
Science of the Total Environment 918 (2024) 170629

Available online 4 February 2024
0048-9697/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Cover crop cultivation strategies in a Scandinavian context for climate 
change mitigation and biogas production – Insights from a life 
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• The life cycle climate impact of cover 
crop cultivation was quantified. 

• Trade-off between soil carbon seques-
tration and N2O emissions was 
investigated. 

• N2O emission factor for oilseed radish 
cover crop was estimated. 

• Harvesting the cover crop for biogas 
production increased the mitigation 
potential. 

• Results showed high sensitivity to the 
timing of cover crop establishment.  
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A B S T R A C T   

Cover crop cultivation can be a vital strategy for mitigating climate change in agriculture, by increasing soil 
carbon stocks and resource efficiency within the cropping system. Another mitigation option is to harvest the 
cover crop and use the biomass to replace greenhouse gas-intensive products, such as fossil fuels. Harvesting 
cover crop biomass could also reduce the risk of elevated N2O emissions associated with cover crop cultivation 
under certain conditions, which would offset much of the mitigation potential. However, harvesting cover crops 
also reduces soil carbon sequestration potential, as biomass is removed from the field, and cultivation of cover 
crops requires additional field operations that generate greenhouse gas emissions. To explore these synergies and 
trade-offs, this study investigated the life cycle climate effect of cultivating an oilseed radish cover crop under 
different management strategies in southern Scandinavia. Three alternative scenarios (Incorporation of biomass 
into soil; Mowing and harvesting aboveground biomass; Uprooting and harvesting above- and belowground 
biomass) were compared with a reference scenario with no cover crop. Harvested biomass in the Mowing and 
Uprooting scenarios was assumed to be transported to a biogas plant for conversion to upgraded biogas, with the 
digestate returned to the field as an organic fertiliser for the subsequent crop. The climate change mitigation 
potential of cover crop cultivation was found to be 0.056, 0.58 and 0.93 Mg CO2-eq ha− 1 in the Incorporation, 
Mowing and Uprooting scenario, respectively. The Incorporation scenario resulted in the highest soil carbon 
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sequestration, but also the greatest soil N2O emissions. Substitution of fossil diesel showed considerable miti-
gation potential, especially in the Uprooting scenario, where biogas production was highest. Sensitivity analysis 
revealed a strong impact of time of cover crop establishment, with earlier establishment leading to greater 
biomass production and thus greater mitigation potential.   

1. Introduction 

Strategies for removing and isolating greenhouse gases (GHGs) from 
the atmosphere in order to mitigate climate change are a critical 
component of work to meet the Paris Agreement targets (Babiker et al., 
2022). Such strategies include soil organic carbon (SOC) sequestration, 
which is cost-efficient and has considerable mitigation potential (Min-
asny et al., 2017; Minx et al., 2018). One way to increase SOC stocks is to 
include cover crops (CC), also known as intermediate crops or catch 
crops, in cropping systems (Abdalla et al., 2019; Poeplau and Don, 
2015). Cover crops are grown between main crops in a crop rotation, 
primarily to reduce nutrient leaching and improve soil quality, but can 
also have positive effects on biodiversity and help control weeds and 
pests (Blanco-Canqui et al., 2015; Constantin et al., 2010; Ellis and 
Barbercheck, 2015; Torstensson and Aronsson, 2000; Wilcoxen et al., 
2018). According to Schipanski et al. (2014), CCs can improve the long- 
term resilience of cropping systems by promoting yield stability and 
reducing dependence on agronomic inputs, such as synthetic pesticides 
and fuels for tillage and cultivation. However, while some studies have 
shown that CCs reduce emissions of the potent GHG nitrous oxide (N2O) 
(Aziz, 2022; Foltz et al., 2021), CC cultivation may also result in elevated 
emissions of N2O (Guenet et al., 2021; Li et al., 2005, 2015). In a study 
conducted by Petersen et al. (2011), N2O emissions more than doubled 
for CC cultivation compared with leaving the field bare over winter. The 
risk of elevated N2O emissions is particularly high during freeze-thaw 
events in winter that cause nitrogen (N) and carbon (C) in CC biomass 
to be released into the soil in conditions favouring high denitrification 
levels (Olofsson and Ernfors, 2022). This can offset the climate mitiga-
tion effect achieved by increased SOC stock. Although CC cultivation is 
often recommended as a measure to reduce the climate impact of agri-
cultural systems, few studies have quantified the effect, including all 
important emissions. 

In high-latitude conditions, with a short growing season, CCs are 
normally left unharvested (Hansson et al., 2021). However, harvesting 
CCs could reduce the trade-off between SOC sequestration and N2O 
emissions, since N is removed from the field before conditions become 
favourable for denitrification (Guenet et al., 2021) and since the 
contribution to long-term C storage is primarily from belowground 
biomass (Kätterer et al., 2011). However, the relationship between SOC 
sequestration and N2O emissions in different CC cropping regimes first 
needs to be assessed (Launay et al., 2022). Harvesting CCs can increase 
resource efficiency in cropping systems by generating additional 
biomass, which can be used e.g. for fodder (Andersen et al., 2020), 
extraction of plant proteins (Muneer et al., 2021) or as substrate in 
biogas production (Launay et al., 2022). Biogas is a competitive form of 
renewable energy, while the digestate from biogas production can be 
used as fertiliser, so the CC system can provide further environmental 
benefits by replacing GHG-intensive synthetic fertilisers and fossil fuel. 
Improved resource efficiency can also benefit the agricultural sector by 
decreasing reliance on imported fuel and synthetic fertilisers, which is 
especially relevant in light of the current geopolitical situation in Europe 
(World Bank, 2022). Unlike dedicated energy crops, CCs are currently 
not regarded as competing with food production (Molinuevo-Salces 
et al., 2013; Prade et al., 2017; Styles et al., 2015). As a result, CCs are 
approved as biofuel substrates with potential tax exemptions in line with 
the European Union's renewable energy directive (RED), as long as CC 
cultivation “does not trigger demand for additional land” (EU, 2018). 

To accurately account for the environmental impacts associated with 
different CC management options, it is essential to assess the entire life 

cycle of the system, including all relevant processes and inputs. Life 
cycle assessment (LCA) is a suitable comprehensive approach for such 
analysis, by evaluating all emissions and fluxes generated throughout 
the life cycle of a product or process (Cherubini and Strømman, 2011) 
and is a widely recognised method used by policymakers in both the 
public and private sectors (Brandão et al., 2022). Numerous LCA studies 
have been conducted on biogas systems using agricultural biomass as 
substrate (Hijazi et al., 2016), but only a few peer-reviewed studies have 
examined the life cycle climate footprint of CCs, and even fewer have 
investigated the synergies of combining these two systems (Launay 
et al., 2022). 

The main aim of this study was to investigate the potential climate 
effect of cultivating CCs in different biomass management scenarios in a 
southern Scandinavian context. The model CC chosen was oilseed radish 
(Raphanus sativus), which is commonly used in Scandinavia owing to its 
fast growth rate, a particularly important trait in regions with a short 
vegetation period, and its deep roots that efficiently scavenge the soil for 
N and can help alleviate the effects of soil compaction (Norberg and 
Aronsson, 2020; Williams and Weil, 2004). However, due to its frost 
sensitivity, oilseed radish may be more susceptible to spikes in N2O 
emissions during freeze-thaw events than other frost-tolerant CCs 
(Dörsch, 2000; Li et al., 2015; Olofsson and Ernfors, 2022). The biomass 
management scenarios compared were: (1) harvesting aboveground CC 
biomass for use in biogas production, by cutting; (2) harvesting above-
ground and belowground CC biomass for use in biogas production, by 
pulling the plants out of the soil; (3) leaving the CC unharvested; and (4) 
no CC (reference scenario). The analyses specifically considered the 
relationship between SOC sequestration and soil-borne N2O emissions 
and aimed to identify critical processes within the system making 
important contributions to the GHG balance. 

