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1 |  INTRODUCTION

Biomass as a source of renewable energy can decrease 
dependency on fossil fuels and contribute to climate 
change mitigation by storing carbon in biomass and soil 

(Creutzig et al., 2015). For bioenergy to generate nega-
tive carbon emissions, more carbon has to be sequestered 
during feedstock production than is released along the life 
cycle (Searchinger et al., 2008; Tilman, Hill, & Lehman, 
2006). The greenhouse gas (GHG) balance of bioenergy is 
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Abstract
Albedo change during feedstock production can substantially alter the life cycle cli-
mate impact of bioenergy. Life cycle assessment (LCA) studies have compared the 
effects of albedo and greenhouse gases (GHGs) based on global warming potential 
(GWP). However, using GWP leads to unequal weighting of climate forcers that act 
on different timescales. In this study, albedo was included in the time-dependent 
LCA, which accounts for the timing of emissions and their impacts. We employed 
field-measured albedo and life cycle emissions data along with time-dependent mod-
els of radiative transfer, biogenic carbon fluxes and nitrous oxide emissions from 
soil. Climate impacts were expressed as global mean surface temperature change 
over time (∆T) and as GWP. The bioenergy system analysed was heat and power 
production from short-rotation willow grown on former fallow land in Sweden. We 
found a net cooling effect in terms of ∆T per hectare (−3.8 × 10–11 K in year 100) 
and GWP100 per MJ fuel (−12.2 g CO2e), as a result of soil carbon sequestration via 
high inputs of carbon from willow roots and litter. Albedo was higher under willow 
than fallow, contributing to the cooling effect and accounting for 34% of GWP100, 
36% of ∆T in year 50 and 6% of ∆T in year 100. Albedo dominated the short-term 
temperature response (10–20  years) but became, in relative terms, less important 
over time, owing to accumulation of soil carbon under sustained production and the 
longer perturbation lifetime of GHGs. The timing of impacts was explicit with ∆T, 
which improves the relevance of LCA results to climate targets. Our method can be 
used to quantify the first-order radiative effect of albedo change on the global climate 
and relate it to the climate impact of GHG emissions in LCA of bioenergy, alterna-
tive energy sources or land uses.
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commonly determined using life cycle assessment (LCA),  
a standardized method for evaluating potential environmen-
tal impacts (Cherubini et al., 2009; Creutzig et al., 2015; 
Hellweg & Milà i Canals, 2014). All direct and indirect 
sources of GHG emissions need to be considered, including 
production of inputs, field operations, land use, transport, 
processing and energy conversion.

Land management and land use change (direct or indirect) 
can dominate the GHG balance of bioenergy systems due to 
changes in carbon stocks (Searchinger et al., 2008) and ni-
trous oxide emissions from nitrogen application (Cherubini 
et al., 2009). Compared to annual crops, perennial grasses 
and short-rotation coppice (SRC) species are associated with 
lower land-related emissions as they require less fertilization 
and have the potential to sequester additional carbon in soil 
(Don et al., 2012). Cultivation of perennial crops on marginal 
lands has been suggested to minimize competition with other 
agricultural uses and increase the potential for soil carbon se-
questration (Gelfand et al., 2013; Whitaker et al., 2018).

Land use further affects the climate by modifying the 
biophysical properties of the land surface, including albedo, 
evapotranspiration efficiency and surface roughness (Pielke 
et al., 2002). These properties regulate fluxes of energy, water 
and momentum between the surface and the atmosphere and 
influence climate variables on local, regional and global scale 
(Pielke et al., 1998). Albedo, the share of solar flux reflected 
back from the ground, directly impacts the Earth's energy 
budget. The more reflective a surface, the higher its albedo 
and the greater the potential for radiative cooling and even-
tually temperature change. Through this mechanism, land 
use over time has led to substantial radiative cooling (Betts, 
Falloon, Goldewijk, & Ramankutty, 2007; Ghimire et al., 
2014) and resulted in lower temperatures (Betts et al., 2007). 
This is because most historical land cover change to date has 
been agricultural expansion in temperate regions, where the 
shift from forests to more reflective croplands has increased 
albedo and primarily caused albedo-related cooling (Betts 
et al., 2007). There is concern that albedo change today could 
offset the cooling achieved by emissions reduction measures 
that affect surface properties, such as afforestation (Arora 
& Montenegro, 2011), biomass plantation (Schaeffer et al., 
2006) and biochar application (Smith, 2016). It has also been 
suggested that land could be managed proactively towards 
higher albedo to mitigate global warming, for example, by 
introducing cover crops (Carrer, Pique, Ferlicoq, Ceamanos, 
& Ceschia, 2018) or by using reflective materials on urban 
surfaces (Akbari, Menon, & Rosenfeld, 2009).

Albedo can be an important contributor to the life cycle 
climate impact of bioenergy. LCA studies show that changes 
in albedo may cause radiative forcing (RF) of similar mag-
nitude to the RF of net GHG emissions in a bioenergy 
system (Cai et al., 2016; Caiazzo et al., 2014; Cherubini, 
Bright, & Stromman, 2012). However, the importance of 

albedo depends on a range of case-specific factors such as 
local climate, insolation, soil type, vegetation, management 
and yield. Therefore, additional research is needed to under-
stand when, where and at which scale surface albedo should 
be considered in the planning and assessment of bioenergy 
systems.

