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Abstract: Short-rotation coppice (SRC) Salix plantations have the potential to provide fast-growing
biomass feedstock with significant soil and climate mitigation benefits. Salix varieties exhibit sig-
nificant variation in their physiological traits, growth patterns and soil ecology—but the effects
of these variations have rarely been studied from a systems perspective. This study analyses the
influence of variety on soil organic carbon (SOC) dynamics and climate impacts from Salix culti-
vation for heat production for a Swedish site with specific conditions. Soil carbon modelling was
combined with a life cycle assessment (LCA) approach to quantify SOC sequestration and climate
impacts over a 50-year period. The analysis used data from a Swedish field trial of six Salix varieties
grown under fertilized and unfertilized treatments on Vertic Cambisols during 2001–2018. The Salix
systems were compared with a reference case where heat is produced from natural gas and green
fallow was the land use alternative. Climate impacts were determined using time-dependent LCA
methodology—on a land-use (per hectare) and delivered energy unit (per MJheat) basis. All Salix
varieties and treatments increased SOC, but the magnitude depended on the variety. Fertilization led
to lower carbon sequestration than the equivalent unfertilized case. There was no clear relationship
between biomass yield and SOC increase. In comparison with reference cases, all Salix varieties had
significant potential for climate change mitigation. From a land-use perspective, high yield was the
most important determining factor, followed by SOC sequestration, therefore high-yielding fertilized
varieties such as ‘Tordis’, ‘Tora’ and ‘Björn’ performed best. On an energy-delivered basis, SOC
sequestration potential was the determining factor for the climate change mitigation effect, with
unfertilized ‘Jorr’ and ‘Loden’ outperforming the other varieties. These results show that Salix variety
has a strong influence on SOC sequestration potential, biomass yield, growth pattern, response to
fertilization and, ultimately, climate impact.

Keywords: biomass production; life cycle assessment; climate impact; soil organic carbon; Salix;
willow; short rotation coppice; genotypic difference

1. Introduction

It has been established that the current atmospheric concentrations of three major
greenhouse gases (GHGs)—carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O),
are at the highest levels estimated for the past 800,000 years [1]. Most of this increase has
happened post 1750, which was the beginning of the Industrial Revolution. The most
alarming trend is that the decadal rate of increase in atmospheric CO2 was highest in
2002–2011 since direct measurements began in 1958 [2]. There is consensus among the
scientific community that the principal cause of this rapid increase is use of fossil fuels and
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land use change associated with the start of the Industrial Age. The increased atmospheric
concentration of GHGs has enhanced radiative forcing, leading to higher average global
temperatures and climate change.

Countries and organizations worldwide have set certain regulations and targets to
limit the increase in average global temperatures to avoid the negative impacts of climate
change. The European Commission has set targets to cut GHG emissions by at least 40%
below 1990 levels and to increase renewable energy share to at least 32% by 2030 [3]. The
long-term strategy is to reach a climate-neutral EU by 2050 [4]. Sweden has made an
ambitious commitment to phase out all GHG emissions completely by 2045 [5,6]. The
climate crisis induced by increased GHG emissions has led to a quest for different strategies
to mitigate the problem. Bioenergy from sustainable biomass can be part of a viable climate
mitigation strategy by replacing fossil fuels for heat and electricity generation. At the global
scale biomass accounted for 9% of renewable electricity generation and 96% of renewable
heat generation in 2018 [7].

The cultivation of plant species such as Salix (willow) and Populus (poplar) in short-
rotation coppice (SRC) systems has emerged as an interesting approach to sustainably
produce renewable biomass [8,9]. Salix SRC systems are characterized by short growth
cycles of 2–5 years, after which the stems are harvested, and shoots regrow from the stumps
left in the soil [10]. SRC plantations can have a positive effect on soil organic carbon (SOC)
sequestration, because of the addition of large amounts of root and leaf litter to the soil,
which are better incorporated into the soil due to minimal soil disturbance compared
with annual crops [11]. Salix propagates easily via cuttings and is well suited to growth
in temperate and Arctic climatological conditions. Commercial plantations of Salix are
gaining interest worldwide for use as a biomass crop, with the largest cultivated areas
(as of 2015) in China and Argentina, followed by North America and Europe [12]. There is
high interest in European countries such as Sweden, where commercial Salix plantations
were established in the 1990s, with policies proposed to increase energy crop cultivation to
40,000 hectares by 2030 [13].

In Sweden, the area under SRC plantations reached a peak of about 18,000 hectares
in the mid-1990s, which decreased to about 12,000 hectares by 2015 [14,15]. This was
attributed to a combination of factors such as poor management, inefficient policy and low
prices—which meant that the practical results did not meet the high expectations [16,17].
New varieties and better management practices adapted to Swedish conditions have
emerged in the past two decades. These, combined with the ambitious Swedish emission
reduction targets, make SRC Salix an interesting prospect for biomass feedstock in the
Swedish context.

The SOC sequestration potential of SRC plantations is gaining attention among re-
searchers for its climate mitigation effects. Multiple studies [18–22] have found that
SRC Salix systems sequester more carbon than conventional cropping systems. However,
the SOC sequestration of Salix established on grasslands is more uncertain and can be
lower [23,24]. The magnitude and potential for SOC change depend on previous land
use, soil and climate conditions [18,24,25]. This, combined with the different soil profile
depths considered in different studies leads to variation in reported SOC stock change
rates. Long-term field data, and especially those on belowground biomass production
rates, are necessary to validate and improve the accuracy of SOC sequestration estimates
for SRC Salix plantations under different growth and soil conditions.

Biomass for bioenergy utilization can be considered carbon neutral as CO2 emitted
from its conversion phase is recaptured by new growth. However, there is a need to assess
the climate impact in a system perspective including changes in SOC and land use, and
impacts from site preparation, production of inputs, machinery operations, transports and
energy conversion. Quantification of the potential effects and impacts of biomass use over
spatial and temporal horizons is needed to ensure its sustainability.
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There are several tools for environmental impact evaluation, and one of the most
commonly used is Life Cycle Assessment (LCA). LCA is a well-established and standard-
ized tool for estimation of potential environmental impacts from a product or service
over its whole lifespan. The LCA methodology was originally designed for industrial
processes and products but has been expanded in recent decades to evaluate and com-
pare agricultural, forestry and bioenergy processes and products [26,27]. In the context of
bioenergy production system evaluation, LCA helps by expanding the perspective beyond
the production system itself. This is important as the environmental consequences of a
bioenergy production system frequently depend more on the impacts on other parts of
the value chain than on the production system itself. Thus, the broad system perspective
makes LCA a suitable tool for planning of bioenergy systems and policymaking, especially
in the context of the potential effects of bioenergy production systems on climate change
mitigation. However, when modelling large and often complicated systems in LCA studies,
parts of the data are often more uncertain and some subjective aspects may be handled
in order to reach the broad system perspectives [28,29]. These limitations are not unique
to LCA, and similar problems occur even in other methods for environmental systems
analysis. The decisions on data quality requirements play an important role in the results
of the assessment. Ambitions about completeness of data must be balanced against avail-
ability of resources and workload. These are intrinsic and accepted aspects of LCA studies,
as long as the relevance, data quality and relevant major assumptions are appropriately
described [30]. The LCA methodology is constantly evolving as understanding of climate
and environmental impacts develops.

The most common climate impact metric used in LCA is global warming potential
(GWP100), which is based on radiative forcing and captures the integrated impacts over a
single time horizon of 100 years [31]. It does not capture the effect of timing and persistence
of GHG fluxes and temporal changes in SOC [32]. It does not represent the actual impacts
on ecosystems such as temperature change, sea level change or biodiversity loss.

Using a time-dependent method can counter this by expressing the climate metric
as a function of time. Several studies have developed such alternative methods and
applied them in LCA to capture the emissions and fluxes of carbon flows between the
atmosphere, biomass and soil [17,32–34]. An absolute time-dependent climate metric such
as the absolute global temperature change potential (∆Ts) developed by Ericsson et al. [35]
represents the impact on global mean surface temperature from emission or removal of a
GHG at a particular point in time. This can aid in better understanding of climate impacts of
bioenergy as biomass systems capture and emit carbon at different points in time. Several LCA
studies have assessed Salix cultivation for bioenergy utilization [17,32,33,36–40]. However,
studies looking at the magnitude of impact of differences between Salix varieties on the
overall bioenergy system are rare.

