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A B S T R A C T   

Increased biomass for energy production features as a key part of the transition to a competitive low-carbon EU 
energy system. Not all energy strategies however will lead to reduced emissions, and extensive biomass pro-
duction inherently compete with, e.g., agricultural systems for key natural resources like water and land. This 
paper investigates the ramifications of three potential energy pathways for Europe developed by the H2020 
REEEM project, ambitiously aimed at reducing CO2 emissions to 80–95% compared to 1990, using different 
mixes of biomass. Their environmental footprint for 2015–2050 in terms of land-use-change emissions and water 
consumption are confronted with near-term climate change projections. Finally, potential implications for the 
implementation and robustness of future European energy strategies are discussed, highlighting in particular the 
role of uncertainties in estimating the performance of biomass systems.   

1. Introduction 

Increasing the use of renewable energy is a key strategy of the Eu-
ropean Union (EU) in order to reduce greenhouse gas emissions in 
accordance with the Paris Agreement and to keep the global mean 
temperature rise “well below” 2 �C [1]. Enhanced use of biomass, for 
example for heat and electricity production, or as a transport fuel in the 
form of bioethanol and biodiesel is generally expected to be a key part of 
this transition and not just in Europe but worldwide. Recent work by 
Daioglou et al. [2] indicates that to meet the 1.5 �C target, 
biomass-based sources are likely to exceed 20% of the final energy 
consumption globally. Exempting extreme land use change this can only 
be achieved if agricultural yields improve significantly and effective 
land zoning is implemented. This will also be contingent on the avail-
ability of advanced technologies such as lignocellulosic biofuels and 
bio-energy technologies with carbon capture and storage (BECCS) [2]. 

Recent estimates of the current EU biomass production (agriculture 
and forestry sectors [3], find that on average 1466 Mt of dry matter is 
produced annually; of this about 956 Mt originates from agriculture and 
510 Mt from forestry. A very small additional contribution comes from 
other sources such as fisheries and aquaculture. Of the woody biomass 
production, roughly two-thirds comprises stem wood, the remaining 
one-third consists of branches, stumps and tops. In terms of agriculture, 

54% of the biomass comprises dedicated economic production, e.g., 
grains and fruits, whereas the remaining 46% is by-products and resi-
dues such as leaves and stems with a potential for, e.g., bioenergy pro-
duction, animal bedding or as means to maintain ecosystem services 
such as organic carbon levels in soil. Camia et al. [3] finds that the 
evolution of agricultural biomass production in European has grown 
slightly from 1998 to 2015. This is explained mainly by an increase in 
the yields of main cereals such as maize, improvements in 
agro-management, and a general expansion of areas cultivated with oil 
crops [3]. 

EU explicitly promotes advanced biofuels at the expense of first- 
generation biofuels [1]. That said, first-generation biofuels are still the 
most important contributors to the European energy mix and generally 
refer to fuels that have been derived from food crops like starch crops (e. 
g. wheat, maize, barley), sugar crops (e.g. sugar cane, sugar beets), and 
from animal fats and vegetable oils (e.g. rapeseed, soybeans, palm oil). 
They inherently compete with food production for natural resources 
such as land and water and require high fertiliser inputs. Moreover, 
while substituting biofuels for, e.g., gasoline will in most cases lead to a 
reduction in greenhouse gas (GHG) emissions, first-generation biofuels 
may in some cases result, e.g., in negative energy savings and in 
increased GHG emissions instead [4–6]. For example, Searchinger et al. 
[7] found that most studies failed to count the carbon emissions that 
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occur as farmers worldwide respond to higher prices and convert forest 
and grassland to new cropland to replace the grain (or cropland) 
diverted to biofuels. Conversely, second-generation and more advanced 
feedstocks have a comparably lower environmental footprint [8]. These 
include lignocellulosic (e.g. miscanthus and switchgrass) or woody 
crops. 

The objective of this study is to investigate and quantify the potential 
implications of increased biomass production in terms of the environ-
mental footprint, in the context of highly ambitious energy strategies 
towards a competitive low-carbon EU energy system. Recent work by 
Korkmaz et al. [9] explores three future scenario pathways, where 
CO2-equivalent emissions in Europe are reduced by at least 80% in 2050 
compared to 1990. These pathways were developed as part of the H2020 
REEEM project [10,11] and analysed by Korkmaz et al. [9] using an 
updated version of the TIMES-PanEU linear optimization model [12]. In 
order to take into account feedbacks from air pollution and 
macro-economic variations in the energy system, TIMES-PanEU was soft 
linked to the NEWAGE general macroeconomic equilibrium model [13] 
and the EcoSense health impact model [14]. A detailed description of 
these model experiments may be found in Korkmaz et al. (20202) and in 
REEEM [15]. 