The relative importance of albedo for the life cycle climate 
impact depends on the time perspective chosen for the assess-
ment. Albedo change leads to RF that persists only as long 
as surface properties are modified, while the RF of GHGs 
decays gradually after emission and may persist for decades 
or centuries. Metrics commonly used in LCA, such as global 
warming potential (GWP), are calculated for a single time 
horizon. This results in unequal weighting of short-term and 
long-term climate forcers, which may be inappropriate in 
joint assessments of well-mixed GHGs, short-lived climate 
forcers and albedo effects (Peters, Aamaas, Lund, Solli, & 
Fuglestvedt, 2011; Tanaka, Peters, & Fuglestvedt, 2010). 
Methods have been developed to express climate impacts as 
a function of time (Levasseur et al., 2016), based on annual 
emission inventories and metrics such as instantaneous RF 
(Levasseur, Lesage, Margni, & Samson, 2013; Pourhashem, 
Adler, & Spatari, 2016), cumulative RF (Levasseur et al., 
2013) or global mean surface temperature change (Ericsson 
et al., 2013). These time-dependent LCA methods have been 
used to compare the impact of GHGs with different lifetimes, 
account for the timing of emissions and include temporary 
storage of biogenic carbon. To our knowledge, few LCA stud-
ies have applied time-dependent methods to albedo using RF 
as a metric (Bright, Stromman, & Peters, 2011; Cherubini 
et al., 2012; Jørgensen, Cherubini, & Michelsen, 2014), 
whereas the majority has used GWP (Arvesen et al., 2018; 
Cai et al., 2016; Caiazzo et al., 2014; Meyer, Bright, Fischer, 
Schulz, & Glaser, 2012).

The aim of this study was to improve understanding of 
how albedo affects the life cycle climate impact of bioenergy. 
Specific objectives were (a) to include albedo in time-depen-
dent LCA; and (b) to evaluate the magnitude of the life cycle 
climate impact due to albedo change and compare it with 
carbon sequestration and GHG emissions in a bioenergy sys-
tem. For this purpose, LCA methodology was combined with 
time-dependent models of the production chain, biogenic 
carbon fluxes, nitrous oxide emissions from soil and radia-
tive transfer. Climate impacts were expressed as global mean 
surface temperature change, which is a function of time, and 
as GWP using a 100 year time horizon.

The system analysed was production of heat and power 
from SRC willow cultivated on former long-term fallow land 
for 50 years. The study site was located in Västra Götaland 
County in south-western Sweden (58.2667, 12.7667). About 
8% (36,000 ha) of the county's arable land area was under fal-
low between 2015 and 2019 (Swedish Board of Agriculture, 
2019), whereof more than half was fallow for 3  years or 
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longer (Statistics Sweden, 2017). Hence, there is potential to 
cultivate perennial energy crops with a low risk of displacing 
food or feed production. Willow is a perennial energy crop 
that can provide rapid growth and high yields at low levels 
of agronomic inputs and management. Studies have shown 
good potential of SRC willow bioenergy systems to generate 
low (Heller, Keoleian, & Volk, 2003) or negative emissions 
(Ericsson et al., 2013; Hammar, Hansson, & Sundberg, 2017; 
Hillier et al., 2009).

2 |  MATERIALS AND METHODS

2.1 | Goal and scope of the LCA

Life cycle assessment was used to analyse cultivation of 
SRC willow on former fallow in south-western Sweden for 
50 years, supplying wood chips to a local energy plant for 
combined heat and power (CHP) production. The goal was to 
determine the climate impact of SRC willow bioenergy, in-
cluding the three major GHGs (carbon dioxide [CO2], meth-
ane [CH4], and nitrous oxide [N2O]) and albedo. Results are 
presented per hectare of land and per MJ fuel energy content, 
based on the lower heating value (LHV).

The willow scenario included production of inputs, 
field operations, transport and combustion of wood chips 
(Figure  1). Transformation and distribution losses of heat 
and electricity were not included. Direct effects of land use 
were accounted for, comprising the initial transformation of 
fallow land and the change in occupation during 50 years of 

willow production. The production period consisted of two 
consecutive 25-year rotations of SRC willow. Each rotation 
started with soil preparation in autumn and establishment of 
a new plantation in the following spring. The rotation then 
consisted of eight 3-year cutting cycles, followed by one fal-
low year between termination of the old plantation and es-
tablishment of a new plantation. The crop was assumed to be 
harvested in spring every third year, yielding 20 Mg DM/ha 
in the first cutting cycle of each rotation and 30 Mg DM/ha 
in cutting cycles 2–8 (Hollsten, Arkelöv, & Ingelman, 2013).

The reference scenario included natural gas as a fuel com-
busted in the CHP plant. The land remained fallow for the 
duration of the study period, resulting in no transformation 
or change in occupation. Fallow was defined as set-aside land 
vegetated by grass with annual productivity of 3 Mg DM/ha. 
The management of green fallow was identical in the refer-
ence scenario and before the study period (i.e. when fallow 
was the former land use).

Time-dependent LCA methodology (Ericsson et al., 
2013) was used to quantify the climate impact due to annual 
GHG emissions and albedo changes. Emissions of CO2, CH4 
and N2O were recorded for each year of the study period, 
in a time-distributed life cycle inventory. Upstream emis-
sions from production of inputs were assigned to the year in 
which the inputs were used. CO2 from the decay of methane 
was recorded as an emission in the year following the decay. 
Changes in annual carbon stocks were recorded as positive 
or negative CO2 emissions. Surface albedo change was con-
verted to the corresponding change in shortwave fluxes at the 
top of the atmosphere (TOA) and recorded in the inventory 

F I G U R E  1  System components and life cycle inventory flows in the willow scenario. SRC, short-rotation coppice
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as annual mean RF. Climate impacts were assessed as global 
mean surface temperature change over time up to year 100, 
and as CO2-equivalents using GWP100.

2.2 | Production chain

In the willow scenario, the production chain (produc-
tion of inputs, field operations, transport and combustion) 
was based on Hammar, Ericsson, Sundberg, and Hansson 
(2014), using data from previous studies of SRC willow in 
Sweden. Data and references for activities, inputs and emis-
sions are provided in Tables  S1–S3. Management opera-
tions in the establishment phase included soil preparation by 
ploughing and harrowing, chemical and mechanical weed 
control, and planting of willow seedlings. Fertilizer was ap-
plied repeatedly during the rotation, following recommen-
dations for the expected yield and net primary production 
(NPP; Aronsson, Rosenqvist, & Dimitriou, 2014; Börjesson, 
2006). Harvesting using direct chipping, field transport and 
road transport took place in the third year of each cutting 
cycle. After the last harvest in each rotation, the plantation 
was terminated by mechanical destruction of plant residues 
and rootstocks.