Differences between Salix varieties can have a significant impact on physiological
traits, biomass quality, growth patterns and soil ecology. Weih and Nordh [41] showed
that key traits and shoot biomass production are variety-specific and that there is a need
to account for these variety differences at the field level. Adegbidi et al. [42] found that
biomass production, nutrient use efficiency and nutrient removal are strongly influenced by
variety in Salix plantations. Cunniff et al. [43] observed significant differences in allocation
between aboveground and belowground biomass in different varieties and at different
locations in the UK. Data from Salix field trials in Sweden have demonstrated that the
effects of fertilization on soil ecology are also affected by variety [44]. Salix varieties have
been found to differ significantly in their response to fertilization and in carbon storage
potential in shoots and soil [44].
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Despite of the many plant-and field-scale reports indicating significant impacts of
Salix varieties on plant traits that potentially affect their environmental performance, there
is a lack of systems-scale research (such as LCAs) accounting for these differences. Thus,
there is a need to address the differences between Salix varieties regarding the impact on
soil carbon sequestration and climate impact when assessing bioenergy systems in a life
cycle perspective

This study aimed to analyze the effects of Salix variety and fertilization treatment on
SOC dynamics, and subsequent effects on climate impacts of Salix cultivation for bioenergy
on a commercial scale, with a 50-year time horizon. A field trial established in 2001 is the
source of the harvest and SOC data for the selected Salix varieties in this study [44,45].
Unfortunately, root biomass data over time from field-grown trees were not available from
the trials used here, and we therefore used indirect methods to estimate root biomass
allocation over time from published reports using pot and lysimeter experiments, in which
root biomass can be assessed more easily. Other data are either taken from literature and
studies on Salix systems where available, or based on assumptions derived from other
biomass systems.

Specific objectives of the study were to:

1. Estimate the potential for soil carbon sequestration for the selected Salix varieties
under the specific site conditions of Vertic Cambisols by using soil carbon modelling;

2. Assess the climate impact from utilizing Salix grown on existing fallow land as
feedstock in an incineration plant using two metrics—GWP100 and a time-dependent
climate metric (∆Ts);

3. Calculate the energy balance and performance (in terms of energy ratio) for the
selected Salix varieties.

It is expected that quantification of the magnitude of varietal effects will highlight
the importance of their inclusion in systems analysis studies of bioenergy. The intention
was to provide a basis for comparison of Salix varieties in terms of energy and climate
performance, which can aid in the consideration of optimal Salix variety selection for a
particular purpose, e.g., maximized carbon sequestration potential.

We believe that studies like this investigation will motivate the need for variety-
and location-specific root and belowground data to make realistic, accurate and detailed
assessments of the environmental performance of bioenergy systems.

2. Materials and Methods

The effect of Salix variety on the climate impact and energy performance of a Salix-
biomass production system under Swedish conditions (Uppsala region) was analyzed using
LCA methodology. Two functional units (FU) of 1 MJ of heat and 1 hectare of land were
chosen to describe the two different functions of the system—generation of heat and use of
land as a resource for mitigating climate impacts. The energy FU compares the relative impact
of using the Salix varieties as an energy source, while the land FU unit compares the different
impacts from a land use perspective considering land as a restricted resource.

The climate impact calculation considers three major GHGs (CO2, N2O and CH4)
and is expressed in terms of two metrics—global warming potential (GWP100) and a time-
dependent climate impact (∆Ts) as defined in [35], with a one-year time step. The flux of
carbon in the soil due to addition and decomposition of biomass was modelled with the
carbon model ICBM developed by Andrén and Kätterer [46]. Annual net flux of the selected
GHGs was estimated for each source and sink, and the associated emission impulses were
based on the timing of the emissions.
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2.1. Plant Material, Field Trial and Data Collection

The analysis was based on data collected from a field trial during the period 2001−2017 at
Pustnäs, near Uppsala in central Sweden by Weih and Nordh [45]. The following six commercial
Salix varieties were part of the study: ‘Björn’ (Salix schwerinii E. Wolf. × S. viminalis L.), ‘Gudrun’
(S. burjatica Nasarow × S. dasyclados Wimm.), ‘Jorr’ (S. viminalis), ‘Loden’ (S. dasyclados),
‘Tora’ (S. schwerinii × S. viminalis) and ‘Tordis’ ((S. schwerinii × S. viminalis) × S. viminalis).
There were two experimental treatments—fertilized (approx. 100 kg N, 14 kg P, 47 kg K ha−1 yr−1) and
unfertilized. Plots were 6.75 m × 7.00 m in size and contained 84 plants each, corresponding
to a planting density of about 18,000 plants per hectare. Each variety and treatment had
four replicate plots. The dominating soil type was a vertic cambisol with a sandy loam as
topsoil (0–20 cm soil depth) with 66% sand, 16% silt and 18% clay. Initial SOC content at
0–10 cm soil depth was 11.1 g kg−1, with a bulk density of 1.3 g cm−3. Further details of
the field trial can be found in Weih and Nordh [45].

After establishment of the plantation in 2001, the plantation was managed in three-year
cutting cycles with shoots harvested during winter in 2004, 2007, 2010, 2013 and 2016. Mean
air temperature during the growing season (April to October) in the years relevant to this
study was 12.5 ◦C, and the corresponding mean annual precipitation sum was 841 mm [44].

For the present analysis, the average yield for the first harvest (2004) and for subse-
quent harvests (average value for 2007–2016 harvests) were calculated. The first yield after
planting is usually lower, as the plant root system is still establishing. The shoot growth
and biomass yield figures after the field measurement period (post-2017) were assumed to
follow the average values calculated from the field trial data. Table 1 presents the average
harvest values from the field study used as input to the modelling work.

Table 1. Average harvested biomass yield (dry weight, DW) and standard deviation (SD) of the six
commercial Salix varieties grown under two fertilization regimes in central Sweden from 2001 to
2018. F0 and F+ refer to the unfertilized and fertilized treatment, respectively.

Variety and
Treatment

1st Harvest 2nd–5th Harvest

Average
(DW Mg ha−1) SD Average

(DW Mg ha−1) SD

Björn F0 7.4 3.8 31.9 8.3
Björn F+ 15.5 4.3 42.7 16.0

Gudrun F0 8.8 4.1 20.8 5.9
Gudrun F+ 11.6 1.2 20.6 5.2

Jorr F0 4.5 1.3 14.4 7.6
Jorr F+ 16.9 0.9 36.9 6.0

Loden F0 3.9 1.2 14.4 4.1
Loden F+ 10.4 4.9 18.3 10.2
Tora F0 6.7 4.7 18.2 8.7
Tora F+ 16.6 6.1 38.3 11.1

Tordis F0 10.8 5.1 28.5 13.0
Tordis F+ 19.8 6.4 48.5 9.0

The field site was ploughed shortly before planting of the Salix stem cuttings. The soil
in each plot was sampled (five replicates per plot) with a soil corer (3 cm diameter), to a
depth of 10 cm in spring 2001 and to a depth of 20 cm in 2018. The initial soil sampling
was performed prior to laying out the plots. The field site is characterized by a flat surface
without relief-promoted erosion, which contributed to the lack of significant differences in
soil properties between the different plots. An additional follow-up soil sampling in 2002
showed no significant differences in the bulk density and SOC content among the plots.
As such, the ploughing did not cause a measurable difference between the first (2001) and
second year (2002). The SOC content in the 0–10 cm layer was recorded and is reported by
Baum et al. [44], who provide full details of the soil sampling and analysis procedures.
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As the plough depth was about 25 cm during the year of establishment of the field
trial, the topsoil (0–20 cm soil depth) was assumed to be homogenous and to have similar
characteristics. Hence, the initial SOC stock in the 10–20 cm soil layer in 2001 was assumed
similar to that in the 0–10 cm soil layer. The bulk density in 2018 had not changed sig-
nificantly from the initial value of 1.3 g cm−3, which can be expected as consequence of
combined lack of loosening by tillage under the perennial crops, but improved aeration
of the soil by increased SOC content. The SOC stock in the 10–20 cm soil layer from 2018
was analyzed following the same methodology as was described by Baum et al. [44] for the
0–10 cm soil layer. The resulting SOC stocks in the 0–10 cm, 10–20 cm and 0–20 cm layers
in 2001 and 2018 are displayed in Table 2. The reduction in SOC content in the 10–20 cm
layer for some of the Salix varieties is not unexpected under SRC as evidenced by similar
results reported by Kahle et al. [47].

Table 2. Soil organic carbon stock (Mg ha−1) in the 0–10 and 10–20 cm soil layers measured in field trials on six Salix
varieties at Pustnäs, Sweden, in 2001 (pre-establishment) and in 2018. F0 and F+ refer to the unfertilized and fertilized
treatments respectively.

