are still unexplored. This work performs a spatially

explicit life cycle assessment of agricultural production of three perennial grasses (miscanthus, switchgrass, and
reed canary grass) on abandoned cropland in Europe under rainfed and irrigated conditions. We estimate the
primary bioenergy potentials and potential environmental impacts on climate change (including soil organic
carbon changes), freshwater and marine eutrophication, terrestrial acidification, fossil resource scarcity and
water scarcity footprint. Under rainfed conditions, switchgrass has the largest supply potential (174 Mtpy yr ™)
while miscanthus has the lowest average climate impact (169 kg CO- tpiy). Irrigation increases biomass yields by
97% for miscanthus, 62% for switchgrass and 29% for reed canary grass, but climate change impacts per tpy
increase by 24%, 32% and 44%. Water scarcity footprints also increase, ranging from 4.7 to 9 world m%eq. kgpi.
When soil organic carbon changes are considered, the net climate effects turn to negative for all perennial grasses
under rainfed conditions (and for miscanthus with irrigation as well), showing a potential for land-based
negative emissions by storing carbon in soils while delivering renewable energy. Bioenergy potentials range
between 1 and 7 EJyr ! (corresponding to 1-10% of today's EU primary energy demand) and the scale of
negative emissions can be up to —24 Mt. COz-eq. yr~! (equal to 5.6% of EU's agricultural sector emissions). The
consideration of site-specific conditions for water supply and crop affinity can identify the best local agricultural
practices for energy yields and negative emissions at reduced environmental trade-offs.

Perennial grasses
Abandoned cropland

1. Introduction

Climate change mitigation scenarios aiming to achieve the most
stringent temperature targets rely on substantial amounts of bioenergy
from dedicated crops (Shukla et al., 2019). In the 1.5 °C pathways, the
bioenergy share in the global primary energy supply is estimated to
grow from today's 10% to 23-27% in 2050 (Rogelj et al., 2018). In the
Shared Socio-economic Pathways (SSP) compatible with the lowest
levels of climate change, bioenergy feedstock supply ranges from 5300
to 23,000 Mt. of dry matter (DM) per year by the end of the century
(Popp et al., 2017). This corresponds to an estimated 245 to 1517 Mha of
land for dedicated bioenergy crops. Bioenergy crops are expected to play
such a key role because they provide opportunities to cut emissions in
the energy and transport sectors while allowing for atmospheric carbon
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removal when coupled with carbon capture and storage (CCS) tech-
nologies (Bauer et al., 2018; Hanssen et al., 2019; Daioglou et al., 2019).

However, concerns have been raised regarding potential sustain-
ability trade-offs of a large-scale deployment of bioenergy crops
(Humpenoder et al., 2018; Smith et al., 2019). Besides supplying
renewable energy for climate change mitigation, land use is part of a
nexus with other key global environmental challenges, such as feeding
the increasing global population, protecting natural ecosystems, and
maintaining water resources (Popp et al., 2017; Smith et al., 2020;
McElwee et al., 2020). Increased competition with other land uses may
be a threat to food security and natural ecosystems (Smith et al., 2013),
and the net environmental benefits of bioenergy crops may vary with the
type of crop, agricultural management intensity, and previous land use
(Creutzig et al., 2015; Field et al., 2020). Successful strategies for
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deployment of bioenergy crops need to rely on improvements in the
agri-food sector (e.g., sustainable intensification, dietary changes,
minimization of food waste, etc.) to spare land and decrease overall
competition for land resources (Slade et al., 2014; Boysen et al., 2017).
For example, by matching the more appropriate food crops with land
availability and suitability across the globe, the land requirements for
producing today's amount of food can be reduced by 50%, thereby
showing the large land sparing potential for climate change mitigation
objectives or nature restoration (Folberth et al., 2020).

Perennial grasses are usually drought-resistant crops, they can be
grown at lower input requirements than annual crops and they help to
improve soil quality and restore land degradation processes (Schmidt
et al., 2015; Scordia and Cosentino, 2019; Robertson et al., 2017b). Due
to their perennial nature, tillage and maintenance operation needs are
lower when compared with annual crops (Heaton, 2004; Lewandowski,
2016). In addition, they may have positive environmental effects on
restoring degraded land through reduced soil erosion and improved soil
quality (Liu et al., 2012; Englund et al., 2020), as well as increasing
biodiversity by providing habitat for birds and insects (Robertson et al.,
2017b). Reduced soil disturbance from limited tillage, along with their
deep root system, allows for high water use efficiency, recycling of nu-
trients and increases soil organic carbon (SOC), which further mitigates
climate change (Zhu et al., 2018; Jones et al., 2016; Don et al., 2012).
The transition from cropland to perennial grasses may also have a
cooling effect on the regional climate as a result of biophysical effects
such as increased evapotranspiration and albedo (Harding et al., 2016;
Georgescu et al., 2011; Miller et al., 2016).

Life cycle assessment (LCA) is a key method for assessing environ-
mental performance of products by accounting for the potential envi-
ronmental impacts that arise over their full life cycle, including raw
material acquisition, production, use and disposal (Cherubini et al.,
2009; Pereira et al., 2019). Several studies have explored the life cycle
performance of miscanthus (McCalmont et al., 2017; Fusi et al., 2020;
Peric et al., 2018), switchgrass (Bai et al., 2010; Howard Skinner et al.,
2012; Cherubini and Jungmeier, 2010) and reed canary grass (Shurpali
et al., 2010), or combinations of them (Kiesel et al., 2016; Smeets et al.,
2009; Bullard and Metcafe, 2001). They generally find from medium to
large climate change mitigation benefits, but relatively high impacts for
freshwater eutrophication and acidification, mostly driven by fertiliza-
tion. Most of the studies are specific to a given location only, and studies
specifically addressing the environmental performances on marginal or
abandoned land are limited (Amaducci et al., 2017; Fernando et al.,
2018; Schmidt et al., 2015).

Growing perennial grasses for bioenergy production on abandoned
cropland has emerged as a sustainable approach to gradually expand
bioenergy supply at reduced risks for land competition, food security
and the environment (Robertson et al., 2017b; Muri, 2018; Daioglou
et al., 2019). Agricultural abandonment is widespread in many regions
of the world, including Europe (Ustaoglu and Collier, 2018; Levers et al.,
2018), and it is driven by a combination of many socio-economic, po-
litical and environmental factors that undermine the profitability of
formerly cultivated fields (Lasanta et al., 2017; Li and Li, 2017; Jepsen
et al., 2015). Several studies have estimated the potentials and sus-
tainability aspects of expanding bioenergy crops into abandoned crop-
land or marginal land, using a mix of different datasets to estimate land
availability, crop yields, and geographical coverage (Leirpoll et al.,
2021; Cintas et al., 2021; Albanito et al., 2016). For example, using
marginal and degraded agricultural land for biofuel production can meet
up to 55% of the current world liquid fuel consumption without using
land under regular productivity for conventional crops or pasture (Cai
et al., 2011). In Europe, an expansion of perennial biomass plantations
on cropland areas prone to degradation or pollution can improve several
sustainability indicators (Englund et al., 2020), and a strategic deploy-
ment targeting riparian buffers and wind breaks can co-deliver biomass
production (up to 450 PJ) and improve land quality (Englund et al.,
2021). Targeted incentives can stimulate the production of bioenergy

Environmental Impact Assessment Review 98 (2023) 106942

crops on those lands with potential environmental, economic and social
benefits (Rahman et al., 2019; Soldatos, 2015). No previous studies have
specifically focused on the potentials and environmental impact impli-
cations of growing perennial grasses on abandoned cropland in Europe.

In this work, a bottom-up spatially explicit LCA is used to estimate
the primary energy potentials and associated potential environmental
impacts (at farm gate) of an idealized large-scale deployment of
perennial grasses on abandoned cropland in Europe. The system
boundaries include all processes required for biomass planting, culti-
vation, harvesting and transport up to farm gate (see Fig. S1 in Sup-
plementary Information). The analysis integrates a gridded agro-
ecological crop yield model (Global Agro-Ecological Zone 3.0 (GAEZ))
(Fischer et al., 2012) and a recently available map of abandoned crop-
land in Europe between 1992 and 2015 (Neess et al., 2021) to estimate
yields of three perennial grasses (miscanthus, reed canary grass,
switchgrass) and the grid-specific potential environmental impacts of
their cultivation under two water supply conditions (rainfed and irri-
gated). The impact categories considered are climate change, terrestrial
acidification, marine and freshwater eutrophication, fossil resource
depletion and water scarcity footprint. The climate change results
include a sensitivity to different climate metrics. The contributions of
the changes in SOC from the establishment of perennial grasses on
former cropland are estimated using a locally parameterized regression
model (Ledo et al., 2020). Water scarcity footprints are computed using
country specific characterization factors (Boulay et al., 2018), which
highlight the areas where water resources can become a constraint in the
long-term. Bioenergy potentials, co-benefits and trade-offs across mul-
tiple environmental impact indicators are explored both at a fine scale
(300 m) resolution and aggregated at European level.