The model setup used by Korkmaz et al. [9] has a sectoral structure 
and spatial resolution that allows for sector integrations as well as for 
dynamic interactions between sectors and the different Member States 
to be specifically addressed, including the possibility of trade. This is 
important, for example, with respect to the potential of domestic sources 
of biomass. TIMES-PanEU is an energy system model, which optimizes 
the energy system cost based on energy demands, energy technologies, 
and policy requirements. The current model setup distinguishes five 
types of biomass: three kinds of first-generation biofuels: oil crops, sugar 
crops and starch crops and two kinds of second-generation biofuels: 
woody (including lignocellulosic) crops and “other biomass potential” 
(e.g. crop and wood residues). Korkmaz et al. [9] finds that increased 
biomass production plays a critical role in the transition to a future 
European energy system based mainly on renewables along all REEEM 
pathways. Like other integrated modelling approaches, however, in 
their formulation biomass is implicitly assumed by the model to be 
‘carbon neutral’. Likewise, constraints on energy production imposed by 
water resources are not included in the model [16]. 

In this paper, we carry out ex-post analysis of the findings of Kork-
maz et al. [9] and investigate the importance of these two factors, which 
are not included in the model formulation and thereby not considered in 
the energy system optimization. Specifically, we analyse the impacts of 
increased bioenergy in terms of: (a) GHG emissions from land use 
change (LUC) related to biomass production and (b) the demand for 
water resources considering both present and climate change condi-
tions. While the former (a) is increasingly addressed (e.g. Elshout et al. 
[49], Daioglou et al. [17]), it is still a fairly common assumption for, e.g., 
energy system models to assume net zero LUC emissions. Conversely, 
explicit considerations of water availability as part of model optimiza-
tion (b) are still almost absent, since this in principle requires a 
high-resolution hydrological model to represent the local dynamics of 
water resources under both present and future climate conditions. To 
relate water use and LUC emissions to energy production we introduce a 
simple statistical approach, where the environmental footprints [16] 
and a measure of the uncertainty is calculated based on the mean or 
median value and it’s associated variability derived from a collection of 
different studies found in the scientific literature. We hypothesize that 
ignoring the associated uncertainty may lead to overconfidence in 
and/or misinterpretation of the results. In this context, we aim to 
demonstrate that uncertainty may play an important role for 
decision-making. 

The structure of the paper is as follows: Section 2 describes the 
TIMES-PanEU energy system model, summarizes the narratives behind 
the three scenario pathways, and the statistical methods used to estimate 
emissions from biomass-induced LUC and the water footprint. Finally, 

climate projections of future water availability are discussed in brief. 
Section 3 presents the results with respect to the projected biomass 
production, the associated GHG emissions and water usage and con-
fronts the latter with, e.g., climate projections of water availability. 
Section 4 discusses the results and Section 5 concludes on our findings. 

2. Methodology overview 

This section provides an overview of the different elements in the 
analysis of future European biomass production within the scenario 
pathways developed in the REEEM project and analysed by Korkmaz 
et al. [9]. In this section, we briefly outline the framework used for 
modelling the potential futures of the European energy system. Further 
information may be found in Korkmaz et al. [9] and in REEEM [15]. 

2.1. Energy system modelling 

TIMES (The Integrated MARKAL-EFOM System) is a model generator 
developed as part of the IEA-Energy Technology System Analyses Pro-
gram (IEA-ETSAP) [18–20]. TIMES is a bottom-up, technology explicit, 
dynamic partial equilibrium model of energy markets that combines two 
complementary, systematic approaches to energy systems modelling, i. 
e., a technical engineering approach and an economic approach. Opti-
mized solutions are pursued through the use of linear programming. A 
TIMES model aims to minimise the total discounted system costs, taking 
into account all the costs allocated to the energy system in a given time 
frame while meeting the demand services exogenously given as input. 

As mentioned above, the present paper explores the potential role of 
biomass as part of the transition towards a low-carbon EU energy system 
based on ex-post analyses of a set of model calculations with the Pan 
European TIMES model (TIMES-PanEU). The TIMES-PanEU model is 
built using the abovementioned TIMES model generator and currently 
maintained by the University of Stuttgart. The model was originally 
developed in the NEEDS project (2004–2008) [12]. Within the REEEM 
project, TIMES-PanEU has been further elaborated and soft linked to 
NEWAGE, a general macroeconomic equilibrium model [13], and to the 
EcoSense health impact assessment model [14]. 

TIMES-PanEU includes GHG emissions and local air pollutants and 
covers the EU28 countries as well as Norway and Switzerland (30 re-
gions). The model time step is 5 years starting from 2010 and ending in 
2050. The model represents the EU Emission Trading Scheme (EU ETS) 
and uses country specific data covering all sectors (Industry, Commer-
cial, Households, Agricultural and Transport) related to energy supply 
and demand. It commences from the potential of different energy 
sources in a particular country and includes public and industrial gen-
eration of electricity, industry, agriculture, refineries, inventory power 
stations and the end-use service demands such as heating, lighting and 
transportation. 