Variety and
Treatment

Soil Carbon Stock 2001
(Mg ha−1)

Soil Carbon Stock 2018
(Mg ha−1)

Increase in
SOC Stock
(Mg ha−1)

0–10 cm 10–20 cm 0–20 cm 0–10 cm 10–20 cm 0–20 cm 0–20 cm

Björn F0 14.4 14.4 28.9 24.3 15.3 39.7 10.8
Björn F+ 14.4 14.4 28.9 20.9 12.1 33.0 4.2

Gudrun F0 14.4 14.4 28.9 22.3 21.3 43.6 14.7
Gudrun F+ 14.4 14.4 28.9 21.9 12.8 34.8 5.9

Jorr F0 14.4 14.4 28.9 31.7 18.6 50.3 21.5
Jorr F+ 14.4 14.4 28.9 27.5 14.3 41.8 12.9

Loden F0 14.4 14.4 28.9 26.8 17.3 44.2 15.3
Loden F+ 14.4 14.4 28.9 20.5 12.7 33.2 4.4
Tora F0 14.4 14.4 28.9 25.4 16.1 41.6 12.7
Tora F+ 14.4 14.4 28.9 25.8 14.2 40.0 11.2

Tordis F0 14.4 14.4 28.9 26.9 16.9 43.9 15.0
Tordis F+ 14.4 14.4 28.9 23.9 14.6 38.5 9.6

2.2. System Boundaries

The system studied comprised the steps from preparation of the field site for Salix
cultivation to production of heat in a boiler in a heating plant (Figure 1). Energy flows
and emissions from field operations, production of inputs, biomass transportation and
thermochemical conversion were included within the system boundaries. Downstream
losses and emissions after production of heat and ash at the incineration plant were
considered as outside the system boundaries. Belowground changes and biomass inputs
(from leaf, stumps, fine roots and coarse roots) to 20 cm depth were within the system
boundaries as the SOC values from the field studies were determined with accuracy within
the 0–20 cm soil layer. Highest litter input from fine roots and leaf litter are within this soil
profile [48]. As the SOC changes in the sub-20-cm-profile are not part of the study system,
a higher total carbon sequestration in the complete soil profile can be assumed.
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Figure 1. System boundaries (dotted lines) showing the processes considered within the study. Greenhouse gas and energy
fluxes associated with the processes within the system boundaries were included in the analysis.

2.3. Field Operations and Management

The SRC Salix system followed a typical three-year cutting cycle, with the Salix
harvested and chipped on-site at the end of every third growth cycle. The Salix then regrew
from the stumps left in the field. According to current practical recommendations [49], one
rotation period was assumed to last 25 years, after which the stumps would be broken up
and removed and a new rotation would be established with new cuttings. The study period
for the system was set to 50 years, which resulted in two rotation cycles. Technologies
and management practices were assumed unchanged during this period. The data and
assumptions used to calculate energy and emissions associated with the production of
inputs and processes can be found in the Supplementary Material (Tables S6 and S7).

The harvest period for SRC systems is usually during winter months because the biomass
is drier, the plant is dormant and the hard frozen soil provides a higher machinery carrying
capacity [49,50]. It was assumed that the conventional method of harvesting and direct chip-
ping was followed. Thereafter, the chips were transported to a heating plant for production of
heat. The average road transportation distance was set as 40 km in this study.

2.4. Thermochemical Conversion

The higher heating value (HHV) of the Salix chips was considered to be 19.9 GJ/Mg
DM (dry and ash-free), based on which the lower heating value (LHV) adjusted for moisture
content was calculated [51,52]. The average storage period of the chips was 30 days, during



Forests 2021, 12, 1529 8 of 26

which 3% dry matter loss occurred. The heating plant produces heat from biomass incineration
and is equipped with flue gas condensation, which raises the overall efficiency. The energy
efficiency for heat and flue gas condensation is 84% and 10% respectively (LHV basis), which
gives an overall energy efficiency of 94%. The ash produced from biomass incineration was
assumed to be transported by road for an average distance of 100 km. Calculation of ash
quantities was on ash content of 3% in the Salix biomass [53]. The downstream processing
and end-use of the ash were deemed outside the system boundaries.

2.5. Reference System

The reference energy system in this study was a fossil fuel-based energy generation
system. A natural-gas-powered incineration plant supplied heat equivalent to the amount
generated in the same year from the SRC Salix system. The alternative land use scenario
was green fallow. The modelled SOC increase and use of fossil fuel for topping the
land annually were included in the LCA. Assumptions concerning emissions and energy
modelling are included in the Supplementary Material (Table S8).

2.6. Energy Performance Indicator

Energy performance was quantified by the indicator energy ratio (ER), which is the
ratio between the delivered usable energy (thermal energy in this case) and the total
primary energy input to the system [54,55]:

ER =
Delivered energy (Eout)

Energy Inputs (Ein)
(1)

The delivered energy (Eout) is the energy produced (as heat) from the heating plant.
Energy inputs (Ein) is the sum of all primary energy inputs associated with field processes
and management, machinery operation, and production of inputs (fertilizers, pesticides and
cuttings). Ein excludes the energy contained in the Salix biomass produced by cultivation.

This means that the losses in the thermochemical conversion process are excluded,
but they indirectly reduce the delivered energy (Eout). The ER metric is dimensionless and
describes the useful energy produced per unit of energy consumed.

2.7. Mineral Fertiliser

Addition of nitrogen in the form of mineral fertilizers and biomass entering the soil
lead to direct and indirect emissions of N2O. The amount of fertilizer was set according to
the levels used in the field studies, where all fertilized treatment plots received 100 kg N,
14 kg P, 47 kg K per hectare annually, excluding the year of establishment [44].

The direct (N2Odirect) and indirect (N2Oindirect) emissions were calculated as:

N2Odirect = EFN ·
(

Napplied + Nlitter + Nroots

)
·44
28

(2)

N2Oindirect = Napplied·(FA·EFD + Nleached·EFL)·
44
28

(3)

where Napplied is the nitrogen applied by mineral fertilizer, Nlitter and Nroots is the nitrogen
contained in aboveground litter and roots respectively, and Nleached is the nitrogen lost
by leaching. EFN, EFD and EFL are emission factors for direct emissions from applied
nitrogen, indirect emissions from volatilization and re-deposition, and leaching respec-
tively. FA represents the fraction of applied nitrogen emitted as ammonia. The fraction 44

28
converts nitrogen to N2O. The emissions are calculated using default parameter values
from IPCC [56], and are presented in Table A1, Appendix A. The same methodology was
followed to calculate emissions from the fallow reference case.

N2O emissions from biomass residues were based on the nitrogen content in Salix
leaf litter reported for the selected varieties by Weih and Nordh [41] (details in Table S4 in
Supplementary Material) and for stems as 0.43% (of total solids) [41]. Root nitrogen content
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was calculated from a dataset by Manzoni et al [57]. The estimated mean nitrogen content
of roots from plants with low and high fertilization was 0.83% and 1.76% (of total solids)
respectively (Table S5 in Supplementary Material). There are few studies on nitrogen
content between different plant components, especially among different Salix varieties.

2.8. Soil Carbon

Soil carbon balances were calculated using the regional Introductory Carbon Balance
Model (ICBMr) [46,58]. While the field trials provide measured SOC change for the first
17 years, the soil carbon modelling was used to estimate the SOC sequestration over the
study period of 50 years. The model calculates the carbon flux based on variable annual
inputs and regional differences. The ICBM model compartmentalizes the soil carbon into
two pools, a young pool (Y) and an old pool (O), and the dynamics are governed by five
parameters (i, ky, ko, h and re). The annual carbon input, denoted i, enters the young pool
primarily in the form of leaf litter and dead roots. Both the young and old carbon pools
undergo decomposition according to first-order kinetics as determined by decay constants
ky and ko, respectively. The humification coefficient h denotes the fraction of the young pool
that enters the old pool, while the remainder returns to the atmosphere as CO2 emissions.
The variable re represents the effect of external factors (mostly climatic and edaphic) on
the decomposition rates. The initial calibration of the model was carried out using data
from the Ultuna long-term field trial [59]. The ICBM parameters from the long-term trials
are the basis of the parameters used in our study for SOC modelling as the long-term field
trials are in the same region as our study.