The wood chips were transported 40 km to the CHP plant. 
Storage losses were considered assuming 3% dry matter 
loss during an average storage period of 60  days (Elinder, 
Almquist, & Jirjis, 1995). An LHV of 15.8 MJ/kg DM was 
used for the willow fuel (Hammar et al., 2017). Combustion 
emissions of N2O and CH4 were calculated based on the LHV 
(Table S2). Remaining fuel carbon that was not emitted as 
CH4 was converted to CO2 and considered under biogenic 
carbon fluxes.

In the reference scenario, the usage of natural gas was 
equivalent to the amount of willow fuel supplied per year 
in terms of the LHV. Emissions from production, distri-
bution and combustion were calculated based on the LHV 
(Table S2). Green fallow was cut every autumn to avoid the 
growth of shrubs. Biomass was left in the field to decom-
pose, providing input to the soil carbon pool. Activity data 
and emissions are presented in Table S4.

2.3 | Biogenic carbon fluxes

Carbon stocks in living biomass and soil were determined 
for each year and used to calculate annual net carbon fluxes 
to the atmosphere. Carbon in biomass was modelled based 
on annual NPP in different plant compartments (Tables S5 
and S6). Willow stem NPP was calculated according to ex-
pected yield per cutting cycle and growth rates of 25%, 40% 
and 35%, respectively, in years 1, 2 and 3 of each cutting 
cycle (Ericsson et al., 2013). Quantities of willow leaves, fine 

roots and coarse roots were derived from NPP allocation in 
willow relative to stem growth (Rytter, 2001). Fallow NPP 
was based on annual productivity. Quantities of fallow fine 
roots and coarse roots were calculated based on carbon allo-
cation in grassland (Bolinder, Janzen, Gregorich, Angers, & 
VandenBygaart, 2007).

A carbon content of 50% DM was assumed for willow 
stems and coarse roots (including stumps) and 45% DM for 
willow leaves and fine roots and for fallow grass leaves, fine 
roots and coarse roots (Table S7). Willow stems accumulated 
carbon until harvest and combustion after 3  years. Coarse 
roots accumulated under continued production until the wil-
low plantation was terminated or the fallow was discontin-
ued. Fine roots (including root exudates), willow litter and 
fallow grass leaves were recorded as annual turnover. The 
carbon in different crop residue fractions, that is, willow litter 
and roots, and fallow grass leaves and roots, was recorded as 
input to the soil pool in the year following the biomass stock 
change.

Carbon in soil was modelled using ICBMr, a version of 
the Introductory Carbon Balance Model (Andrén & Kätterer, 
1997) adapted for use of annual inputs per production region, 
soil type and crop type (Andrén, Kätterer, & Karlsson, 2004). 
The model consists of two carbon pools, young (Y) for fresh 
organic matter and old (O) for stabilized material. Annual car-
bon inputs (i) enter Y and are transferred to O according to the 
humification coefficient (h), defining the substrate fraction 
stabilized. This fraction is about 2.3-fold higher for root-de-
rived carbon than for litter and other above-ground crop resi-
dues (Kätterer, Bolinder, Andrén, Kirchmann, & Menichetti, 
2011). Therefore, above-ground and below-ground carbon 
were modelled separately as inputs ia and ib, with humifica-
tion coefficient ha and hb respectively (Ericsson et al., 2013; 
Table S8). Carbon in the young and old pools was calculated 
using Equations  (1) and (2), respectively, and annual time 
steps:

where kY and kO are decomposition constants per pool and 
re is an external decomposition control affecting carbon 
losses from both pools. The external factor accounts for the 
effect of soil temperature, soil water content and degree of 
cultivation on decomposer activity (Andrén et al., 2004). A 
value of 0.95 and 1.03 was calculated for willow and green 
fallow, respectively, accounting for climate and soil types in 
Västra Götaland, crop type, and management intensity and 
frequency.
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Soil carbon stocks were assumed to be in equilibrium under 
the long-term fallow preceding the willow. This means that an-
nual inputs and losses were equal, resulting in constant stocks. 
Equilibrium values for Ya, Yb and O were computed through 
a 1,000  year spin-up simulation and used as starting values 
in year 0 when running ICBMr for willow and fallow respec-
tively (see Table S8). Total soil carbon per year was calculated 
as the sum of the pools, that is, Csoil[t] = Ya[t] + Yb[t] + O[t].

2.4 | Nitrous oxide emissions from soil

Microbial activity leads to formation of N2O from nitrogen 
added with synthetic fertilizer or present in above-ground 
and below-ground crop residues (Table S9). Three emissions 
pathways were considered for synthetic and biogenic nitro-
gen inputs to soil: (1) direct N2O emissions; (2) indirect N2O 
emissions following volatilization and subsequent redeposi-
tion; and (3) indirect N2O emissions following leaching and 
runoff.

Emissions were calculated following the IPCC Guidelines 
for National Greenhouse Gas Inventories, using disaggregated 
values from the 2019 refinement (IPCC, 2019). Volatilization 
of nitrogen in above-ground crop residues is not included in the 
IPCC default values. Therefore, a volatilization factor (f) was 
calculated based on nitrogen content (Nbio, g/kg DM) in litter 
and grass leaves respectively (de Ruijter & Huijsmans, 2012; 
Equation 3). Emissions factors are summarized in Table S10.

2.5 | Surface albedo and radiative transfer

Downwelling and reflected shortwave irradiance were 
measured with pyranometer pairs (Hukseflux NR-1, 
285–3,000  nm) at two sites in south-western Sweden. 
Measurements from April 2013 to March 2016 covered a 
full 3-year cutting cycle of SRC willow (Salix viminalis L.).  
A nearby mire vegetated by grasses and sedges was used 
as a proxy for long-term fallow. Irradiance was sampled 
at 30  min intervals and processed according to Sieber, 
Ericsson, and Hansson (2019) to obtain corrected and gap-
filled time series.