2.2. Policy pathways 

[9,15] has analysed the ramifications of three different scenario 
pathways, prescribing very ambitious emission reductions in the order 
of 80–95% using the described TIMES-PanEU mod-
el/NEWAGE/EcoSense setup. The specific narratives behind the three 
pathways (see below) stem from a participatory process involving a 
wide range of experts and stakeholders. Korkmaz et al. [9] propose that 
to evaluate the potential of domestic sources (including the biomass 
potential) interactions between sectors and the possibility of trade be-
tween Member States must be critically considered. They test the 
cause-effect relationship between interconnected sectors and in-
teractions between the different Member States by means of 
system-focused analyses of historical trends and technological de-
velopments, including feedbacks from air pollution and 
macro-economic variations in the energy system. 

The analyses by Korkmaz et al. [9] considers a wide range of 
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technological (biomass and conversion) options in all sectors, including 
solids, bioethanol, biodiesel, biogas, and hydrogen production. Specific 
biomass potentials for each of the EU28 countries plus Norway and 
Switzerland (and hence the total theoretical biomass availability at the 
EU level) used along all three scenario pathway is adopted unaltered 
from the “Medium” biomass sustainability scenario used in the 
JRC-EU-TIMES Model (cf. Tables 3–6, [21]. This includes information 
on the land availability for biomass cultivation but excludes information 
such as the price of supply. The “Medium” scenario is a reference case, 
designed to represent the “most likely” future development of bioenergy 
(i.e., a continuation of current trends; this assumption is not unreason-
able, considering that Korkmaz et al. [9] only studies developments up 
to 2050). The “Medium” scenario prescribes a stimulation of bioenergy 
production in Europe, while adhering to sustainable and resource effi-
cient use of biomass. This implies that the use of biomass types of with 
high sustainability risks are avoided, and that enough room is left for 
competing uses of biomass outside the energy sector. Ruiz et al. [21] 
introduces two further scenarios that are not considered by Korkmaz 
et al. [9]. A “Low” scenario, where biomass use in the energy sector is 
not a key priority, but resource efficient use of biomass is; and a “High” 
scenario where biomass production is highly mobilized as is harvesting 
opportunities; demand for biomass is high and there is a willingness to 
pay a (higher) price for it. Here the use of biomass is preferred above 
alternative uses. While the choice of the reference scenario rather than 
the two others is contextually logical, we note that the lack of a proper 
sensitivity study is a limitation of the described approach. Moreover, we 
note that the country potentials adopted from Ruiz et al. [21] are to 
some extent linked to a broader set of (sustainability) assumptions made 
therein, which to some degree may contrast those used by Korkmaz et al. 
[9]; and that this conceptually may introduce inconsistencies. 

Korkmaz et al. [9] assumes that only domestic sources of biomass, i. 
e., biomass produced within the EU, are available. Conversely, there are 
no constraints on the trade of domestic biomass sources between 
Member States. The former is a significant and arguably unrealistic 
assumption, as the EU historically is a net importer of biomass, and 
many future projections suggest that this is highly likely to continue 
[22–25]. Disregarding biomass imports on the other hand allows for 
highlighting interactions between sectors and Member States, and to 
evaluate to what extent the EU is able to be self-sufficient in terms of 
current and projected energy and technology potentials, including 
biomass. 

“Coalitions for a low-carbon path” (CL). This scenario pathway 
represents a future where energy carrier suppliers take on the highest 
burden in an ambitious decarbonisation of the EU energy system, while 
consumers observe it mostly passively or respond to policies as they 
come. After optimization, biomass is particularly utilized in the Industry 
sector. The pathway resembles two of five scenarios proposed by the EU 
Commission [26]. Emission targets for sectors included in the EU ETS 
are complied with and overshot in some instances, leading to 83% 
reduction in energy-related CO2 emissions by 2050 compared to 1990. 
For non-EU ETS sectors, coalitions of more and less willing EU Member 
States emerge, setting more and less ambitious decarbonisation targets. 

“Local solutions” (LS). This narrative suggests a future where 
consumers are increasingly concerned about climate change, and espe-
cially households therefore engage in the transition towards a low- 
carbon energy system, by choices on appliances, energy efficiency 
measures and transportation technologies. Along this pathway, biomass 
is highly prioritized in the Transport sector to meet the sector-specific targets. 
EU Member States are set on a course to 80% reduction in energy-related 
GHG emissions by 2050 as compared to 1990. Like in the former 
pathway, coalitions of more and less willing countries set different tar-
gets for sectors not covered by the EU ETS, depending on their 
geographic location, economy and domestic availability of resources. 

