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Abstract
The agriculture sector can contribute to climate change mitigation by reducing its 
own greenhouse gas (GHG) emissions, sequestering carbon in vegetation and soils, 
and providing biomass to substitute for fossil fuels and other GHG-intensive prod-
ucts. The sector also needs to address water, soil, and biodiversity impacts caused 
by historic and current practices. Emerging EU policies create incentives for cul-
tivation of perennial plants that provide biomass along with environmental bene-
fits. One such option, common in northern Europe, is to include grass in rotations 
with annual crops to provide biomass while remediating soil organic carbon (SOC) 
losses and other environmental impacts. Here, we apply a spatially explicit model 
on >81,000 sub-watersheds in EU27 + UK (Europe) to explore the effects of wide-
spread deployment of such systems. Based on current accumulated SOC losses in 
individual sub-watersheds, the model identifies and quantifies suitable areas for 
increased grass cultivation and corresponding biomass-  and protein supply, SOC 
sequestration, and reductions in nitrogen emissions to water as well as wind and 
water erosion. The model also provides information about possible flood mitigation. 
The results indicate a substantial climate mitigation potential, with combined an-
nual GHG savings from soil-carbon sequestration and displacement of natural gas 
with biogas from grass-based biorefineries, equivalent to 13%–48% of current GHG 
emissions from agriculture in Europe. The environmental co-benefits are also nota-
ble, in some cases exceeding the estimated mitigation needs. Yield increases for an-
nual crops in modified rotations mitigate the displacement effect of increasing grass 
cultivation. If the grass is used as feedstock in lieu of annual crops, the displace-
ment effect can even be negative, that is, a reduced need for annual crop produc-
tion elsewhere. Incentivizing widespread deployment will require supportive policy 
measures as well as new uses of grass biomass, for example, as feedstock for green 
biorefineries producing protein concentrate, biofuels, and other bio-based products.

K E Y W O R D S

agriculture, climate mitigation, environmental benefits, environmental impacts, Europe, grass, 
land use, perennial crops, soil carbon, spatial modelling
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1   |   INTRODUCTION

Global warming of 1.5°C (and 2°C) will be exceeded during 
the 21st century unless substantial reductions in green-
house gas (GHG) emissions occur in the coming decades 
(IPCC,  2021). All global pathways that limit warming 
below 1.5 and 2°C (with no or limited overshoot) involve 
rapid or immediate GHG emission reductions using, for 
example, methods for carbon dioxide removal (CDR) from 
the atmosphere (IPCC, 2022; Minx et al., 2018). The agri-
culture sector, representing 22% of total net anthropogenic 
GHG emissions, can contribute to climate change mitiga-
tion by reducing GHG emissions and by CDR via carbon 
sequestration in vegetation and soils. The sector can also 
provide biomass for mitigation in the energy, industry, and 
transport sectors by substituting for fossil fuels and other 
GHG-intensive products (IPCC, 2019a, 2022). Meanwhile, 
the agriculture sector needs to address water, soil, and bio-
diversity impacts caused by historic and current practices 
(DeBoe, 2020; Tilman et al., 2002). The sector also needs 
to adapt to climate change, which is expected to cause new 
stresses on agricultural systems and exacerbate risks to 
human health, ecosystem health, food systems, and live-
lihoods (IPCC, 2019a).

The European Union (EU) Common Agricultural Policy 
(CAP) for the period 2021–2027 includes regulations and in-
centives to promote climate change mitigation, environmen-
tal protection, and preservation of biodiversity (European 
Commission, 2018a). Other EU policies that are likely to in-
fluence agricultural practices include the Renewable Energy 
Directive (European Commission,  2018b), the European 
Green Deal (European Commission, 2019), the Biodiversity 
Strategy for 2030 (European Commission, 2020a), and the 
Farm to Fork Strategy (European Commission,  2020b). 
Changing agricultural practices toward a greater share of 
perennial species, for example, perennial grasses and le-
gumes (here, “grass”), in intensively cultivated agricul-
tural landscapes can contribute to many of the objectives 
underlying these policies by providing biomass for food, 
bioenergy, and other bio-based products while reducing 
the environmental impacts from agriculture (Christen & 
Dalgaard, 2013; Englund et al., 2021; Englund, Börjesson, 
et al.,  2020; Englund, Dimitriou, et al.,  2020; Ferrarini 
et al., 2017; Styles et al., 2016).

Biomass production in species-rich mixtures of peren-
nial grasses on marginal land has the potential to enhance 
biodiversity and carbon sequestration in soils (Carlsson 
et al., 2016). Another promising option is to include grass 
in crop rotations with annual crops in mixed farming 
systems, a common practice in cold or humid climates, 
primarily in northern Europe (Jarvis et al.,  2017). This 
practice can have multiple environmental benefits, such 
as increasing the soil organic carbon (SOC) content, but 

can also enhance crop yields in the longer term (Prade 
et al., 2017). Interest is also growing in biorefineries that 
process grass–clover mixes into protein concentrate and 
a multitude of other products, for example, feed, fibers, 
heat, power, and biofuels (Njakou Djomo et al., 2020). For 
example, lactic acid bacteria can facilitate the use of grass 
biomass to produce a protein concentrate suitable for feed-
ing monogastric animals as well as ruminants, with multi-
ple co-products (Lübeck & Lübeck, 2019). Such solutions, 
using alternatives to high-input and high-emission annual 
grain and seed crops as feedstock, can enable sustainable 
intensification of the agricultural systems with reduced 
environmental impacts (Larsen et al., 2017).

Here, we estimate the effects of producing perennial 
grass in rotation with annual crops at large scale on bio-
mass production, remediation of SOC losses from historic 
land use, and mitigation of additional environmental prob-
lems. We model the introduction of grass in crop rotations 
with annual crops in more than 81,000 sub-watersheds 
(“landscapes”, see Section 2) across Europe (EU27 + UK). 
We then quantify grass biomass production—in terms of 
dry matter (DM), extractable protein, energy content, and 
biogas output—and increases in SOC and the correspond-
ing GHG emission savings from carbon sequestration 
and fossil fuel substitution. Finally, we quantify or indi-
cate multiple environmental co-benefits: (i) reduced wind 
erosion, (ii) reduced water erosion, (iii) reduced nitrogen 
emissions to water, and (iv) mitigated flooding events.

The results show that widespread deployment of pe-
rennial grass in rotation with annual crops would result in 
substantial carbon sequestration in agricultural soils. The 
annual carbon sequestration by 2050 in two illustrative de-
ployment scenarios corresponds to about 5%–10% of current 
GHG emissions from agriculture in EU27 + UK. The com-
bined annual GHG savings from soil carbon sequestration 
and biogas use are equivalent to 13%–48% of current GHG 
emissions from agriculture. Environmental co-benefits are 
notable—in some cases exceeding the estimated mitigation 
needs. There will obviously be notable changes in agricul-
tural output where crop rotations are modified to include 
more grass and less annual crops. However, when consid-
ering yield increases for annual crops in modified rota-
tions and the possibility to produce animal feed and other 
bio-based products from grass instead of annual crops, in-
creased cultivation of grass in rotations dominated by an-
nual crops can result in a negative displacement effect, that 
is, reduced need for annual crop production elsewhere.

2   |   METHODS

We constructed a model to identify sub-watersheds 
(“landscapes”) where the introduction of grass into crop 
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rotations with annual crops could increase SOC. We de-
signed three grass rotation options to include in the model 
and two scenarios (a high and a low estimate) for large-
scale deployment using combinations of these rotations, 
with separate sets of conditions for the implementation 
of the two scenarios depending on the current accumu-
lated SOC losses in the landscape. For each alternative 
and scenario, the model calculates the total area under 
grass production in each landscape and the corresponding 
grass biomass production, in terms of dry matter, energy 
(J), and protein (metric tons of extractable crude and true 
protein, respectively). Furthermore, the model estimates 
the corresponding SOC increases by 2030, 2050, and 2080, 
both relative to 2020 and relative to a business-as-usual 
scenario with a continuation of current land use. Finally, 
the model quantifies a number of co-benefits, that is, en-
vironmental benefits that do not incentivize implemen-
tation. These include (i) avoided soil loss by water, (ii) 
avoided wind erosion, (iii) avoided nitrogen emissions to 
water, and (iv) mitigated flooding events.

The analysis and aggregation unit is equivalent to sub-
catchment or sub-watershed and is also referred to here 
as a “landscape.” A previously published pan-European 
dataset containing >81,000 polygons (Englund, Börjesson, 
et al., 2020), based on functional elementary catchments 
from the ECRINS database (European Environment 
Agency,  2012), was used. For each landscape, we have 
previously estimated, for example, the area under annual 
crop production, degree of current environmental impact 
(nitrogen emissions to water, soil loss by water erosion 
and by wind erosion, recurring floods, and accumulated 
losses of SOC), and the estimated effectiveness of strategic 
perennialization in mitigating these impacts, in general 
terms (Englund, Börjesson, et al., 2020).

The term “landscape” is here defined as an interme-
diate integration level between the field and the physio-
graphic region (Englund et al., 2017). The use of the term is 
considered appropriate since the anthropogenic processes 
(agricultural land use) within a sub-watershed, combined 
with hydrological processes that are constrained by a 
sub-watershed, determine (changes in) nutrient, water, 
and mass flows (Englund et al.,  2021). Using the term 
landscape also clarifies that implementation and impact 
mitigation are enabled by measures taken by multiple 
stakeholders at a greater scale than the individual field, 
thus applying a “landscape perspective” (Dale et al., 2013).

All GIS operations, including all database aggregation 
queries, were done in GRASS GIS (GRASS Development 
Team,  2020) with projection EPSG:3035. All modeling, 
apart from input data preparation, was conducted using 
a Python script (Englund, 2022a) with a GUI that facili-
tates execution of selected modules. Complete input data 

are publicly available (Englund, 2022b). Cartography was 
done in QGIS (QGIS.org, 2020).

2.1  |  Grass production in crop rotation  
systems and scenarios for widespread  
deployment

The model first selects landscapes where the effectiveness 
of strategic perennialization has been classified as “me-
dium” or higher (Englund, Börjesson, et al., 2020), based 
on accumulated losses of SOC in combination with the 
density of annual crops (Figure  1). For each landscape, 
the model then makes calculations for three management 
alternatives where grass is included in crop rotations with 
annual crops and two scenarios for “widespread deploy-
ment.” The management alternatives are:

•	 2/6-grass: Two years of grass added to a 4-year rotation 
of the most dominant crops in the region.

•	 3/7-grass: Three years of grass added to a 4-year rotation 
of the most dominant crops in the region.