2. Materials and methods 

The study consisted of two parts. First, a field experiment was con-
ducted in which oilseed radish CCs were established at different times 
(early to late). A systems study was then conducted to assess the climate 
footprints of different management strategies in CC cultivation, with the 
analysis based on biomass growth and N content data obtained from the 
field experiment and from the literature. 

2.1. Field experiment 

Field experiments were conducted in 2018 and 2019 to obtain data 
on biomass growth and N content of cultivated oilseed radish for use in 
further assessments. A short summary can be found in Supplementary 
Material (SM) to this paper and full details in Hansson et al. (2021) and 
Prade et al. (2022). The oilseed radish was grown without fertiliser as a 
sole CC, i.e. it was not mixed with other CC species. It was established 
after harvest of the preceding crop and terminated later in the autumn 
(Table S1 in SM). The plots in the field experiments were randomised 
and repeated in three blocks. Different dates for establishing the CC were 
investigated (early July (Early), late July (Medium), late August (Late)), 
with the CC sown at a seed rate of 15 kg ha− 1 in all cases. The impact of 
establishment date was further explored in sensitivity analysis (see 
Section 2.4.1). 

Aboveground biomass was hand-harvested in an area of 0.25 m2 (4 
rows 50 cm in length, 12.5 cm row spacing), leaving 10 cm of stubble. 
The biomass was dried at 65 ◦C for around 48 h to constant weight. 
Biomass yield was determined as amount of dry matter (DM, t ha− 1). To 
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investigate the relationship between aboveground and belowground 
biomass, and that between stubble and harvested biomass, at 10 cm 
stubble height, 5–10 plants were dug up in each plot and separated into 
three fractions; roots (belowground), stubble (0–10 cm above ground) 
and harvested biomass (>10 cm above ground). To obtain the below-
ground fraction, all roots were extracted from the 0–20 cm soil layer. 
The field experiments were performed on sandy soil and therefore, even 
relatively fine roots were recovered. However, very fine roots were lost 
in the procedure, resulting in relatively conservative estimates of C 
contributions from the belowground fraction. The biomass was dried at 
65 ◦C for around 48 h to constant weight. Representative subsamples of 
10–20 g from both the harvest fraction and the root fraction were milled 
in an IKA knife grinder. Depending on expected N content, 3–8 mg ±
0.50 mg of plant material were used for C/N analysis. 

The total content of C and N in the oilseed radish harvest fraction and 
root fraction was analysed using an elemental analyser (Flash 2000, 
Thermo Scientific) with external standards acetanilide (N-phenyl-
acetamide) and known reference samples for quantification, see SM for 
details. The C concentration obtained was used to correct for contami-
nation of the plant material with soil particles, by adjusting the weight of 
the plant material to a reference C content of 42.5 % (Ma et al., 2018). 
The N content was corrected similarly with the ratio between measured 
C and reference C content. 

2.2. Systems study 

The system boundary for the analysis was set from harvest of the 
preceding crop to fertiliser application in the subsequent crop (Fig. 1). In 
the climate footprint assessment, a Reference scenario, in which the field 
was assumed to be left bare during winter, was compared with three 
alternative cover cropping scenarios: 

Incorporation: The CC was left in the field during winter and 
ploughed under and incorporated into the soil in spring. 

Mowing: Aboveground CC biomass was harvested in the autumn, by 
mowing. 

Uprooting: Both aboveground and parts of belowground CC biomass 
were harvested in the autumn. 

In the Mowing and Uprooting scenarios, the harvested biomass was 

assumed to be transported to a biogas plant, where it was converted into 
upgraded biomethane that was used to replace fossil diesel as vehicle 
fuel. Identical processes in the Reference and alternative scenarios, such 
as seed production, sowing of main crops and ploughing after CC, were 
omitted from the calculations. 

The CC system was divided into two subsystems, Land Use and Fuel 
Production and Substitution (Fig. 1). Net emissions (E) leaving the system 
boundary were calculated as the difference between each alternative 
scenario and the Reference scenario: 

ETot i = ELUSi − ELUR
⏞̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅⏞

EΔLU i

+EFPSi − ESub

⏞̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅⏞
EΔFPi

(1)  

where ETot i is total net GHG emissions in alternative scenario i, ELUSi is 
emissions from the Land Use subsystem in alternative scenario i, ELUR is 
emissions from the Reference scenario in the Land Use subsystem, EΔLUi is 
net emissions from the Land Use subsystem for alternative scenario i (i.e. 
the difference between the alternative scenario and the Reference sce-
nario), EFPSi is emissions from production and use of biomethane in 
alternative scenario i, ESub is emissions from production and use of the 
fossil diesel replaced by biomethane produced in system i, and EΔFPi is 
net emissions from the subsystem Fuel Production and Substitution. 

2.2.1. Land use subsystem 
The Land Use subsystem comprised emissions from agricultural field 

operations and soil processes affecting the GHG balance, such as soil C 
and N2O fluxes. In all alternative scenarios, the CC was assumed to be 
sown immediately after ploughing, following the preceding crop. In the 
Incorporation scenario, the CC was left standing until spring, while in the 
Mowing and Uprooting scenarios it was harvested by mowing and 
uprooting, respectively, in late autumn. A machine for uprooting similar 
to that used to harvest carrots and beets with an energy use of 935 MJ 
ha− 1 was assumed, based on data from Maskinkalkylgruppen (2023). Its 
capacity for uprooting the cover crop, in terms of ha per hour, was 
assumed to be 20 % higher than in harvesting of beets, given the 
considerably higher yields in beet cultivation per ha. The harvested 
biomass in the Mowing and Uprooting scenarios was assumed to be 
transported by truck to a biogas plant located 50 km away from the field, 
where the biomass was digested to produce upgraded biogas as a 

Fig. 1. Overview of the scenarios evaluated in this study. The Reference scenario involved leaving the field bare between two main crops in the crop rotation, while 
the three alternative scenarios involved cover cropping (oilseed radish). In Incorporation (scenario 1), the cover crop was left in the field during winter and ploughed 
under and incorporated into the soil in spring. In Mowing (scenario 2), aboveground biomass was harvested by mowing in autumn and the unharvested biomass was 
ploughed under during spring. In Uprooting (scenario 3, both aboveground and belowground biomass were harvested in autumn. Harvested biomass from the Mowing 
and Uprooting scenarios was assumed to be converted into upgraded biomethane and used to replace production and use of fossil diesel fuel. 
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substitute for fossil diesel in the transport sector. In all scenarios, the 
remaining CC biomass was assumed to be ploughed under and incor-
porated into the soil, followed by harrowing and sowing of the subse-
quent crop. In the Mowing and Uprooting scenarios, digestate from the 
biogas plant was assumed to be transported to the field (50 km) and 
applied to the subsequent crop using a slurry spreader. Data from 
Ecoinvent were used to assess GHG emissions from field operations, 
transportation and synthetic fertiliser (Table S2 in SM). 