“Paris Agreement” (PA). This scenario pathway describes a future 
where the EU undertakes an ambitious decarbonisation effort, with a 
target of 95% reduction of CO2 emissions by 2050. This overshoots the 

Paris Agreement pledges. Both energy carrier suppliers and consumers 
engage in the challenge. The available amount of biomass in the different 
sectors is a critical point in the transition, and here priority is given to elec-
tricity generation due to the availability of biomass carbon capture and 
storage as a mitigation option. 

Along all three pathways, Korkmaz et al. [9] finds the utilisation of 
biomass to be consistently cost-competitive, and the balance between 
sectors to vary according to where policies or consumers’ attitudes drive 
decarbonisation efforts the most. In general, biomass stands out as a 
mitigation option that can be applied in different parts of the energy 
system. CL and LS essentially represent “perpendicular” pathways, 
where the supply side (energy carrier suppliers) respectively the demand 
side (consumers) take on the highest burden in the decarbonisation of 
the EU energy system. In both cases, the overall target is 80% emissions 
reduction. To push for sectoral mitigation options instead of relying on 
negative emissions, only conventional gas and coal CCS (carbon capture 
and storage) technologies are included. Interestingly, Korkmaz et al. [9] 
finds that no combination of the included technologies are able to go 
significantly beyond 80% emissions reduction, suggesting that the 
introduction of BECCS (bio-energy with carbon capture and storage) as a 
new CO2-negative mitigation option is critically needed to achieve 95% 
emissions reduction. Hence the PA pathway introduces BECCS as a new 
technology option and partly combines the assumptions of the CL and LS 
pathways to suggest that coordinated action from all users AND sectors 
will be needed to achieve the most ambitious decarbonisation targets. 
BECCS is principally introduced in the electricity sector, but modelled 
with the flexibility to capture the emissions not only from electricity 
generation but also from other sectors. To offset emissions from other 
industries, biomass production goes together with the deployment of 
around 100 GW BECCS capacity. 

In the CL pathway, the highest shares of biomass comes from the 
Industry sector as part of an extensive electrification (due to the addi-
tional decarbonisation target prescribed by this narrative). The share of 
biofuels in the transport sector increases for all pathways. In the TIMES- 
PanEU simulations, biofuels are not only used for transport by cars but 
also defined as an option in international transport modes such as 
aviation and navigation. Here suitable mitigation technologies are 
currently lacking, making it more challenging to project their future 
state, however, assuming the same milestone targets for technological 
development as proposed by Welsch et al. [74], the model simulations 
indicate an increased use of biofuels for transportation along with 
reduced emissions from these transport modes. Accordingly, the highest 
share of biomass for transportation is observed in the LS pathway due to 
the more stringent emission targets imposed for this sector. 

Fig. 2 in the Results section shows the modelled biomass production 
found for each of the abovementioned pathways. 

2.3. Estimating emissions from biomass-induced land use change 

The Intergovernmental Panel on Climate Change (IPCC) defines LUC 
as a “change in the use or management of land by humans, potentially 
leading to a change in land cover” [27]. 

Mitigation scenarios that aim to fulfil the requirements of the Paris 
Agreement generally assume significant LUC, i.e., to support large-scale 
CO2 removal from the atmosphere by means of, for example, afforesta-
tion/reforestation, avoided deforestation, and increased biomass pro-
duction with, e.g., carbon capture and storage [49,54,73]. That said, 
while the deployment of bioenergy is likely to offer significant potential 
for climate change mitigation, it also carries considerable risks. In 
particular, in terms of the emissions associated with LUC [28,29,68,]. 

The net emissions from LUC are highly ambiguous due in parts to 
large uncertainties in the carbon density of areas undergoing change. 
And contrary to fossil fuel combustion, which always represent a carbon 
source, land can serve both as a carbon source or carbon sink. Changing 
forest into farmland in general releases carbon from the soil and vege-
tation and represents a carbon source. In contrast, growing perennial 

M. Drews et al.                                                                                                                                                                                                                                  



Energy Strategy Reviews 29 (2020) 100487

4

grass on carbon-depleted land may increase carbon sequestration in the 
soil and represents a carbon sink. As a result, proper accounting of the 
net carbon flux from biofuel-induced LUC is needed to determine 
whether the use of bioenergy in the energy system results in a net benefit 
with respect to GHG emissions. 

TIMES-PanEU considers biomass to be carbon neutral and does not 
explicitly account for LUC emissions. To assess the implications of 
increased biomass production within TIMES-PanEU, we use emission 
factors (EF), i.e. estimates of GHG emissions from biomass production- 
induced LUC as a function of energy units. Several authors including 
Daioglou et al. [17] have reported such estimates. Direct LUC (dLUC) 
involves changes in land use on areas already being used for biomass 
production, such as the change from food or fibre production, including 
changes in crop rotation patterns, conversion of pasture land, and 
changes in forest management. Similarly, indirect LUC (iLUC) refers to 
conversion of natural ecosystems to agricultural land, or expansion of 
agricultural areas. A wider definition of iLUC includes changes in crop 
rotation patterns and/or intensification on land used for food or feed 
production. 