•	 4/8-grass: Four years of grass added to a 4-year rotation 
of the most dominant crops in the region.

We constructed two scenarios for widespread deploy-
ment, where the introduction of grass in crop rotations is 
conditioned by the degree of accumulated SOC losses in 
each landscape:

•	 Low estimate: The 2/6-grass system is implemented on 
all fields currently under annual crop production where 
the accumulated SOC loss is classified as “very high,” 
on 50% of all fields where it is “high,” and on 25% of all 
fields where it is classified as “medium.”

•	 High estimate: The 2/4-grass system is implemented on all 
fields currently under annual crop production where the 
impact is classified as “medium,” the 3/7-grass system is 
implemented where it is “high,” and the 4/8-grass system 
is implemented where it is classified as “very high.”

2.2  |  Grassland area and corresponding 
biomass and protein production

For the three production systems and two deployment 
scenarios, the average area under grass production in 
each landscape was calculated as the product of annual 
crop area (Englund, Börjesson, et al., 2020) and the share 
of grass relative to annual crops over time in the differ-
ent systems, that is, 1/3 for the 2/6-grass system, 3/7 for 
the 3/7-grass system, and 4/8 for the 4/8-grass system. The 
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      |  169ENGLUND et al.

area was then multiplied by 25% and 50%, respectively, to 
calculate the areas under 25% and 50% implementation, 
for the low-estimate scenario.

Having calculated the areas, the corresponding biomass 
production was estimated for each landscape by multiply-
ing the area under grass production with simulated grass 
yields from a pan-European dataset at NUTS3 level (Dees 
et al.,  2017). The average yield for miscanthus, switch-
grass, and reed canary grass using a “medium” yield-input 
management level was calculated in each NUTS-3 region 
and identified for each landscape by first spatially joining 
landscapes to NUTS-3 regions, and then joining the data-
base tables. The yields were then adjusted for each system 
assuming that the yield in the establishment year is 50% 
of subsequent yields (Moyo et al., 2016). Yields for the dif-
ferent systems were thus adjusted as follows. Yields are ex-
pressed as t DM ha year −1 and are visualized in Figure 1.

•	 2/6-grassyield = (0.5 + 1)/2 × yieldavg
•	 3/7-grassyield = (0.5 + 2)/3 × yieldavg
•	 4/8-grassyield = (0.5 + 3)/4 × yieldavg

The energy output was calculated as the product of 
biomass production and energy content of the harvested 
biomass, estimated at 18.7 MJ/kg DM (Baxter et al., 2014; 
Englund et al., 2021).

Crude protein yield was calculated by multiplying 
DM yield with the average concentration (g/kg DM) 
of crude protein (i.e., the sum of average fractions A, 
B1, B2, and B3, see reference) in seven lucerne harvests 
during field experiments (Solati et al., 2017). True pro-
tein was similarly calculated by multiplying DM yield 
with the average concentration of true protein (i.e., the 
sum of average fractions B1, B2, and B3) based on the 
same source.

2.3  |  Biogas production and GHG savings 
from fossil fuel substitution

GHG emissions from biogas production based on bio-
mass from grass production in crop rotations have been 
estimated at 33 and 30 g CO2eq MJ−1 biogas, with and 

F I G U R E  1   Accumulated soil organic carbon (SOC) losses (top left), simulated grass yields (top right), and production systems 
implemented in the two deployment scenarios (bottom), based on estimated effectiveness to remediate accumulated SOC losses.
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without upgrading the biogas to natural gas quality, re-
spectively (Börjesson et al.,  2015). The estimates were 
based on the methodology in the EU RED (European 
Commission,  2009, 2018b) but exclude changes in soil 
carbon content from grass cultivation and credit for feed 
output. When upgraded biogas replaces petrol or diesel as 
transportation fuel in vehicles, the GHG savings are about 
61 g CO2eq MJ−1 biogas (a 65% reduction). The reference-
fuel lifecycle GHG emissions for petrol and diesel are 94 g 
CO2eq MJ−1 (European Commission, 2018b). When biogas 
(not upgraded) replaces natural gas for electricity pro-
duction, GHG savings are about 38 g CO2eq MJ−1 biogas  
(a 56% reduction), using reference lifecycle GHG emissions 
from natural gas of 68 g CO2eq MJ−1 (Prussi et al., 2020). 
The average methane yield per metric ton DM grass-based 
feedstock (Börjesson et al., 2015) is 9.2 GJ. Thus, the GHG 
savings are approximately 560 and 350 kg CO2eq t−1 DM 
grass when the feedstock is used for biogas production re-
placing petrol and diesel as vehicle fuel, and natural gas 
for electricity production, respectively.

2.4  |  Effects on soil organic carbon

The effects on SOC from the introduction of the different 
production systems are based on previous SOC simulations 
of different agricultural management practices (Lugato 
et al.,  2014). The input data are available for download 
at the Joint Research Centre European Soil Data Centre 
(ESDAC; https://esdac.jrc.ec.europa.eu/). The SOC simu-
lation output data are spatially explicit and provide SOC 
estimates (t C ha −1) for 2010, 2020, 2050, 2080, and 2100, 
for a business-as-usual scenario (BAU) assuming a contin-
ued rotation with the four most dominant crops in each 
area. They also provide SOC values in relation to BAU for 
multiple management options, including a grass/annual 
crop rotation system in which 2 years of lucerne is added 
to the 4-year BAU rotation. These simulation data were 
here used as a basis for calculating SOC effects from the 
different management options and, consequently, the de-
ployment scenarios, as detailed below. Simulation data for 
a permanent grassland system, in which the BAU rotation 
is replaced by permanent grassland, are also available. 
These are here used to assess how SOC increases from 
the modeled grass/cereal rotations relate to the, assumed, 
theoretical maximum.

The simulated SOC values were rasterized to match 
other input data (100 m) and aggregated SOC values were 
calculated for each landscape by calculating median SOC 
values. As detailed below, the following information was 
then calculated for each landscape, management system 
alternative, and deployment scenario, for 2050, 2080, and 
2100, relative to SOC values in 2020 and relative to BAU:

•	 SOC change per hectare (t C ha−1)
•	 Total SOC (t C)
•	 Relative SOC change (%)
•	 SOC change relative to current GHG emissions from ag-

riculture (EEA, 2021).

The simulated SOC values (Lugato et al.,  2014) were 
rasterized to match other input data (100 m) and aggre-
gated SOC values were calculated for each landscape by 
calculating median SOC values. In the method sequence 
below, the following codes apply:

•	 SOCbau_[year]
•	 SOC BAU values at specific points in time.
•	 SOCinc_grass_[year]
•	 SOC increases relative to BAU from implementation of 

in-rotation grass systems at specific points in time.
•	 SOCinc_permgrass_[year]
•	 SOC increases relative to BAU from implementation of 

permanent grassland at specific points in time.
•	 SOCinc and SOCinc[year]
•	 collectively used below for the above two codes.

SOCinc values are expressed in relation to 2010. They 
were therefore re-estimated with 2020 as base year, to be 
able to represent SOC changes from current levels while 
maintaining 2050, 2080, and 2100 as points in time for as-
sessment. SOCbau did not require re-estimation as it rep-
resents a continuation of BAU land use. SOCbau_2020 was 
thus considered representative for current SOC. SOCinc 
values, however, needed to be re-estimated to represent a 
10-year shorter time period than in the original dataset.

To reflect that SOC sequestration tends to be greater 
in the years following deployment, then declining to-
ward a new equilibrium level as the carbon sink saturates 
(Smith,  2012). SOCinc_2020 was assumed to represent the 
change in SOC during the first 10 years, that is, between 
2020 and 2030:

•	 SOCinc_first10 = SOCinc_2020

SOC changes during the remaining period (i.e., 
20, 50, and 70 years, for 2010, 2080, and 2100, respec-
tively) were calculated by subtracting SOCinc_first10 from 
SOCinc_2050|2080|2100, thus representing SOC changes in 
30|60|80 years following the first 10 years:

•	 SOCinc_last30|60|80 = SOCinc_2050|2080|2100−SOCinc_first10

Since SOC changes in 20/50/70 years are required, these 
values were downscaled by 2/3, 5/6, and 7/8, respectively:

•	 SOCinc_last20|50|70 = SOCinc_last30|60|80 × 2/3|5/6|7/8
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SOC increases by 2050|2080|2100 relative to BAU could 
then be calculated as:

•	 SOCinc_2050|2080|2100 = SOCinc_first10 + SOCinc_last20|50|70

These re-estimated SOC values are below referred 
to as SOCinc_grass|permgrass_new_[year], or collectively as 
SOCinc_new_[year].

At this point, SOC changes by 2050|2080|2100 relative 
to BAU (t C ha −1), with base year 2020, has been iden-
tified for the 2/6-grass system. To estimate SOC changes 
for the other systems, we assumed a linear correlation 
between SOC changes and the share of total area under 
annual crops that are used for grass production relative to 
the 2/6-grass system, on average over time. This approach 
was selected based on discussions with the developer of 
the underlying SOC dataset:

•	 SOCinc_BAU_2y_lim50|lim_25 = SOCinc_BAU_2y × 0.5|0.25
•	 SOCinc_BAU_3y|4y = SOCinc_BAU_2y × 9/7|3/2

Total SOC changes (t C) were then calculated for each 
management alternative and in each landscape:

•	 SOCinc_total = SOCinc × areaannual crops

The relative SOC changes (%) could then be calculated 
for the different assessment years, for example:

•	 SOCdiff_2y_2050  =  (SOCbau_2050 + SOCinc_2y_2050/
SOCbau_2050)−1

The same calculations (t C ha −1, t C, and %) were also 
made relative to 2020 instead of BAU. The first was done 
by adding the difference in BAU SOC between 2020 and 
the assessment year to the SOC increase relative to BAU 
for the assessment year, for example:

•	 SOCinc_2020_3y_2080 =  SOCinc_BAU_3y_2080 + (SOCbau_2080−
SOCbau_2020).