2. Methodology
2.1. Abandoned cropland and bioenergy yields

The identification of abandoned cropland in Europe relies on a
recently produced dataset based on land cover maps from the European
Space Agency Climate Change Initiative (ESA CCI) for the time period
1992-2015 (ESA, 2017; Neess et al., 2021). The ESA CCI-LC dataset in-
tegrates multiple satellite products and ground-truth observations to
provide annual global maps of the earth's terrestrial surface at 300 m
spatial resolution using 37 land classes based on the United Nation Land
Cover Classification System (UNLCCS). Abandoned cropland was iden-
tified by monitoring all grids that were cropland in 1992 but not in 2015,
so that all transitions from each of the six UNLCCS cropland classes to
any other classes are considered, except the transitions to urban settle-
ments (Nass et al., 2021).

Abandoned croplands in Europe are about 16 Mha (4% of cropland
extent in Europe in 2015 (Santoro et al., 2017)) and are located across
the entire continent, with major clusters in central and eastern Europe
(Fig. 1). Several studies analyzed the main drivers and causes of crop-
land abandonment in Europe (Lasanta et al., 2017; Li and Li, 2017).
They usually find that the abandonment process is mostly due to so-
cioeconomic factors, such as economic growth, exposure to interna-
tional markets (especially from countries linked to the former Soviet
Union) and migration to urban areas, rather than declines in soil quality
and fertility.

Three key perennial grasses that are adaptive to a large variety of
climatic zones are considered in this work as bioenergy crops: mis-
canthus (Miscanthus spp), switchgrass (Panicum virgatum) and reed ca-
nary grass (Phalaris arundinacea). All three perennial grasses adapt to a
wide variety of climate and soil conditions, and they can easily be
incorporated into existing farming systems as conventional agricultural
machinery can be used (Murphy et al., 2013). In Europe, miscanthus and
switchgrass generally show better yields than reed canary grass, but in
northern Europe, where cold winter temperatures are a major limitation
to crop establishment and growth, reed canary grass is favored
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Fig. 1. Abandoned cropland in Europe from 1992 to 2015 as a fraction of a grid cell. The map retains the original horizontal resolution of the land cover data (about

300 m).

(Lewandowski et al., 2003).

Yields (lignocellulosic material, in dry mass) for the selected peren-
nial grasses were obtained from GAEZ model version 3.0 (IIASA/FAO,
2012; Fischer et al., 2012). This model has been widely used to model
attainable yields, yield gaps (Alcamo et al., 2007; Davis et al., 2017; Xu
et al., 2017) and water consumptions from irrigation (Staples et al.,
2013; Neess et al., 2021) for a variety of crops. More recently, the model
has been applied to estimate bioenergy potentials at a global level
(Staples et al., 2017; Liu et al., 2018; Naess et al., 2021), and in Europe
(Van Duren et al., 2015). GAEZ allows to compute yields using three
different agricultural management intensities: low, medium and high. In
this work, we only use the high intensity level to better represent the
dominant agricultural practices in Europe (Maggi et al., 2019; Potter
et al., 2010). The yields are estimated under today's climatic conditions
using mean annual values for the period 2010-2040 from Hadley Centre
coupled model (HadCM3 - B1) (Lowe, 2005).The geo-referenced global
climate data comprise precipitation, temperature, wind speed, sunshine
hours and relative humidity, in addition to soil and terrain data. Two
alternative water supply scenarios are considered, rainfed and irrigated.
Crop suitability and yields in each grid cell is calculated according to 5
main steps (Fischer et al., 2012): i) climate data analysis and compila-
tion of general agro-climatic indicators; ii) yield calculation based on
crop-specific agro-climatic assessment and water-limited biomass; iii)
yield-reduction due to agro-climatic constraints; iv) edaphic assessment
and yield reduction due to soil and terrain limitations; v) integration of
results from the 4 previous steps. The yields produced from GAEZ are
then converted to primary energy potentials using lower heating values
(LHV) for each specific perennial grass: 18.55 MJ kgpy; for miscanthus,
18.06 MJ kgpi for reed canary grass, and 17.82 MJ kgpi for switchgrass
(TNO, 2020). In addition to the cases with the three single perennial
grasses, two additional cases for optimal crop mix are produced where to
each grid cell is assigned the type of grass that can achieve the largest
yields in both rainfed and irrigated conditions.

2.2. Life cycle assessment

The spatially explicit environmental performances for the produc-
tion of miscanthus, switchgrass and reed canarygrass grown on

abandoned cropland in Europe are assessed by using a life cycle
perspective. The relationship between the spatial variability of bio-
energy yields and environmental impacts of agricultural production is
explored using updated impact assessment methods recommended by
the UNEP/SETAC (Jolliet et al., 2018; Frischknecht and Jolliet, 2016).

Fig. S1 in the Supplementary Information (SI) shows a simplified
flow diagram of the system boundaries and main steps for the biomass
production alternatives. The system boundaries include all processes
required for biomass planting, cultivation, harvesting and transport up
to the farm gate. The foreground system includes on-field agricultural
processes (i.e., mowing, ploughing, planting, weeding, fertilizer appli-
cation, bailling, cutting) while material and energy inputs to the product
system are included in the background system and modelled using the
ecoinvent dastabase v.3.5 (Wernet et al., 2016). Infrastructure (such as
agricultural machinery and buildings) is not included in the inventory as
it generally has low contributions to the total impacts (Nemecek et al.,
2007).

A crop-specific life cycle inventory (LCI) was compiled for the pro-
duction of miscanthus, reed canary grass and switchgrass under both
irrigated and rainfed water supply regimes. These LCIs are grid-specific
as inputs such as fertizilier use, pesticides, and energy consumption for
soil preparation, planting, and harvesting depend on the local yields. A
crop cycle of 15 years is assumed for the three pererenial grasses. For the
cases under irrigated conditions, site-specific water stress levels are
explicitly considered to be mitigated by irrigation requirements, with
the associated water and energy consumption attributed to the irrigation
process. The average yearly agricultural operations for one hectare of
cultivated land are given in Table S1-S3 in Supplementary Information
for each of the perennial grasses. These values were computed from the
total number of operations over the lifetime of the stand and discounted
by the number of years of the crop cycle (15 years) based on the
reviewed literature (see Supplementary Table S1). Fuel consumption
and machinery characteristics for field operations values used in this
study are available in SI (Tables S4-S8).

Nitrogen (N), phosphorus (P) and potassium (K) fertilizer application
rates are the sum of the nutrients removed with the harvested biomass
plus the following losses: 18% of N losses due to volatilisation and
leaching (Eggleston et al., 2006), 15.8% of P losses to reflect average soil
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erosion rates in Europe (Alewell et al., 2020) and 20% losses of K due to
plant uptake inefficiencies (Majumdar et al., 2021). Annual nutrient
removals are computed as the product between the harvested biomass
and its nutrient content, and are therefore site-specific. Biomass nutrient
contents are derived from the literature and are shown in Table S9 in the
Supplementary Information (Kiesel et al., 2016; Oliveira et al., 2017). N,
P and K are applied as urea, diammonium phosphate and potassium
chloride, respectively. The nitrate leaching rate and nitrous oxide
emission factors induced by N fertilizers are shown in Table S10-S11.
Both direct and indirect emissions to soil, air, and water body for supply
of material and energy inputs required for the different agricultural
operations are considered through compilation of spatially explicit in-
ventories. The pesticides considered in this work are herbicides, as very
few pests other than weeds have been identified as potential threat to the
three perennial grasses (Dubis et al., 2019; Oliveira et al., 2017; Wagner
etal., 2017). Assumptions on chemical product and application rates are
available in Table S12 in Supplementary Information.