Warner et al. [30] has critically reviewed different modelling ap-
proaches employed to estimate biomass-induced LUC, and collected 
global estimates of LUC emissions corresponding to different bioenergy 
technologies from different sources. These results were reprinted in 
IPCC AR5 (WGIII) [27]; Creutzig et al. [29]). 

Fig. 1 (Table 1) summarizes the data collected by Warner et al. [30]; 
grouped into the five categories considered by TIMES-PanEU: oil crops 
(e.g. rapeseed, soybeans and palm oil), sugar crops (e.g. sugar cane, 
sugar beets), starch crops (e.g. wheat, maize, barley), woody crops (e.g. 
poplar, eucalyptus and pine), and other biomass potential (e.g. crop 
residues, wood residues). Grassy crops such as miscanthus and switch-
grass were for the purpose of these simulations grouped with woody 
crops; this is reflected in both Fig. 1 and Table 1. 

The large observed variation seen in Fig. 1 may partly be ascribed to 

different bioenergy crops, spatial heterogeneity, climates, and man-
agement practices; in addition they may be explained by Warner et al. 
[30]:  

� Disparities in LUC modelling philosophy, structure, and features 
such as dynamic vs. static models. 
� Differences in pathways under study and reference pathways, as-

sumptions adopted, and definitions employed.  
� Data availability and quality. 

Whether land used for biomass production is found to have a positive 
or negative effect on GHG emissions depends on the level of competition 
for typical agricultural crops, management practices, and the relative 
change in soil carbon. Likewise, it matters how the “payback time” of 
savings in greenhouse gas emissions due to displacing fossil fuels [49] is 
considered. 

Table 1 shows the median, 25th and 75th percentiles corresponding 
to Fig. 1 for each of the five biomass types. In the following, these sta-
tistics will be used to map LUC emissions onto the projected bioenergy 
production from TIMES-PanEU and to assess the related uncertainty (see 
Results). Unlike many global integrated assessment models, TIMES is 
not spatially explicit, making it inherently difficult to introduce a 
scheme as proposed by Daioglou et al. [17]; where emissions curves are 
linked to a physical land surface model. A limiting factor is the inherent 
scarcity and heterogeneity of relevant local or regional data (e.g. Larsen 
et al. [31]) needed to calibrate such a model in a way that is consistent 
with the overall modelling framework. Conversely, by adopting the 
simple approach, where a central estimate is associated with an estimate 
of the associated spread, e.g., caused in parts by the lack of spatial detail, 
ensures that we at the aggregated (country) level get comparable results 
despite the potential challenges of data availability and differences in 
quality across the European domain. 

2.4. The water footprint of biomass production 

Estimates of the water footprint (WF) of the projected bioenergy 
production are obtained using an analogous approach to the one 
described above. As in the case of GHG emissions related to LUC, esti-
mates of water usage related to different kinds of bioenergy sources, e.g., 
energy crops, residues, etc. have been reported by several authors. Here 
we combine data from Gerbens-Leenes et al. [51,52], Mekonnen & 
Hoekstra [32]; and Mathioudakis et al. [33] (see Table 2). 

The WF is provided for up to three types of water. The “green” water 
footprint refers to water from precipitation that is stored in the root zone 
of the soil and evaporated, transpired or incorporated by plants during 
growth. Green water generally comprises the majority of the water used 
during production. “Blue” water is water used for irrigation, that is, 
surface or groundwater. The water demand for irrigation ranks second- 
highest in terms of the need for water resources. Finally, “grey” water 
designates polluted water, including additional water usage in terms of 
diluting the polluted water prior to its release into natural water 
streams. 

Table 2 shows the estimated amount of water needed (m3) per unit of 
energy produced (GJ). Oil crops like rapeseed and woody crops are seen 
to have a much larger WF than, say, sugar crops. In the case of woody 
crops, the WF is exclusively associated with green water. The lowest 
water demand is associated with the use of residues for second- 
generation biofuels. Since these residues originate from conventional 
agricultural production of wood and food crops, water is per definition 
not used in their production (the water used in conventional agriculture 
do not count towards the reported water usage per unit of energy). Only 
the ensuing processing of the residues is associated with a small water 
footprint (cf. Table 2). 

The large variability in between the estimates can be attributed to, e. 
g., data collection under different climate and environmental condi-
tions, crop management practices and to different analysis methods. 