The latter two were calculated as described above. 
Absolute SOC values for all assessment years and ley sys-
tems were then calculated, for example, for the 2/6-grass 
system by 2050:

•	 SOCtotal_2050 = SOCbau_2020 + SOCinc_2020_2y_2050

For each production system and assessment year, the 
share of maximum attainable SOC increase (%) was esti-
mated as the quotient of SOC increase relative to 2020 in 
the different in-rotation grass systems and in permanent 
grasslands, respectively, for example:

•	 SOCinc_share_potential_2y_2050 = SOCinc_2020_2y_2050/
SOCinc_​2020_permgrass_2050

Finally, annual C sequestration relative to total GHG 
emissions from agriculture (EEA,  2021) (%) was esti-
mated, for example:

•	 C_seqtotal_2y_2050_relBAU  = (SOCinc_total_2y_2050/30)/GHG_​
emissionscurrent

•	 C_seqtotal_2y_2050_rel2020  = (SOCinc_total_2020_2y_2050/30)/GHG_​
emissionscurrent

2.5  |  Environmental co-benefits

Three co-benefits were modeled for each landscape: 
avoided (i) soil loss by water erosion, (ii) soil loss by wind 
erosion, and (iii) nitrogen emissions to water. In addi-
tion, we indicate potential (iv) mitigated flooding events. 
Impacts i–iv were quantified for each landscape:

1.	 Soil loss by water erosion was indicated by “annual 
average soil loss by water erosion on land used for 
production of annual crops”. Annual soil loss was re-
trieved from a published dataset for the year 2010 with 
100 m resolution (available at ESDAC, see above), based 
on the application of a modified version of the Revised 
Universal Soil Loss Equation (RUSLE) model. Average 
values were then calculated for erosion values on land 
used for annual crop production, in each landscape.

2.	 Soil loss by wind erosion, indicated and calculated 
as for water erosion, based on a 1000-m dataset of 
soil loss by wind erosion derived using a GIS ver-
sion (RWEQ-GIS; Borrelli et al., 2017) of the Revised 
Wind Erosion Equation (RWEQ) model (Fryrear  
et al., 2000).

3.	 Nitrogen emissions to water, indicated by “annual aver-
age diffuse nitrogen emissions to water,” were retrieved 
by running v2 of the Geospatial Regression Equation for 
European Nutrient losses (GREEN) model (Grizzetti et 
al., 2012) for the landscape dataset. Average values were 
then calculated for erosion values in each landscape.

4.	 Recurring floods, indicated by “share of landscape area 
subject to 10-year flooding.” Data on 10-year flooding 
events were retrieved from a published flood hazard 
dataset with 100 m resolution. The data were derived 
using a cascading model simulation approach (Alfieri 
et al., 2014). The share of the total area in each land-
scape subject to 10-year flooding events was then cal-
culated for each landscape.

The four impacts were classified on a five-step scale 
from “very low” to “very high.” For more details on 
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172  |      ENGLUND et al.

methods, thresholds, and underlying data, see previous 
work (Englund, Börjesson, et al., 2020). For impacts 1 and 
2, we assumed that the impact is negligible on grassland 
(Martin et al., 2020). This implies that replacing, for exam-
ple, 10% of annual crop production with grass would re-
duce the impact with 10%. The potential impact mitigation 
in each individual landscape was therefore calculated as 
the product of the current impact and the share of grass-
land relative to the current area under annual crops, for 
the five system designs and the two deployment scenarios. 
For impact 3, we assumed that nitrogen emissions to water 
from grass production are 75% lower than current nitro-
gen emissions to water. This assumption is based on field 
experiments showing that perennial grasses reduce nitro-
gen leaching by 70%–80% compared to traditional systems 
(Manevski et al., 2018). The potential impact mitigation is 
then calculated in each landscape as the product of cur-
rent impact, the share of grassland relative to the current 
annual crop area, and the mitigation factor of 0.75, for the 
five system designs and the two deployment scenarios. We 
also estimated to what extent introducing grass production 
in crop rotations could contribute to reducing impacts 1–3 
to a “low” impact level. This was calculated as the quotient 
of potential impact mitigation by the difference between 
the upper threshold of the class “low impact” (Englund, 
Börjesson, et al., 2020) and the current impact.

Flood mitigation could not be estimated using the 
same approach. There is strong support for claiming that 
increased grass production in intensively managed agri-
cultural landscapes can mitigate flooding events (Zhao 
et al.,  2020). However, the magnitude of this benefit de-
pends on landscape-specific characteristics and can thus 
not be generalized in the same way as for the other impacts. 
We instead attempted to indicate the likelihood of mitigat-
ing flooding events as a result of increased grass production 
in the landscape (Englund et al., 2021). This was done by 
assuming that the likelihood is directly correlated with the 
estimated effectiveness of strategic perennialization in mit-
igating recurring floods (Englund, Börjesson, et al., 2020). 
A “medium” effectiveness thus corresponds to a “medium” 
likelihood, etc. The effectiveness of strategic perennializa-
tion in mitigating recurring floods was therefore identified 
for each landscape where the model introduces grass into 
crop rotations with annual crops.

2.6  |  Impacts on crop production

The impact of crop rotation modifications on annual crop 
production was calculated in three steps:

1.	 The “direct displacement” effect (%) was calculated as 
the area under grass cultivation in the two scenarios, 

respectively, relative to the 91 Mha where grass is 
introduced in crop rotations (see Section 2.2; Table 1).

2.	 Land savings due to yield increases (%) were estimated 
for the 91 Mha above. A yield increase of 20% on all 
land subject to inclusion of grass in crop rotations was 
assumed (Marini et al.,  2020). Given that some crop-
land is always under grass cultivation, the total effect 
on the entire area was calculated as the share of total 
area under annual crop production in rotation with 
grass, multiplied by 20. In the high-estimate scenario, 
38 Mha (area under grass cultivation on average each 
year) was subtracted from 91 Mha (total area in rota-
tion) and then divided by 91 Mha (total area), multi-
plied by 20. In the low-estimate scenario, 15 Mha (area 
under grass cultivation on average each year) was sub-
tracted from 45 Mha (total area in rotation) and then 
divided by 91 Mha (total area), multiplied by 20.

3.	 Potential cropland savings elsewhere were estimated 
by assuming that the grass biomass is used as feedstock 
for a protein concentrate that replaces soymeal. Based 
on FAOSTAT statistics, we assume soybean yields of 
2 t ha−1 on European cropland and 3.2 t ha−1 in Brazil. 
Furthermore, we assume a moisture content of 14% 
and that 80% of the soybean is used for soymeal. This 
results in a soymeal DM yield of 1.34 t ha−1 in Europe 
and 2.20 t ha−1 in Brazil. By comparison, grass-based 
protein concentrate comparable to soymeal can be 
produced from 14% of the DM grass yield (Corona et 
al., 2018). In the low estimate, where the average grass 
yield is 6.8 t DM year−1, this corresponds to 1.16 t pro-
tein concentrate ha−1. In the high estimate, where the 
average grass yield is 7.5  t DM year−1, it corresponds 
to 1.28 t protein concentrate ha−1. Finally, the potential 
to replace soybean production (for soymeal) with grass 
production (for protein concentrate) was calculated 
as the product of protein concentrate yield (%) and 
average grass yield (t DM ha−1) in the two scenarios, 
divided by soymeal yield (t DM ha−1) in Europe and 
Brazil, respectively.

Steps 1–2 are considered “local effects,” and steps 1–3 
are considered “net effects.”

2.7  |  Uncertainties and limitations

Where, and to what extent, implementation takes place, 
both in the base scenarios and in the high and low estimates, 
is determined by the thresholds used for classification of 
impacts and impact mitigation effectiveness (Englund 
et al.,  2021; Englund, Börjesson, et al.,  2020). Different 
thresholds would thus yield different results. General 
spatial patterns would, however, be similar (Englund, 
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      |  173ENGLUND et al.

Börjesson, et al., 2020). The use of average simulated yields 
for miscanthus, switchgrass, and reed canary grass to esti-
mate grass yields is justified by the lack of spatially explicit 
pan-European yield data for grass/clover species that are 
traditionally used in rotations with annual crops. Visual 
assessment of the simulated yields across the study area, 
based on in-house experience, suggests that reed canary 
grass yields are the most similar to traditional species, in 
spatial terms. In absolute numbers, however, miscanthus 
yields are more similar to what can be expected. Using the 
average value for these three species provides both reason-
able spatial patterns and reasonable yield levels. This ap-
proach can be further justified by the fact that selection of 
grass species is likely to vary across Europe, given differ-
ent biophysical conditions. It is therefore not reasonable 
to use simulated yields (if they existed) for one single spe-
cies, or a specific combination of species, in all landscapes 
across Europe. See previous studies for general uncertain-
ties related to the underlying models, including co-benefits 
(Englund et al., 2021; Englund, Börjesson, et al., 2020) and 
SOC simulations (Lugato et al.,  2014). See also Section  4 
where model results are evaluated.

3   |   RESULTS

The model introduces perennial grass in crop rotations 
on 91 million hectares (Mha) of arable land, in 24,363 
of the ~81,000 assessed landscapes, encompassing about 
80% of all land in Europe currently used to cultivate an-
nual crops. Most of these landscapes (76%) are classified 
as having a “high” level of accumulated SOC losses, 17% 
are “medium,” and 7% are “very high.” Adding 2 years of 
grass cultivation to 4-year crop rotations (2/6-grass sys-
tem) in these landscapes results in 30 Mha of land being 
used for cultivation of grass instead of annual crops, on av-
erage over time. Adding one additional year of grass in the 
crop rotation (3/7-grass system) increases the grass area 
to 39 Mha; adding two additional years (4/8-grass system) 
results in 46 Mha. The corresponding grass production is 
about 210, 300, and 370 Mt DM year−1, for the 2/6, 3/7, 
and 4/8 systems, respectively. The estimated energy con-
tent in this biomass is about 4–7 EJ and the corresponding 
biogas output is about 2–3.4 EJ. Extractable crude protein 
and true protein amount to about 40–80 Mt and 30–50 Mt, 
respectively (Table 1).

T A B L E  1   Model results for large-scale introduction of grass into crop rotations, aggregated at the European (EU27 + UK) scale.