2.3. Soil organic carbon (SOC) changes and integration with climate
metric

Soil organic carbon changes after establishment of perennial grasses
are modelled and quantified separately from the rest of the inventory.
Stock changes are modelled for a soil depth of 100 cm and at a spatial
resolution of 5 arcminutes. Data from the European Soil Data Center
(ESDAC) (Hiederer and Kochy, 2011) are used to map the initial carbon
stock for the abandoned cropland identified as suitable for production of
the three perennial grasses (see Fig. S2 in Supplementary Information).
SOC changes due to conversion of cropland to perennial grasses are
estimated using a regression model based on a set of key site-specific
climatic parameters, such as temperature, soil clay content and bulk
density (Ledo et al., 2020) (see Eq.S1 in SI). The model used a harmo-
nized global dataset of empirical values of SOC for different types of
perennial crops (perennial grasses, palms, and woody plants) and pro-
duced the relative change in SOC between two measurements times. A
model fit is used to explain and predict changes in SOC stocks with the
most significant explanatory variables: climatic conditions (mean
annual temperature, annual accumulated precipitation, climatic water
deficit); topography (elevation, slope, aspect, and roughness); soil pa-
rameters (bulk density, percent clay, percent silt, percent sand, and pH);
and plantation parameters (crops age, years since transition to peren-
nials, previous and current land use) (Ledo et al., 2019).

Site specific mean annual temperature for Europe is obtained from
Hadley Centre coupled model (HadCM3) (Gordon et al., 2000). We use
here the mean annual for the period 2010-2040 (B1) (Lowe, 2005) for
consistency with the climatic data used to model crop yields with GAEZ.
Soil bulk density and clay content maps are obtained from the World Soil
Information and from the International Science Council (ISC) World
Data System (ISRIC, 2017) (see Supplementary Information Fig. S3-4).
We then compute the SOC changes over the entire period of 15 years
(crop cycle) by multiplying the grid specific SOC changes and the grid
specific initial carbon stock (in t C/ha) for each grid cell (see Eq. S2 in
SI). The number of grid cells suitable for cultivation vary with the
perennial grasses and irrigation conditions.

Since the SOC changes are distributed over time, approaches have
been proposed for a consistent inclusion of this temporal variability in
the LCA framework (Petersen et al., 2013; Goglio et al., 2015). In this
work, we use an approach that integrates the temporal distribution of
the changes of SOC with the global C cycle to obtain specific metrics that
can include distributed emissions within climate change impacts used in
LCA. The method has been widely used to estimate the fraction of
biogenic CO; fluxes remaining in the atmosphere and associated GWP
factors (Cherubini et al., 2012; Iordan et al., 2018; Cherubini et al.,
2016b). For each grid, the temporal profiles of the changes in SOC are
integrated through a mathematical convolution with the impulse
response function (IRF) of CO, which is a simplified carbon-cycle
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climate model considering the interactions of the atmosphere with the
ocean and the biosphere (see Eq.S3 in SI). The IRF used is the multi-
model mean consistent with the one used by the IPCC in the calcula-
tion of emission metrics (Joos et al., 2013) (described in Eq.S4 in SI). The
resulting function is then included within the equation of Global
Warming Potential (GWP) to compute the SOC-specific characterization
factors (GWPsoc) as shown in Eq.S5 in SI. The average of this factor is
0.95 + 0.001. GWPg( takes into account the temporal profile of the CO4
sequestration in the soil, which is distributed over 15 years, while the TH
remains fixed at 100 years (hence the factors are smaller than 1). The
climate change effects are then computed by multiplying the GWPgo¢ by
the changes in SOC (in t COy/ha) in each grid cell (see Eq.S6 in SI).

2.4. Environmental impact assessment

Our selection of environmental impact categories considers the key
impacts commonly addressed in the environmental analysis of agricul-
tural systems (Li et al., 2021; Serra et al., 2017): climate change (CC),
terrestrial acidification potential (TA), marine eutrophication (ME),
freshwater eutrophication (FE), fossil resource scarcity (FRS) and the
water scarcity footprint (WSF). For CC, different climate metrics with a
time horizon (TH) of either 20 or 100 years are used and variability on
the results is tested in a sensitivity analysis.

Many LCAs usually account for climate change impacts from well
mixed greenhouse gases (WMGHGSs) only. These gases are CO3, N3O,
CH4 and other fluorinated or chlorinated gases that have a lifetime long
enough that they become well mixed in the atmosphere following an
emission. Their impact on climate is thus insensitive to the emission
region. Our CC analysis also includes emissions of near-term climate
forcers (NTCFs) like ozone precursors and aerosols, whose explicit
consideration in LCA is increasingly discussed and recommended (Jol-
liet et al., 2018; Cavalett and Cherubini, 2018; Cherubini et al., 2016a).
Many NTCFs are typically emitted by combustion processes and have a
very short lifetime (from few days to a few months). They do not become
well mixed in the atmosphere, so their impact depends to a large extent
on the emission region and are affected by larger uncertainty than
WMGHGs. Some of these species are cooling agents, such as SOx and
organic carbon (OC) that scatter solar radiation, while other aerosols
like black carbon (BC) are powerful warming agents, although for a
short time. Other species such as carbon monoxide (CO), non-methane
volatile organic compounds (VOCs) and NOx contribute to multiple
climate change processes in the atmosphere, including ozone (a green-
house gas) formation in the troposphere. As their impact depends on the
emission location, both global and regional (e.g., from EU) emission
metrics are available for NTCFs.

The CC characterization factors are taken from the fifth IPCC
assessment report for NTCFs using maximum, minimum and average
values (see Supplementary Table S13), according to the approach of the
UNEP-SETAC Life-Cycle Initiative (Jolliet et al., 2018). The impacts
calculated by using the minimum values for the emission metrics of
NTCFs are identified as the “best case scenarios”, representative of the
minimum warming potential (or maximum cooling, in the case of
cooling agents like SOx and OC). On the other hand, the “worst case
scenarios” are based on the maximum values for the NTCFs, represent-
ing the maximum warming potential (or minimum cooling). A suite of
different emission metrics is applied to capture different aspects of the
climate system responses to emissions, namely the Global Warming
Potential (GWP) and the Global Temperature change Potential (GTP),
both with a TH of 20 or 100 years. GWP is a metric defined as the time-
integrated radiative forcing of a pulse emissions until a TH divided by an
equivalent integration for CO,. GTP is a metric that measures the change
in global surface temperature at the chosen TH following an emission
pulse relative again to COy (Myhre et al., 2013) (see Tables S14 for the
characterization factors of the WMGHGs). The life cycle emission in-
ventories include emissions of both WMGHGs and NTCFs. Emissions of
OC and BC were derived from the emissions of particulate matter (PM)
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based on the methodology described in (Bond et al., 2004) (see Sup-
plementary Table S15).

We calculate the water scarcity footprints with AWARE (Available
Water Remaining) characterization factors as per the Water Use in LCA
(WULCA) (Frischknecht and Jolliet, 2016, Boulay et al., 2018). We use
annual country specific characterization factors for agricultural prod-
ucts for both irrigated and non-irrigated conditions. We compute the
water scarcity footprint for each of the three perennial grasses and the
optimal crop mix and for each water supply regime by multiplying the
site specific m> water consumed per kg dry matter by the AWARE annual
characterization factor for agricultural products and for the corre-
sponding water regime (irrigated or rainfed). The country specific CF
factors used in our assessment are provided in the Table S16. For
example, the world average AWARE CF for irrigated agricultural prod-
ucts is 46 world m3, while the European factor is 49 world m? (the unit
world m® indicates that these CFs are relative to the average m®
consumed in the world). Among the European countries, Spain has the
largest country specific factor, namely 80 world m?, followed by Cyprus
with 77 world m® and Greece with 69 world m>. On the other hand,
Norway, Liechtenstein and Luxembourg are the countries with the
smallest average country specific CFs: 0.7, 0.9 and respectively 1 world
m>. This means that consumption of a unit of water in these three
countries has less impact on water scarcity when compared to the world
and European averages. Consequently, the contrary is valid for Spain,
Cyprus and Greece.

For the other impact categories (TA, ME, FE, FRS), characterization
factors are retrieved from the ReCiPe life cycle impact assessment
method (Huijbregts et al., 2016), and the LCA software SimaPro was
used to operationalize the results for each impact category per kg DM of
biomass. This was then translated to spatially explicit impact results
using grid-specific crop yields.

3. Results and discussion
3.1. Bioenergy potentials on abandoned cropland in Europe

Table 1 shows the suitable land, yields, and total bioenergy poten-
tials for the three perennial grasses and the energy-based optimal crop
mix under rainfed and irrigated water supply. The spatial distribution of
the biomass yields is shown in Fig. 3.