The humification factor (h) varies depending on biomass quality and studies have
indicated that roots can contribute more to SOC than aboveground residues [60]. Salix fine
roots specifically have been shown to have higher turnover rates [48]. Therefore, the model
was modified to represent the two different input biomass types—aboveground inputs (ia)
and belowground inputs (ib), with separate humification coefficients (ha and hb). Hence, there
were two parallel young pools, a young pool representing the aboveground biomass input
(Ya) and a young pool representing the belowground input (Yb). Equations (4) and (5) were
used to calculate the SOC stock with an annual time step:

Y[a,b](t) =
(

Y[a,b]t−1
+ i[a,b]t−1

)
∗ exp−kyre (4)

O(t) =
(

Ot−1 −
(

ha .ky

(ko−ky)

(
Yat−1 + iat−1

)
+

hb .ky

(ko−ky)

(
Ybt−1 + ibt−1

)))
·exp−kore

+

(
ha .ky

(ko−ky)

(
Yat−1 + iat−1

)
+

hb .ky

(ko−ky)

(
Ybt−1 + ibt−1

))
·exp−kyre

(5)

The aboveground input, ia, consists of the leaf litter. The belowground input, ib, consists
of the yearly fine root turnover and the accumulated coarse roots and stumps broken up and
added to the soil after each 25-year rotation. The sum of the young and old pools represents
the total SOC content at the specific point in time. Based on Kätterer et al. [60], hb was
assumed to be 2.3 times the value of ha. The parameters were estimated from previous SOC
studies [17,33,35,38] on Salix using the same methodology. The parameter details of the ICBM
model are included in supplementary material (Tables S1 and S2).

2.9. Biomass Production Allocation

The standing biomass in Salix plants was divided into two major pools, aboveground
and underground. The aboveground pool consisted of the stems (S) and leaves (L), while
the underground pool consisted of the fine roots (F) and coarse roots (C). The stump
material was included in the coarse root pool. The biomass growth allocation for these
pools in a 3-year growing cycle are included in the Supplementary Material (Table S3). The



Forests 2021, 12, 1529 10 of 26

ratio of 3-year accumulated net primary production (NPP) of aboveground biomass to
belowground biomass, denoted as η was calculated as:

η =
S + L
F + C

=
(1 + a)S
(1 + b)F

(6)

where S, L, F and C are the net production of stems, leaves, fine roots and coarse roots
(including stumps), respectively over the 3-year cutting cycle period, a is the ratio of leaves
to stems and b is the ratio of coarse roots to fine roots.

The differences in growth patterns between the various Salix varieties and treatments
can be expected to lead to variation in values of η between them. Thus, varying the ratio
η would lead to different input parameters (ia and ib), resulting in different SOC values
calculated by the ICBM model. This would lead to differences in biomass input between
the varieties and variations in SOC accumulation. The ratios a and b were determined from
lysimeter studies on Salix growth by Rytter [61] to be 0.244 and 0.238, respectively, and
are considered to remain unchanged between the different Salix varieties. Introduction of
the factor η was an attempt to represent the impact of genetic differences between Salix
varieties on plant growth and biomass allocation.

Rytter and Hansson [62] found that around 70% of total fine root biomass lies in the
upper 20 cm of the soil profile. Based on this, annual root biomass input in the 0–20 cm soil
layer was set to 70% of annual root NPP. For the equivalent green fallow reference case, the
root biomass was 60% of the root NPP in the 0–20 cm layer [63].

The ICBM model was used to calculate the SOC change in the 0–20 cm soil layer for
the 17-year period. The above-to-below ground accumulation ratio (η) was adjusted until
the calculated SOC values from the ICBM model matched the measured SOC values from
the field trials for all six varieties and treatments. The η values obtained by this method are
presented in Table 3.

Table 3. Ratio of aboveground to belowground biomass accumulation (η) over 3-years for the
different Salix varieties and treatments obtained from optimization of the ICBM soil carbon model
with field-based soil organic carbon measurements. F0 and F+ refer to the unfertilized and fertilized
treatments respectively.

Parameter Treatment Björn Gudrun Jorr Loden Tora Tordis

η F0 1.80 0.85 0.40 0.55 0.80 1.20
F+ 8.00 1.85 1.85 2.00 2.30 3.75

2.10. Climate Impact

In the normalized GWP100 metric, the cumulative warming potential of a GHG emis-
sion is represented relative to that of CO2 for a 100-year period [64] and expressed in
CO2-equivalents. The emissions of CO2, CH4 and N2O are multiplied by their respective
characterization factors and summed to arrive at the total GWP100. While this is a simpli-
fied and popular metric for representation of climate impacts, GWP100 does not capture
the effects of timing of the emissions and their absolute impacts on the ecosystem [30,54].

Absolute global temperature change potential (AGTP), also referred to as ∆Ts, is a
metric that takes into account the timing of emissions and represents the climate impact
as a change in temporal global mean surface temperature [65]. Using an absolute metric
like AGTP displays the climate impact from a GHG emission as change in temperature
(∆Ts), which approaches the actual physical effect on global temperature but increases
uncertainty. This time-dependent LCA methodology, developed by Ericsson et al. [35], was
used here as a climate impact indicator in addition to GWP100.

Emission of a GHG at a particular point in time leads to a change in its atmospheric
concentration which affects the radiative forcing (RF). This leads to a change in the energy
balance on Earth, which results in an increase or decrease in temperature represented as
∆Ts [35,56]. GHGs vary in their radiative efficiency and atmospheric residence time, e.g.,
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N2O and CH4 have atmospheric residence times of 12.1 and 12.4 years, respectively, while
CO2 stays in the atmosphere until it is absorbed by the ocean or biosphere [66]. The lifetime
of CO2 is modelled based on the Bern carbon cycle. The temperature response of a GHG
(AGTPx) is defined as:

AGTPx(H) =
∫ H

0
RFx(t)RT(H − t)dt

(
K kggas

−1
)

(7)

which represents the complex interaction between radiative forcing (RF) and the tempera-
ture response function (RT) caused by a unit change in RF due to a pulse emission of a GHG
‘x’ at a specific time interval (t), and ‘H’ is the timeframe of the study. The parameter RT
captures the change in temperature due to the change in RF because of emission or uptake
of a GHG (x) from the atmosphere at time interval (t). Integrating over the studied period
‘H’ gives the temperature response for a particular GHG (AGTPx) in terms of K kggas

−1.
The overall temperature response (∆Ts, measured in K) is the summation of the AGTP of
the individual GHG emissions over the study timeframe ‘H’. A detailed explanation of the
methodology is given in Ericsson et al. [35].

The time-dependent climate impact methodology requires the creation of an inventory
of GHG emissions and uptakes distributed over time of the study. Individual temperature
responses of each emission are calculated from this inventory. The total system response
(∆Ts) is obtained by summing the individual responses and can be plotted as the change in
temperature over time.

2.11. Sensitivity Analysis

Even with accurate data collection and standardized methods, uncertainties are un-
avoidable due to the multiple assumptions and variability involved in modelling and LCA
approaches. Sensitivity analysis makes it possible to understand how different factors
influence the final results of the analysis [67].

The setting of the system boundary to 20 cm of soil depth is a source of uncertainty.
This is a type of parameter uncertainty and model uncertainty, as change in depth of
soil profile changes the system boundaries of the model and related parameters such as
SOC values and inputs from BGB. To assess how a greater soil profile would influence
the SOC modelling and climate impacts from the different Salix varieties, a one-at-a-time
sensitivity analysis was performed. The system boundary was adjusted to include a soil
depth of 25 cm and related parameter of below ground input (ib) and initial and final
SOC values were changed, while other parameters in the analysis remained constant. The
average plough depth of 20–25 cm was the motivation for limiting the soil profile depth,
as the subsoil characteristics at the site (both before and after establishment of Salix) were
not known.

In soil carbon modelling, the average SOC stock in the 20–25 cm layer was estimated to
be half of the stock in the 10–20 cm layer for each of the varieties described in the previous
sections. The root biomass input for Salix and the reference fallow case was 80% and 65%
of the annual belowground NPP, respectively based on studies of root distribution for
Salix [48] and grasses [63,68]. The root distribution is subject to variability due to factors
such as soil and climate, and hence is a potential source of uncertainty.

3. Results
3.1. Energy Use and Efficiency

Regarding energy performance, the fertilized treatments of varieties ‘Tordis’, ‘Björn’,
‘Tora’ and ‘Jorr’ performed best in the ambient conditions, with ERs (GJout GJin

−1) of 28.2,
26.5, 25.1 and 24.7, respectively (Table 4). Among the unfertilized varieties, ‘Tordis’ and
‘Björn’ gave the best energy performance, with ERs of 47.7 and 48.2, respectively. Average
annual net heat output varied from 69 to 234 GJ ha−1 year−1 between the different Salix
varieties and treatments. Fertilized ‘Tordis’ had the highest primary energy input of all
the varieties as it had the highest yield levels, leading to high biomass and heat output
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(234 GJ ha−1 year−1). Fertilization of ‘Gudrun’ and ‘Loden’ did not lead to major improve-
ment in their yield over the unfertilized treatment, which resulted in relatively poor energy
performance of the fertilized treatment of these two varieties. Among the unfertilized
treatments, the variety ‘Björn’ had the highest annual heat output, 150 GJ ha−1 year−1.
The energy output from the heating plant is directly proportional to the biomass yield,
which was higher when the plots were fertilized. Hence, the energy outputs in the form of
heat were consistently higher for the fertilized treatment compared with the unfertilized
treatment. The primary energy input for the fertilized treatment of each variety was about
2.5–4.6 higher than in the equivalent non-fertilized treatment. Consequently, ERs for the
unfertilized cases was much higher than in the fertilized cases.