2/6 years 
grass

3/7 years 
grass

4/8 years 
grass

High-estimate 
scenario

Low-estimate 
scenario

Area on which grass is included in annual crop 
rotations (Mha)

91 45

Average area under grass production (Mha) 30 39 46 38 15

Biomass output (Mt DM year−1|PJ year−1) 209|3908 298|5573 365|6826 286|5348 102|1907

Biogas production (PJ year−1) 1932 2760 3404 2631 938

Extractable crude protein (Mt)|true protein (Mt) 43|27 62|38 76|47 59|37 21|13

Average SOC increase relative to 
BAU|relative to 2020 (tC ha−1 of total 
cropland area)

2050 3.2|3.5 4.1|4.4 4.8|5.1 4.1|4.3 1.5|1.9

2080 4.4|4.9 5.7|6.2 6.6|7.2 5.5|6.0 2.1|2.6

Total SOC increase relative to BAU|relative 
to 2020 (Mt)

2050 294|335 378|419 442|483 363|404 141|181

2080 402|476 517|591 603|677 497|570 193|266

Annual GHG emission savings from SOC 
sequestration until 2050 relative to BAU|relative 
to 2020 (as % of total current GHG emissions from 
agriculture)

8.3|9.5 10.7|11.9 12.5|13.6 10.3|11.4 4.0|5.1

Annual GHG savings when biogas substitutes for 
gasoline and diesel in cars (Mt C year−1|as % of 
total current GHG emissions from agriculture)

32|27 46|39 56|47 44|37 16|14

Annual GHG savings when biogas substitutes for 
natural gas for electricity (Mt C year−1|as % of 
total current GHG emissions from agriculture)

20|17 29|25 35|30 27|23 10|8

Avoided soil loss by water erosion (Mt year−1) 76 97 114 95 37

Avoided soil loss by wind erosion (Mt year−1) 18 23 27 22 9

Avoided N emissions to water (kt year−1) 271 348 406 324 119

Note: BAU = land use continues as per business as usual. Numbers are rounded. See Tables A.1–A.7 for country-level aggregates.
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In our “low-estimate” scenario, the 2/6 system is im-
plemented on all land under annual crop production 
where SOC loss is classified as “very high”, on 50% of 
the land where it is “high,” and on 25% where it is “me-
dium.” In this scenario, the total area under grass pro-
duction amounts to 15 Mha, corresponding to 16% of the 
area under annual crops in the affected landscapes and 
13% of the total area under annual crops in Europe. The 
corresponding grass biomass production is 100 Mt DM 
year −1, equivalent to an energy content of about 1.9 EJ 
and a biogas output of 1 EJ. Extractable crude protein 
and true protein amount to about 20 and 10 Mt, respec-
tively (Table 1).

In our “high-estimate” scenario, the 2/6 system is 
implemented on all land under annual crop production 
for which the accumulated SOC loss is classified as “me-
dium,” with the 3/7 and 4/8 systems implemented where 
the loss is classified as “high” and “very high,” respectively. 
Here, the total area under grass production amounts to 
38 Mha, corresponding to 41% of the area under annual 
crops in the affected landscapes and 35% of the total area 
under annual crops in Europe. The corresponding grass 
biomass production is 290 Mt DM year−1, equivalent to an 
energy content of about 5.3 EJ and a biogas output of 2.6 
EJ. Extractable crude protein and true protein amount to 
about 60 Mt and 40 Mt, respectively (Table 1).

In the two deployment scenarios, 70% of the new 
grass production is established in Poland, Spain, France, 
Romania, Germany, and Italy. The share of the area 
under annual crop production devoted to grass is largest 
in Denmark, Bulgaria, Hungary, Italy, Poland, Greece, 
Romania, and the Czech Republic (Table A.1; Figure 1).

Effects on SOC are consistently positive (Figure  2; 
Table 1). If 2, 3, or 4 years of grass are added to a 4-year 
crop rotation with annual crops, the corresponding SOC 
increase is about 300, 510, or 600 Mt C by 2080, relative 
to a business-as-usual scenario in which current land use 
continues as is (BAU). In the low- and high-estimate sce-
narios in which implementation depends on the degree of 
accumulated SOC losses, the total SOC increase by 2080 is 
190 and 500 Mt C, respectively. There are, however, sub-
stantial variations between different regions and individ-
ual landscapes. For example, while the average landscape 
in the high-estimate scenario achieves an increase in SOC 
(by 2080) of 5.1 t ha −1, the 20th percentile is 2.2 and the 
80th percentile is 6.3 t ha −1.

In the high-estimate scenario, the total average annual 
SOC sequestration by 2050 amounts to 12.1 Mt C year−1 
relative to BAU; in the low estimate, it amounts to 4.7 Mt 
C year−1. This is equivalent to about 4%–10% of the total 
current GHG emissions from agriculture in EU27 + UK 
(EEA, 2021). Comparing with 2020 levels instead of BAU 
results in slightly higher values. The combined GHG 

savings from increases in SOC and from decreases in 
fossil fuels due to an increased use of biogas amount to 
13%–48% of current GHG emissions from agriculture. The 
range depends on the deployment scenario, whether bio-
gas displaces natural gas in power plants or is upgraded 
to vehicle fuel displacing petrol and diesel in cars, and 
whether SOC increases are estimated relative to BAU or 
2020 levels, see Table 1.

Bulgaria, Romania, Belgium, Slovakia, and Hungary 
have the greatest average SOC increase in the two deploy-
ment scenarios. Finland, Estonia, Slovenia, and Sweden 
have the lowest. In total, 80% of the modeled SOC increase 
takes place in France, Romania, Poland, Denmark, Italy, 
Spain, Hungary, and Bulgaria (Figure 2; Tables A.2–A.4).

3.1  |  Co-benefits

The other relevant environmental problems differ in mag-
nitude across Europe (Figure  3; see also previous work; 
Englund et al.,  2021; Englund, Börjesson, et al.,  2020). 
For example, nitrogen emissions to water are high in the 
northwest and central parts of Europe. Water erosion is 
primarily a problem in the southern and central parts. 
Wind erosion is primarily a problem in coastal areas in 
northern and eastern Europe, and recurring floods are 
problematic all over Europe, mainly around major rivers. 
While all these problems could theoretically be mitigated 
by growing more grass, the mitigation potential is, natu-
rally, determined by the location and magnitude of the 
problem (Figures 3 and 4).

In the low-estimate scenario, nitrogen emissions to 
water decrease by a total of 119 kt N year−1; in the high-
estimate scenario, the figure is 324 kt N year−1 (Table 1). In 
the low-estimate scenario, grass rotations contribute 34% 
of the reduction necessary to reduce the impact down to a 
“low” level, in the median landscape. In the high-estimate 
scenario, the same contribution surpasses 100%.

A substantial mitigation potential is also seen for soil 
loss by water erosion, which is reduced by 37 and 95 Mt 
annually in the low- and high-estimate scenarios, respec-
tively (Table 1). For the median landscape, this translates 
into 33% of the reduction necessary to reach the “low” 
impact level in the low-estimate scenario and 85% in the 
high-estimate scenario.

Soil loss by wind erosion is generally a smaller problem, 
but the mitigation potential is nevertheless substantial in 
areas where it is severe. The total reduction potential is 9 
Mt and 22 Mt year−1 in the low- and high-impact scenar-
ios, respectively (Table 1). For the median landscape, this 
corresponds to 48% of the reduction necessary to reach 
the “low” impact level in the low-estimate scenario. In the 
high-estimate scenario, the reduction surpasses 100%.
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The co-benefits are thus considerable. In the high-
estimate scenario, no further measures are needed to 
reduce nitrogen emissions to water nor soil loss by wind 
erosion in most landscapes where grass production is 
included in annual crop rotations. In addition to the 
co-benefits described above, there are multiple other 
co-benefits that are possible, and even likely, that have 
not been quantified, such as a reduced need for pesti-
cides. Furthermore, mitigated flooding events have not 
been modeled explicitly, but an indicative assessment 
shows that the likelihood of mitigated flooding events is 
classified as “medium” in 12% of the landscapes where 
grass is included in the rotation, “high” in 13%, and 
“very high” in 3% (Figure  5). Potential additional co-
benefits thus need to be better understood and quanti-
fied to get a more complete picture of the positive effects 

of large-scale deployment of grass production in crop 
rotations.

3.2  |  Impacts on crop production

When grass is introduced via adjustments to crop rotations 
on 91 Mha of cropland used for annual crop cultivation, 
the area cultivated with annual crops every year is reduced 
to 53 and 76 Mha in the high- and low-estimate scenarios, 
respectively (Table  1 and Figure  6). When factoring in 
yield increases obtained when the annual crops are culti-
vated in rotation with grass (see Section  4), the cropland 
displacement effect is reduced. The need for additional an-
nual crop cultivation area outside the 91 Mha, to maintain 
the total annual crop production at the level prior to crop 

F I G U R E  2   Increase in soil organic 
carbon (SOC) from the introduction 
of grass in crop rotations, relative to a 
business-as-usual (BAU) scenario.
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176  |      ENGLUND et al.

rotation adjustments, is then 9 and 27 Mha in the high- and 
low-estimate scenarios, respectively (Figure 6).

If the grass biomass is processed into products 
previously produced from annual crops, the cropland dis-
placement effect is further reduced. Considering only the 
soymeal substitution effect, 1 ha of grass cultivation can 
substitute 0.84–0.93 ha of European soybean cultivation, 
or 0.53–0.58 ha of Brazilian soybean cultivation (low–high 
estimate).

Thus, the net cropland displacement effect of crop ro-
tation adjustments can be relatively small, even negative 

(i.e., net cropland savings); it ranges from 2% to −3% in 
the low-estimate scenario and from 8% to −5% in the high-
estimate scenario.

4   |   DISCUSSION

The results show that there is a substantial SOC seques-
tration potential on European cropland when adding 
2–4 years of grass to a 4-year rotation with annual crops 
(for a total rotation of 6–8 years) at a large scale. The 

F I G U R E  3   Current degree of N emissions to water, soil loss by wind erosion, soil loss by water erosion, and recurring floods, in the 
landscapes where grass is introduced in crop rotations.

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  177ENGLUND et al.

environmental co-benefits (reduced wind and water ero-
sion and reduced nitrogen emissions to water), are also 
substantial—in some cases exceeding the estimated miti-
gation needs. Our results also indicate possible mitiga-
tion of flooding events all across Europe. The results are 

in line with (and based on) previous research on SOC ef-
fects from grass production in rotation with annual crops 
(Lugato et al., 2014), but since there are, to our knowledge, 
no previous studies that spatially link grass production to 
multiple ecosystem services at European scale, the results 

F I G U R E  4   Co-benefits of introducing grass production in crop rotations with the primary objective of enhancing soil organic carbon. 
The figure shows the relative to contribution toward reaching the classification “low impact” at the landscape scale for nitrogen emissions 
to water, soil loss by water erosion, and soil loss by wind erosion, respectively, in the low-estimate (left) and high-estimate (right) scenarios. 
Landscapes that already have a “low” or lower impact are excluded.
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are otherwise difficult to evaluate. The model is based on 
a combination of several large-scale models that all have 
their limitations and uncertainties (see Section  2). Also, 
farm management and local conditions will affect the out-
come of implementing the assessed production systems, 
in ways that cannot be captured by pan-European models.