Albedo change increases or decreases the solar flux leav-
ing the Earth's surface. The radiation is absorbed and scat-
tered by clouds, aerosols and gases on its way to the top of the 
atmosphere (TOA), where a change in the upwelling short-
wave flux eventually causes RF. Upwelling irradiance at the 
TOA in W/m2 is given by (Winton, 2005):

where τ is transmittance during a single downward or 
upward pass through the atmosphere. The denominator 
represents an infinite number of reflections between the 
surface with albedo α and the atmosphere with reflectivity 
r. RF from albedo change (RFα, W/m2) can then be ex-
pressed using the partial derivative of Equation (4) in re-
lation to α (Equation 5; Bright & O'Halloran, 2019). The 
effect of multiple reflection, which increases solar irradi-
ance at surfaces with higher albedo and reinforces RFα, is 
thereby included:

A single atmospheric layer with isotropic properties was as-
sumed to simplify radiative transfer (Stephens et al., 2015). 
By taking τ and r as directionally independent, atmospheric 
transmittance and reflectivity can be calculated from four 
shortwave fluxes according to Equations (6) and (7) (Winton, 
2005):

where RTOA↑ and RTOA↓ are upwelling and downwelling irra-
diance at the TOA and RS↑ and RS↓ are upwelling and down-
welling irradiance at the surface. Here we used variables from 
the ERA5 global reanalysis dataset at a resolution of 31 km and 
1 hr (Copernicus Climate Change Service [C3S], 2017). The 
data were averaged across 15  years (2004–2018) to generate 
standard atmospheric conditions, which were used in all years 
of the study period.

Using Equations (6)–(8), annual mean albedo RF can be 
calculated for each year of the study period and recorded as 
inventory vector Iα[t]:

where A is the affected area in relation to the Earth's total sur-
face area (AE = 5.1 × 1014 m2) and N is the number of sub-an-
nual time steps s. The time step has to be chosen sufficiently 
small to account for the seasonal covariation of albedo change 
with irradiance (Bright, Zhao, Jackson, & Cherubini, 2015) and 
radiative transfer (Sieber et al., 2019). Here surface and atmo-
spheric properties (α, τ, r) were calculated from 5-day-average 
irradiances to smoothen variability in the temporally decoupled 
data sets (i.e. measured albedo from 2013 to 2016 and climato-
logical shortwave fluxes from 2004 to 2018). This is in contrast 
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to Sieber et al. (2019), who matched hourly albedo change, ir-
radiance and radiative transfer during the same 3 years.

2.6 | Climate impact assessment

The time-dependent characterization model was taken from 
the methodology for GHGs in Ericsson et al. (2013) and 

expanded for albedo (Figure 2). Annual GHG emissions and 
albedo RF were converted to global mean surface temperature 
change (∆T). Impacts were expressed as a function of time 
from the start of the study period up to year 100. Including 
the timing of impacts can better reflect the relative contribu-
tion of climate forcers with different perturbation lifetimes 
(Aamaas, Peters, & Fuglestvedt, 2013; Boucher & Reddy, 
2008). Perturbation lifetimes of climate forcers included in 
this study range from instantaneous for albedo change up to 
centuries for CO2. Implications for the temperature response 
are illustrated in Figure 3.

The time-dependent characterization model can be writ-
ten as a convolution sum (here square brackets denote dis-
crete vectors, whereas round brackets denote continuous 
functions):

where Ix[t] in kg is a vector with annual inventory results for 
forcing agent x, and AGTPx[t] is the absolute global tempera-
ture potential of x at the same time step. AGTPx(t) in K/kg is 
defined as the change in global mean surface temperature over 
time, following a pulse release of x in year 0. By performing the 
convolution in Equation (9), ∆Tx[H] gives the response to emis-
sions and forcings in different years up to evaluation time H.

The AGTP of GHGs is determined as the convolution in-
tegral of two impulse response functions (IRF; Boucher & 
Reddy, 2008; Fuglestvedt et al., 2010):

where ex is radiative efficiency of GHGs, that is, the additional 
RF per unit mass increase of gas x in the atmosphere, IRFx(t) is 
the fraction of a gas remaining in the atmosphere after a pulse 
emission and IRFT(t) is the temperature response of the climate 
system to a unit RF. Here we used IRFx(t) for CO2 based on the 
Bern Carbon Cycle Model (Joos et al., 2013), IRFx(t) for CH4 
and N2O based on simple exponential decay (Prather, 2007) 
and IRFT(t) based on simulations with the HadCM3 climate 
model (Boucher & Reddy, 2008). The functions and metric val-
ues used are those summarized in the Supporting Information 
to the IPCC Fifth Assessment Report (Myhre et al., 2013).

Solving the convolution integral in Equation (10) and using 
the analytical solution of AGTP to calculate ∆T allows han-
dling the characterization in LCA in discrete time steps accord-
ing to Equation (9), without generating errors from numerical 
approximation (as it would happen if the convolution integral 
in Equation 10 was approximated by a convolution sum using 
discrete time steps). The analytical solution of AGTP is pro-
vided for CO2, CH4 and N2O in Myhre et al. (2013).

(9)ΔT
x
[H] =

H
∑

t= 0

I
x
[t]AGTP

x
[H − t],

(10)AGTP
x
(H) = e

x

H

∫
t= 0

IRF
x
(t)IRF

T
(H − t)dt,

F I G U R E  2  Modelling steps from input data for greenhouse 
gases (GHGs) and albedo to climate impact using time-dependent life 
cycle assessment methodology. TOA, top of the atmosphere
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F I G U R E  3  Annual temperature response to radiative forcing 
of 1 W/m2 in year 0, resulting from emission pulses of 570 Pg CO2, 
2.8 Pg N2O or 4.7 Pg fossil CH4 in year 0; from temporary albedo 
change in year 0; or from sustained albedo change in years 0–100. 
Metric values taken from Myhre et al. (2013)
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Here we used the same approach for albedo and formu-
lated AGTPα(H) as the convolution integral of two IRFs, 
analogously to Equation (10). IRFα(t) was written as a box-
car function that is 1 for 0 ≤ t < 1. IRFT(t) is commonly used 
independently of the emitted species (Aamaas, Berntsen, 
Fuglestvedt, Shine, & Bellouin, 2016) and was therefore 
assumed identical with GHGs (Boucher & Reddy, 2008):

where cj are components of climate sensitivity and dj a short 
and a long response timescale. The solution of AGTP for al-
bedo RF was found by analytical integration and is given by (in 
K (W m−2)−1):

where the first exponential term is the response to a constant 
sustained forcing and the second one removes the response in 
H ≥ a. The Heaviside step function u(t) was defined to return 
1 for t ≥ 0 and 0 otherwise. Consequently, removal starts at a, 
which can be interpreted as the perturbation lifetime in years. 
For RFα it corresponds to the aggregation interval chosen in 
the inventory, here a = 1. The same method can be used at any 
temporal resolution, for example, with a monthly inventory and 
a = 1/12. Combining Equations (9) and (12), the inventory vec-
tor of annual mean RF from albedo change, Iα[t], can be con-
verted to ∆Tα[H].