Under rainfed conditions, reed canary grass is the perennial grass
that can be grown on the largest extension of land (14 Mha, 88% of the
total abandoned cropland), followed by switchgrass (12 Mha, 72%) and
miscanthus (9 Mha, 54%). Irrigation increases land suitability for all
grasses up to about 95% (15 Mha) of the total available abandoned
cropland (16.2 Mha). The increase in the suitability area with irrigation
for reed canary grass is relatively small, from 88% to 94%. This is mostly
due to the already high resilience of this perennial grass to drought
conditions. On the other hand, miscanthus is showing the largest
expansion under irrigation, from an initial 54% (9 Mha) to an almost

Table 1
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95% (15 Mha) of the total suitable abandoned cropland. The optimal
crop mix can achieve the largest suitability area (15 Mha, 95%) under
rainfed conditions. Out of the total 16.2 Mha of the identified abandoned
cropland, only 1.1 Mha are unsuitable for bioenergy production under
rainfed conditions.

For the three perennial grasses, the total biomass yield potentials are
the highest for switchgrass and the lowest for miscanthus under both
water supply regimes. For rainfed conditions, average biomass yields
range between 7 and 15 tpy ha ! yr~! while for irrigated conditions
they almost double, ranging between 13 and 24 tpy ha ' yr~l. On
average, miscanthus, switchgrass and reed canary grass yields increase
with the use of irrigation by 97%, 62% and 29%.

Across Europe, miscanthus and reed canary grass generally show
relatively homogeneous yields under rainfed conditions, while it is not
the case for switchgrass (with maximum values achieved between 40°
and 50° latitude north). Irrigation changes both yield and crop suit-
ability patterns in Europe (Fig. 2), as all three perennial grasses show a
latitudinal pattern with homogeneous high yields in the south and
decreasing yields towards higher latitudes. Overall, results show that the
benefits from irrigation are two-fold: higher yields and expansion of
areas suitable for farming.

There are differences in terms of bioenergy potentials and their
distributions over abandoned cropland in Europe. Fig. S5 in Supple-
mentary Information shows the annual bioenergy potentials (in GJ ha™!
yr~1) for all three perennial grasses and the optimal crop mix under both
rainfed and irrigation conditions. Overall, annual bioenergy potentials
range from 1 EJ to about 7 EJ in Europe. The smallest potentials are
observed for miscanthus under both rainfed and irrigated conditions,
whereas switchgrass can produce up to 6.6 EJ yr ! under irrigated
conditions. Reed canary grass usually falls in between, and, despite it
has the largest suitable area without irrigation (14.3 Mha), the associ-
ated potential (2.8 EJ yr’l) is smaller than that of switchgrass (3.1 EJ
yr~! on 11.7 Mha). The optimal crop mix with irrigation can produce the
maximum bioenergy potential (about 7 EJ yr™!). This corresponds to
about 10% of the total primary energy consumption in Europe (70 EJ in
2017) and almost 92% of the total European primary bioenergy supply
(7.5 EJ for same year) (IEA, 2019).

There are different contributions from perennial grasses to the
optimal crop allocation per grid cell, depending on the water supply
alternative. In rainfed conditions, switchgrass is the most important
(67%), followed by reed canary grass (30%) and miscanthus (3%).
Under irrigated conditions, the relative importance of switchgrass in-
creases, almost completely dominating (95%) the total suitable area,
with a small fraction allocated to reed canary grass (1.4%) and mis-
canthus (4%). There is a clear latitudinal pattern for the geographical
distribution of the perennial grasses in the optimal crop mix (see Fig. S6
in Supplementary Information). Miscanthus is the most suitable peren-
nial grass at the southern edges of Europe (west and south of Portugal,
south and East coast of Spain and south Italy). Switchgrass largely
dominates the central area of Europe. Reed canary grass is mostly

Overview of suitable land areas, yields and total European bioenergy potentials from perennial grasses on abandoned cropland. “Optimal crop mix” indicates the case
where the perennial grass with the highest yield is selected for each grid cell. Spatial variability ranges are given with one standard deviation around the mean.

Switchgrass Reed canary grass Miscanthus Optimal crop mix
Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated
Suitable land 11.7 15.4 14.3 15.2 8.8 15.3 15.1 16.1
[Mha]
Total harvested biomass 174 369 155 215 60 205 205 389
[Mtpm Yril]
Average yield 14.8 239 10.9 14.1 6.8 13.4 13.4 22.5
[tpm ha ' yr 1] +3.8 +4.8 +2.3 +2.3 +3.1 +6.4 +4.2 +6.1
Total bioenergy potential 3.1 6.6 2.8 3.9 1.1 3.8 3.7 6.9
[EJyr 1]
Average bioenergy potential 264 428 197 255 126 249 244 431
[GJ ha™! yr 1] +67 +86 +41 +41 +58 +119 +75 +109
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Fig. 2. Annual yields (in tpy ha™) for switchgrass (a-b), reed canary grass (c-d), miscanthus (e-f), and the optimal crop mix (g -h). a,c,e,g are yields under rainfed

conditions, b,d,f,h under irrigation.

predominant in northern and eastern Europe and mountainous areas,
due to its C3 photosynthetic pathway that thrives better in cold and
moist conditions.

3.2. Life-cycle climate change effects

Table 2 shows the aggregated characterized impacts on climate
change (CC) measured in GWP100 including both life cycle emissions
and soil organic carbon changes (specifically discussed in a section
below). CC impacts normalized per land area range from 1.1 t COzeq.

ha™! (miscanthus under rainfed conditions) to 5.2 t CO2zeq. ha™!
(switchgrass with irrigation). Irrigation causes the largest increases in
impacts for miscanthus (190%), followed by switchgrass (100%) and
reed canary grass (71%). Under rainfed conditions, reed canary grass
has the largest average and total impacts, followed by switchgrass and
miscanthus.

Under rainfed conditions, the smallest impacts on CC are from mis-
canthus (10 Mt. COeq. yr‘l), followed by switchgrass (31 Mt. COzeq.
yr 1) and reed canary grass (34 Mt. COzeq. yr ). When irrigation is
considered, switchgrass becomes the most carbon intensive option (84
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Table 2
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Impacts on climate change (GWP100) from the production of perennial grasses under both rainfed and irrigated conditions, with a breakdown on life cycle emissions
and soil organic carbon (SOC). The table shows total and average impacts according to different functional units. “Optimal crop mix” indicates the case where the
perennial grass with the highest yield is selected for each grid cell. Spatial variability ranges are given with one standard deviation around the mean. Negative SOC

changes represent sequestration of atmospheric CO,.

Switchgrass Reed canary grass Miscanthus Optimal crop mix
Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated
Life-cycle
Total 31 84 34 66 10 51 38 89
[Mt CO, eq. yr’l]
Average 2.6 5.2 2.4 4.1 1.1 3.2 2.5 5.1
[tCO5 eq. ha ! yr 1] +0.6 +1.7 +0.5 +1.2 +0.4 +1.8 +0.6 +1.9
Average 177 220 223 294 169 244 193 223
[kg CO, eq. toym] +4 +28 +6 + 53 +21 +46 + 26 +29
Average 9.9 12.3 12.3 16.3 9.1 13.2 10.8 12.5
[gr CO; eq. MJ Y] +02 +1.6 +0.3 +2.9 + 1.1 + 2.5 + 1.4 + 1.6
socC
Total —47 -59 —58 —60 -33 —56 —59 —61
[Mt CO, eq. yr ']
Average change rate [%] 13.3% 13.4% 14.1% 13.9% 12.2% 12.7% 13.7% 13.4%
+5.1 +5.1 +5.4 +5.4 +5.1 +5.2 +5.7 +5.7
Annual stock change —4.5 —4.3 -5.1 —4.9 —-4.1 -39 —4.9 —4.7
[t CO, ha~!yr~'] +7.3 +6.9 +8.1 +7.9 +6.7 +6.3 +8.0 +7.8
Net CC impact
Total -16 25 —24 6 -23 -5 -21 28
[Mt CO, eq. yr ']
Average -1.9 0.9 -2.7 -0.8 -3 -0.7 -2.4 0.4
[t COzeq. ha ' yr '] +1.4. +0.8 +1.5 +0.01 +1.6 +0.6 +0.7 +0.2

Mt. COzeq. yr1), followed by reed canary grass (66 Mt. COzeq. yr 1)
and miscanthus (51 Mt. CO-eq. yr’l). On the other hand, when
comparing the relative change from rainfed to irrigated conditions,
miscanthus has the largest increase (about 5-fold) in CC impact, fol-
lowed by switchgrass and reed canary grass (which nearly doubles). This
increase is mostly driven by energy required for irrigation processes,
which can represent a large share of the total annual CC impact: 21% for
miscanthus, 14% for reed canary grass and 12% for switchgrass (Fig. S7
Supplementary Information).