Table 4. Primary energy input, heat output, energy in biomass and energy ratio for the six SRC Salix varieties in fertilized
and unfertilized treatments during two rotation periods (years 0–50). F0 and F+ refer to the unfertilized and fertilized
treatments, respectively.

Variety and
Treatment

Energy in Biomass (GJ ha−1) Primary Energy Input (GJ ha−1) Net Heat Output
(GJ ha−1) Energy Ratio

(GJout GJin
−1)

Total Annual
Average Total Annual

Average Total Annual
Average

Björn F0 8245 165 156 3 7518 150 48.2
Björn F+ 11252 225 388 8 10259 205 26.5

Gudrun F0 5525 111 110 2 5038 101 46.0
Gudrun F+ 5562 111 290 6 5071 101 17.5

Jorr F0 3769 75 79 2 3437 69 43.3
Jorr F+ 9834 197 364 7 8967 179 24.7

Loden F0 3757 75 79 2 3426 69 43.2
Loden F+ 4956 99 280 6 4519 90 16.1
Tora F0 4789 96 97 2 4366 87 45.1
Tora F+ 10177 204 369 7 9279 186 25.1

Tordis F0 7526 151 144 3 6863 137 47.7
Tordis F+ 12859 257 415 8 11725 234 28.2

The contribution of the individual cultivation, transportation and handling processes
to the total primary energy input over the study period are described in Table 5. The
primary energy associated with pesticides, field preparation, production and planting of
seedlings, and stump removal were the same for all six Salix varieties and treatments, as
these processes are independent of variety type and fertilization. These are presented on a
per hectare basis. The processes of harvesting, chipping, forwarding and transportation are
directly proportional to the amount of shoot biomass produced, and hence are presented
on basis of per GJ of energy in biomass. Production and spreading of fertilizers were
the greatest contributor to primary energy input for fertilized cases, while it was zero for
non-fertilized cases.

Table 5. Primary energy inputs by process category associated with the bioenergy system of six Salix
varieties in fertilized and unfertilized treatments over the 50-year study period.

Process Energy (GJ ha−1) Unit

Pesticides a 4 GJ ha−1

Field preparation a 6 GJ ha−1

Planting & seedlings a 4 GJ ha−1

Stump removal a 1 GJ ha−1

Fertilizer b 0 or 180 GJ ha−1

Harvest & chipping c 7.33 × 10−3 GJ GJbiomass
−1

Forwarding (field transport) c 3.58 × 10−3 GJ GJbiomass
−1

Road transport c 6.22 × 10−3 GJ GJbiomass
−1

a Processes which are equal for all varieties. b Primary energy associated with fertilization is zero for the
unfertilized treatment. c These processes are proportional to the amount of biomass produced in the field.
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3.2. Soil Organic Carbon

Soil carbon modelling results showed that all varieties and treatments led to an
increase in SOC over the initial level in the topsoil (0–20 cm) during the study period
(50 years) consisting of two rotation periods (Table 6). The SOC stock calculated by the
ICBM model at the end of both the first rotation period (after 25 years) and second rotation
period (after 50 years) are shown in Table 6. Fertilized ‘Loden’ and ‘Björn’ showed the
lowest net increase in SOC during the 50-year period, 15.8 and 13.3 Mg ha−1, respectively.
These values were only slightly greater than the SOC increase for the fallow reference case
(9.5 Mg C ha−1).

Table 6. Initial, total and net soil organic carbon increase in the 0–20 cm soil layer after two rotation periods (50 years), as
calculated by the ICBM soil carbon model. F0 and F+ refer to the unfertilized and fertilized treatments, respectively.

Variety and
Treatment

Initial SOC
Stock (0–20 cm)

(Mg ha−1)

SOC Stock
after 25 Years

(0–20 cm)
(Mg ha−1)

Total SOC
Stock after 50

Years (0–20 cm)
(Mg ha−1)

Net SOC
Increase
(0–20 cm)

(Mg ha−1)

Annual SOC
Increase
(0–20 cm)

(Mg ha−1 yr−1)

Change in
SOC after

50 Years (%)

Björn F0 28.9 52.0 66.1 37.2 0.74 129
Björn F+ 28.9 37.2 42.2 13.3 0.27 46

Gudrun F0 28.9 60.4 79.4 50.5 1.01 175
Gudrun F+ 28.9 42.1 49.8 20.9 0.42 73

Jorr F0 28.9 74.6 102.4 73.6 1.47 255
Jorr F+ 28.9 56.7 73.7 44.9 0.90 155

Loden F0 28.9 61.1 80.4 51.5 1.03 178
Loden F+ 28.9 38.9 44.6 15.8 0.32 55
Tora F0 28.9 57.3 74.3 45.5 0.91 158
Tora F+ 28.9 52.3 66.6 37.7 0.75 131

Tordis F0 28.9 60.4 79.6 50.7 1.01 176
Tordis F+ 28.9 48.7 60.9 32.1 0.64 111
Reference-

Fallow 28.9 34.3 38.4 9.5 0.19 33

The carbon modelling results also showed that the unfertilized treatment for each
variety was able to sequester about 1.6 to 3.3 times more SOC than the fertilized case, except
for ‘Tora’. Both treatments of ‘Tora’ led to a similar increase in SOC stock in the topsoil.

The low-yielding variety ‘Jorr’ showed the greatest potential for net carbon seques-
tration, capturing 73.6 Mg C ha−1 and 44.9 Mg C ha−1 over 50 years in the unfertilized
and fertilized treatments, respectively. The variety ‘Gudrun’ had similar biomass yields
for both the fertilized and unfertilized treatments (Table 1), but net SOC increase in the
unfertilized case was almost double that in the fertilized case. ‘Björn’ had high biomass
yields, but the SOC increase was at the lower end of the spectrum. Thus, no clear correlation
between biomass yield and net SOC increase was established. These results indicate that
the impacts on SOC are variety-specific, and that fertilization in general leads to lower net
SOC increase.

3.3. Time-Dependent Climate Impact
3.3.1. Impact Per Hectare of Land (Including Substitution Effects)

All Salix varieties and treatments gave a negative temperature response (∆Ts) over the
study period, which equated to a lowering of the global mean temperature when substituting
reference fossil energy (natural gas) and reference land use (fallow) (Figure 2). There was
great variation in temperature response between the varieties, from −2.15 × 10−10 K ha−1 for
fertilized ‘Loden’ to −5.99 × 10−10 K ha−1 for fertilized ‘Tordis’. Fertilized ‘Tordis’, ‘Björn’,
‘Tora’ and ‘Jorr’ had the greatest negative ∆Ts per hectare of land, which is explained by
the high levels of yield combined with an increase in SOC stocks. These cases represent the
best use of land area under the study conditions for climate change mitigation.



Forests 2021, 12, 1529 14 of 26

Forests 2021, 12, 1529 14 of 27 
 

is explained by the high levels of yield combined with an increase in SOC stocks. These 
cases represent the best use of land area under the study conditions for climate change 
mitigation. 

Although the unfertilized treatment of each variety had greater CO2 sequestration 
potential, the increase in biomass output achieved by fertilization led to higher 
replacement of fossil energy. As a result, fertilized cases had lower ΔTs values. ‘Loden’ 
and ‘Gudrun’ were exceptions, as their fertilized cases showed a greater temperature 
response than the unfertilized cases. These two varieties gained little to no improvement 
in their yield from fertilization, so the additional energy and material input through 
fertilization led to a lower climate mitigation potential. 

 
Figure 2. Time-dependent temperature response of the Salix SRC systems with substitution effects included. The vertical 
dashed line represents the end of the first rotation and start of the second (at 25 years). F0 and F+ refer to the unfertilized 
and fertilized treatments, respectively. 

3.3.2. Impact Per Unit of Heat Output (Including Substitution Effects) 
A different picture emerges when the climate impacts from all cases were expressed 

based on their function of delivering energy services (per MJheat) and replacing fossil-
generated heat (Figure 3). Unfertilized ‘Jorr’ showed the greatest climate mitigation effect 
(−5.11∙× 10−15 K MJ−1), while fertilized ‘Björn’ (−2.39∙× 10−15 K MJ−1) had the lowest. The non-
fertilized varieties showed a greater negative temperature response (per MJheat) than the 
fertilized varieties. This can be attributed to the higher primary energy demand for the 
fertilized treatments, combined with the greater SOC increase for the unfertilized cases. 