The metric values for cj and dj used in Equation (11) were 
derived from simulations with increased CO2 concentration 
in a climate model with an equilibrium climate sensitivity of 
�CO2

 = ∑cj = 1.06 K (W m−2)−1 (Boucher & Reddy, 2008). 
Using the same parameters to model the response to albedo 
RF (Equation 12) assumes the same climate sensitivity and re-
sponse timescales, despite differences in the vertical (surface 
vs. troposphere) and horizontal (global vs. local) distribution 
of the physical perturbation (Bright et al., 2015). Methods have 
been developed to account for differences in climate sensitivity 
by forcing agent (Hansen et al., 2005), which could be used 
to linearly scale AGTPα(H). Here we assumed �

�
∕�CO2

 = 1. 
Potentially lower or higher efficacy is addressed in Section 4.

Climate impacts were also assessed using GWP with a 
100 year time horizon (GWP100), a common climate metric in 
LCA. Characterization factors for GHGs including climate car-
bon cycle feedbacks were taken from Myhre et al. (2013). The 
corresponding characterization factor for annual mean albedo 
RF is 1/AGWPCO2

(100) = 10.9 × 1012 kg CO2e (W m−2)−1,  
using AGWPCO2

(100) = 91.7 × 10–15 W m−2 year kg−1 from 
Myhre et al. (2013). Consequently, the GWP100 of albedo RF 
can be calculated as:

2.7 | Sensitivity analysis

A sensitivity analysis was performed to address uncertainty and 
variability associated with parameters, choices and the charac-
terization model. The yields of SRC willow and fallow were re-
duced while keeping the original rates of fertilizer application. 
Soil carbon stocks were assumed to be lower than the equilib-
rium values in year 0. Potential feedback effects between yield 
and soil carbon were not considered. Fallow albedo was ap-
proximated using measured data for 2014 from an alternative 
site, a fresh clear-cut vegetated by grass in southern Sweden. 
Albedo RF calculated using Equation (8) was compared with 
that calculated using an alternative method (Ghimire et al., 
2014; Sieber et al., 2019) based on monthly radiative kernels 
from global climate models (Table S13a).

3 |  RESULTS

3.1 | Inventory analysis

The SRC willow plantation captured up to 18.7  Mg  C/ha 
in biomass carbon stocks, with an average of 11.6 Mg C/ha  
during the study period (Figure 4a). Soil carbon stocks in-
creased by 41.4  Mg  C compared with the former fallow, 
which is equivalent to an average sequestration rate of 
0.83 Mg C ha−1 year−1 over 50 years. Nitrogen inputs varied 
with NPP and fertilization in each cutting cycle (Figure 4b). 
In the reference scenario, soil carbon stocks remained nearly 
stable at the equilibrium value of 57.9 Mg C/ha. Biomass car-
bon stocks did not change compared with the former land 
use (3.1 Mg C/ha). Nitrogen inputs were from biomass only 
and remained constant over the study period. Activity data 
and annual GHG emissions from the production chain can be 
found in Tables S2–S4.

In the willow scenario, annual albedo was elevated in 
every year of the cutting cycle (0.222, 0.215 and 0.212, com-
pared with 0.165, 0.161 and 0.168 under fallow). On sub-an-
nual timescales, 5 day albedo was mostly higher for willow 
than for fallow (Figure 5). Summer albedo increased by 0.05–
0.1 under willow and led to peaks in negative RF between 
May and July. Winter albedo decreased by 0.3–0.6, because 
willow was less well covered by snow than fallow. However, 
the resulting positive RF was low as snowfall occurred only 
between November and March, when solar irradiance and at-
mospheric transmittance were low. Albedo RF in the willow 
scenario was −5.3 × 10–11 W/m2 on average during the study 
period, including one fallow year per rotation with no albedo 

(11)IRF
T
(t) =

2
∑

j= 1

cj

dj

exp

(

−t

dj

)

,

(12)AGTP
�
(H) =

2
∑

j= 1

cj

((

1 − exp

−H

dj

)

−

(

1 − exp

−(H − a)

dj

)

u(H − a)

)

,

(13)GWP100

�
=

∑100

t= 0
I
�
[t]

AGWP100

CO2

.



   | 417SIEBER Et al.

change (Table S11). Albedo did not change outside the study 
period or in the reference scenario.

Net inventory results for the entire study period are sum-
marized in Table 1 and will be used to calculate GWP. Wood 
fuel produced during two rotations of SRC willow had a total 
energy content of 7,072 GJ/ha, corresponding to an annual 
average yield of 141 GJ/ha during the study period.

3.2 | Climate impact

The willow scenario had a net cooling effect on global mean 
surface temperature. The maximum effect, −10.1 × 10−11 K/ha,  
was reached at the end of the study period (year 50; 
Figure 6a). The main cooling resulted from increased soil 
carbon stocks under willow. Soil carbon sequestration alone 

was sufficient to offset positive emissions from the produc-
tion chain (i.e. production of inputs, field operations, trans-
port and combustion) and synthetic and biogenic N2O from 
soil. Albedo change led to additional cooling, which was 
of similar magnitude to the warming effect of production 
emissions during the study period. The relative importance 
of albedo RF decreased over time as soil carbon accumu-
lated under sustained production. After the study period, the 
temperature effect of albedo change was shorter than that of 
the GHGs, which remained in the atmosphere for decades 
to centuries (see Figure  3). Another consequence of CO2 
lifetime and gradual decay was that the sudden release of 
biomass carbon that had been sequestered throughout the 
production period led to ‘overshoot warming’ from year 60 
onward.