Fig. 1. Estimates of GHG emissions from biofuel production-induced LUC. 
Values are from Warner et al. [30] (supplementary materials) and references 
herein. The thick red line corresponds to the mean, the light red areas indicate 
the standard deviation and the purple areas the 95% confidence intervals. Three 
data points are not shown - all related to oil crops - representing estimated 
emissions of 303, 305, and 473 g CO2 equiv. per MJ, respectively. It is noted by 
Warner et al. Ref. [30] that “these estimates of global LUC are highly uncertain, 
unobservable, and unverifiable. They are also dependent on assumed policy, 
economic contexts, and inputs used in the modelling. All entries are not equally 
valid, nor do they attempt to measure the same metric despite the use of similar 
naming conventions, such as indirect LUC. In addition, many different ap-
proaches to estimating GHG LUC have been used. Therefore, each paper has its 
own interpretation and any comparisons are risky”. 
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2.5. Climate projections of water availability 

Optimized energy pathways derived from TIMES-PanEU, represent-
ing a future European energy system with an increased use of biomass, 
are not constrained by water availability. 

To assess the influence of climate change on the availability of water 
resources at the country level, and in turn validate the scenario path-
ways, we extract regional climate projections from the CORDEX re-
pository [53]. Simulations for Europe [34,35] are available at a 
horizontal grid resolution of ~12.5 km and are readily accessible for 
both historic and future periods. Future projections from global climate 
models (GCMs) for RCP2.6, RCP4.5 and RCP8.5 [36], downscaled using 
regional climate models (RCMs), and subsequently used for this analysis 
are indicated in Table 3, where the acronyms refer to different 
GCM-RCM combinations found in CORDEX. 

The “total runoff” (or “mrro” in “CORDEX terms”) represents the “net 
precipitation”, i.e., precipitation minus the actual evapotranspiration. 
This is a “proxy” for the water balance and an estimate of the blue water 
that is available for human and natural systems and for replenishing 
surface as well as sub-surface reservoirs. Annual country level estimates 
- based on monthly CORDEX data for the period of 2010–2050 – are 
calculated for EU28 plus Norway and Switzerland for all of the model 
combinations shown in Table 3. Only cells with a þ50% overlap with the 
country in question are included. Finally, a multi-model mean is 
calculated for each RCP scenario and for each five-year period pre-
scribed by the energy system model. The results of this analysis are 
shown in Fig. 6 and Fig. S2. 

Fig. 2. Total biomass production per scenario pathway. a. Projected total EU28 biomass production (PJ) for 2015–2050 for CL, LS and PA pathways. b., c. and d. 
Projected biomass production, disaggregated into five different biomass types for the CL, LS and PA scenarios respectively: oil crops (magenta), starch crops (blue), 
sugar crops (cyan), woody crops (green) and other kinds of biomass, including residue (red). The projected amounts of biomass are seen to be generally increasing for 
2015–2050 for all types except for oil crops, where the trend declines after 2030 at different rates. 

Table 1 
Estimated GHG emissions from bio-fuel induced LUC. The median value, 25th 
and 75th percentiles are calculated from data collected by Ref. [30]] and ref-
erences herein).   

Emissions from biomass-induced LUC (g CO2 equiv. per 
MJ) 

Median 25th pctl. 75th pctl. No. data pts. 

Oil crops 37 17 66 76 
Starch crops 21 6.8 44.3 44 
Sugar crops 19 10.5 38.5 89 
Woody crops 20 8 39 47 
Other biomass potential � 1.1 � 1.4 � 1.0 13  

Table 2 
Weighted average WF for different types of biomass categorised into oil crops, 
starch crops, sugar crops, woody crops (including selected grassy crops like 
miscanthus) and other biomass potential (including residue). For each category, 
the average WF related to blue and total water usage (across different biomass 
sources) and the associated standard deviations (SD) are indicated. Further de-
tails can be found in Table S1 in the Supplementary Information. *in the 
calculation of the total WF sunflower straw is treated as an outlier and not 
included.   

m3 of water per unit of energy (GJ) 

Total WF SD Blue WF SD 

Oil crops 371.2 119.2 109.4 105.9 
Starch crops 141.5 62.8 44.3 23.2 
Sugar crops 64.7 14.5 30.3 6.3 
Woody crops 185.9 159.4 – – 
Other biomass potential* 21.6 14.4 4.0 4.3  
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3. Results 

This section describes the results from the extended TIMES-PanEU 
model and subsequent detailed analysis of the projected biomass 
production. 