The unfertilized cases were more favorable for climate change mitigation on 
comparing when the climate impacts per unit of energy delivered (MJheat) by the biomass 
systems. This is relevant when comparing energy generation systems and land is not a 
restricted resource. Unfertilized ‘Jorr’ and ‘Loden’ were the best-performing varieties in 
terms of potential for temperature reduction per unit of energy, although they had the 
lowest biomass yield. Fertilized ‘Loden’, ‘Gudrun’ and ‘Björn’ had the lowest temperature 

Figure 2. Time-dependent temperature response of the Salix SRC systems with substitution effects included. The vertical
dashed line represents the end of the first rotation and start of the second (at 25 years). F0 and F+ refer to the unfertilized
and fertilized treatments, respectively.

Although the unfertilized treatment of each variety had greater CO2 sequestration
potential, the increase in biomass output achieved by fertilization led to higher replacement
of fossil energy. As a result, fertilized cases had lower ∆Ts values. ‘Loden’ and ‘Gudrun’
were exceptions, as their fertilized cases showed a greater temperature response than the
unfertilized cases. These two varieties gained little to no improvement in their yield from
fertilization, so the additional energy and material input through fertilization led to a lower
climate mitigation potential.

3.3.2. Impact Per Unit of Heat Output (Including Substitution Effects)

A different picture emerges when the climate impacts from all cases were expressed
based on their function of delivering energy services (per MJheat) and replacing fossil-
generated heat (Figure 3). Unfertilized ‘Jorr’ showed the greatest climate mitigation effect
(−5.11 × 10−15 K MJ−1), while fertilized ‘Björn’ (−2.39 × 10−15 K MJ−1) had the lowest. The
non-fertilized varieties showed a greater negative temperature response (per MJheat) than
the fertilized varieties. This can be attributed to the higher primary energy demand for the
fertilized treatments, combined with the greater SOC increase for the unfertilized cases.

The unfertilized cases were more favorable for climate change mitigation on com-
paring when the climate impacts per unit of energy delivered (MJheat) by the biomass
systems. This is relevant when comparing energy generation systems and land is not a
restricted resource. Unfertilized ‘Jorr’ and ‘Loden’ were the best-performing varieties in
terms of potential for temperature reduction per unit of energy, although they had the
lowest biomass yield. Fertilized ‘Loden’, ‘Gudrun’ and ‘Björn’ had the lowest temperature
decrease (∆Ts per MJheat) over the study period. Those cases also had the lowest SOC
increase over the study period.
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3.4. Global Warming Potential

The life cycle impact assessment of the different varieties under the two fertilization
regimes showed varying climate impacts. A negative value of the GWP100 metric means
that there is a net reduction of atmospheric GHG concentration, leading to a climate
mitigation effect. In absolute terms (not including the effect of substituting the reference
case), unfertilized ‘Jorr’ had the lowest GWP100 (−333 Mg CO2-eq. ha−1), while fertilized
‘Björn’ had the highest total GWP100 (30 Mg CO2-eq. ha−1) (Table 7).

Among the fertilized varieties, ‘Björn’ and ‘Loden’ were the worst performing in terms
of climate mitigation effects per hectare over 50 years. These varieties had the lowest
increase in SOC among the fertilized varieties, which contributed to their poorer climate
performance. Fertilized ‘Tora’ and ‘Jorr’, which had the highest increase in SOC among
fertilized varieties, showed the greatest reduction in GWP, indicating the importance of
soil carbon sequestration for achieving a climate change-mitigating effect.

Considering the effects of substitution of a natural gas-based reference system for the
SRC Salix, all varieties showed a climate-mitigating effect during the study period. The
magnitude of the mitigation effect ranged from −312 Mg CO2-eq.ha−1 for fertilized ‘Loden’
to −858 Mg CO2-eq. ha−1 for fertilized ‘Tordis’. On considering the substitution effects,
the yield level influenced GWP. High yields contributed to a greater climate mitigation
effect, as seen for fertilized ‘Tordis’, ‘Björn’, ‘Jorr’ and ‘Tora’. This is a result of avoided
equivalent emissions from heat produced in the fossil reference system.
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Table 7. Global warming potential (GWP100) for the Salix cropping systems and fossil-powered reference system and effect
of substitution when Salix was assumed to replace the reference system. The GWP is expressed in both Mg CO2-eq per
hectare and g CO2-eq per MJ of heat during the 50-year study period. F0 and F+ refer to the unfertilized and fertilized
treatments, respectively. A positive value indicates emissions to atmosphere, and a negative value indicates reduction.

Variety and
Treatment

Global Warming Potential (GWP100)

SRC System a Reference System b Substitution Effect c

Mg ha−1 g MJ−1 Mg ha−1 g MJ−1 Mg ha−1 g MJ−1

Björn F0 −143 −19 514 68 −657 −87
Björn F+ 30 3 707 94 −677 −91

Gudrun F0 −220 −44 339 67 −558 −111
Gudrun F+ −31 −6 340 68 −372 −74

Jorr F0 −333 −97 225 65 −558 −162
Jorr F+ −114 −13 616 179 −730 −192

Loden F0 −231 −68 225 66 −456 −133
Loden F+ −10 −2 301 88 −312 −90
Tora F0 −198 −45 291 67 −489 −112
Tora F+ −84 −9 638 146 −722 −155

Tordis F0 −210 −31 467 68 −678 −99
Tordis F+ −47 −4 811 118 −858 −122

a Climate impact of SRC Salix system without substitution effect. b Climate impact of reference system—heat from natural gas and green
fallow land use. c Climate impact of SRC Salix system including substitution effects of reference system.

From the perspective of heat delivered with substitution effects, fertilized ‘Jorr’ had
the highest climate mitigation effect, −192 g CO2-eq.MJheat

−1 produced, while fertilized
‘Gudrun’ was at the other end of the spectrum, with −74 g CO2-eq.MJheat

−1 produced.
The contribution of the Salix production chain emissions, SOC sequestration and

substitution effects to the overall net GWP100 per hectare for the different Salix varieties
are presented in Figure 4. The production chain leads to GHG emissions while SOC
sequestration and substitution effects remove or replace GHG emissions. Emissions from
the production chain (field operations, transportation, fertilizer and soil emissions) are
higher for fertilized varieties due to fertilizer production and greater soil N2O emissions.
The substitution effects are the main contributor to the overall negative GWP100 for all
Salix varieties, except for unfertilized Loden and Jorr. These two varieties showed a greater
potential of SOC sequestration relative to harvest yields in comparison to the other Salix
varieties. Alternatively fertilized Gudrun and Loden have a higher GWP100 compared to
their unfertilized counterparts due to relatively lower improvement in yield.
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Figure 4. Contribution of the Salix production chain, SOC sequestration, substitution effects (from replacing green fallow
and fossil energy) to the net GWP100 per hectare of each of the Salix bioenergy system.
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3.5. Sensitivity Analysis

The sensitivity analysis results for net SOC increase and climate impacts (GWP100)
from considering a soil depth of 25 cm, compared with the base case of 20 cm, are shown
in Table 8. Generally, a deeper soil layer gave a greater net SOC increase within the system
boundary, leading to a lower climate impact. Fertilized ‘Björn’, ‘Gudrun’ and ‘Loden’ were
exceptions to this, as the net SOC increase in the 0–25 cm layer was smaller than in the
0–20 cm layer. Consequently, the climate impacts for these three cases were also greater.

Table 8. Sensitivity analysis of soil organic carbon (SOC) sequestration and global warming potential (GWP100) for the six
Salix varieties in the fertilized and unfertilized treatments, when soil depth considered was increased from 20 to 25 cm. F0
and F+ refer to the unfertilized and fertilized treatments, respectively.