While the input SOC data are based on a validated 
model (Lugato et al., 2014), it is important to also evaluate 
the output. For this purpose, measurements from long-
term agricultural field trials are valuable, albeit scarce. In 
England, SOC changes have been measured since 1938, 
when an arable 5-year rotation with cereals and root 
crops was changed into a rotation with 3 years of grass 
and 4 years of cereal crops (i.e., a 60% share of grass in 
the overall rotation, cf. Table 2). The measurements over 
70 years reveal an average annual SOC sequestration in 
the topsoil (0–25 cm) of 0.34 tC ha−1  year−1 during the 
first 30 years and 0.15 tC ha−1 year−1, thereafter (Johnston 
et al., 2017). Börjesson et al. (2018) report long-term field 
measurements for two sites in southern Sweden with 
different climate and soil characteristics. Here, a 4-year 
rotation with cereals was changed into a mixed rotation 
with 3 years of grass and 1 year of cereals around 1980. 
After 35 years, significant increases in SOC concentra-
tions and stocks were found in the grass-dominated ro-
tations compared with cereal monoculture, 0.36–0.59 tC 
ha−1 year−1 (topsoil, 0–20 cm). The results reported in this 

study (Table 2) appear to be conservative compared with 
these field trials. The results also illustrate that SOC se-
questration increases with the share of grass in the total 
crop rotation (Christensen et al., 2009; Jarvis et al., 2017) 
and confirm that SOC sequestration tends to be greater 
in the years following deployment, then declining to-
ward a new equilibrium level as the carbon sink saturates 
(Smith, 2012).

The combined GHG savings from increases in SOC and 
fossil fuel substitution by biogas amount to 13%–48% of 
current GHG emissions from agriculture in Europe. This 
estimate does not consider potential increases in N2O 
emissions due to incorporation of residues in soil, which 
depend on how the biomass is treated. If harvested and 
removed (e.g., as feedstock to biorefineries and/or anaer-
obic digesters), a small amount of above-ground residues 
are left in the field, and only below-ground residues, that 
is, nitrogen in root systems, will contribute to N2O emis-
sions (IPCC, 2019b). Recent research indicates that these 
effects are negligible, primarily due to reduced fertilizer 
needs (Lugato et al.,  2020). Furthermore, grass cultiva-
tion for more than one single year reduces the time with 
bare soil and thus increases surface albedo compared with 
conventional annual cropping systems. This reduction in 
albedo-driven radiative forcing provides additional and 
more immediate climate benefits (Lugato et al., 2020).

Biodiversity is rapidly declining (IPBES,  2019). One 
important cause is the extensive use of insecticides and 
fungicides, which consistently have negative effects on 
biodiversity and on the potential for biological pest control 
(Geiger et al.,  2010). Grass production in crop rotations 
has a very low (or zero) need for pesticides, especially fun-
gicides and insecticides (Nordborg et al., 2017). Including 
grass in crop rotations with annual crops would thus re-
duce the overall need for pesticides and consequently 
reduce impacts on biodiversity from agriculture (Urruty 
et al., 2016). Increased crop diversity is also an important 
measure to increase biodiversity at the landscape level 
(Sirami et al., 2019).

The introduction of grass/legume species into an-
nual crop rotations reduces the harvested area of ce-
real crops. This cropland displacement impacts food/
feed production and may counteract environmental 
benefits, including reduced pesticide use, by caus-
ing cropland intensification or expansion elsewhere. 
However, this effect can to some extent be counterbal-
anced (Figure 6). Changes to more diversified crop ro-
tations are well known to enhance the yield of grain 
crops, such as wheat. The principal mechanisms be-
hind these yield gains include enhanced disease con-
trol and improved supply of nitrogen and water. There 
are, however, other “rotation effects” that are not yet 
fully understood (Kirkegaard et al., 2008). Wheat yields 

F I G U R E  5   Likelihood of mitigated flooding events as a result 
of widespread deployment of grass in crop rotations. Note that 
this is a general indication of how problems with flooding in a 
landscape can be mitigated by increased cultivation of perennials, 
and that there is no distinction made between the different 
deployment scenarios.

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  179ENGLUND et al.

preceded by a break crop have been shown to increase 
from 0.5  t ha−1 (pre-crop: oats) to 1.2  t ha−1 (pre-crop: 
grain legumes) compared to when preceded by wheat 
(Angus et al.,  2015), corresponding to 12%–29% of the 
average wheat yields in 2020. The effect in the second 
wheat harvest after a break crop corresponds to 20%–
60% of that in the first year (Angus et al., 2015). As with 

SOC sequestration rates, confirming overall rotation 
effects on yields requires data from long-term agricul-
tural field trials. In an analysis from seven such trials 
across Europe with consecutive yield data for time pe-
riods ranging 20–55 years, Marini et al.  (2020) show 
that diversified crop rotations including 2–3 years of 
grass/legumes in overall 6- to 7-year rotations provided 
higher yields for both winter and spring cereals (on av-
erage + 0.86 and + 0.39 t ha−1 year−1, respectively), com-
pared with a continuous monoculture of cereals. The 
yield gains were higher, up to around 1 t ha−1 year−1, in 
years with high temperatures and limited precipitation 
(Marini et al., 2020). Diversifying crop rotations thus ap-
pears to be an interesting adaptation measure under a 
changing climate. Angus et al.  (2015) estimate that at 
the global level, 40% of the wheat area is not preceded 
by an effective break crop, forage, or fallow, indicating a 
substantial potential for yield increases. In the EU, cere-
als (primarily wheat) dominate among crops on arable 

F I G U R E  6   Effects on the production of annual crops due to widespread deployment of grass in crop rotations, compared to a reference 
case with annual crops in monoculture. Each cell corresponds to current production of annual crops on 91/100 Mha.

T A B L E  2   Average annual soil organic carbon sequestration 
rate (tC ha−1 year−1) in the three systems where grass is included in 
rotation with annual crops.

System (year grass/year total 
rotation|% grass)

Average annual SOC 
sequestration rate  
(tC ha−1 year−1)

30 years 60 years

2/6|33% 0.11 0.07

3/7|44% 0.14 0.1

4/8|50% 0.16 0.11
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land, but estimates of the potential yield increases from 
diversified crop rotations are lacking.

The food/feed crop displacement effect is further re-
duced when grass biomass is used in biorefineries that can 
produce food or feed along with bioenergy and other bio-
based products (Aristizábal-Marulanda & Alzate,  2019; 
Njakou Djomo et al., 2020; Schmidt et al., 2019). For exam-
ple, lactic acid bacteria can facilitate the use of grass bio-
mass for the production of a protein concentrate, suitable 
for feeding monogastric animals as well as ruminants, 
with multiple co-products (Lübeck & Lübeck, 2019). Trials 
in Denmark show that grass protein with a high protein 
content (47% DM) can substitute for soymeal in pig feed 
without any adverse effects on animal performance or 
meat quality (Santamaría-Fernández & Lübeck,  2020). 
Such solutions using alternatives to high-input and high-
emission annual grain and seed crops as feedstock can 
enable sustainable intensification of agricultural systems 
with reduced environmental impacts (Larsen et al., 2017).

One option for mitigating crop displacement effects is to 
prioritize grass rotations on degraded or low-productivity 
cropland, while prioritizing annual crop production on 
high-productivity lands. While this has not been explicitly 
explored in this study, it relates to what the two scenarios 
entail—that grass production is targeted to cropland with 
the greatest accumulated SOC losses and, consequently, 
to land where the yields are most negatively affected by 
historic land use and cultivation of annual crops can 
be(come) economically challenging. On such lands, grass 
cultivation may be particularly valuable in helping to im-
prove soil quality and enhancing long-term economic via-
bility of annual crop cultivation.

Beyond mitigation of cropland displacement, pro-
tein feed production in Europe can substitute for im-
ported plant protein, mostly soymeal, which is a major 
import commodity to the EU food sector, both in terms 
of volume and use of agricultural land abroad (Poux & 
Aubert,  2018). Since this import is associated with sub-
stantial environmental concerns (deforestation, biodi-
versity loss, extensive pesticide use, etc.), the motives for 
developing a substitute source of feed protein are strong 
(Santamaría-Fernández & Lübeck,  2020). This is high-
lighted by recent efforts by the European Commission to 
support EU-grown plant-based protein use, via support 
schemes in the new CAP and by boosting innovation and 
technology development (European Commission, 2018a). 
Furthermore, the increased target goal in the recent pro-
posal for a revision of the EU Renewable Energy Directive 
(European Commission, 2021), where the share of renew-
able energy should amount to 40% in 2030, is likely to be a 
strong driver for increased production of biogas for heat, 
power, and transportation fuel. Here, the outcome of the 
current process following the European Commission's 

proposal (European Commission,  2021) to revise the 
Renewable Energy Directive (RED) will likely influence 
how investors consider biorefineries. For example, treat-
ment of biogas from biorefineries in the revised RED will 
depend on whether biogas is considered a main product or 
co-product of the biorefinery process.

A prerequisite for widespread deployment of grasses 
in crop rotations is a demand for products that can be 
produced from the grass biomass (Englund, Dimitriou, 
et al.,  2020), although some farmers may consider soil 
quality improvements sufficient motivation. Grass culti-
vation may also be an attractive option where intensive 
annual crop cultivation becomes restricted to protect the 
environment. In other places, incentives such as payments 
for soil carbon sequestration and other environmental 
benefits may be needed (Englund, Dimitriou, et al., 2020). 
Such payment schemes require reliable methods for quan-
tifying environmental effects with high detail, within indi-
vidual landscapes.

Biomass cultivation systems are connected to, and 
interact with, surrounding and supporting systems, for 
example, the soil system and adjacent landscapes. Such 
interactions are not well captured in environmental 
assessments conducted based on life cycle assessment 
(LCA). This is partly because the product-based ap-
proach followed by this method focuses on the output 
of specific provisioning services, and partly because 
key aspects of sustainable agriculture, for example, bet-
ter soil health, lower biodiversity impacts, and lower 
pesticide-use impacts, are generally ignored (van der 
Werf et al.,  2020). Spatial modeling, such as in this 
study, can provide complementary information about 
biomass cultivation systems, including their output in 
terms of provisioning, maintaining, and cultural eco-
system services. Spatial modeling can support assess-
ment of multiple environmental effects from different 
land-use scenarios over a large geographic area while 
quantifying effects at different aggregation levels and 
providing spatially explicit details at multiple scales. 
However, a large geographic area typically comes with 
a loss of precision, as local conditions cannot be fully 
considered (Englund, Börjesson, et al., 2020). Attention 
to more detailed landscape-level analyses (Busch, 2017; 
Ssegane et al., 2015) is thus needed to understand how 
to optimize conditions for biodiversity and multiple eco-
system services, while upholding biomass production.