The reference scenario had a warming effect over time, 
reaching a maximum of 38.4  ×  10−11  K/ha in year 56 
(Figure 6b). The main contributor was CO2 from the use of 
natural gas as an alternative fuel. The reference land use led 
to a positive temperature response, mainly due to N2O emis-
sions from the application of biomass to soil.

Using GWP100 per MJ fuel energy content, the willow sce-
nario had a climate impact of −12.2 g CO2e (Table 2). Albedo 
was responsible for 34% of GWP100, but only 6% of ∆T[100]. 
The reference scenario had GWP100 of 81.9 g CO2e/MJ fuel, 
which is of opposite sign and nearly sevenfold higher than 
that of the willow scenario. Natural gas was the single largest 
source of GHG emissions.

The differences between results with GWP100 and 
∆T[100] stemmed from how the two climate metrics treat 
the timing of forcings (i.e. GHG emissions and albedo RF) 
and of impacts. The GWP metric applies the same time hori-
zon to all forcings within the study period, whereas ∆T[H] 
applies the same evaluation time to all forcings, but a moving 
time horizon H − t that becomes shorter the closer a forcing 

F I G U R E  4  (a) Carbon stocks in biomass and soil and (b) annual nitrogen inputs from crop residues and mineral fertiliser, shown per hectare 
land use in the willow scenario (willow) and in the reference scenario (fallow) during the study period (50 years). Biomass includes all plant 
compartments; crop residues aboveground (AG) include willow leaves and fallow grass leaves; crop residues belowground (BG) include fine roots 
and coarse roots
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from albedo change on 1 ha (right axis) during a 3-year cutting cycle 
of willow, using 5-day resolution
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  CO2 (kg/ha) CH4 (kg/ha) N2O (kg/ha)
Albedo RF 
(10–9 W m−2 ha−1)

Willow scenario −128,000 96.4 227 −2.65

Production chain 23,400 96.4 78.0  

Biomass carbon 0      

Soil carbon −152,000      

Soil N2O     149  

Albedo change       −2.65

Reference scenario 488,000 2,160 44.9 0

Production chain 875 0.380 0.000624  

Biomass carbon 0      

Soil carbon 0      

Soil N2O     44.1  

Albedo change       0

Natural gas 487,000 2,160 0.782  

Abbreviation: RF, radiative forcing.

T A B L E  1  Inventory results for the 
willow and reference scenarios aggregated 
over the study period, presented per system 
component and climate forcer. Production 
chain includes production of inputs, field 
operations, transport and combustion; 
biomass includes willow stems, leaves and 
roots and fallow grass leaves and roots; 
nitrous oxide emissions from soil (soil N2O) 
include direct and indirect emissions due to 
addition of synthetic and biogenic nitrogen; 
albedo change refers to the difference 
between land use in the respective scenario 
and the former land use (i.e. fallow)

F I G U R E  6  Climate impact of (a) the willow scenario and (b) the reference scenario expressed as global mean surface temperature change 
per hectare. Willow total includes albedo change and greenhouse gas (GHG) emissions from the production chain (production of inputs, field 
operations, transport and combustion), from carbon stock change in biomass (biomass C) and soil (soil C) and from addition of synthetic and 
biogenic nitrogen to soil (soil N2O). Reference total includes GHG emissions from land use (production of inputs, field operations and soil N2O) 
and from natural gas (production, distribution and combustion)
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GWP100  
(g CO2e/MJ)

∆T[100]  
(10–11 K/ha)

∆T[50] 
(10–11 K/ha)

Willow system −12.2 −3.8 −10.1

Production chain 7.1 2.6 3.0

Biomass carbon 0 0.3 −3.2

Soil carbon −21.5 −8.7 −8.7

Soil N2O 6.3 2.2 2.4

Albedo change −4.1 (34%) −0.2 (6%) −3.7 (36%)

Reference system 81.9 30.0 37.3

Land use 2.0 0.7 0.8

Natural gas 79.9 29.3 36.5

T A B L E  2  Climate impact in the 
willow and reference scenarios using 
alternative functional units, metrics and 
evaluation times. The relative importance 
of albedo change in the willow scenario 
is highlighted. Land use emissions in the 
reference scenario (production chain and 
soil N2O) are summarized. Results can be 
converted between functional units based on 
total energy production (7,072 GJ/ha)
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appears to the evaluation time. In other words, GWP gives the 
same weight to inventory elements regardless of their timing, 
whereas ∆T[H] gives forcings different weights depending 
on when they appear with respect to H. The weighting over 
time is specific for each forcing agent and given by its AGTP 
(see Equations 9–11). Consequently, the same result in terms 
of GWP100 (e.g. 1 kg CO2e) can imply substantially different 
temperature responses over time depending on (a) the pertur-
bation lifetime and decay timescales of the climate forcers 
involved (Figure 7); and (b) the distribution of emissions and 
albedo RF throughout the study period. For reason (a), al-
bedo RF in years 1–49 was relatively more important for the 
climate impact using GWP100 than using ∆T[100]. For rea-
son (b), temporary carbon storage in biomass was ‘climate 
neutral’ with GWP100, but gave a cooling or warming tem-
perature response at different points in time (see Table 2).

3.3 | Sensitivity analysis

A 20% reduction in yields mainly affected the result of 
the willow scenario due to lower soil carbon sequestration 
(0.59  Mg  C  ha−1  year−1 on average during the study pe-
riod, i.e. −30% compared with the baseline). Yield-induced 
changes in biomass carbon stocks, production chain (e.g. 
harvesting, transport and combustion) and N2O emissions 
from soil had smaller effects on the results. In total, the 
cooling effect of the willow system was reduced by 55% 
using ∆T[100] per hectare and by 29% using GWP100 per 
MJ fuel. The reference scenario was primarily affected due 
to reduced demand for natural gas, resulting in 17% lower 
climate impact with ∆T[100] per hectare (Table S12, includ-
ing figures).

A 20% reduction in initial soil carbon stocks led to a higher 
net gain in the willow scenario (0.91 Mg C ha−1 year−1 on 

average during the study period, i.e. +10% compared with 
the baseline). The cooling effect of the willow scenario in-
creased by 22% using ∆T[100] per hectare and by 17% using 
GWP100 per MJ fuel (Table S12). The net gain was a result 
of smaller losses from the initial soil carbon stock, while the 
inputs from plant residues remained the same as in the base-
line. Consequently, the absolute difference to the baseline 
was almost identical in both scenarios. A slightly higher loss 
of initial soil carbon under fallow was due to higher decom-
poser activity (see Equations 1 and 2).