The major stages contributing to life-cycle emissions under rainfed
conditions are N fertilizers (75% for switchgrass, 77% for reed canary
grass, and 56% for miscanthus), harvesting operations (10% for
switchgrass, 8% for reed canary grass, and 22% for miscanthus) and K
fertilizers (2% for switchgrass, 3% for reed canary grass, and 4% for
miscanthus). When irrigation is included, the major step contributing to
total emissions is still N fertilizer (59% for switchgrass, 56% for reed
canary grass, and 36% for miscanthus), but water supply processes (both
machinery and energy consumption) also become a relevant share (24%
for switchgrass, 28% for reed canary grass, and 41% for miscanthus).

With the optimal crop mix, the total annual CC impacts from life-
cycle emissions are 10% larger than the highest impact of the individ-
ual grass in rainfed conditions and 6% larger in irrigated conditions.
However, the normalized average CC impacts per hectare of land, dry
matter, and unit of energy are smaller than the largest individual
perennial grass emissions for both water supply regimes. One unit of
energy (1 MJ) produced from the optimal crop allocation under irrigated
conditions has an emission of 10.8 g COqeq., an increase of 19% and
20% relative to switchgrass and miscanthus, respectively, and a
decrease of 14% relative to reed canary grass.

Regional variabilities from life-cycle CC impacts show similar pat-
terns for all three perennial grasses when comparing rainfed and irri-
gated conditions (Fig. 3). The pattern under irrigated scenarios is similar
for the different crops, with the largest impacts in more arid areas such
as southern and eastern Europe, which would require relatively higher
irrigation levels.

Our findings regarding impacts per unit of dry matter are broadly
consistent with those reported in the literature (Murphy et al., 2013;
Kiesel et al., 2016; Sanscartier et al., 2014). CC impacts were found to
vary between 40 and 170 kg CO5 eq. tﬁﬁ,[ for miscanthus grown under

rainfed conditions (Sanscartier et al., 2014; Robertson et al., 2017a;
Krzyzaniak et al., 2020). Impacts on CC from cultivation of miscanthus
in a low fertility site in Poland vary between 34 kg CO; eq. tﬁﬁq when
grown without fertilization up to 675 kg CO5 eq. tpy when a mix of
fertilizers is used (Krzyzaniak et al., 2020). The main reasons for the
large ranges are variations in yields, land use efficiency as well as crop
cycle lengths. Similar to our findings, fertilization and harvesting op-
erations are generally found to be the processes with the highest emis-
sions across the life cycle (Peric et al., 2018; Krzyzaniak et al., 2020;
Tadele et al., 2019). The environmental performance of the agricultural
production of switchgrass grown under rainfed conditions ranges from
83 to 145 kg CO- eq. tom (Kiesel et al., 2016; Brassard et al., 2018), with
N emissions having the largest contribution (Ashworth et al., 2015). CC
impacts for switchgrass under irrigated conditions were reported to be
up to 700 kg CO; eq. tpy for a location in Spain, an area particularly dry
where irrigation accounted between 50 and 80% of the total impacts
(Escobar et al., 2017). The reported environmental impacts of switch-
grass are generally higher than those of miscanthus (Kiesel et al., 2016;
Smeets et al., 2009), a trend consistent with our results. This can pri-
marily be attributed to the larger potential yields at lower fertilizer re-
quirements in the case of miscanthus (Smeets et al., 2009; Kiesel et al.,
2016).

3.3. Changes in soil organic carbon (SOC)

There is high variability across Europe for the initial SOC stocks of
cropland (Fig. S2 in Supplementary Information). Values range between
66 and 4334 t COoha ', with the largest initial stocks in north-eastern
Europe. The annual average SOC changes in Europe under rainfed
conditions are the largest for reed canary grass (58 Mt. COzeq.yr 1),
followed by switchgrass (47 Mt. COzeq.yr ') and miscanthus (33 Mt.
COzeq.yr’l) (see Table 2). With irrigation, the differences among the
three perennial grasses are smaller: 60 Mt. COseq.yr~ for reed canary
grass, 59 Mt. COzeq.yr * for switchgrass, and 56 Mt. COqeq.yr ‘for
miscanthus. Note that the difference between rainfed and irrigated
conditions only affects the extension of the suitable areas for the
different crops, which vary in terms of initial SOC and accumulation
rates. Under irrigation conditions, almost the entire available aban-
doned cropland area is suitable for the agricultural production, thereby
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Fig. 3. Impacts on climate change from life-cycle emissions (computed with GWP100) in kg CO,eq. tom for switchgrass (a-b), reed canary grass (c-d), miscanthus (e-
f), and the optimized allocation of crops based on the maximum energy output per grid (g -h). In figures a, c, e and g are yields under rainfed conditions while in b, d,
f and h with irrigation. Note the differences in the scales of the color bars in the different panels.

increasing the carbon sequestration potential in European soils.

Fig. 4 shows the spatial distribution of the average SOC rate changes
(%) across the 15 years of crop cycle under rainfed conditions. All crops
present almost the same latitudinal pattern with increasing SOC accu-
mulation rates towards the northern part of Europe. The lower range of
SOC rates (below 10%) are mainly located in the southern areas of the
continent. The averages of annual SOC stock changes are the highest for
reed canary grass (5.1 tCOgeq.ha™!), followed by switchgrass (4.5
tCOeq.ha™!) and miscanthus (4.1 tCOzeq.ha™!). For the optimal crop
mix scenarios, the total annual SOC changes are similar to the largest
value from the three perennial grasses, namely the reed canary grass.

Our estimates of SOC changes are broadly in line with results from
previous studies. A global meta-analysis that assessed land transitions
from cropland to switchgrass and miscanthus found average SOC

increasing rates between 10% - 15% (Qin et al., 2016). There is usually
larger variability among grass types (1.83 t COy ha™! and 7.83 t CO,
ha~!) than what is found in our study (3.9 t CO, ha! and 5.1 t CO,
ha™1). This can be explained by the global scope of the meta-analysis,
while our analysis focuses on Europe only. Further, the method used
in our analysis does not distinguish SOC changes by specific grass types
(Ledo et al., 2020), thereby potentially favoring average changes over
outliers.

3.4. Net climate change effects
The net annual CC impacts, calculated as the sum of the CC impacts

from life-cycle emission and SOC changes, are negative for all crops
under rainfed conditions. This means that perennial grasses on
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Fig. 4. Spatial explicit average increasing rates (%) of changes in soil organic carbon for three perennial grasses and the optimized crop mix under rainfed conditions
where: a) switchgrass, b) reed canary grass, ¢) miscanthus and d) optimal crop mix.

abandoned agricultural land can absorb more COj; into the soil than the
GHGs released during their agricultural production and have potential
to contribute to negative emissions while delivering an energy source.
Reed canary grass has the largest annual net negative emissions (—24
Mt. COzeq.yr 1), followed by miscanthus (—23 Mt. COseq.yr™!) and
switchgrass (—16 Mt. COzeq.yr’l). Under irrigated conditions, annual

Table 3

climate impacts turn to positive for switchgrass (25 Mt. COeq.yr~ 1) and
reed canary grass (6 MtCO, eq. yr™!), while they remain negative for
miscanthus (-5 MtCOzeq. yr’l). In terms of normalized results, the
annual average net negative emissions under rainfed conditions are the
largest for miscanthus (—3 t COzeq.ha™?), followed by reed canary grass
(=27t COzeq.ha’l) and switchgrass (—1.9 t CO; eq. ha’l).

LCA results for the impact categories TA (terrestrial acidification), FE (freshwater eutrophication), ME (marine eutrophication), FRS (fossil resource scarcity) and WSF
(water scarcity footprint) for all three considered perennial grasses and the optimal crop mix. Spatial variability ranges refer to one standard deviation around the

mean.
Switchgrass Reed canary grass Miscanthus Optimal crop mix
Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated
TA Total 630 1421 725 1084 155 619 781 1486
[10%kg SO, eq. yr™']
Average 3.6 3.9 4.7 5 2.2 3 4 3.9
[kg SO, eq. toy] +0.01 +0.1 +0.01 +0.2 +0.1 +0.2 +0.6 +0.3
Average 204 214 259 276 141 160 222 217
[kg SO, eq. TJ 1] +0.5 +7.1 +0.8 +13 +3.4 +11 +30 +18
FE Total 7 24 8 22 4 23 8 26
[10° kg P eq. yr ']
Average 37 66 49 101 68 113 44 64
[g P eq. tpm -1 +7.8 +18.2 +11.7 +35 +38 +33 +14.3 +20
Average 2.2 3.4 2.8 5.2 4.6 6.2 2.5 3.6
[kg P eq. TJ 1 +0.4 +1.0 +0.7 +1.9 +2.0 +1.8 +0.8 +1.1
ME Total 129 294 147 218 30 111 160 306
[10° kg N eq. yr ']
Average 746 798 948 1015 503 540 813 805
[g N eq. tom] +0.1 +1.4 +0.3 +2.5 +1.5 +2.2 +109 +73
Average 42 45 52.5 56.2 27.1 29.1 45 45
[kg N eq. I Y +0.01 +0.1 +0.02 +0.1 +0.1 +0.1 +5.9 +4.1
FRS Total 4 15 5 12 2 12 5 16
[Mt oil eq. yr ']
Average 25 41 30 57 28 58 27 39
[kg oil eq. toml +0.6 +9 +0.8 +16.6 +3.6 +14.3 +2.9 +9.4
Average 1.4 2.2 1.7 2.9 1.6 3.0 1.5 2.2
[kg oil eq. MJ 1] +0.03 +0.5 +0.1 +0.9 +0.2 +0.8 +0.2 +0.5
WSF Total 10 2375 11 2129 3 2649 5 2727
[10° world m® eq. yr']
Average 0.05 4.68 0.07 7.21 0.04 9.01 0.02 4.84