2.2.1.1. Soil organic carbon sequestration potential. The SOC sequestra-
tion potential of the scenarios was calculated using the Introductory 
Carbon Balance Model (ICBM) developed by Andrén and Kätterer 
(1997). This model divides the soil into two C pools, young and old. 
Carbon inputs, here in terms of aboveground and belowground CC res-
idues, and digestate initially enter the young pool. From there, C is 
either transferred to the old pool or returned to the atmosphere as CO2 
through oxidation. Further oxidation occurs in the old pool, but at a 
slower rate. Transfer of C from the young to the old pool is determined 
by a humification coefficient (h), the value of which varies depending on 
the source of C input. In this study, we used humification coefficient 
values from Bolinder et al. (2018) of 0.155 and 0.395 for aboveground 
and belowground CC residues, respectively. Furthermore, we assumed 
an additional belowground carbon input in the form of exudates, root 
hairs and fine roots, which were not included in the sampled root ma-
terial due to sampling limitations. Bolinder et al. (2007) estimated that 
this extra root C input constitutes approximately 65 % of the sampled 
belowground C. To our knowledge, no peer-reviewed humification co-
efficient has been established for digestate. Instead, we used the humi-
fication coefficient designated for farmyard manure, with a value of 
0.266, as an approximate value. Retention time of C in each pool is 
determined by pool-specific first-order reaction coefficients (ky and ko), 
which were set to 0.756 and 0.005 year− 1, respectively (Bolinder et al., 
2018). The degradation rate can be modified using parameter re, which 
describes the impact of external factors such as soil temperature and 
water-holding capacity (Andrén et al., 2004). In this study, a value of 
1.05 was assigned to re in the base case, which corresponds to conditions 
in south-central parts of Sweden (Karlsson, 2012). The contribution of 
SOC input to the young pool in each scenario was calculated as: 

Yi(t) = (Yit− 1 )× e
− ky×re (2)  

where Yi(t) is amount of C from input source i remaining in the young 
pool at year t and Yit− 1 is amount of SOC in the previous time step, with 
the condition that Yi(0) is amount of C from input source i generated in 
the CC cultivation system. 

The contribution of SOC to the old pool at each time step in each 
scenario was calculated as: 

Oi(t) =
(

Oit− 1 −

(
hi × ky
ko − ky

× Yit− 1

))

× e− k0×re +
hi × ky
ko − ky

×Yi(t) (3)  

where Oi(t) is the amount of C from input source i remaining in the old 
pool at year t, Oit− 1 is the amount of C in the old pool in the previous time 
step, and Oi(0) was set to 0. The potential contribution to SOC was 
defined as potential SOC sequestration in each scenario relative to the 
Reference scenario (which did not involve cultivation of CC, so its SOC 
contribution was assumed to be zero). 

2.2.1.2. Soil nitrogen fluxes. Direct soil N2O emissions induced by N 
inputs were calculated according to the method provided in the IPCC 
guidelines for national GHG inventories, i.e. the amount of N (total N) 
was multiplied by an emission factor (IPCC, 2019). The N2O emissions 
generated by CC cultivation and digestate application were estimated 
separately. Direct N2O emissions from CC cultivation (N2ODirect;CC) were 
calculated as: 

N2ODirect;CC − N = [(AGB×NAG)+ (BGB×NBG) ]×EF1;CC (4)  

where AGB is aboveground biomass (kg DM ha− 1), NAG is N content in 
aboveground biomass (kg N kg− 1 DM), BGB is belowground biomass (kg 
DM ha− 1), NBG is N content (kg N kg− 1 DM) and EF1;CC is a CC-specific 
emission factor representing kg N2O-N kg− 1 N in biomass residues. 

Direct N2O emissions from digestate application (N2ODirect;Dig) were 
calculated as: 

N2ODirect;Dig − N = NDig ×EF1;Dig (5)  

where NDig is N content in digestate (kg N ha− 1) and EF1;Dig is a digestate- 
specific emission factor (kg N2O-N kg− 1 N). 

The emission factor for direct N2O emissions induced by the CC was 
derived from reported N2O emissions from unfertilised oilseed radish 
CCs under similar (southern Scandinavian) conditions. It was calculated 
using weighted linear regression analysis with N content in CC biomass 
as the independent variable and soil N2O emissions as the dependent 
variable, with the intercept constrained to pass through the origin 
(Fig. 2). Weighting was applied to compensate for heteroscedasticity 
and was based on the variance of the residuals (Astivia and Zumbo, 
2019). This resulted in a slope coefficient equal to 0.0153, which was 
used as the value of EF1;CC (Fig. 2). In cases where information on the N 
content in belowground biomass was unavailable, a belowground-to- 
aboveground biomass ratio of 0.18 and an estimated N content of 2 % 
in belowground biomass were used to approximate the N content, based 
on data obtained in field experiments (see Section 2.1). The emission 
factor used to estimate digestate-induced direct N2O emissions was 
taken from a review study by Launay et al. (2022), who found the mean 
of published values for digestate to be 0.0052 (range 0.019–0.0008). 

Digestate-induced indirect N2O emissions were calculated based on 
the IPCC guidelines for national GHG inventories (IPCC, 2019). Eq. (6) 
was used for indirect N2O emissions from volatilised N and Eq. (7) was 
used for emissions from leached N: 

N2OIndirect − N = NDig ×FracGAS ×EF4 (6)  

N2OIndirect − N = NDig×FracLeach− (H) ×EF5 (7)  

where FracGAS and FracLeach− (H) represents the fraction of the N input lost 
from the soil via volatilisation and leaching, respectively. 

The value of FracGAS and FracLeach− (H) was set to 0.167 and 0.1396, 
respectively, based on average activity data for digestate presented by 
SEPA (2022). A default value of 0.014 and 0.011 was applied for EF4 and 
EF5, respectively (IPCC, 2019). 

Cover crop cultivation was assumed to reduce N leaching, and 
associated indirect N2O emissions, compared with the Reference sce-
nario. The N leaching reduction from growing a cover crop was esti-
mated using the model from Aronsson and Torstensson (2004), 
implemented in the farm management tool VERA developed by the 
Swedish Board of Agriculture. In this approach, the N leaching reduction 
is quantified by multiplying N uptake in the CC by a soil type-specific 
leaching factor. In the present case, a clay content of 15–25 % was 
assumed in the default scenario. As earlier studies have reported 
considerable N losses (20–50 %) from oil crop biomass during winter 
(Aronsson and Torstensson, 2004), it was assumed that any above-
ground biomass left in the field during winter lost 35 % of its N content. 