3.1. Biomass production and it’s carbon footprint 

Fig. 2(a) shows the projected total biomass production (in energy 
units) found for the three scenario pathways. While the “shape” of the 
evolution differs slightly, in all three cases the total biomass production 
is projected to increase by about a factor of two from 2015 to 2050. In 
terms of the total transformation of the energy system (results not 
shown) projected by TIMES-PanEU this corresponds to an increasing 
share of the total energy consumption across all sectors from ca. 8% to 
ca. 20–22% for bioenergy. As indicated by Fig. 2(a), in energy units the 
CL pathway prescribes a slightly lower total biomass production than 
the other two pathways (the prescribed biomass availability is the same 
across pathways). Fig. 2(a), (b) and 2(c) show detailed results for the five 
biomass sources considered by TIMES-PanEU: oil crops, starch crops, 
sugar crops, woody crops and other types of biomass. The results clearly 
suggest that other biomass sources, oil crops and woody crops will play a 
dominant role in the future energy system transition compared to starch 
and sugar crops. Interestingly, in a recent study by the Joint Research 
Centre (JRC) [3] the current share of oil crops measured in annual dry 
mass units produced is found to be significantly smaller than that of 
biomass from sugar and starch crops (not counting residues). Along all 
three pathways, the energy production from oil crops increases at a 
higher rate than any other source, that is, until around 2030. From this 
point onwards, the production decreases again. In CL and PA, oil crops 
are all but phased completely out by 2050, whereas in LS it remains an 
important contributor. The importance of wood, which has always 
played a large role in the European energy system – both as an economic 
crop and in terms of residue - generally increases, in particularly along 
the PA pathway. 

Table 3 
GCM-RCM model combinations used to assess water availability (cf. Fig. 6 and 
Fig. S2). The number in parenthesis indicate the number of ensemble members 
used in this study.  

RCP2.6 (6) RCP4.5 (4) RCP8.5 (8) 

RCM GCM RCM GCM RCM GCM 
RCA4 EC- 

EARTH 
RCA4 EC- 

EARTH 
RCA4 EC- 

EARTH 
RACMO22 CNRM- 

CM5 
RACMO22 CNRM- 

CM5 
RACMO22 CNRM- 

CM5 
CCLM4 EC- 

EARTH 
CCLM4 EC- 

EARTH 
CCLM4 EC- 

EARTH 
REMO2009 MPI-ESM- 

LR 
REMO2009 MPI-ESM- 

LR 
REMO2009 MPI-ESM- 

LR 
REMO2015 EC- 

EARTH   
REMO2015 EC- 

EARTH 
HIRHAM5 EC- 

EARTH   
HIRHAM5 EC- 

EARTH     
WRF36 MPI-ESM- 

LR     
ALADIN63 CNRM- 

CM5  

Fig. 3. Total carbon intensity per scenario pathway. a. Projected total EU28 LUC emissions (CO2-eq) related to bioenergy farming for CL, LS and PA pathways. b., 
c. and d. Projected LUC emissions (CO2-eq), disaggregated into five different biomass types for the CL, LS and PA scenarios respectively: oil crops (magenta), starch 
crops (blue), sugar crops (cyan), woody crops (green) and other kinds of biomass, including residue (red). Full lines indicate that median factors were used to 
associate biomass production (cf. Fig. 2) with LUC emissions (cf. Table 1). Dashed lines indicate that factors corresponding to the 25th and 75th percentile, 
respectively, were used. LUC emissions are seen to be primarily associated with oil and woody crops production. 
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Fig. 3 shows the GHG emissions from LUC associated with the 
increased biomass production indicated in Fig. 2 using the methodology 
described in Section 2.3. The full lines designate results obtained using 
the median values, cf. Table 1, whereas the dashed lines were obtained 
using emission factors corresponding to the 25th and 75th percentiles 
and provides a conservative measure of the uncertainty. The dominant 
sources of emissions are oil crops followed by woody crops, both of 
which are also associated with the largest uncertainties. Conversely, 
“other” biomass sources representing, e.g., second generation biofuels, 
based on residue from crop and wood production account for slightly 
negative emissions despite representing the largest share of the bio-
energy production. 

3.2. Water footprint 

Crop productivity whether in terms of conventional agriculture for 
feed or food or for biomass is highly susceptible to water availability. 
Fig. 4 shows the estimated water footprint, i.e., green plus blue water, 
corresponding to Fig. 2 (see also section 2.4). Full lines correspond to the 
mean conversion factors shown in Table 2, whereas dashed lines – again 
as a conservative measure of uncertainty - correspond to plus or minus 
one standard deviation. For all three scenario pathways, the maximum 
water usage is achieved already around 2030, where the total water 
footprint in Europe associated with an intensification of biomass pro-
duction is between two and five times that of 2015. This may in 

particular be attributed to the aforementioned increase in bioenergy 
production from oil crops, cf. Fig. 4(b–d), with a very large water 
footprint. After 2030, the water usage is reduced only slightly. As the 
role of oil crops decline towards 2050 (in PA and CL oil crops are 
effectively removed from the energy mix) the water demand for biomass 
production is thus wholly or partially compensated by woody crops. 
That said, since the water used by woody crops is (at least in principle) 
entirely green water, the biomass production does not per se compete 
with other critical uses of freshwater, e.g., drinking water or agriculture 
for food. 