[world m? eq. kgﬁﬁ,[]
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On an annual basis, the scale of negative emissions that can be
achieved by growing perennial grasses on abandoned cropland in
Europe ranges between —16 to —24 Mt. CO5-eq. under rainfed condi-
tions, and up to —5 Mt. COq-eq. under irrigated conditions. Considering
that the total emissions of GHGs from the agricultural sector in Europe
(EU-28) were about 435 Mt. COs-eq. yr~ ! in 2018, the scale of negative
emissions from perennial grasses corresponds to about 3.7% - 5.6% with
rainfed production, and 1.2% with irrigation, of the total emissions from
agriculture. These shares become nearly two times bigger if only SOC
changes are considered, i.e., without the emissions from life-cycle
agricultural operations (some of which are to be reported in the en-
ergy sector, and not in the agricultural sector).

3.5. LCA results for other impact categories

Table 3 shows the aggregated characterized impacts on terrestrial
acidification (TA), freshwater eutrophication (FE), marine eutrophica-
tion (ME), fossil resource scarcity (FRS) and water scarcity footprint
(WSF). The spatial distribution of these impacts is shown in Fig. 5 for
switchgrass and in Fig. S8-9 in Supplementary Information for reed
canary grass and miscanthus.

Under rainfed conditions, total impacts across all impact categories
are the highest for reed canary grass, followed by switchgrass and mis-
canthus. With irrigation, TA for switchgrass has the largest increase (as
well as the highest absolute impact), followed by reed canary grass
(which has the smallest increase, about 50%), and miscanthus. The main
drivers for higher TA impacts with irrigation are emissions from N fer-
tilizers (see Fig. S7 in Supplementary Information), which are a conse-
quence of higher yields (more N fertilizers are needed to support
productivity) and water supply related inputs (machinery and energy
consumption). In contrast with the total impacts, the average TA impacts
per unit of biomass show relatively small variations from rainfed to
irrigated conditions, with the largest increase for miscanthus (17%),
followed by reed canary grass (11%) and switchgrass (7%). In the
optimal crop mix scenarios, total TA impacts are higher than for the
individual crops due to the larger suitable area for biomass production,
but, similarly to the CC impacts, the normalized annual averages are in
between the ranges of the individual crops. The spatial distribution of
the TA impacts for switchgrass shows different patterns depending on
water supply conditions: there are almost homogenous impacts under
rainfed conditions, while under irrigation there are decreasing impacts
towards the northern areas, with the maximum impacts in the southern
edges of the continent (see Fig. 5 a-b).

Total impacts on FE are increasing the most for miscanthus (4 times)
followed by switchgrass (2 times) and reed canary grass (1.5 times)
when comparing rainfed to irrigated conditions. Crop establishment
inputs are the main drivers (62%) of the total FE impact under rainfed
conditions for reed canary grass, while harvesting is the largest
contributor for miscanthus (81%) and switchgrass (65%). Under irri-
gated conditions, the largest impact comes from energy use for irrigation
(54% - 60%) (Fig. S7 in Supplementary Information). The areas where
the largest impacts on FE for switchgrass production occur are under
rainfed conditions the north-eastern region of the continent. With irri-
gation, there is a more pronounced latitudinal pattern with increasing
impacts towards the southern part of Europe (see Fig. 5 c-d).

In rainfed conditions, nitrogen fertilizer is the main contributor to
impacts across all impact categories, except for FE. The main driver for
FE is the inputs for crop establishment, notably phosphorous and nitrate
emissions, for reed canary grass (62%). When irrigation is considered,
the inputs for artificial water supply (irrigation machinery and energy
consumption for pumps) have the largest contribution in the total im-
pacts (Fig. S7 in Supplementary Information) for FE and FRS, while for
TA and ME the nitrogen fertilizer is still the dominant driver.

Results for the water scarcity footprints range for the rainfed con-
ditions between 0.04 and 0.07 world m® eq. kgf)ﬂ/[, with miscanthus
having the smallest footprint and reed canary grass the largest. For
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irrigated conditions, our average values are between 4.7 (switchgrass)
and 9 (miscanthus) world m® eq. kgpi. The hot spots for the water
scarcity are the southern regions of Europe with Portugal, Spain and
Italy having the largest footprints. Irrigation in these areas thus has
higher risks to exaggerate water scarcity issues (see Fig. S8-9).

The cases with an optimal crop mix imply that more area is under
production, and therefore lager total impacts at European level. When
looking at the average impacts per harvested biomass, the values are in
between the minimum and maximum of those of the individual peren-
nial grasses. This means that appropriate land management can deliver
optimal bioenergy potential with no elevated impacts. Across all impact
categories considered in this work, the southern regions of Europe are
showing the maximum impacts under irrigated conditions. Results from
this work compare well with estimated impact of miscanthus biomass
production as modelled in ecoinvent version 3.5 using the same LCIA
methods (Nemecek, Wernet et al., 2016). TA impacts in literature were
found to vary between 0.3 and 16 kg SO, eq. tp for miscanthus (Kiesel
et al.,, 2016; Krzyzaniak et al., 2020). One reason behind the large
variability in the acidification impacts is the large range of yields and
fertilizer inputs reported in the studies. Previous studies agreed that N
emissions have the largest contribution to TA (Ashworth et al., 2015;
Kiesel et al., 2016; Krzyzaniak et al., 2020). Similar to our results (see
Fig. S7 in Supplementary Information), another LCA study reported an
almost 80% contribution to the ME impact from the fertilizer application
(Tadele et al., 2019). Impacts on FE vary in the case of miscanthus be-
tween 3 and 250 g P eq. tﬁﬁ/l (Krzyzaniak et al., 2020; Kiesel et al., 2016).
Herbicide application and fertilization operations are generally found in
other studies as well as in ours to be the processes with the largest share
of impacts on the FE (Krzyzaniak et al., 2020; Peric et al., 2018). Our
results for impacts on FRS are in line with estimations from previous
studies which reported values between 12 and 75 kg oil eq. tom (Krzy-
zaniak et al., 2020).

3.6. Sensitivity to irrigation and climate metrics

Table S17 shows the difference in impacts between irrigated and
rainfed conditions across 6 impact categories and for the annual Euro-
pean agricultural production considering the three perennial grasses.
Across all impact categories, reed canary grass has the smallest sensi-
tivity to irrigation for the total impact values, followed by miscanthus
and switchgrass. On the other hand, when looking at the normalized
average values, switchgrass has the lowest difference between irrigated
and rainfed conditions, apart from ME (which has N fertilizer as the
main contributing process).

Climate change impacts are highly sensitive to the climate metrics
considered, either GWP20, GWP100, GTP20 or GTP100, and to contri-
butions from NTCFs when included in the analysis (Fig. S10 and
Table S18 in the Supplementary Information). These different metrics
refer to different types of climate impacts. GWP20 is a metric that in-
forms about the climate change impacts in the very short-term and as-
signs relatively high importance to short-lived forcers such as NTCFs or
CHj. As the characterization factors for GWP100 are numerically similar
to those of GTP40 (Allen et al., 2016), GWP100 can be taken as a proxy
for the temperature impact occurring about four decades after the
emissions. GTP100 is the metric assessing climate change impacts in a
longer timeframe, as it measures the temperature changes 100 years
after its emission. This is a metric that can be interpreted as a measure of
long-term temperature stabilization, as advocated in the Paris Agree-
ment (Tanaka et al., 2019).