Finally, achieving substantial environmental bene-
fits and net cropland savings, as illustrated in this arti-
cle, requires that grass biomass replaces annual crops as 
raw material for bio-based products. If the grass biomass 
is instead used to produce new products, for example, to 
displace fossil fuels, the need to produce additional an-
nual crops elsewhere will increase. Given the uncertainty 
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regarding future policy objectives and their effects on mar-
kets for grass biomass and environmental benefits, the ac-
tual effects on the global, or even European, agricultural 
system depends on many factors and transcend regions 
as well as continents. Complementary studies, such as 
integrated assessment modeling, can provide important 
additional insights about the consequences of widespread 
deployment of grass cultivation, on food and feed produc-
tion and markets, energy systems and security, GHG emis-
sions, and environmental benefits.

ACKNOWLEDGMENTS
This publication is the result of a project carried out within 
the collaborative research program Renewable transporta-
tion fuels and systems (Förnybara drivmedel och system), 
Project no. P48364-1, financed by the Swedish Energy 
Agency and f3 Swedish Knowledge Centre for Renewable 
Transportation Fuels. Additional support has been pro-
vided by IEA Bioenergy and the Swedish Energy Agency. 
The authors would also like to thank the anonymous re-
viewers for helpful comments on the manuscript.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

ORCID
Oskar Englund   https://orcid.org/0000-0002-1662-6951 
Blas Mola-Yudego   https://orcid.
org/0000-0003-0286-0170 
Christel Cederberg   https://orcid.
org/0000-0003-1362-6742 
Ioannis Dimitriou   https://orcid.
org/0000-0002-6269-0129 
Göran Berndes   https://orcid.org/0000-0003-1126-6835 

REFERENCES
Alfieri, L., Salamon, P., Bianchi, A., Neal, J., Bates, P., & Feyen, 

L. (2014). Advances in pan-European flood hazard map-
ping. Hydrological Processes, 28(13), 4067–4077. https://doi.
org/10.1002/hyp.9947

Angus, J. F., Kirkegaard, J. A., Hunt, J. R., Ryan, M. H., Ohlander, 
L., & Peoples, M. B. (2015). Break crops and rotations for 
wheat. Crop and Pasture Science, 66(6), 523–552. https://doi.
org/10.1071/CP14252

Aristizábal-Marulanda, V., & Alzate, C. A. C. (2019). Methods 
for designing and assessing biorefineries: Review. Biofuels, 
Bioproducts and Biorefining, 13(3), 789–808. https://doi.
org/10.1002/bbb.1961

Baxter, X. C., Darvell, L. I., Jones, J. M., Barraclough, T., Yates, N. E., 
& Shield, I. (2014). Miscanthus combustion properties and vari-
ations with Miscanthus agronomy. Fuel, 117, 851–869. https://
doi.org/10.1016/j.fuel.2013.09.003

Börjesson, G., Bolinder, M. A., Kirchmann, H., & Kätterer, T. (2018). 
Organic carbon stocks in topsoil and subsoil in long-term ley 

and cereal monoculture rotations. Biology and Fertility of Soils, 
54(4), 549–558. https://doi.org/10.1007/s0037​4-018-1281-x

Börjesson, P., Prade, T., Lantz, M., & Björnsson, L. (2015). Energy 
crop-based biogas as vehicle fuel—The impact of crop selection 
on energy efficiency and greenhouse gas performance. Energies, 
8(6), Article 6. https://doi.org/10.3390/en806​6033, 6033–6058.

Borrelli, P., Lugato, E., Montanarella, L., & Panagos, P. (2017). A new 
assessment of soil loss due to wind erosion in european agricul-
tural soils using a quantitative spatially distributed modelling 
approach. Land Degradation & Development, 28, 335–344.

Busch, G. (2017). A spatial explicit scenario method to support par-
ticipative regional land-use decisions regarding economic and 
ecological options of short rotation coppice (SRC) for renew-
able energy production on arable land: Case study application 
for the Göttingen district, Germany. Energy, Sustainability and 
Society, 7(1), 2–23. https://doi.org/10.1186/s1370​5-017-0105-4

Carlsson, G., Mårtensson, L.-M., Prade, T., Svensson, S.-E., & Jensen, 
E. S. (2016). Perennial species mixtures for multifunctional pro-
duction of biomass on marginal land. GCB Bioenergy, 9(1), 191–
201. https://doi.org/10.1111/gcbb.12373

Christen, B., & Dalgaard, T. (2013). Buffers for biomass production 
in temperate European agriculture: A review and synthesis on 
function, ecosystem services and implementation. Biomass 
and Bioenergy, 55, 53–67. https://doi.org/10.1016/j.biomb​ioe.​
2012.09.053

Christensen, B. T., Rasmussen, J., Eriksen, J., & Hansen, E. M. (2009). 
Soil carbon storage and yields of spring barley following grass 
leys of different age. European Journal of Agronomy, 31(1), 29–35.  
https://doi.org/10.1016/j.eja.2009.02.004

Corona, A., Parajuli, R., Ambye-Jensen, M., Hauschild, M. Z., & 
Birkved, M. (2018). Environmental screening of potential biomass 
for green biorefinery conversion. Journal of Cleaner Production, 
189, 344–357. https://doi.org/10.1016/j.jclep​ro.2018.03.316

Dale, V. H., Kline, K. L., Kaffka, S. R., & Langeveld, J. W. A. (2013). A 
landscape perspective on sustainability of agricultural systems. 
Landscape Ecology, 28(6), 1111–1123. https://doi.org/10.1007/
s1098​0-012-9814-4

DeBoe, G. (2020). Economic and environmental sustainability perfor-
mance of environmental policies in agriculture (No. 140; OECD 
Food, Agriculture and Fisheries Papers). OECD. https://doi.
org/10.1787/3d459​f91-en

Dees, M., Elbersen, B., Fitzgerald, J., Vis, M., Anttila, P., Forsell, 
N., Ramirez-Almeyda, J., Garcia Galindo, D., Glavnojic, B., 
Staritsky, I., Verkerk, H., Prinz, R., Monti, A., Leduc, S., Höhl, 
M., Datta, P., Schrijver, R., Zudin, S., Lindner, M., … Diepen, 
K. (2017). A spatial data base on sustainable biomass cost-
supply of lignocellulosic biomass in Europe—Methods & data 
sources. S2BIOM project report Chair of Remote Sensing and 
Landscape Information Systems, Institute of Forest Sciences, 
University of Freiburg. https://s2biom.wenr.wur.nl/doc/
S2Biom_D1_6_v1_2_FINAL_20_04_2017_CP.pdf

EEA. (2021). Greenhouse gas emissions by source sector. European 
Environment Agency (EEA). https://appsso.euros​tat.ec.eu-
ropa.eu/nui/submi​tView​Table​Action.do

Englund, O. (2022a). MF-bio-grass: Model for exploring multiple effects 
of large-scale deployment of grass in crop-rotations in Europe. 
Github Repository. https://github.com/osken​g/MF-bio-​grass

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-1662-6951
https://orcid.org/0000-0002-1662-6951
https://orcid.org/0000-0003-0286-0170
https://orcid.org/0000-0003-0286-0170
https://orcid.org/0000-0003-0286-0170
https://orcid.org/0000-0003-1362-6742
https://orcid.org/0000-0003-1362-6742
https://orcid.org/0000-0003-1362-6742
https://orcid.org/0000-0002-6269-0129
https://orcid.org/0000-0002-6269-0129
https://orcid.org/0000-0002-6269-0129
https://orcid.org/0000-0003-1126-6835
https://orcid.org/0000-0003-1126-6835
https://doi.org/10.1002/hyp.9947
https://doi.org/10.1002/hyp.9947
https://doi.org/10.1071/CP14252
https://doi.org/10.1071/CP14252
https://doi.org/10.1002/bbb.1961
https://doi.org/10.1002/bbb.1961
https://doi.org/10.1016/j.fuel.2013.09.003
https://doi.org/10.1016/j.fuel.2013.09.003
https://doi.org/10.1007/s00374-018-1281-x
https://doi.org/10.3390/en8066033
https://doi.org/10.1186/s13705-017-0105-4
https://doi.org/10.1111/gcbb.12373
https://doi.org/10.1016/j.biombioe.2012.09.053
https://doi.org/10.1016/j.biombioe.2012.09.053
https://doi.org/10.1016/j.eja.2009.02.004
https://doi.org/10.1016/j.jclepro.2018.03.316
https://doi.org/10.1007/s10980-012-9814-4
https://doi.org/10.1007/s10980-012-9814-4
https://doi.org/10.1787/3d459f91-en
https://doi.org/10.1787/3d459f91-en
https://s2biom.wenr.wur.nl/doc/S2Biom_D1_6_v1_2_FINAL_20_04_2017_CP.pdf
https://s2biom.wenr.wur.nl/doc/S2Biom_D1_6_v1_2_FINAL_20_04_2017_CP.pdf
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do
https://github.com/oskeng/MF-bio-grass


182  |      ENGLUND et al.

Englund, O. (2022b). Input data to model multiple effects of large-
scale deployment of grass in crop-rotations at European scale. 
Dataset. Dryad. https://doi.org/10.5061/dryad.18931​zd1m

Englund, O., Berndes, G., & Cederberg, C. (2017). How to anal-
yse ecosystem services in landscapes—A systematic review. 
Ecological Indicators, 73, 492–504. https://doi.org/10.1016/j.
ecoli​nd.2016.10.009

Englund, O., Börjesson, P., Berndes, G., Scarlat, N., Dallemand, J.-F., 
Grizzetti, B., Dimitriou, I., Mola-Yudego, B., & Fahl, F. (2020). 
Beneficial land use change: Strategic expansion of new biomass 
plantations can reduce environmental impacts from EU agri-
culture. Global Environmental Change, 60, 101990. https://doi.
org/10.1016/j.gloen​vcha.2019.101990

Englund, O., Börjesson, P., Mola-Yudego, B., Berndes, G., Dimitriou, I., 
Cederberg, C., & Scarlat, N. (2021). Strategic deployment of ripar-
ian buffers and windbreaks in Europe can co-deliver biomass and 
environmental benefits. Communications Earth & Environment, 
2(1), 1–18. https://doi.org/10.1038/s4324​7-021-00247​-y

Englund, O., Dimitriou, I., Dale, V. H., Kline, K. L., Mola-Yudego, 
B., Murphy, F., English, B., McGrath, J., Busch, G., Negri, M. 
C., Brown, M., Goss, K., Jackson, S., Parish, E. S., Cacho, J., 
Zumpf, C., Quinn, J., & Mishra, S. K. (2020). Multifunctional 
perennial production systems for bioenergy: Performance and 
progress. WIREs Energy and Environment, 9(5), e375. https://
doi.org/10.1002/wene.375

European Commission. (2009). EU (2009) Directive 2009/28/EC of 
the European parliament and of the council of 23 April 2009 
on the promotion of the use of energy from renewable sources 
and amending and subsequently repealing directives 2001/77/
EC and 2003/30/EC. European Commission.