Using an alternative site as a proxy for the albedo of fal-
low (0.184), smaller albedo change in the willow scenario 
resulted in 36% lower RF on average over each cutting cycle 
(Table  S11). The GWP100 and the temperature response 
scaled linearly to RF.

Using monthly radiative kernels from CAM3, ECHAM6, 
CAM6 and HadGEM2 to calculate RF from albedo change 

F I G U R E  7  Annual temperature response to GWP100 of 1 Mg CO2e resulting from (a) emission pulses of 1 Mg CO2, 27.8 kg N2O or 
3.4 kg fossil CH4, or from annual mean albedo RF of 9.2 × 10–11 W/m2 during 1 year; and (b) from sustained emissions or albedo RF at constant 
rate over 100 years; the response to the CO2 pulse is reproduced from (a) for comparison. GWP, global warming potential; RF, radiative forcing. 
Metric values taken from Myhre et al. (2013)
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in the willow scenario resulted in 2%, 15%, 78% and 100% 
higher albedo RF on average over the cutting cycle, respec-
tively, compared with the method used in this study with 
5 day resolution (Table S13b). The kernels from global cli-
mate models were higher in most months than the equiva-
lent calculated with our data (Table  S13a). Consequently, 
albedo RF was more strongly negative in summer and more 
strongly positive in winter in every year of the cutting cycle 
(Figure 8).

4 |  DISCUSSION

4.1 | Climate impact of willow bioenergy

A net cooling effect of SRC willow bioenergy was found in 
terms of global mean surface temperature change per hectare 
(−10.1 × 10−11 K in year 50, −3.8 × 10−11 K in year 100) and 
GWP100 per MJ fuel energy content (−12.2 g CO2e), even 
when replacement of fossil fuels was not considered. The 
main cooling in the willow scenario was a result of soil car-
bon sequestration, thanks to high inputs of carbon from root 
and leaf biomass. Soil carbon stock change was sensitive to 
yield levels and may be lower or potentially negative on land 
with high initial carbon stocks (Hillier et al., 2009). Net car-
bon sequestration relative to the reference land use was posi-
tive and not affected by the initial carbon stock. Our findings 
are consistent with yields, carbon sequestration, soil N2O and 
life cycle GHG emissions reported elsewhere for SRC culti-
vated on former cropland (as opposed to native vegetation or 
perennial grasslands; Creutzig et al., 2015; Don et al., 2012; 
Whitaker et al., 2018). The SRC willow system has been 
shown to be carbon-negative despite uncertainties associated 
with management and biological parameters such as yield, 
litterfall and soil carbon sequestration (Caputo et al., 2014).

Natural gas in the reference scenario was the single largest 
source of emissions and thus substitution of this fossil fuel 
gave the greatest potential for climate change mitigation in 
the case study. Substituting bioenergy for natural gas over 
the production period could avoid a maximum warming of 
38.4 × 10–11 K/ha in year 56, or emissions of 79.9 g CO2e/MJ 
fuel, adding to the climate change mitigation potential of the 
willow scenario alone.

Albedo increased under willow relative to the former fal-
low and hence contributed to the cooling effect. Albedo RF 
accounted for 34% of GWP100, 36% of ∆T[50] and 6% of 
∆T[100] in the willow scenario. The albedo effect dominated 
on short timescales of 10–20 years and offset the warming 
from production chain emissions during the study period. Its 
relative importance decreased over time, owing to accumula-
tion of soil carbon under sustained production (a property of 
the chosen scenario) and the longer perturbation lifetime of 
GHGs (a property of the climate system). This relationship 

would be the reverse in a scenario of permanent land use 
change where soil carbon stocks have reached a new equi-
librium. Sustained albedo change leads to constant RF and 
a stabilizing temperature response, whereas the effect of ele-
vated yet stable soil carbon stocks decays according to the re-
moval rate of CO2 from the atmosphere. This difference can 
be observed in the willow scenario by comparing the effect of 
albedo change and elevated yet stable biomass carbon stocks 
under sustained production (see Figure 6a).

4.2 | Importance of albedo and uncertainties

The results demonstrated the potential importance of albedo 
change for the life cycle climate impact of bioenergy from 
SRC willow. The relative importance of albedo change as a 
climate forcer varies over time and depends on case-specific 
factors such as local climate, insolation, soil type, manage-
ment, yield, reference land use and study period duration. 
Understanding the potential magnitude of the albedo effect 
can help decide whether to include albedo in future assess-
ments of bioenergy. Once fossil fuel emissions have been cut, 
the next challenge is to mitigate impacts of bioenergy feed-
stock production and to foster potential climate benefits by 
carbon sequestration and higher albedo. Willow as a perennial 
energy crop is known for low emissions from feedstock pro-
duction and high carbon sequestration potential (Don et al., 
2012). Annual energy crops are more resource-intensive and 
usually reduce soil carbon stocks (Hillier et al., 2009), so al-
bedo change could act as an important cooling factor in annual 
cropping systems, especially in regions with higher solar irra-
diance than in Sweden (Cai et al., 2016; Caiazzo et al., 2014).

Albedo of the reference land use was an important variable 
in the assessment. Albedo is often considered per land cover 
type, although there can be substantial variation. Ranges of 
0.16–0.26 have been reported for grassland and 0.15–0.20 for 
deciduous forest (Bonan, 2015). Assuming grass as a proxy 
for green fallow and deciduous trees as a proxy for SRC wil-
low, a warming effect could be expected from albedo change 
in our scenario, and a cooling effect from any reduction in tree 
cover. Indeed, albedo RF of 0 to −0.71 × 10−11 W m−2 ha−1 
has been found for generic (non-species specific) conversion 
of woody vegetation (forest and shrubland) to non-woody 
vegetation (crops and grassland) in different world regions 
(Jones, Calvin, Collins, & Edmonds, 2015), although that 
study also included non-radiative effects. Our data and other 
studies suggest that SRC willow is more reflective than most 
broadleaf species (Levy, Burakowski, & Richardson, 2018), 
and that the vegetation typically found on fallow land has 
lower albedo than productive and potentially fertilized grass-
lands (Hollinger et al., 2010). Moreover, we found smaller 
effects due to reduced snow cover than suggested by global 
modelling studies on shifting grassland to forest in the 
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northern mid-latitudes (Arora & Montenegro, 2011; Betts, 
2000), confirming similar findings for a plantation of hybrid 
poplar (Cai, Price, Orchansky, & Thomas, 2011).