Results computed with GWP20 are higher than those with GWP100,
especially when NTCFs are included, indifferent to the type of water
supply or the metric. The largest variability in absolute values is regis-
tered for GWP20 with irrigation, with the largest variation for switch-
grass (140 Mt. COqeq. as difference between the maximum and
minimum values), followed by miscanthus (120 Mt. CO.eq.) and reed
canary grass (113 Mt. COgeq.). This variation is due to the large
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Fig. 5. Spatially explicit impacts from agricultural production of switchgrass on abandoned cropland in Europe. Results are for terrestrial acidification (a -b) in kg

SOZeq.tB},I, freshwater eutrophication (c-d) in g Peq.tﬁl},[, marine eutrophication (e-f) in g N eq.tﬁl},[, fossil resource scarcity (g-h) in kg oil,eq.tﬁﬁq and water footprint
scarcity (i-j) in world m3eq.kgpy; under rainfed (a,c,e,g,i) and irrigation (b,d,f,h,j).
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species can have large warming effects, with absolute values comparable

with the ones from the WMGHGs (see Table S18 in Supplementary In-
formation). Because of the longer TH of the metric, GWP100 is less
sensitive to the inclusion of NTCFs than GWP20. The breakdown of the
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differences in the estimates for NTCFs. In the minimum (best) scenario,
NTCFs are negative thus having a cooling impact and compensating for
some of the impact from the WMGHGs. On the other hand, at the upper
end of the uncertainty range (the maximum (worst) scenario), these
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Fig. 6. Overview of co-benefits and tradeoffs of growing perennial grasses on abandoned cropland in Europe for the average (a) and total (b) scores. Solid lines show
the scores for the rainfed conditions, and dashed lines for irrigated. Within each of the 6 impact categories (Terrestrial acidification, Freshwater eutrophication,
Marine eutrophication, Fossil resource scarcity, Climate Change and Water scarcity footprint), the results for each of the eight scenarios are normalized relative to the
highest impact, using the average results (for a) and annual total European results (for b) from Tables 3 and 4. A score of 1 indicates the worst relative performance

for the environmental impacts. For bioenergy potentials, 1 indicates the maximum value.
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contributions from the individual NTCFs shows that the dominant
cooling driver is SOx (Table S19 in Supplementary Information), which
is mostly emitted from the fertilizer production process (based on global
estimates for production of phosphoric acid). Climate change effects
with GTP100 are smaller than those with GWP100, because GTP100 is
an instantaneous metric that only measures the temperature change at
the TH and the contributions from NTCFs are negligible.

In general, no single metric can duly represent the diversity in the
climate system response, and testing results across different metrics can
inform of potential contrasting effects between the short and the long-
term. Depending on the timeframe of interest for the climate change
impacts, these complementary metrics provide information on the main
GHG contributors affecting the results. Thus, for very short-term goals,
the GWP20 results point to the high importance to mitigate short-lived
gases as CH4 and other NTCFs. While for long-term temperature stabi-
lization goals, the efforts should be focused towards cutting down
emissions of CO,, the most relevant long-lived GHGs.

3.7. Co-benefits and trade-offs

Fig. 6 shows an overview of the co-benefits and trade-offs of the
energy potentials and environmental impacts of growing perennial
grasses on abandoned cropland in Europe for both average (Fig. 6a) and
total European values (Fig. 6b). Results are based on Tables 2 and 3 and
are normalized relative to the highest impact in each impact category (a
score of 1 indicates the worst relative performance). Since the net
climate change impacts can be negative (due to negative emissions from
increases in SOC), these scores are normalized across a scale between
0 and 1 to avoid negative numbers. For bioenergy potentials, a score of 1
indicates the highest potential across the different cases.

In general, there are very large differences on the water footprints
between irrigated and rainfed scenarios, given the water requirements
when irrigation is considered. For European average results (Fig. 6a),
the case with the highest average bioenergy potentials (optimal mix
irrigated) also has the worst relative score for climate change. Mis-
canthus irrigated has the second highest bioenergy potential but the
highest impacts across three impact categories (water footprint scarcity,
fossil resource scarcity and freshwater eutrophication), and the lowest
impacts on CC among the irrigated cases. Miscanthus (even with irri-
gation) has the lowest scores on ME and TA, well below rainfed
switchgrass and reed canary grass. Reed canary grass irrigated and
rainfed have the third and fourth highest bioenergy potentials, and the
worst relative scores for TA and ME because of their large dependency
on fertilizers. The highest results on water scarcity footprint of reed
canary grass and miscanthus irrigated are due to their elevated water
requirements. Switchgrass irrigated has high bioenergy potentials as
well as a high score on CC, but the impacts in the other categories are
relatively low. The two optimal crop mix cases usually have high bio-
energy potentials and CC impacts, but lower scores in the other impact
categories. These options therefore show the best balance between
bioenergy production and environmental impacts, except for climate
change.

The situation differs when looking at the relative performances from
all the suitable land areas in Europe (Fig. 6b), as results become sensitive
to the amount of area used and bioenergy production volume. The cases
with the highest bioenergy potentials are also those with the worst
relative performances across the different impact categories. Among the
three grasses, miscanthus has a high water footprint despite the lowest
yields. The bioenergy production from irrigated miscanthus is similar to
that of the optimal crop mix rainfed (where switchgrass is the domi-
nating grass), while its water scarcity footprint is similar to the optimal
crop mix irrigated and the freshwater eutrophication score is similar to
that of irrigated switchgrass. Switchgrass with irrigation, opposite to the
trend from the average scores, has the second largest bioenergy potential
as well as the second worst relative scores across all the other categories
(except for WSF). Nevertheless, under rainfed conditions, switchgrass
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has the second-best bioenergy potential among the rainfed scenarios
(behind the optimal crop mix), the worst score on CC but the lowest
scores across all the other categories.

3.8. Uncertainties and limitations

In the first part of this section, the uncertainties of our approach,
methods and data are reviewed. In the second part, the limitations and
the aspects that have not been included in our analysis are discussed.

Our assessment is based on abandoned cropland quantified using the
remotely sensed ESA CCI-LC dataset. This product has a global overall
accuracy of 71%, with variations between regions and classes (Karvonen
et al., 2018). Reported regional overall accuracies are 64% in Finland
(Karvonen et al., 2018), 84% in coastal Eurasia (Hou and Hou, 2019),
62% in the Arctic (Liang et al., 2019), and 68-84% across different
Portuguese regions (Fonte et al., 2019). Cropland classes have the
highest global accuracy, with median reported user and producer ac-
curacies across global validation efforts of 79% and 89%, respectively
(Santoro et al., 2017; Tsendbazar et al., 2016; Liu et al., 2020). More
refined estimates of abandoned cropland require assessments of actual
land availability based on local evaluations.

The abandoned cropland identified in this work had transitions from
cropland to other land cover classes, mostly forests (11 Mha) and
grasslands (5 Mha). The largest extent of this transition (about 50%)
occurred between 1993 and 2000 (Supplementary Fig. S11), and the
transition in the last period of our assessment can include land that has
been intentionally left fallow and free from agricultural production for a
certain number of years. A reintroduction of these areas into active
management implies some CO, emissions to clear the land, especially
where forested vegetation has established at early stages of develop-
ment. Relative to tropical land and afforestation programs, natural
revegetation of abandoned areas takes place at relatively slow pace in
Europe. The mean European above ground carbon sequestration rate
from natural revegetation has been recently estimated at 4.55 t CO2
ha~! yr~! (Cook-Patton et al., 2020). Applying this factor to the amount
of land encroached by trees (about 11 Mha) times the number of years
after abandonment until 2020, the total carbon sequestrated would
amount to about 950 Mt. CO2. This initial carbon penalty would not
offset the benefits from SOC increase of perennial grasses, which are
about 1513 Mt. COs.

The bioenergy potentials, together with the environmental impacts,
are strongly related to yield estimates from GAEZ. Calculated yields vary
across crop models based on a variety of structural differences and as-
sumptions describing agricultural management.(Rosenzweig et al.,
2014) Relative to two other crop models (Ai et al., 2020; Li et al., 2018),
GAEZ shows intermediate rain-fed yields and the highest irrigated yields
in Eastern Europe (Nass et al., 2022). In this work, miscanthus yields are
generally lower than previously reported field observations, which
range between 10 and 20 tpy ha™! yr*1 under rainfed conditions (Dubis
et al., 2019; Alexopoulou et al., 2015; Borkowska and Molas, 2013), or
other modelling tools such as MISCANFOR, a crop-productivity model
specifically developed and calibrated for miscanthus, which predicts
yields larger than 20 tpy ha™! yr~! in most regions of Europe (Hastings
et al., 2009). Commercial yields commonly achieved for switchgrass
range between 10 and 13 tpy ha™! yr’l, somewhat lower than the
average European yield estimated from GAEZ. Field trials in Greece with
drip irrigation and fertilization reported yields for switchgrass between
10 and 12.5 tpy ha™? yr’l, while field trials in Italy under rainfed and
unfertilized conditions reported ranges between 9 and 16.5 tpy ha!
yr~ ! (Alexopoulou et al., 2020). Reed canary grass yields are previously
reported to be around 8 tpy ha! yr*1 (Powlson et al., 2005).