European Commission. (2018a). COM (2018) 392. Proposal for a 
regulation of the European Parliament and of the council es-
tablishing rules on support for strategic plans to be drawn 
up by member states under the common agricultural policy 
(CAP strategic plans) and financed by the European agricul-
tural guarantee fund (EAGF) and by the European agricultural 
Fund for Rural Development (EAFRD) and repealing regula-
tion (EU) No 1305/2013 of the European Parliament and of the 
council and regulation (EU) No 1307/2013 of the European 
Parliament and of the council. European Commission. https://
eur-lex.europa.eu/legal​-conte​nt/EN/TXT/?uri=COM%3A201​
8%3A392​%3AFIN

European Commission. (2018b). Directive (EU) 2018/2001 of the 
European Parliament and of the Council of 11 December 
2018 on the promotion of the use of energy from renewable 
sources (recast). European Commission. https://eur-lex.
europa.eu/legal​-conte​nt/EN/TXT/PDF/?uri=CELEX​:32018​
L2001​&from=EN

European Commission. (2019). Communication from the commission 
the European green Deal. European Commission. https://eur-lex.
europa.eu/legal​-conte​nt/EN/TXT/?uri=COM:2019:​640:FIN

European Commission. (2020a). COM(2020) 380 final. 
Communication from the Commission to the European 
Parliament, the European council, the council, the European 
Economic and Social Committee, and the Committee of the 
Regions. EU biodiversity strategy for 2030 bringing nature back 
into our lives. European Commission. https://eur-lex.europa.
eu/legal​-conte​nt/EN/TXT/?uri=CELEX​:52020​DC0380

European Commission. (2020b). COM/2020/381 final. Communication 
from the Commission to the European Parliament, the European 

Council, the Council, the European Economic and Social 
Committee, and the Committee of the Regions. A farm to fork 
strategy for a fair, healthy and environmentally-friendly food 
system. European Commission. https://eur-lex.europa.eu/legal-
conte​nt/EN/TXT/?uri=CELEX​:52020​DC0381

European Commission. (2021). COM(2021) 557 final: Proposal for a 
directive of the European Parliament and of the Council amend-
ing Directive (EU) 2018/2001 of the European Parliament and 
of the Council, regulation (EU) 2018/1999 of the European 
Parliament and of the council and Directive 98/70/EC of the 
European Parliament and of the Council as regards the promo-
tion of energy from renewable sources, and repealing Council 
Directive (EU) 2015/652. European Commission.

European Environment Agency. (2012). European catchments and 
Rivers network system (Ecrins), v.1.1. Publications Office of the 
European Union. https://www.eea.europa.eu/data-and-maps/
data/europ​ean-catch​ments​-and-river​s-network

Ferrarini, A., Serra, P., Almagro, M., Trevisan, M., & Amaducci, S. 
(2017). Multiple ecosystem services provision and biomass lo-
gistics management in bioenergy buffers: A state-of-the-art re-
view. Renewable and Sustainable Energy Reviews, 73, 277–290. 
https://doi.org/10.1016/j.rser.2017.01.052

Fryrear, D. W., Bilbro, J. D., Saleh, A., Schomberg, H., Stout, J. E., 
& Zobeck, T. M. (2000). RWEQ: Improved wind erosion tech-
nology. Journal of Soil and Water Conservation, 55(2), 183–189.

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W. W., Emmerson, 
M., Morales, M. B., Ceryngier, P., Liira, J., Tscharntke, T., 
Winqvist, C., Eggers, S., Bommarco, R., Pärt, T., Bretagnolle, 
V., Plantegenest, M., Clement, L. W., Dennis, C., Palmer, C., 
Oñate, J. J., … Inchausti, P. (2010). Persistent negative effects 
of pesticides on biodiversity and biological control potential on 
European farmland. Basic and Applied Ecology, 11(2), 97–105. 
https://doi.org/10.1016/j.baae.2009.12.001

GRASS Development Team. (2020). Geographic resources analysis 
support system (GRASS GIS) software, version 7.8. Open Source 
Geospatial Foundation. http://grass.osgeo.org

Grizzetti, B., Bouraoui, F., & Aloe, A. (2012). Changes of ni-
trogen and phosphorus loads to European seas. Global 
Change Biology, 18(2), 769–782. https://doi.org/10.1111/j.​
1365-2486.2011.02576.x

IPBES. (2019). Global assessment report on biodiversity and ecosys-
tem services of the intergovernmental science-policy platform 
on biodiversity and ecosystem services. 1148. IPBES Secretariat. 
https://doi.org/10.5281/zenodo.3831673

IPCC. (2019a). In P. R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-
Delmotte, H. O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. 
Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. 
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. 
Huntley, K. Kissick, M. Belkacemi, J. Malley (Eds.), Climate 
change and land: An IPCC special report on climate change, de-
sertification, land degradation, sustainable land management, 
food security, and greenhouse gas fluxes in terrestrial ecosys-
tems. IPCC. https://www.ipcc.ch/site/asset​s/uploa​ds/2019/11/
SRCCL​-Full-Repor​t-Compi​led-191128.pdf

IPCC. (2019b). Refinement to the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories. IPCC. https://www.ipcc.ch/report/​
2019-refin​ement​-to-the-2006-ipcc-guide​lines​-for-natio​nal-
green​house​-gas-inven​torie​s/

IPCC. (2021). Climate change 2021: The physical science basis. 
Contribution of Working Group I to the Sixth Assessment 

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5061/dryad.18931zd1m
https://doi.org/10.1016/j.ecolind.2016.10.009
https://doi.org/10.1016/j.ecolind.2016.10.009
https://doi.org/10.1016/j.gloenvcha.2019.101990
https://doi.org/10.1016/j.gloenvcha.2019.101990
https://doi.org/10.1038/s43247-021-00247-y
https://doi.org/10.1002/wene.375
https://doi.org/10.1002/wene.375
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2018%3A392%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2018%3A392%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2018%3A392%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L2001&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L2001&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L2001&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0380
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0380
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0381
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0381
https://www.eea.europa.eu/data-and-maps/data/european-catchments-and-rivers-network
https://www.eea.europa.eu/data-and-maps/data/european-catchments-and-rivers-network
https://doi.org/10.1016/j.rser.2017.01.052
https://doi.org/10.1016/j.baae.2009.12.001
http://grass.osgeo.org
https://doi.org/10.1111/j.1365-2486.2011.02576.x
https://doi.org/10.1111/j.1365-2486.2011.02576.x
https://doi.org/10.5281/zenodo.3831673
https://www.ipcc.ch/site/assets/uploads/2019/11/SRCCL-Full-Report-Compiled-191128.pdf
https://www.ipcc.ch/site/assets/uploads/2019/11/SRCCL-Full-Report-Compiled-191128.pdf
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/


      |  183ENGLUND et al.

Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press.

IPCC. (2022). Climate change 2022: Mitigation of climate change. 
Contribution of Working Group II to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. Cambridge 
University Press. https://www.ipcc.ch/repor​t/ar6/wg3

Jarvis, N., Forkman, J., Koestel, J., Kätterer, T., Larsbo, M., & Taylor, 
A. (2017). Long-term effects of grass-clover leys on the struc-
ture of a silt loam soil in a cold climate. Agriculture, Ecosystems 
& Environment, 247, 319–328. https://doi.org/10.1016/j.
agee.2017.06.042

Johnston, A. E., Poulton, P. R., Coleman, K., Macdonald, A. J., & 
White, R. P. (2017). Changes in soil organic matter over 70 years 
in continuous arable and ley–arable rotations on a sandy loam 
soil in England. European Journal of Soil Science, 68(3), 305–
316. https://doi.org/10.1111/ejss.12415

Kirkegaard, J., Christen, O., Krupinsky, J., & Layzell, D. (2008). 
Break crop benefits in temperate wheat production. Field 
Crops Research, 107(3), 185–195. https://doi.org/10.1016/j.
fcr.2008.02.010

Larsen, S., Bentsen, N. S., Dalgaard, T., Jørgensen, U., Olesen, J. E., & 
Felby, C. (2017). Possibilities for near-term bioenergy production 
and GHG-mitigation through sustainable intensification of agri-
culture and forestry in Denmark. Environmental Research Letters, 
12(11), 114032. https://doi.org/10.1088/1748-9326/aa9001

Lübeck, M., & Lübeck, P. S. (2019). Application of lactic acid bac-
teria in green biorefineries. FEMS Microbiology Letters, 366(3), 
fnz024. https://doi.org/10.1093/femsl​e/fnz024

Lugato, E., Bampa, F., Panagos, P., Montanarella, L., & Jones, A. 
(2014). Potential carbon sequestration of European arable soils 
estimated by modelling a comprehensive set of management 
practices. Global Change Biology, 20(11), 3557–3567. https://
doi.org/10.1111/gcb.12551

Lugato, E., Cescatti, A., Jones, A., Ceccherini, G., & Duveiller, G. 
(2020). Maximising climate mitigation potential by carbon 
and radiative agricultural land management with cover crops. 
Environmental Research Letters, 15(9), 094075. https://doi.
org/10.1088/1748-9326/aba137

Manevski, K., Lærke, P. E., Olesen, J. E., & Jørgensen, U. (2018). 
Nitrogen balances of innovative cropping systems for feed-
stock production to future biorefineries. Science of the Total 
Environment, 633, 372–390. https://doi.org/10.1016/j.scito​
tenv.2018.03.155

Marini, L., St-Martin, A., Vico, G., Baldoni, G., Berti, A., 
Blecharczyk, A., Malecka-Jankowiak, I., Morari, F., Sawinska, 
Z., & Bommarco, R. (2020). Crop rotations sustain cereal yields 
under a changing climate. Environmental Research Letters, 
15(12), 124011. https://doi.org/10.1088/1748-9326/abc651