Variety and
Treatment

0–20 cm Soil Layer 0–25 cm Soil Layer

Net SOC
Increase

Annual SOC
Uptake GWP100 GWP100

Net SOC
Increase

Annual SOC
Uptake GWP100 GWP100

(Mg ha−1) (Mg ha−1 yr−1) (Mg ha−1) (g MJ−1) (Mg ha−1) (Mg ha−1 yr−1) (Mg ha−1) (g MJ−1)

Björn F0 37.2 0.74 −143 −19 40.1 0.80 −100 −13
Björn F+ 13.3 0.27 30 3 10.8 0.22 58 6

Gudrun F0 50.5 1.01 −220 −44 64.1 1.28 −193 −38
Gudrun F+ 20.9 0.42 −31 −6 19.7 0.39 9 2

Jorr F0 73.6 1.47 −333 −97 82.0 1.64 −258 −75
Jorr F+ 44.9 0.90 −114 −13 45.7 0.91 −55 −6

Loden F0 51.5 1.03 −231 −68 57.1 1.14 −175 −51
Loden F+ 15.8 0.32 −10 −2 13.9 0.28 26 6
Tora F0 45.5 0.91 −198 −45 50.1 1.00 −147 −34
Tora F+ 37.7 0.75 −84 −9 50.1 1.00 −34 −4

Tordis F0 50.7 1.01 −210 −31 58.2 1.16 −165 −24
Tordis F+ 32.1 0.64 −47 −4 33.6 0.67 −9 −1

Fertilized ‘Björn’, ‘Gudrun’ and ‘Loden’ showed the lowest SOC increase in field
measurements from 2001–2018, which led to lower SOC sequestration rates. On considering
a deeper soil layer, the starting SOC level prior to Salix establishment was also higher. In
absolute terms, the final SOC stock was greater with a deeper soil layer, but the net increase
was lower for these three cases when compared with a shallower (20 cm) layer. Thus, a
lower sequestration rate combined with a greater initial SOC level led to a smaller SOC
increase for these fertilized varieties with increased soil depth. Overall, the changes in SOC
stock and climate impacts were not highly influenced by considering a deeper soil layer of
25 cm.

4. Discussion

The analysis revealed that cultivation of the selected Salix varieties for bioenergy to
substitute equivalent fossil fuels (under the given environmental and site conditions) can
potentially mitigate climate change as it has a net cooling effect on global mean surface
temperature over a 50-year time horizon. Salix variety had a major influence on the climate
change mitigation potential. The Salix varieties in this study varied in some key factors
derived from measured field data (SOC sequestration, biomass yield and response to
fertilization) and these factors affected the overall climate impact between the different
varieties. The major contribution to the climate mitigation effect comes from substitution
of fossil fuels and SOC sequestration. While fossil fuel replacement is relatively easy to
estimate using harvest yields, estimation of SOC change over time is complicated as it is
subject to various environmental conditions and uncertainties.

The flue gas condensation technology assumed in the incineration plant with heat
recovery gives high energy efficiency, leading to a greater output of energy delivered which
puts the energy ratio in the higher range. This is a common technology in Swedish power
plants [64], although it might not be common in other countries. The conversion efficiency
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of the thermochemical processes selected in a study determines the amount of useful
energy production from the system and its subsequent ER. The ER in this study was within
the range 16.1–28.2 for fertilized Salix varieties and 43.2–48.2 for non-fertilized varieties.
Values of ER reported in the literature range from 16 to 79 in energy performance analysis
studies [69–76], which are indicative of different methods and assumptions considered in
individual studies.

The results in the present study indicate that Salix variety and fertilization regime
strongly affect the NPP distribution between aboveground and belowground biomass. The
ratio of NPP of annual aboveground biomass (AGB) to belowground biomass (BGB) in
our study was estimated at 0.4–1.8 for unfertilized treatments and 1.9–8.0 for fertilized
treatments (Table 3). The estimation of these values is based on the well-established
conception that variety and fertilization influence the production of BGB relative to AGB,
which leads to variation in SOC change.

Data on AGB and BGB production and allocation for Salix from some studies are
presented in Table 9. Heinsoo et al. [77] reported large differences in the magnitude of the
ratio between AGB and fine root production for fertilized and control plots in an Estonian
Salix plantation with two species (S. viminalis and S. dasyclados). This study reported a
significant reduction in annual production of fine root biomass under fertilization, while
AGB production was greatly improved. The AGB to BGB production ratio for S. viminalis
was 1.04–2.07 for lysimeter-grown Salix in sandy and clayey soils [61]. Rytter [78] found
significant differences in biomass allocation to fine-roots between N-limited and unlimited
growing conditions (for S. viminalis) but no change in annual turnover rates of fine roots.
These studies support the idea that fertilization can lead to lower BGB production that
leads to very different AGB to BGB ratios between unfertilized and fertilized treatments.

Table 9. Aboveground to Belowground biomass production and allocation ratios of Salix varieties reported under different
environmental conditions.

Study Description Value

Heinsoo et al., 2009 [77]

Ratio of aboveground to fine root annual production
S. viminalis control 1.16–1.09

S. viminalis fertilized 14.28–12.5
S. dasyclados control 2.85–1.51

S. dasyclados fertilized 20–16.67

Rytter, 2001 [61]

Ratio of total aboveground to belowground production
of S. viminalis L

Year 1 1.04–0.73
Year 2 1.73–2.07
Year 3 1.63–1.5

Rytter, 2013 [78]

Ratio of annual production of stem to fine root of
S. viminalis L

N limited 0.65
Unlimited 1.84

Pacaldo et al., 2013 [79]
Ratio of biomass allocation of Aboveground biomass

(Stem + Leaf) to Belowground biomass (FR + CR + stool)
of S. dasyclados

0.32–0.61

Pacaldo et al. [79] reported biomass allocation for a single Salix variety (S. dasyclados)
from two locations with different plantation ages and soil conditions; based on their data,
the AGB to BGB allocation ratio was 0.32–0.61. The ratio of annual production of AGB to
BGB in our study falls within the range of values reported for Salix in different studies, but
these figures need to be validated by further studies on belowground biomass to increase
accuracy in soil carbon modelling estimates.
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Salix roots are characterized by high growth and mortality rates [80] and are not bound
by seasonal patterns, with some growth and decay observed even during winter [61]. This
indicates that root production is relatively higher under a non-fertilized regime, which
combined with unchanged turnover rates would lead to higher belowground biomass
input to the soil compared with a fertilized treatment, which can lead to greater SOC stocks.

The few previous studies on how biomass growth and allocation differ between
Salix varieties [43,81,82] have shown that variety and growing environment can have
significant impacts on biomass allocation and growth patterns. Cunniff et al. [43] found
that belowground allocation differed up to 10% between Salix varieties and up to 94%
between locations. Furthermore, a study by Gregory et al. [81] found significant differences
in root density between Salix varieties, especially in the upper layers.

There is a scarcity of data on belowground biomass allocation and its variation between
Salix varieties and environmental conditions. Only a few studies measured the production
and turnover of roots (especially fine roots) as these analyses are time-consuming, labor-
intensive and expensive [83]. Furthermore, the estimation of root growth and number
can greatly vary due to the measurement method used [84]. A study including two Salix
varieties [85] has also shown differences in decomposition rates of fine root litters, which
further stresses the need for variety focused studies. This makes it difficult and complicated to
compare data on aboveground to belowground biomass accumulation from different sources,
as variations can occur owing to multiple factors. This is a source of variability in determining
especially belowground biomass growth and its contribution to SOC sequestration. There
is need for further research and standardization of methods to enable comparisons and
calibration of soil carbon models to make more reliable long-term predictions.

In spite of the uncertainties regarding the variety-related input variables for soil carbon
modelling, this investigation provides useful insights into the expected variety-related
SOC changes over a longer period of time and based on measured data of above ground
biomass and soil SOC over an 18-year period. While these uncertainties might affect all
investigated varieties in a similar way, they are likely to result mostly in an uncertain
absolute magnitude of SOC after a certain period of time, whereas the variety-specific
pattern of SOC change is expected to be more robust. Thus, we believe that the use of
Salix variety-specific data from the field study in this analysis is a clear improvement over
previous studies dealing with SOC modelling in Salix. The scaling and extrapolation of
soil carbon models is a challenge due to lack of long-term data and the complexity of SOC
sequestration mechanisms. Despite the challenges, such approaches with assumed data are
a necessary part of making sustainable management decisions. The accuracy of the models
and their predictions can be constantly adjusted by feedback of new measured data and
advancing knowledge of SOC.