As an additional benchmarking investigation, we compared at the
grid level the switchgrass and miscanthus annual yields from GAEZ with
those from a recently produced dataset that upscaled field observations
with machine-learning algorithms to produce global estimates of bio-
energy crop yields (Li et al., 2020). The results of the comparison (for
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which values for GAEZ are those produced under rainfed conditions and
medium management intensity for better consistency) are shown in
Fig. S12 in SI for the same grids of the domain of our analysis. GAEZ data
are generally more conservative for miscanthus yields, while for
switchgrass there is not a clear bias emerging from the cross-comparison
of the two datasets. Expanding field trials and multi-model assessments
under similar climatic conditions and locations of field trials can better
compare, validate, and calibrate yield outcomes to improve model
performances.

For water requirements, GAEZ models irrigation water volumes
based on optimal management (i.e. no water deficits during growth
cycle) (Fischer et al., 2012), but, in practice, water use may be higher
due to sub-optimal timing or water spillage. While irrigation volumes
retrieved from GAEZ are site specific, the irrigation process itself is
assumed to be the same for all locations and irrigation amounts. Our
inventory of irrigation was created by averaging four standard ecoinvent
processes designed for France, Germany, Spain and Switzerland. Thus,
processes for western Europe are assumed to be dominant in our study
area, despite they might not reflect the technologies used in, e.g., eastern
Europe. Another limitation is linked to the ecoinvent database itself
because these processes share many common assumptions (they mainly
differ for the electricity consumption per unit of water). Studies that
have investigated the impact from irrigation show large spatial variation
per unit of volume irrigated (Daccache et al., 2014). Differences mainly
arise from the water source (groundwater or surface water) and the
technology used (Daccache et al., 2014), which are both known to vary
across Europe (FAO, 2017). These aspects can influence the estimates of
our impacts of growing perennial grasses under irrigated conditions. The
availability of grid-specific data on agricultural irrigation processes
could improve the accuracy of these estimates.

An average crop cyle of 15 years is assumed in this study for all types
of perennial grasses. However, earlier work indicated that productivity
of a miscanthus plantation can be maintained up to 25 years (Lew-
andowski et al., 2003), but long-term field trials have shown a decrease
in yields with stand age (Christian et al., 2008; Angelini et al., 2009).
Recent work generally assumes shorter crop cycles, typically ranging
between 15 and 20 years (Hastings et al., 2017). For reed canary grass,
stands in Sweden had maintained yields over 16 years (Pahkala et al.,
2008), while trials in Ireland have shown low stand persistence after 4
years (Finnan et al., 2016). Reported lifetimes for switchgrass planta-
tions range from 5 to 20 years (Samson et al., 2016; Elbersen et al.,
2013). The lowest estimates were reported in Canada where new dis-
eases (head smut, anthracnos) affected the culture and are expected to
increase in severity in the future as planted area increases (Samson et al.,
2016). However, no serious disease has yet been reported in Europe or
US and estimates for European conditions under proper management
range between 10 and 20 years (Elbersen, and M., K., 2013; Smeets
et al., 2009; Kiesel et al., 2016).

This work is not taking into consideration the issue of the carbon
permanence in the soil. Carbon accumulated in the soil has a risk to be
returned to the atmosphere in case of a future change in land manage-
ment or land use (Ramesh et al., 2019), or because of enhanced respi-
ration induced by climate change (Heikkinen et al., 2022). These aspects
are highly uncertan and require speculations of future situations, which
we do not include in our analysis. However, policies should be in place
to secure that the gains in soil organic carbon are preserved and risks to
release back CO; to the atmosphere reduced.

The economic aspects of bioenergy crops production have not been a
focus of this work. Nevertheless, multiple integrated assessment models
(IAM) show that the economic limitations of biomass feedstock avail-
ability are highly relevant, especially after 2050 (Daioglou et al., 2020).
Most IAMs show that in high bioenergy demand projections, feedstock
costs are the main and most uncertain cost component for technologies
without CCS while in the case with CCS payments from CO» removal
could offset these costs (Daioglou et al., 2020). Nevertheless, costs alone
cannot explain the variation in bioenergy deployment across models
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which is rather driven by a combination of factors like: availability of
alternative mitigation options for different end-uses, availability of
carbon dioxide removal and potential payments, the speed of adoption
of large-scale changes in the energy conversion facilities, the relative
demand for different energy services (Bauer et al., 2018; Daioglou et al.,
2020). Studies investigating the barriers for the expansion to commer-
cial scale production of perennial grasses reported that the lack of in-
formation and long-term security about the risk and return profiles of
these crops are among the main impediments (Miao and Khanna, 2017;
Anand et al., 2019). Costs for producing and delivering to the market
biomass from perennial grasses cultivated on marginal lands in Southern
Europe range between 60 and 80€ tﬁﬂ/[ (Soldatos, 2015). However, one of
the main reasons for farmers investment is not the financial return, but
the grass's low requirement for field operations, low maintenance cost
and regeneration (Shepherd et al., 2020). Although specific numerical
results of the production costs differed across literature sources and can
dramatically change in time, bioenergy crop production is found to be
financially feasible if conditions regarding biomass price, yield and/or
government support are met (El Kasmioui and Ceulemans, 2012).

This study is assessing impacts from biomass production systems up
to its delivery at farm gate excluding downstream processes like storage
and conversion which will come with additional environmental impacts.
Many options exist for the conversion of biomass into heat, electricity, or
liquid/gaseous fuels. For example, the last IPCC report indicates con-
version emission levels ranging from 1 to 31 g CO5eq./MJ, depending on
the technology and intended application (Jaramillo et al., 2022). Our
site-specific estimates of environmental impacts from biomass produc-
tion are suitable for being included in studies assessing different utili-
zation pathways, so to quantify the environmental footprint of the full
value chain.

4. Conclusions

The most stringent climate change mitigation pathways rely on the
use of land for climate change mitigation objectives. Abandoned crop-
land is a promising option to increase the available area for bioenergy
production at reduced risks for food security and biodiversity loss.
Deployment of bioenergy is interlinked to multiple environmental di-
mensions, which are here assessed for three different perennial grasses
and two water supply systems in Europe. Out of the total 16.2 Mha of the
identified abandoned cropland in Europe between 1992 and 2015, we
find that reed canary grass has the largest suitability area under rainfed
conditions (88% of the identified land) and switchgrass under irrigation
(with 95%).

Irrigation increases bioenergy potentials, as the land suitability in-
creases up to 95% (15 Mha) of the total available abandoned cropland,
but the impacts on climate change from the agricultural phase increase
as well. However, increases in soil organic carbon are large, and in the
case of production under rainfed conditions all grasses show net nega-
tive climate change impacts. For miscanthus, negative emissions are also
achieved when irrigation is used. This means that cultivation of peren-
nial grasses in Europe can store more CO in the soil than the amount of
GHGs released during their agricultural production and deliver negative
emissions (up to 5.6% of the emissions from the agriculture sector in
EU), while at the same time providing renewable energy or materials.
The consideration of potential substitution of fossil-based energy and
products can further increase the CO, mitigation benefits.

We identify relevant trade-offs among bioenergy potentials and
environmental impacts. For example, switchgrass and reed canary grass
can offer higher, but at generally larger environmental costs. Across all
impact categories considered in this work, the southern regions of
Europe show the maximum impacts under irrigated conditions. Irriga-
tion increases bioenergy potentials, but, since it also increases the water
scarcity footprint, its deployment needs to consider the local water
availability and storage capacity (and many places in Southern Europe
are threatened by water scarcity).
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The cultivation of perennial grasses based on the energy optimiza-
tion per grid cell allows to bring more area under production and to
achieve the highest bioenergy potentials, which is about 7 EJ yr~! (with
irrigation). This corresponds to 10% of today's total primary energy
consumption in Europe. Average impacts in the optimal crop mix sce-
narios are in between the minimum and maximum of those of the in-
dividual crops. This means that appropriate land management can
deliver optimal bioenergy potential with no increased impacts. Thus,
taking into consideration site-specific conditions and requirements in
terms of water supply and crop affinity can help identify the best local
practices to maximize energy yields and reduce environmental trade-
offs in different impact categories.
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