Martin, G., Durand, J.-L., Duru, M., Gastal, F., Julier, B., Litrico, I., 
Louarn, G., Médiène, S., Moreau, D., Valentin-Morison, M., 
Novak, S., Parnaudeau, V., Paschalidou, F., Vertès, F., Voisin, 
A.-S., Cellier, P., & Jeuffroy, M.-H. (2020). Role of ley pas-
tures in tomorrow's cropping systems. A review. Agronomy for 
Sustainable Development, 40(3), 17. https://doi.org/10.1007/
s1359​3-020-00620​-9

Minx, J. C., Lamb, W. F., Callaghan, M. W., Fuss, S., Hilaire, 
J., Creutzig, F., Amann, T., Beringer, T., de Garcia, W. O., 
Hartmann, J., Khanna, T., Lenzi, D., Luderer, G., Nemet, G. F., 
Rogelj, J., Smith, P., Vicente, J. L. V., Wilcox, J., & del Dominguez, 
M. Z. (2018). Negative emissions—Part 1: Research landscape 

and synthesis. Environmental Research Letters, 13(6), 063001. 
https://doi.org/10.1088/1748-9326/aabf9b

Moyo, H., Davies, W. P., Cannon, N. D., & Conway, J. S. (2016). 
Influences of two-year red clover-grass ley management 
on nitrogen economy and following wheat performance. 
Biological Agriculture & Horticulture, 32(2), 98–109. https://doi.
org/10.1080/01448​765.2015.1057865

Njakou Djomo, S. N., Knudsen, M. T., Martinsen, L., Andersen, 
M. S., Ambye-Jensen, M., Møller, H. B., & Hermansen, J. 
E. (2020). Green proteins: An energy-efficient solution for 
increased self-sufficiency in protein in Europe. Biofuels, 
Bioproducts and Biorefining, 14(3), 605–619. https://doi.
org/10.1002/bbb.2098

Nordborg, M., Davis, J., Cederberg, C., & Woodhouse, A. (2017). 
Freshwater ecotoxicity impacts from pesticide use in animal 
and vegetable foods produced in Sweden. Science of the Total 
Environment, 581–582, 448–459. https://doi.org/10.1016/j.scito​
tenv.2016.12.153

Poux, X., & Aubert, P.-M. (2018). An agroecological Europe in 2050: 
Multifunctional agriculture for healthy eating. Findings from the 
Ten Years For Agroecology (TYFA) modelling exercise. Institut 
du développement durable et des relations internationales. 
https://www.iddri.org/sites/​defau​lt/files/​PDF/Publi​catio​ns/
Catal​ogue%20Idd​ri/Etude/​20180​9-ST091​8EN-tyfa.pdf

Prade, T., Kätterer, T., & Björnsson, L. (2017). Including a one-year 
grass ley increases soil organic carbon and decreases green-
house gas emissions from cereal-dominated rotations—A 
Swedish farm case study. Biosystems Engineering, 164, 200–212. 
https://doi.org/10.1016/j.biosy​stems​eng.2017.10.016

Prussi, M, Yugo, M, De Prada, L, Padella, M, Edwards, R, & Lonza, 
L. (2020). JRC Well-to-Tank report v5, EUR 30269 EN (No. 
JRC119036). https://doi.org/10.2760/959137

QGIS.org. (2020). QGIS geographic information system v. 3.12. Open 
Source Geospatial Foundation Project.

Santamaría-Fernández, M., & Lübeck, M. (2020). Production of leaf 
protein concentrates in green biorefineries as alternative feed 
for monogastric animals. Animal Feed Science and Technology, 
268, 114605. https://doi.org/10.1016/j.anife​edsci.2020.114605

Schmidt, H.-P., Anca-Couce, A., Hagemann, N., Werner, C., Gerten, 
D., Lucht, W., & Kammann, C. (2019). Pyrogenic carbon cap-
ture and storage. GCB Bioenergy, 11(4), 573–591. https://doi.
org/10.1111/gcbb.12553

Sirami, C., Gross, N., Baillod, A. B., Bertrand, C., Carrié, R., Hass, A., 
Henckel, L., Miguet, P., Vuillot, C., Alignier, A., Girard, J., Batáry, 
P., Clough, Y., Violle, C., Giralt, D., Bota, G., Badenhausser, I., 
Lefebvre, G., Gauffre, B., … Fahrig, L. (2019). Increasing crop 
heterogeneity enhances multitrophic diversity across agricul-
tural regions. Proceedings of the National Academy of Sciences 
of the USA, 116(33), 16442–16447. https://doi.org/10.1073/
pnas.19064​19116

Smith, P. (2012). Soils and climate change. Current Opinion in 
Environmental Sustainability, 4(5), 539–544. https://doi.
org/10.1016/j.cosust.2012.06.005

Solati, Z., Jørgensen, U., Eriksen, J., & Søegaard, K. (2017). Dry 
matter yield, chemical composition and estimated extractable 
protein of legume and grass species during the spring growth. 
Journal of the Science of Food and Agriculture, 97(12), 3958–
3966. https://doi.org/10.1002/jsfa.8258

Ssegane, H., Negri, M. C., Quinn, J., & Urgun-Demirtas, M. 
(2015). Multifunctional landscapes: Site characterization and 

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ipcc.ch/report/ar6/wg3
https://doi.org/10.1016/j.agee.2017.06.042
https://doi.org/10.1016/j.agee.2017.06.042
https://doi.org/10.1111/ejss.12415
https://doi.org/10.1016/j.fcr.2008.02.010
https://doi.org/10.1016/j.fcr.2008.02.010
https://doi.org/10.1088/1748-9326/aa9001
https://doi.org/10.1093/femsle/fnz024
https://doi.org/10.1111/gcb.12551
https://doi.org/10.1111/gcb.12551
https://doi.org/10.1088/1748-9326/aba137
https://doi.org/10.1088/1748-9326/aba137
https://doi.org/10.1016/j.scitotenv.2018.03.155
https://doi.org/10.1016/j.scitotenv.2018.03.155
https://doi.org/10.1088/1748-9326/abc651
https://doi.org/10.1007/s13593-020-00620-9
https://doi.org/10.1007/s13593-020-00620-9
https://doi.org/10.1088/1748-9326/aabf9b
https://doi.org/10.1080/01448765.2015.1057865
https://doi.org/10.1080/01448765.2015.1057865
https://doi.org/10.1002/bbb.2098
https://doi.org/10.1002/bbb.2098
https://doi.org/10.1016/j.scitotenv.2016.12.153
https://doi.org/10.1016/j.scitotenv.2016.12.153
https://www.iddri.org/sites/default/files/PDF/Publications/CatalogueIddri/Etude/201809-ST0918EN-tyfa.pdf
https://www.iddri.org/sites/default/files/PDF/Publications/CatalogueIddri/Etude/201809-ST0918EN-tyfa.pdf
https://doi.org/10.1016/j.biosystemseng.2017.10.016
https://doi.org/10.2760/959137
https://doi.org/10.1016/j.anifeedsci.2020.114605
https://doi.org/10.1111/gcbb.12553
https://doi.org/10.1111/gcbb.12553
https://doi.org/10.1073/pnas.1906419116
https://doi.org/10.1073/pnas.1906419116
https://doi.org/10.1016/j.cosust.2012.06.005
https://doi.org/10.1016/j.cosust.2012.06.005
https://doi.org/10.1002/jsfa.8258


184  |      ENGLUND et al.

field-scale design to incorporate biomass production into an ag-
ricultural system. Biomass and Bioenergy, 80, 179–190. https://
doi.org/10.1016/j.biomb​ioe.2015.04.012

Styles, D., Börjesson, P., D'Hertefeldt, T., Birkhofer, K., Dauber, 
J., Adams, P., Patil, S., Pagella, T., Pettersson, L. B., Peck, P., 
Vaneeckhaute, C., & Rosenqvist, H. (2016). Climate regulation, 
energy provisioning and water purification: Quantifying eco-
system service delivery of bioenergy willow grown on riparian 
buffer zones using life cycle assessment. Ambio, 45(8), 872–884. 
https://doi.org/10.1007/s1328​0-016-0790-9

Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., & Polasky, 
S. (2002). Agricultural sustainability and intensive production 
practices. Nature, 418(6898), 671–677. https://doi.org/10.1038/
natur​e01014

Urruty, N., Deveaud, T., Guyomard, H., & Boiffin, J. (2016). Impacts 
of agricultural land use changes on pesticide use in French ag-
riculture. European Journal of Agronomy, 80, 113–123. https://
doi.org/10.1016/j.eja.2016.07.004

van der Werf, H. M. G., Knudsen, M. T., & Cederberg, C. (2020). 
Towards better representation of organic agriculture in life 
cycle assessment. Nature Sustainability, 3(6), 419–425. https://
doi.org/10.1038/s4189​3-020-0489-6

Zhao, Y., Liu, Z., & Wu, J. (2020). Grassland ecosystem services: A 
systematic review of research advances and future directions. 
Landscape Ecology, 35(4), 793–814. https://doi.org/10.1007/
s1098​0-020-00980​-3

SUPPORTING INFORMATION
Additional supporting information can be found online in 
the Supporting Information section at the end of this article.

How to cite this article: Englund, O., Mola-Yudego,  
B., Börjesson, P., Cederberg, C., Dimitriou, I., 
Scarlat, N., & Berndes, G. (2023). Large-scale 
deployment of grass in crop rotations as a 
multifunctional climate mitigation strategy.  
GCB Bioenergy, 15, 166–184. https://doi.
org/10.1111/gcbb.13015

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13015 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.biombioe.2015.04.012
https://doi.org/10.1016/j.biombioe.2015.04.012
https://doi.org/10.1007/s13280-016-0790-9
https://doi.org/10.1038/nature01014
https://doi.org/10.1038/nature01014
https://doi.org/10.1016/j.eja.2016.07.004
https://doi.org/10.1016/j.eja.2016.07.004
https://doi.org/10.1038/s41893-020-0489-6
https://doi.org/10.1038/s41893-020-0489-6
https://doi.org/10.1007/s10980-020-00980-3
https://doi.org/10.1007/s10980-020-00980-3
https://doi.org/10.1111/gcbb.13015
https://doi.org/10.1111/gcbb.13015

	Large-­scale deployment of grass in crop rotations as a multifunctional climate mitigation strategy
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Grass production in crop rotation systems and scenarios for widespread deployment
	2.2|Grassland area and corresponding biomass and protein production
	2.3|Biogas production and GHG savings from fossil fuel substitution
	2.4|Effects on soil organic carbon
	2.5|Environmental co-­benefits
	2.6|Impacts on crop production
	2.7|Uncertainties and limitations

	3|RESULTS
	3.1|Co-­benefits
	3.2|Impacts on crop production

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