Albedo RF calculated with the isotropic single-layer radia-
tive transfer model was lower than that obtained with monthly 
radiative kernels mimicking sophisticated radiative transfer 
schemes, indicating that our model underestimated upward 
transmittance of reflected radiation through the atmosphere. 
However, the spread of the four sets of kernels considered was 
larger than the difference between the lowest kernels and our 
values. The kernels are associated with other uncertainties, for 
example, the atmospheric state climatology of a climate model 
might not be representative of current conditions (Bright & 
O'Halloran, 2019) or interactions between albedo and clouds 
on submonthly timescales may be omitted (Soden et al., 2008).

Climate sensitivity to albedo RF relative to CO2 forcing is 
a remaining source of uncertainty. The literature is inconclu-
sive, suggesting that RF from land cover change may have a 
weaker or stronger effect on global mean surface temperature 
change than the same amount of CO2 forcing. Values of 0.50, 
0.78, 0.79 and 1.02 for �

�
∕�CO2

 have been estimated for glob-
al-scale land use change based on experiments with different 
climate models (Davin & de Noblet-Ducoudré, 2010; Davin, 
de Noblet-Ducoudré, & Friedlingstein, 2007; Hansen et al., 
2005; Jones, Collins, & Torn, 2013). The variation stems from 
factors related to the model used (parameterization, processes 
and feedbacks included) and the experiment performed (veg-
etation types and surface variables modified jointly with al-
bedo; Bright et al., 2015). Laguë, Bonan, and Swann (2019) 
disentangled temperature effects by surface variable (albedo, 
evaporative resistance and surface roughness) and mechanism 
(surface effects and atmospheric feedbacks). However, apply-
ing an efficacy factor on albedo RF may still not result in the 
same global temperature change as an equivalent amount of 
CO2 forcing, a limitation of the RF concept in capturing land 
use change effects (Jones et al., 2013).

4.3 | Climate metrics for albedo

The timing of emissions and forcings was reflected in 
the results for the time-dependent metric ∆T, but not 
for GWP100 (Ericsson et al., 2013). GWP100 was easy to 
use once albedo change had been converted to RF using 
a (simplified) radiative transfer model, but it obscured 
that only 1% of the initial temperature effect of albedo 
change lasts for 100 years (see Equation 11). GWP100 is 
frequently used to express albedo RF in carbon or CO2 
equivalents to make it comparable to the impact of GHGs 
(Betts, 2000; Caiazzo et al., 2014; Cherubini et al., 2012; 
Muñoz, Campra, & Fernández-Alba, 2010; Schwaiger 
& Bird, 2010; Zhao & Jackson, 2014). We developed a 
theoretical GWP100 characterization factor for albedo 

RF (10.9 × 1012 kg CO2e  (W m−2)−1) and demonstrated 
that using it as a time-independent metric can bias LCA 
results.

When using GWP100, the climate change mitigation 
potential of temporary carbon storage was overlooked and 
the importance of albedo relative to CO2 was understated 
on short timescales and overstated on timescales longer 
than 22 years after emission or albedo change. This agrees 
with previous findings that GWP100 effectively measures 
the relative impact of long-lived and short-lived pollutants 
on temperatures 20–40 years after emission and thus over-
states the role of cutting current emissions of short-lived 
pollutants if the goal is to limit peak warming (Allen et al., 
2016). This was shown to be also true for albedo in our 
study, with GWP100 indicating the temperature impact of 
an equivalent CO2 pulse 22 and 50  years after emission, 
under temporary and sustained albedo change respectively 
(see Figure 7). A similar observation has been made for af-
forestation, where the short- to medium-term nature of the 
albedo effect (here warming) might hamper the option to 
‘buy time’ until transformations in the energy sector come 
into effect (Schaeffer et al., 2006). Including the timing of 
impacts in LCA results can significantly improve their rel-
evance to climate targets, since albedo change and GHGs 
act on different timescales.

4.4 | Areas of application

The method presented in this study can be used to estimate 
the effect of albedo change on the global climate and relate 
it to that of GHG emissions in LCA. It includes first-order 
radiative effects of albedo change, but not the fate of the 
absorbed energy in latent heat, sensible heat and outgoing 
longwave radiation. Moreover, changes in evapotranspiration 
efficiency and aerodynamic roughness are not considered. 
These initially non-radiative processes can lead to atmos-
pheric feedbacks that affect shortwave or longwave fluxes lo-
cally or remotely (Devaraju, de Noblet-Ducoudré, Quesada, 
& Bala, 2018; Laguë et al., 2019). In terms of their effect on 
surface temperature, non-radiative processes are reported to 
be comparable in magnitude and opposite in sign to radiative 
processes (Burakowski et al., 2018). However, capturing such 
processes requires complex climate models, which are less 
suited to answer the questions usually dealt with in LCA stud-
ies. In temperate regions where radiative processes dominate 
the land cover change effects, the RF concept can be accept-
able to quantify impacts on the global climate (Davin & de 
Noblet-Ducoudré, 2010; Pielke et al., 2002).

There is still a need for methods to account for the 
climate impact of land use in a comprehensive manner 
(Bernier et al., 2011). Different methods have been used 
for local effects, but for global climate impacts comparable 
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to GHGs there are few alternatives to RF (Bright et al., 
2015). In this study we demonstrated how to quantify the 
magnitude and uncertainties of the albedo effect in LCA in 
relation to that of GHGs emitted along the supply chain of 
bioenergy and compared the climate impact of bioenergy 
due to albedo and GHGs with that of alternative energy 
sources and land uses.
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