Soil N volatilisation in the form of ammonia (NH3) and N oxides 
(NOx) induced by CC cultivation was assumed to correspond to 6 % of 
the N in aboveground biomass left in the field over winter (Ruijter et al., 
2010; Janzen and McGinn, 1991). Nitrogen volatilisation in the form of 
NH3 from the spreading of digestate was assumed to correspond to 15 % 
of ammonium-N (NH4-N) in the digestate (Quakernack et al., 2012; 
Tidåker et al., 2016b). Nitrogen gas (N2) emissions were estimated based 
on the calculated N2O emissions and an N2O:(N2O + N2) ratio of 0.15 
(Butterbach-Bahl et al., 2013). Enhanced N availability, quantified as N 
fertiliser replacement value (NRFV), was modelled as a 15 % increase in 
mineralised N in digested crop residues compared with untreated 
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residues (Notaris et al., 2018). To assess accumulation of N stored within 
soil organic matter (SOM) attributable to the increased soil C stock, a C/ 
N ratio of 12 in SOM was used (Batjes, 1996), meaning that for every kg 
of C stored in the soil, the equivalent of 83 g N was also sequestered. The 
difference in N balance (ΔNBalancei ) was calculated as: 

ΔNBalancei
(
kgN
ha

)

= ΔNleachi +ΔNgasi +ΔNSOMi −
(
Nloss biogasSi

)
+(NNRFVSi )

(9)  

where ΔNleachi is the difference in leached N (kg ha− 1) from CC culti-
vation between the Reference scenario and the alternative scenario i, Δ 
Ngasi is the difference in gaseous N emissions (N2O, NH3, NOx and N2, kg 
N ha− 1) from CC cultivation between the Reference scenario and alter-
native scenario i, ΔNSOMi is stored N in SOM as a consequence of the 
increase in soil C stock, Nloss biogasSi is N lost in the harvesting and biogas 
production life cycle stages (kg N ha− 1) and NNRFV is the increased fer-
tiliser value of the returned digestate. 

Differences in N balance (Table S3 in SM) between the alternative 
scenarios and the Reference scenario were included in the climate foot-
print assessment by considering the impact of production and use of the 
corresponding amount of synthetic N fertiliser. 

2.2.2. Fuel production and substitution subsystem 
In the Mowing and Uprooting scenarios, the harvested biomass was 

assumed to be transported by truck to a biogas plant located 50 km away 
from the field where the CC was grown (the data used to estimate the 
GHG fluxes associated with this subsystem are presented in Table S4 and 
Table S5 in SM). The biomass was assumed to be digested in a large-scale 
co-digestion plant with capacity >10 GWh upgraded biomethane per 
year. Only the CC biomass flows were considered in this assessment, i.e. 
the other substrates included in co-digestion were excluded. Specific 
methane production of the CC was based on results from earlier studies 
on biogas production using oilseed radish biomass as substrate (Moli-
nuevo-Salces et al., 2013). Biogas consisting of 55 % CH4 and 45 % CO2 
was assumed to be produced from the CC, based on results from grass as 
substrate (Edström et al., 2008). Electricity consumption in the biogas 
process was set at 36 MJ Mg− 1 DM of substrate (Börjesson et al., 2016). 
Nordic consumption electricity mix was adopted, with a climate impact 
of 57.7 g CO2-eq kWh− 1 (Table S2 in SM). Methane losses during the 
digestion process were assumed to represent 0.3 % of total CH4 pro-
duction and 5 % of CH4 produced was assumed to be flared during the 
digestion process, whereof 5 % was incompletely combusted and lost to 
the atmosphere as CH4. After anaerobic digestion, the biogas was 
assumed to be upgraded to biomethane using water-scrubber technology 
with electricity consumption of 0.9 MJ m− 3 biogas (Börjesson et al., 
2016) and the biomethane was compressed to 200 bar to facilitate 
transportation, which was assumed to require 0.025 MJ electricity MJ− 1 

biomethane (Björnsson et al., 2013). Methane losses during the 
upgrading process were set to 0.5 %. The upgraded gas was assumed to 

Fig. 2. (Upper panel) Linear regression plot employed to derive a specific emission factor for direct soil N2O emissions from oilseed radish cultivation as a cover crop 
in southern Scandinavia, where the solid black line indicates the slope and the dashed lines represent 95 % confidence interval. (Lower panel) Summary of literature 
data used in calculations. The data on N2O emissions represent the difference between CC cultivation and no CC. 

J. Nilsson et al.                                                                                                                                                                                                                                  



Science of the Total Environment 918 (2024) 170629

6

have a CH4 concentration of 97 %. Heat demand in the anaerobic 
digestion process was 0.126 MJ kg− 1 substrate and was assumed to be 
met using some of the biogas produced. 

To estimate the CH4 losses from storage of the digestate, we used an 
existing estimate for medium to large-sized biogas plants (Styles et al., 
2016) that 1.5 % of potential CH4 production from digestate is lost to the 
atmosphere. Potential methane production from the digestate, i.e. re-
sidual CH4 potential, and the volatile solids (VS) and DM content of the 
digestate were based on results from Björnsson et al. (2016). Nitrogen 
losses in the form of N2O were assumed to be 1 % of total NH3 emissions 
from storage and NH3 losses were assumed to correspond to 10 % of NH4 
concentration, which in turn corresponded to 60 % of total N content in 
the digestate (Styles et al., 2016; Tidåker et al., 2016a). The amount of 
digestate was assumed to follow the same mass balance approach as 
used in Nilsson et al. (2020), where outputs from DM substrate input to 
the biogas reactor were calculated during biogas production and during 
storage of digestate. 

The Fuel Production and Substitution subsystem included replacement 
of fossil diesel with biomethane. In calculations, higher engine efficiency 
in the diesel engine was assumed, resulting in a substitution factor of 
0.86, meaning that 1 MJ biomethane replaced 0.86 MJ diesel. The 
climate impact of the substituted diesel was set to 81 g CO2-eq. MJ− 1, 
based on Gode et al. (2011). The digestate produced was assumed to be 
transported back to the field using the same type of truck as used for 
biomass transportation. The DM content in transported digestate was 
assumed to be 7.8 % (Björnsson et al., 2016). 

2.3. Climate impact assessment 

In climate footprint assessments, Global Warming Potential (GWP) is 
the default metric for quantifying impact (Cherubini et al., 2016). The 
emission factors applied in this study were 29.8 for fossil CH4, 27.0 for 
non-fossil CH4 and 273 for N2O over a 100-year perspective (GWP100) 
(Forster et al., 2021). Emissions in the form of biogenic CO2 were 
considered not to cause increased radiative forcing over a 100-year 
perspective. However, negative emissions from SOC sequestration 
were considered by including the C remaining in the soil after 100 years. 
The impact of the chosen time horizon was further assessed in sensitivity 
analysis. 

2.4. Sensitivity analysis 

To evaluate the impact of the methodology and system assumptions 
on the results, the influence of changing time of establishment of the CC 
and the value of critical parameters identified in the climate footprint 
assessment was investigated. These parameters were varied based on 
literature data to develop high- and low-GHG emissions cases, which 
were compared with the base case described above. 

2.4.1. Timing of cover crop establishment 
Sensitivity of the results to the time of CC establishment was assessed 

using data on biomass growth (above- and belowground) and crop N 
content following Early, Medium and Late establishment (Table S1 in 
SM), where Early establishment referred to early July, Medium to late 
July and Late to late August. The data were obtained from the field ex-
periments on unfertilised oilseed radish CCs in southern Sweden in 2018 
and 2019 (see Section 2.1), with Medium establishment in 2019 being 
used as the base case. 

2.4.2. Impact of critical parameters 
For the sensitivity analysis, parameters known to be associated with 

relatively high uncertainty and identified as having a significant impact 
on the results were categorised into five distinct groups: i) Transport of 
biomass and digestate, ii) direct soil N2O emissions, iii) reduced leaching 
from CC cultivation, iv) SOC sequestration potential, and v) CH4 losses 
during biomass conversion at the biogas plant (Table S2 in SM). A 

literature review yielded a range of values for these parameters, where 
the most optimistic and pessimistic values were compared with the base 
case in sensitivity analysis. The impact of critical assumptions on the 
results was also analysed. 