The carbon modelling based on measured SOC levels from the measured field trial
data, showed that non-fertilization led to a greater increase in SOC compared with fer-
tilization of the same variety under the same soil conditions. A relationship between
shoot biomass yield and increase in SOC was expected from other studies, but was not
seen in our study, as greater yield did not correlate with more CO2 being sequestered
in the soil. For example, unfertilized ‘Jorr’ had one of the lowest shoot biomass yields
among all varieties investigated here, but showed the highest increase in SOC in the top
20 cm soil layer; while fertilized ‘Björn’, with high biomass output, had one of the lowest
increases in SOC stocks. This result questions the common assumption of higher shoot
biomass yield leading to a greater increase in SOC due to higher production of leaf and
root litter. While greater shoot biomass may lead to increased leaf litter production, root
litter production might show a differential pattern. Interestingly, Pappas et al. [86] found
that in boreal forests, aboveground biomass growth is decoupled from the carbon input to
the ecosystem, highlighting the significance of belowground carbon inputs independent
from aboveground growth. Also, Khan et al. [87] conclude that N-fertilization increases
harvests for crops but can have a negative effect on SOC sequestration.
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The SOC accumulation rate in our study was 0.24–1.29 Mg ha−1 yr−1 for the 0–20 cm
soil layer over 50 years. Direct comparisons of SOC changes reported in different studies are
difficult, because of variations in initial soil conditions, study period, growing conditions,
methodology and depth of soil profile considered in the study. The test site had a clay
content of 18%. This clay content promotes long-term carbon sequestration by stabilization
of SOC against decomposition [88]. SOC sequestration rates of 1.44–2.27 Mg ha−1 yr−1

for the top 30 cm soil layer have been reported for two Salix varieties during a 6-year
study period in the UK [81]. Other recent studies have recorded SOC sequestration rates of
1 Mg ha−1 yr−1 in the upper 10 cm in Italy [89] and high levels of 6.7–10.2 Mg ha−1 yr−1 in the
upper 60 cm in Belgium [90]. In a meta-analysis by Agostini et al. [18], SOC accumulation
rates in the range −0.06 to 3.57 Mg ha−1 yr−1 Mg ha−1 yr−1 were found for Salix. However,
the studies in the meta-analysis varied greatly in methodology, soil conditions and length
of study period, impeding comparisons. Greater accumulation rates have been reported
for Salix grown on former arable land compared with grassland [91]. The amount and rate
of SOC change are highly dependent on the previous land use, which consequently plays a
major role in the climate impact. In any case, the annual SOC accumulation rates in our
study clearly fall within the range reported from other sources. However, there is a need
for further investigation of root production, turnover and decay based on soil types, plant
variety, and nutrient regimes because the soil carbon change has an important effect in
determining the climate impacts and should therefore be included in systems studies

From a land use perspective, the climate impact was governed by the Salix biomass
yield. Higher biomass yields contributed to a greater replacement of fossil energy, thereby
contributing to a greater cooling effect. Exceptions to this were the varieties ‘Gudrun’
and ‘Loden’, which showed almost no improvement in yield from fertilization. Thus, for
optimum climate mitigation per unit land area, a high-yielding variety needs to be selected.
However, on comparing the varieties from the functional unit of energy output (per MJ of
energy output), the SOC sequestration potential played the major role in determining the
climate impact. In this regard, the unfertilized varieties with good yields and SOC seques-
tration potential offered greater potential cooling effects. Hence the basis of comparison
(land use or energy output) also plays an important role in the interpretation of climate
impact results.

A literature review by Djomo et al. [54] reported that LCAs of short-rotation bioenergy
crops often use very different system boundaries, impact indicators and conditions, which
makes comparisons between studies difficult. All scenarios analyzed in the present study
showed a GWP reduction potential of 95 to 237% compared with the fossil reference
system (Table 7). This is much higher than the 90–99% reduction potential presented in
the review by Djomo et al. [54], but only one study in that review had considered the
effects of soil carbon sequestration. The high yield levels for unfertilized Salix varieties
in the present study, combined with SOC sequestration, explain the much higher GWP
reduction potential estimated in our study. However, the soil is not an endless C sink
and increasing temperatures under climate change will accelerate the degradation of SOC,
thereby reducing the size of the sink. Thus, the SOC sequestration potential is expected to
decrease over time because of climate change. It is difficult to predict technological change
during a long period, so in this study the systems were assumed to remain static during the
50-year period. Assuming a constant level of cultivation of Salix at the same location, the
cooling effect from an increasing SOC pool will eventually decline, but the warming effect
due to GHG emissions from the production system will continue to increase over time. The
major sources of emissions are production of fertilizers and N2O soil emissions. From a
longer time perspective, these emissions will be of uppermost importance in improving
the climate performance of Salix production systems.

Default IPCC values for calculation of nitrogen leaching from mineral fertilizers were
used in this study, due to lack of site-specific data. Salix has been shown to have lower
nitrogen leaching rates than other crops [40,92], and thus the default values used here
might be on the higher side for Salix cultivation. In the field trials, all fertilized plots were
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enriched with the same quantity of mineral fertilizer, which might be higher or lower than
the optimal fertilization level of the plant. Fertilization studies can help to determine the
optimum fertilization by variety, which will greatly influence the emissions and energy
input of the fertilization phase and the AGB to BGB production ratio.

The scarcity of complete data that are site- and variety-specific for all aspects of the
Salix bioenergy production and decomposition poses some limitations. The SOC changes
and climate impacts from one study should not be directly extrapolated to other cases as
there are several factors (such as environmental conditions and previous land use) which
can lead to different results. The results of this study stress the importance of accounting
for variety and fertilization effects when estimating SOC changes and climate impacts
of Salix bioenergy systems. As such, these effects should not be ignored in planning for
bioenergy systems of the future. There is potential to develop varieties with high levels of
both shoot and root biomass with efficient fertilizer utilization, which would give a greater
climate mitigation benefit.

5. Conclusions

Soil carbon modelling based on Swedish field trial data showed that all Salix varieties
tested can potentially increase the SOC stock in the soil over a period of 50 years under given
soil conditions of vertic cambisols. Salix variety and fertilization treatment determined
the magnitude of CO2 sequestration. No clear relationship was found between biomass
yield and SOC sequestration potential across the varieties and soil type used in this study,
which indicates that belowground biomass accumulation and decomposition should not
be directly estimated from shoot yield alone. High production and turnover rate of fine
roots was estimated to be the major contributor to SOC inputs by Salix. Fertilization
led to an increase in biomass yield (and therefore energy output), but a decrease in SOC
sequestration potential, across all varieties.

The fertilized ‘Björn’ biomass systems showed a warming effect on the climate (pos-
itive GWP) without inclusion of substitution effects from replacing a natural gas-based
reference case. However, all varieties and treatments showed the potential to mitigate
climate change (negative GWP and ∆Ts) on inclusion of substitution effects. High-yielding
Salix varieties had the greatest potential to mitigate climate change when looking from
a land-use perspective. When comparing per energy unit, the SOC sequestration effects
become more prominent in determining the overall magnitude of the climate change mitiga-
tion potential of the different Salix varieties. System analysis approaches like LCA should
incorporate SOC effects, which can significantly affect the climate impacts of biomass
cultivation systems, as seen here for six Salix varieties.

Initial soil conditions are very important for biomass productivity because they in-
fluence the amount of leaf and root litter produced, which in turn influence the SOC
accumulation rate. Hence, previous land use needs careful consideration when evaluating
climate impacts. Results in previous studies, combined with our findings, show that there
is some uncertainty about SOC sequestration rates, which makes it important to research
belowground biomass production, including varietal and location effects.

The results from this study highlight the effects of variety on SOC sequestration,
biomass yield, response to fertilization and, ultimately, climate impact. This shows the
importance of selecting the appropriate variety of Salix and management practices based
on the desired outcome from the bioenergy system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12111529/s1, Table S1: Parameters used to model SOC changes in ICBM. Table S2: Initial
values of aboveground (Ya) and belowground (Yb) young pool, and old pool (O) used in the ICBM
calculation. Table S3: Values used to calculate the biomass allocation between the different pools
(stems, leaves, fine roots and coarse roots) at stages of growth as a percentage of their 3-year net
primary production. Table S4: The nitrogen content in leaf litter was calculated according to the
abscission leaf N content by variety and fertilization as reported by Weih and Nordh, 2002. Table S5:
The nitrogen (N) content of roots was calculated from the dataset by Manzoni et al., 2021. Table S6:
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Energy input and emissions associated with production of pesticides, cutting, fertilizer and fossil
fuels. Table S7: Data used to estimate emissions and energy usage for operations in the biomass
procurement chain. Table S8: Data used to model emissions and energy for the reference case.
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Appendix A

Table A1. Default parameters used in Equations (2) and (3) to calculate N2O emissions as described
in IPCC 2019 [56].

Parameter Description Value Unit

EFN Direct emissions from applied N 0.01 kg N2O-N kg−1 N

EFD
N2O emissions from volatilization and

re-deposition 0.010 kg N2O-N kg−1 NH3-N

EFL N2O emissions from N leaching 0.011 kg N2O-N kg−1 N leached

FA
Fraction of applied N lost as ammonia

(for ammonia-N based fertilizer) 0.05 kg NH3-N + NOx-N kg−1

applied N
Nleached Fraction of N lost by leaching 0.24 Kg N kg−1 applied N
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