3. Results 

3.1. Cover crop biomass growth 

Biomass growth of the oilseed radish CC showed wide variation 
depending on the time of crop establishment (Fig. 3). Notably, the 
longer growth period following Early establishment resulted in consid-
erably greater biomass growth compared with Medium and Late estab-
lishment. In 2018, biomass growth following Late establishment was 
insufficient for harvest (depicted as no biomass growth in Fig. 3). These 
findings emphasise the critical role of time of establishment in CC 
cultivation. Biomass growth following Medium establishment in 2019 
(aboveground biomass 1.4 Mg ha− 1 and belowground biomass 0.5 Mg 
ha− 1, which in total corresponded to 0.9 Mg C ha− 1) was selected as the 
base case to which other results were compared. However, the impor-
tance of time of CC establishment was further evaluated in sensitivity 
analysis (Section 3.5). 

3.2. Carbon fluxes and soil organic carbon sequestration potential 

The C fluxes associated with each scenario are presented in Fig. 4. 
The photosynthetic activity of the oilseed radish crop led to C entering 
the system boundary from the atmosphere and accumulating in above- 
and belowground biomass and via rhizodeposition. In the Incorporation 
scenario, all photosynthetically fixed C was transferred to the soil 
(Fig. 4a), resulting in the largest soil C input and thereby the highest SOC 
sequestration potential (Fig. 4d), with most of the contribution to SOC 
sequestration originating from the belowground C input. In the Mowing 
and Uprooting scenarios, C was removed from the field through crop 
harvesting and transformed into biogas and digestate. Some C was lost 
from the product system via biomass losses during transport and 
handling at the biogas plant and via C emissions during storage of the 
digestate (Fig. 4b, c). This resulted in lower soil C input and lower 
sequestration potential (Fig. 4d). Returning the digestate to the field 
proved to be important in reducing the difference in SOC sequestration 
potential between the scenarios. Estimated SOC sequestration potential 
after 100 years was used in the climate footprint assessment to quantify 
the potential climate effect of the different scenarios. The SOC seques-
tration potential shown in Fig. 4d is relative potential compared with the 
Reference scenario, rather than an absolute measure. 

3.3. Nitrous oxide emissions 

Soil N2O emissions were estimated and classified into CC- and 
digestate-induced emissions, and N2O emissions resulting from changes 
in the demand for synthetic N fertiliser based on differences in N balance 
between the Reference and alternative scenarios (Fig. 5). The highest 
direct N2O emissions induced by CC cultivation occurred in the Incor-
poration scenario. Direct N2O emissions from CC cultivation were lower 
in the other scenarios, where part or most of the CC biomass was 
removed from the field. Cover crop cultivation led to reduced N leach-
ing, resulting in decreased indirect N2O emissions compared with the 
Reference. The reduction in indirect N2O emissions was lower when the 
CC was not harvested, due to assumed N losses in standing CC biomass 
during freeze-thaw events in winter. 

The N2O emissions from digestate were greatest in the Uprooting 
scenario, where a larger quantity of digestate was returned to the soil 
(Fig. 5b). In this case, indirect emissions through leaching and volatili-
sation contributed more to total N2O emissions. The Incorporation and 
Mowing scenarios both resulted in an N deficit compared with the 
Reference, mainly due to sequestration of N in SOM as a consequence of 
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SOC sequestration. In contrast, the Uprooting scenario resulted in a small 
positive N balance compared with the Reference, due to emission re-
ductions (Fig. 5c). 

Overall, the Incorporation scenario led to the highest soil N2O emis-
sions and the Uprooting scenario the lowest. However, large variations in 
the literature data on N2O emissions from oilseed radish CCs and from 
digestate application resulted in wide variation in the results obtained. 
The effects of these variations on the system-level climate impact were 
further investigated in a scenario analysis. 

3.4. System greenhouse gas emissions 

Cultivation of oilseed radish as a CC resulted in a modest GHG 
emissions reduction of 0.056 Mg CO2-eq ha− 1. The mitigating effect was 
substantially greater when the CC was harvested, with reductions of 
0.58 and 0.93 Mg CO2-eq ha− 1 in the Mowing and Uprooting scenario, 
respectively (Fig. 6c). 

In the Land Use subsystem, the SOC sequestration potential resulted 
in a climate change-mitigating effect in all alternative scenarios, but this 
effect was counteracted by elevated emissions from soil N2O emissions 
and field operations (Fig. 6a). The highest GHG emissions from field 
operations were in Uprooting, due to the more energy-intensive har-
vesting method assumed in this scenario. The Incorporation and Mowing 
scenarios both led to increased demand for synthetic N fertiliser, which 
increased GHG emissions, although this effect was low in the Mowing 
scenario. In contrast, the Uprooting scenario resulted in lower demand 
for synthetic N fertiliser, resulting in reduced GHG emissions compared 
with the Reference. 

In the Fuel Production and Substitution subsystem (Fig. 6b), trans-
portation was the largest contributor to GHG emissions, through trans-
port of harvested biomass from the field to the biogas plant and of 
digestate from the biogas plant to the field. In addition, CH4 emissions 
from losses during anaerobic digestion, upgrading and storage of the 
digestate made a large contribution to total GHG emissions in this 
subsystem. However, the largest contributor to GHG balance was sub-
stitution of fossil diesel fuel, with large mitigation potential from the 9 

and 18 GJ upgraded biogas produced per ha in the Mowing and Uprooting 
scenario, respectively. The largest overall mitigation potential was 
found in the Uprooting scenario, where more of the biomass was har-
vested and consequently more biomethane was produced (Fig. 6c). 

3.5. Sensitivity analysis 

3.5.1. Time of establishment 
Earlier establishment of the CC resulted in greater biomass produc-

tion (Fig. 3), which in turn led to greater potential for SOC sequestration, 
lower leaching and greater potential for fossil fuel substitution. With 
early establishment, the Mowing and Uprooting scenarios gave emissions 
reductions of 3.0 and 3.5 Mg CO2-eq ha− 1, respectively, based on field 
data from 2018, and 3.0 and 3.7 Mg CO2-eq ha− 1, respectively, based on 
data from and 2019 (Fig. 7). In the Incorporation scenario, the GHG 
balance ranged from − 0.45 to 0.12 Mg CO2-eq ha− 1 depending on time 
of CC establishment. Late establishment in 2018 led to insufficient 
biomass growth for harvest, so the elevated GHG emissions in Fig. 7 
originate from sowing the CC. 

3.5.2. Parameter sensitivity 
The results displayed high sensitivity to the values of emission fac-

tors used for estimating direct soil N2O emissions (Fig. 8). Specifically, 
results for the Incorporation scenario showed high sensitivity to the value 
of the emission factor used to estimate N2O emissions from CC cultiva-
tion, the pessimistic and optimistic values of which led to a 265 % in-
crease and 265 % decrease in climate change mitigation potential of the 
system, respectively. Results for Mowing and Uprooting scenarios 
exhibited considerably lower sensitivity to the CC-induced N2O emission 
factor. Moreover, the results obtained for the Incorporation scenario 
demonstrated high sensitivity to the value of parameters used for esti-
mating the reduction in N leaching and the selected time horizon for soil 
C sequestration, while the Mowing and Uprooting results showed lower 
parameter sensitivity in general. The results for these two scenarios were 
most sensitive to the values of the N2O emission factor for digestate and 
for CH4 losses during anaerobic digestion. 

Fig. 3. Growth of aboveground (light green) and belowground (dark green) biomass following Early, Medium and Late establishment of the oilseed radish cover crop 
in 2020 and 2019 (left y-axis) and total nitrogen (N) content (orange rings) in cover crop biomass (right y-axis). *Indicates data used in the base case. The standard 
deviation of the total biomass growth was 560 and 160 kg DM ha− 1 for Early and Medium, respectively, in 2018. In 2019, the value was 170, 10 and 30 kg DM ha− 1 

for Early, Medium and Late, respectively. 
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Fig. 4. Illustration of carbon balance and soil organic carbon (SOC) sequestration potential in the different cover crop scenarios. (a–c) Sankey charts of carbon flux 
(kg C ha− 1) within the system for the (a) Incorporation, (b) Mowing and (c) Uprooting scenarios, where each chart begins with (left) photosynthetic carbon from cover 
crop growth and ends (right) with either carbon outputs from the product system (in terms of biomass losses, emission losses during storage and the biogas product) 
or soil carbon input. (d) Changes in SOC effect over time in the three scenarios, indicated as residual soil carbon after 50, 100 and 150 years, where the soil carbon 
input at t = 0 was 915, 624 and 346 kg C ha− 1 for the Incorporation, Mowing and Uprooting scenario, respectively. The Sankey charts were generated using the online 
tool provided by www.sankeymatic.com. 

Fig. 5. Nitrous oxide (N2O) emissions in the Incorporation (S1), Mowing (S2) and Uprooting (S3) scenarios compared with the Reference scenario without cover crop 
cultivation, divided into direct and indirect emissions induced by (a) cover crop cultivation, (b) application of digestate and (c) synthetic N fertiliser application to 
compensate for differences in N balance between scenarios S1-S3 and the Reference. The error bars in (a) represent ±95 % confidence interval in linear regressions 
analysis, while the error bars in (b) represent emissions when using maximum and minimum values of emissions factors in the literature. 

J. Nilsson et al.                                                                                                                                                                                                                                  

http://www.sankeymatic.com


Science of the Total Environment 918 (2024) 170629

9

Fig. 6. Greenhouse gas (GHG) balance (kg CO2-eq ha− 1) in (a) the land use and (b) fuel production and substitution subsystems in the Incorporation (S1), Mowing (S2) 
and Uprooting (S3) scenarios compared with the Reference scenario, and (c) total emissions from the product system. Different processes contributing to cumulative 
emissions are indicated by different colours. 

Fig. 7. Greenhouse gas (GHG) balance following Early, Medium and Late cover crop establishment in 2018 and 2019 in the land use and fuel production and 
substitution subsystems in the Incorporation (S1), Mowing (S2) and Uprooting (S3) scenarios. Grey shading indicates the base case. 
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4. Discussion 

At the default time of establishment (Medium, 2019), CC biomass 
production (above- and belowground) was 2.0 Mg DM ha− 1 (Fig. 3), 
which resulted in estimated biomass yield of 0.9 and 1.8 Mg DM ha− 1 in 
the Mowing and Uprooting scenario, respectively. Previous studies of 
unfertilised oilseed radish as a CC under similar conditions have 
observed large variations in growth (Li et al., 2015; Lövgren, 2022; 
Olofsson and Ernfors, 2022; Petersen et al., 2011; Taghizadeh-Toosi 
et al., 2022), but generally somewhat lower aboveground biomass 
growth compared with our findings. In the context of energy cover 
cropping, where the biomass is used for energy production, obtaining 
sufficient yield is crucial for economic viability. Molinuevo-Salces et al. 
(2013) estimated that the economic threshold for harvesting a CC for 
biogas production is 2 Mg DM ha− 1, but this threshold depends on en-
ergy prices, which have become increasingly unstable due to the full 
Russian invasion of Ukraine (World Bank, 2022). Harvesting both 
aboveground and belowground biomass has the potential to increase 
yield per unit area, but may introduce challenges in the biogas pro-
duction process by considerably increasing the risk of adding unwanted 
components, such as sand and grit, into the reactor, leading to opera-
tional difficulties and failures (Steffen et al., 1998). As indicated in the 

present study, earlier establishment of the CC can substantially increase 
biomass yield, but may be inconvenient as it also requires the preceding 
crop to be harvested early. This may not be possible in most crop rota-
tions, but could be applied if the preceding crop is harvested before 
reaching maturity and used as fodder or if it matures early in the season, 
such as early-harvested peas (Hall et al., 2017). Another way to increase 
CC yield is to apply fertiliser (Launay et al., 2022), but this brings 
increased economic and environmental costs. 

The highest SOC sequestration potential was seen for the Incorpora-
tion scenario, where it amounted to 130 kg C ha− 1 after 100 years, 
corresponding to 477 kg CO2 ha− 1. The SOC sequestration potential was 
lower when the CC was harvested, but some of the difference in 
sequestration potential was compensated for when the digestate was 
returned to the soil. In total, the sequestration potential amounted to 
110 and 66 kg C ha− 1 in the Mowing and Uprooting scenario, respectively. 
Previous meta-analyses of SOC changes under cover cropping have re-
ported average SOC sequestration of 560 ha− 1 year− 1 (Jian et al., 2020) 
and 320 kg C ha− 1 year− 1 (Poeplau and Don, 2015), both of which are 
higher than in our study. This could be explained by these meta-analyses 
including studies conducted in regions with a longer vegetation period 
than Sweden, so the results are not directly comparable. In a study 
specifically in southern Sweden on the SOC effect of cover cropping with 

Fig. 8. Impact of optimistic [O] and pessimistic [P] parameter assumptions and values sourced from the literature on the climate change mitigation potential of the 
Incorporation (S1), Mowing (S2) and Uprooting (S3) scenarios. Colour gradient ranges from green, representing more than a two-fold increase, to red, representing a 
two-fold decrease in the mitigation potential. Dark red boxes indicate an increased climate impact compared to the reference scenario. 
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ryegrass, the average sequestration rate was found to be 320 kg C ha− 1 

year− 1, but with rather large variation (±280 kg C ha− 1 year− 1) (Poe-
plau et al., 2015). Chaplot and Smith (2023) argued that the majority of 
field studies examining the SOC effect of CCs lack important features, 
such as appropriate controls and effects in a long-term perspective, and 
that the sequestration potential suggested in previous meta-analyses 
may be greatly overestimated. Overall, we found that SOC sequestra-
tion potential was dependent on biomass growth, which in turn was 
heavily dependent on time of establishment of the CC (Fig. 3). In gen-
eral, earlier establishment led to greater biomass growth and hence 
greater SOC sequestration potential, but also to larger N2O emissions, 
which offset some of the mitigation potential of the increased SOC 
sequestration. The results also indicated the high importance of the time 
horizon of the stored C (Fig. 4), which needs to be considered when 
comparing the results with those from other studies. The increased SOC 
stock also led to sequestration of N in the soil, causing a deficit in the N 
balance in both the Incorporation and Mowing scenarios compared with 
the Reference. As a result, more synthetic N fertiliser was needed in those 
scenarios to compensate for the deficit. The influence of SOC on the N 
balance of the systems is consistent with the underlying principle that, 
stoichiometrically, N must also be proportionally incorporated when C is 
sequestered (van Groenigen et al., 2017). 

Previous studies have concluded that belowground biomass has 
greater potential to build SOC (Kätterer et al., 2011; Menichetti et al., 
2015; Rasse et al., 2005). The humification coefficients applied in this 
study are consistent with this hypothesis of higher recalcitrance of CC 
residues belowground, i.e. roots and rhizodeposition, compared with 
aboveground. The humification coefficient used for belowground 
biomass was based on plants with a different root system to the oilseed 
radish taproot. In addition, recent findings have shown that rhizode-
position is correlated to root morphology, with more branched roots 
resulting in a larger share of rhizodeposition for belowground C input 
than less branched roots, such as those from oilseed radish (Engedal 
et al., 2023). Therefore, more research is needed to better quantify the 
effect of belowground biomass of oilseed radish under similar condi-
tions. The humification coefficient for digestate was set to 0.266, based 
on a coefficient for manure from Bolinder et al. (2018), and this rela-
tively large value resulted in rather small differences in SOC seques-
tration potential between the scenarios. This is in line with the concept 
that the most easily degradable material, i.e. the fraction of the biomass 
that would have degraded rapidly in the soil if it had not been harvested, 
is degraded during anaerobic digestion (Thomsen et al., 2013). How-
ever, there are currently no reliable scientific data on the actual SOC 
effect to contradict or corroborate this. Furthermore, despite below-
ground biomass being harvested in the Uprooting scenario, SOC 
sequestration potential was still relatively large due to the additional 
belowground C input, which was assumed to correspond to 65 % of the 
sequestration potential from the roots based on results from Bolinder 
et al. (2007). The practical implication of the Uprooting scenario were 
not studied further here. However, given the late potentially harvest 
date in autumn and the wet conditions in Scandinavia in that season, it is 
not very likely that either a self-propelled or tractor-drawn beet 
harvester could access the field without causing considerable soil 
compaction. This might even affect the feasibility of the Mowing sce-
nario, since recovery of the relatively wet biomass would lead to high 
loads and a corresponding impact on the soil structure. Timing of har-
vest in suitable conditions and development of lightweight machinery 
and/or recovery processes would increase the likelihood of imple-
mentation of cover crop harvest. 

The climate effect of SOC sequestration potential was assessed using 
the GWP100 approach, focusing on residual C after 100 years (Fig. 4d). 
However, the GWP method does not account for the timing of the 
emissions, which makes it less suitable for evaluating the climate effect 
of temporary C storage, such as C sinks in vegetation and soils (Brandão 
et al., 2013). For a more comprehensive evaluation of the climate impact 
of SOC sequestration potential, use of dynamic climate impact 

assessment approaches, such as the method employed by Ericsson et al. 
(2013), may be suitable. However, such methods are not commonly used 
in the field of LCA, which hampers comparison with other studies in the 
same domain. Using SOC sequestration in a cropping system as a tool to 
mitigate climate change also has finite capacity (Smith, 2014), i.e. there 
is a limit to how much C can be sequestered (Moinet et al., 2023). 
Without information about the specific soil, it is difficult to verify how 
much a certain measure will affect the SOC content under specific 
conditions. Furthermore, SOC sequestration is a reversible process, 
meaning that sequestered C may be re-emitted into the atmosphere, e.g. 
if the land use changes. This loss of SOC often happens faster than SOC 
build-up (Smith, 2005). In carbon credit schemes, where C offsets in one 
system are used to compensate for GHG emissions elsewhere, the 
permanence aspect, which refers to how long the C will be sequestered 
and kept out of the atmosphere, is of high importance (Paul et al., 2023). 
In such schemes, the benchmark is generally C storage for at least 100 
years (Radley et al., 2021), but some apply a longer time frame, such as 
1000 years. Our results showed that in a 100-year perspective, SOC 
sequestration via CC cultivation can be used to mitigate climate change, 
but over a longer period the sequestration effect will be low. This means 
that SOC sequestration can be an important tool for mitigating current 
elevated radiative forcing, by lowering CO2 concentration in the atmo-
sphere, but it cannot compensate for new fossil CO2 emissions, which 
cause climate perturbations for thousands of years (Archer et al., 2009). 
Ensuring an equivalent timeframe for offset through SOC sequestration 
via CC cultivation would be challenging for any carbon credit scheme. 
Another important aspect of carbon credit schemes is the additionality 
(Paul et al., 2023). In best practice, it should be proven that credit is 
based on measures that would not have occurred without the credit 
system but, since cover cropping is associated with many other positive 
benefits from an agricultural perspective, it may be difficult to prove 
this. 

Another important flux in the GHG balance of agricultural systems is 
soil-borne emissions of N2O. Green manure crops with low C/N ratio 
that are terminated, tilled or frozen in late autumn or early winter add 
readily available C and N compounds to soils that are usually wet, 
increasing the risk of high N2O emissions (Butterbach-Bahl et al., 2013; 
Groffman et al., 2009). Oilseed radish and other members of the Bras-
sicaceae can produce substantially higher emissions than other CCs 
during winter when they are killed by freezing or ploughed under (Aziz, 
2022; Dörsch, 2000; Olofsson and Ernfors, 2022). To account for the 
potential elevation in N2O emissions from oilseed radish CC cultivation, 
we used field data from similar conditions to develop an emission factor 
in terms of N-N2O emissions per kg added N in crop biomass, as done in 
the IPCC methodology. The emission factor showed a large variation 
between (Fig. 2), with an average value of 0.0153 kg N2O-N kg− 1 N, 
while the emission factor for crop residues in the IPCC methodology is 
set to 0.006 kg N2O-N kg− 1 N (IPCC, 2019). In this study, direct soil N2O 
emissions induced by CC cultivation were highest in the Incorporation 
scenario (Fig. 5a), where the biomass was left unharvested and incor-
porated into the soil. When the biomass was harvested, the N2O emis-
sions from CC cultivation were considerably reduced, although 
returning digestate to the soil resulted in N2O emissions that reduced the 
difference between harvesting and not harvesting the CC. However, the 
risk of N2O emissions from field application of digestate may be low, as 
the digestate contains more recalcitrant C and is returned to the field in 
spring when there is uptake of N by the crop and the soil has started to 
dry out. This was reflected in our calculations, where the direct N2O 
emission factor used for the digestate was considerably lower, based on 
literature data (Fig. 5b). Furthermore, CC cultivation led to avoided 
indirect N2O emissions since it reduced N leaching from the field during 
winter compared with the Reference scenario (Fig. 5c). The amount of 
avoided indirect emissions was greater in the scenarios where the CC 
was harvested, since winter freeze-thaw events were assumed to add to 
N leaching losses. It was also a result of increased N availability in the 
digestate, which increased its fertiliser value. In the scenarios involving 
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digestate, avoided N2O emissions, direct and indirect, from synthetic 
fertiliser use were included in the GHG balance calculations. Overall, the 
results showed that N2O emissions were highest in the Incorporation 
scenario, and 47 % and 85 % lower, respectively, in the Mowing and 
Uprooting scenarios. In contrast, Li et al. (2015) found no significant 
differences in N2O emissions between removed and retained CCs, 
including oilseed rape. In a recent Swedish study, Lövgren (2022) 
examined the effect on N2O emissions during winter when oilseed radish 
was cut and removed or uprooted and removed, compared with leaving 
the CC unharvested, and found that during the first 30 days, N2O 
emissions were reduced by 66 % when the oilseed radish was uprooted 
and removed and by 61 % when it was cut and removed. However, when 
the full 79-day period was taken into account, there was a significant 
difference only when the oilseed radish was uprooted and removed, with 
N2O emissions then reduced by 65 % (Lövgren, 2022). More studies are 
needed to clarify the effects on N2O emissions of cultivation and biomass 
management of different CC. Moreover, since effects of biomass removal 
on N2O emissions have been observed after the winter period, e.g. 
during spring cultivation (Li et al., 2015), measurements over longer 
periods or year-round measurements and evaluations of whole crop 
rotations are necessary. 

Estimating soil N2O emissions is associated with large uncertainties, 
due to the emissions varying widely over time and within the same field 
and to underlying processes being complex and still not fully understood 
(Butterbach-Bahl et al., 2013; Venterea et al., 2012). In this study, we 
applied the IPCC approach together with our own derived emission 
factors to estimate N2O emissions (IPCC, 2019). Estimating N2O emis-
sions based on the total amount of N applied to soil in a year is associated 
with large uncertainties, as factors that play an important role in N2O 
production, such as soil moisture, soil temperature, availability of 
readily degradable plant material, supply and mineralisation of N, and 
competition for available N, vary throughout the year (Butterbach-Bahl 
et al., 2013; Lashermes et al., 2022). In particular, N2O emissions “hot- 
spots” and “hot-moments” can occur when different factors coincide 
(Groffman et al., 2009; Wagner-Riddle et al., 2020). The possibility to 
influence soil N2O emissions through management practices, e.g. 
applying N at an appropriate time of year or adjusting application rates 
(Snyder et al., 2014), is not captured in detail with this approach. 
However, in the present study such potential variations were further 
assessed in a sensitivity analysis, using N2O emissions values from the 
literature for oilseed radish cultivated as a CC. 

The climate footprint assessment showed that all alternative sce-
narios, including CC cultivation, reduced GHG emissions compared with 
the Reference scenario with no CC. This reduction was attributed to an 
increase in SOC stock, while elevated soil N2O emissions, emissions 
associated with a deficit in the N balance and field operations reduced 
the climate mitigation potential (Fig. 6a). Harvesting the CC biomass for 
biogas production resulted in even larger mitigation potential compared 
with the Reference scenario. This increased mitigation potential was 
mostly driven by the upgraded biogas produced replacing fossil diesel 
(Fig. 6b, c). The results were highly dependent on time of the estab-
lishment of the CC, with early establishment leading to greater SOC 
sequestration, and thus greater diesel substitution potential, due to the 
increased biomass growth compared with medium and late establish-
ment (Fig. 7). This highlights the importance of high yield for energy CC 
systems. The sensitivity analysis showed that the climate change miti-
gation potential was highly sensitive to the estimated direct soil N2O 
emissions (Fig. 8). This indicates that in conditions prone to high N2O 
emissions, harvesting CC biomass may be a way of avoiding these 
emission peaks. Furthermore, the results showed high sensitivity to CH4 
losses throughout the upgraded biogas production value chain. 

While other CC species may have a lower risk of high N2O emissions 
(Dörsch, 2000; Li et al., 2015; Olofsson and Ernfors, 2022), the fast- 
growing oilseed radish produces larger above- and belowground 
biomass (Engedal et al., 2023), which increases the SOC sequestration 
potential and provides more biomass that can be used to replace 

products with a high climate impact. In addition, Molinuevo-Salces et al. 
(2013) found that oilseed radish, among 10 different CC species tested, 
had the highest specific CH4 yield. This makes oilseed radish a relevant 
CC for climate change mitigation, provided that an appropriate man-
agement scheme is applied, as demonstrated in this study. However, in 
CC systems where the biomass is not harvested, other species may be 
more appropriate to avoid elevated N2O emissions, which can otherwise 
result in an increased climate impact as shown in our sensitivity 
analysis. 

Cover crop cultivation provides multiple advantages, such as 
increased domestic bioenergy production, reduced reliance on external 
fossil energy sources and increased resilience of cropping systems. The 
advantages of CCs extend beyond bioenergy, as they can be valuable 
resources for livestock fodder and as feedstock for biorefineries. Uti-
lisation of biogas carries an array of benefits, including its capacity to 
serve as a reliable energy reservoir, an important characteristic in an 
energy landscape increasingly dominated by intermittent energy sour-
ces. To our knowledge, this is the first full life cycle climate footprint 
study to investigate the effect of an energy CC in a southern Scandina-
vian context. 

5. Conclusions 

Comprehensive analysis of the life cycle climate effects of oilseed 
radish-CC cultivation with different biomass management regimes in 
southern Scandinavia revealed that CC cultivation in all three alterna-
tive scenarios studied considerably reduced the climate impact 
compared with the Reference scenario with no CC. This reduction was 
partly due to the increased SOC stock resulting from introduction of the 
CC into the cropping system. In addition, harvesting the CC in the 
Mowing and Uprooting scenarios resulted in biogas production, providing 
an opportunity to reduce reliance on fossil fuels and mitigate climate 
change. Overall, the GHG emissions reduction was 0.056, 0.575 and 
0.933 Mg CO2-eq ha− 1 in the Incorporation, Mowing and Uprooting sce-
nario, respectively, compared with the Reference. 

The timing of CC establishment was shown to have a large impact on 
climate change mitigation potential, with early establishment resulting 
in higher biomass yields, leading to greater SOC sequestration potential 
and a larger substitution effect. Sensitivity analysis revealed high 
sensitivity of the results to the value of the emission factor used for direct 
soil N2O emissions during CC cultivation and digestate application, the 
parameters used to estimate reduced soil N leaching in CC cultivation 
and the amount of CH4 lost during different processes in the biogas 
production life cycle stage. 

The findings in this study offer valuable insights into creating sus-
tainable agricultural systems in southern Scandinavia, and other regions 
with a similar climate, and underscore the importance of considering 
management practices and timing to achieve significant climate benefits 
through CC cultivation. Future research should focus on refining 
parameter choices and on identifying the specific mechanisms driving 
the climate effects of CC cultivation, to enhance its effectiveness in 
mitigating climate change. 
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Ericsson, N., Porsö, C., Ahlgren, S., Nordberg, Å., Sundberg, C., Hansson, P.-A., 2013. 
Time-dependent climate impact of a bioenergy system – methodology development 
and application to Swedish conditions. GCB Bioenergy 5, 580–590. https://doi.org/ 
10.1111/gcbb.12031. 

EU, 2018. 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. 

Foltz, M.E., Kent, A.D., Koloutsou-Vakakis, S., Zilles, J.L., 2021. Influence of rye cover 
cropping on denitrification potential and year-round field N2O emissions. Sci. Total 
Environ. 765, 144295 https://doi.org/10.1016/j.scitotenv.2020.144295. 

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D.J., 
Mauritsen, T., Palmer, M.D., Watanabe, M., Wild, M., Zhang, H., 2021. The earth’s 
energy budget, climate feedbacks, and climate sensitivity. In: Masson-Delmotte, V., 
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