For comparison, Fig. S1 in the Supplementary Information depicts 
the water demands of biomass production for each of the EU28 countries 
plus Norway and Switzerland relative to the 2015 level. These results 
clearly indicate large national and pathway differences with respect to 
preferred biomass options, which are of course to a large extent is a 
function of the country’s inherent potential for biomass farming [21], 
spatial heterogeneity, sectorial demands, and trade options with other 
Member States. A package of biomass options involving large amounts 
of in particular oil crops but also to a lower degree starch crops and 
sugar crops generally incur large water demand both when considering 
the total water and blue water footprints. Between the EU countries, 
variations (cf. Fig. S2) range from mostly net reductions in the water 
usage (e.g., Denmark, DK) to increases in the order of 20 times the 2015 
level in a few cases (e.g., Bulgaria, BG). Biomass use, e.g. as found in 
Belgium (BE) and Switzerland (CH), involving increased use of woody 

Fig. 4. Total water demand per scenario pathway. a. Projected total EU28 water demand for 2015–2050 for CL, LS and PA pathways. b., c., d. Projected water 
demand related to bioenergy farming, disaggregated into five different biomass types: oil crops (magenta), starch crops (blue), sugar crops (cyan), woody crops 
(green) and other kinds of biomass, including residue (red). Full lines indicate that mean factors were used to associate biomass production (cf. Fig. 2) with water 
usage (cf. Table 2). Dashed lines are indicative of mean factors plus/minus one standard deviation. Oil crops and woody crops lead to higher demand for water 
resources compared to other bioenergy sources. 

M. Drews et al.                                                                                                                                                                                                                                  



Energy Strategy Reviews 29 (2020) 100487

8

crops and/or second generation biofuels based on other biomass po-
tentials are easily identified by the large differences between the relative 
total and relative blue water footprints. 

3.3. Potential water stresses 

As already today water stress is an issue in many European countries, 
water is likely to be a critical factor in order to upscale the European 
biomass production as indicated in Fig. S1. This is geospatially illus-
trated in Fig. 5, which is based on information retrieved from the 
Aqueduct Water Risk Atlas provided and maintained by the World Re-
sources Institute. A detailed description of the data set may be found in 
Luo et al. [75]. Fig. 5 shows a ranking of European countries based on a 
near-term projection of water stress in 2020, considering the total 
annual water withdrawals from the municipal, industrial, and agricul-
tural sectors, expressed as a percentage of the total annual available blue 
water. The lowest water stress is found in the Northern and Central-East 
European countries, whereas in the high end, we find South and 
South-West Europe. Considering the impacts of climate change, this 
picture is highly likely to persist. For comparison, Fig. 6 shows the 
multi-model mean of 18 climate change projections of the net annual 
precipitation (i.e., blue water) accounting for the evapotranspiration (cf. 
Section 2.5). Results are indexed relative to the 2015 level (”100”). Red 
colours indicate increased water availability, while blue colours indicate 
reductions. Comparing Figs. 5 and 6, it is evident that many of the 
countries suffering from water stress already in 2020 according to the 
Aqueduct Water Risk Atlas are likely to suffer further reductions in the 
net precipitation due to climate change, potentially leading to increased 
water stress in 2050 unless careful water management strategies are 
implemented. Conversely, increased net annual precipitation in North 
and Central-East Europe could increase water availability for the benefit 
of, e.g., further biomass production. 

In the Supplementary Information, Fig. S2 breaks down the expected 
climate impacts on water resources for each of the EU28 countries plus 

Norway and Switzerland. The projected trends found for each country 
generally agrees with the results shown in Fig. 6. It is evident that for 
regional climate projections of changes to the water availability until 
2050, the inter-annual natural variability dominates as compared to the 
scenario forcing. How this might affect energy strategies prescribing 
increasing amounts of biomass will be discussed below. 

4. Discussion 

To summarize, CL, LS and PA indicate different pathways towards at 
least 80% reduction in GHG emissions from energy consumption in 2050 
compared to 1990. One of the scenario pathways, PA, even strives to 
demonstrate that a 95% reduction is feasible. Figs. 8–9 in Korkmaz et al. 
[9] show a comparison of the net electricity generation and energy 
consumption in the Industrial sector for the EU28 plus Norway and 
Switzerland. In all three strategies, biomass is found to play a critical 
role in the transformation of the energy system, contributing a share of 
20% or more of the total energy consumption in Europe in 2050 [9]. As 
shown on Fig. 2 this is expected to come from advanced biofuels first and 
foremost, woody crops and – at least for a transitional period - oil crops. 
In CL, LS, and PA traditional first-generation biofuels based on sugar 
crops are effectively phased out by 2050. In the former two this also 
applies to starch crops, whereas in PA the production of starch crops 
persists at 2.5 times that of the production in 2015, contributing a mere 
2% to the energy production from biomass (results not shown). 

The highest potential for bioenergy production clearly stems from 
second generation biofuels converted from waste and residue of con-
ventional food and fibre production. Along all three pathways (Fig. 2) 
this biomass resource is thus fully exploited (within set constraints on 
biomass availability and assuming net zero imports from outside of 
Europe). As illustrated by Figs. 3 and 4 (Tables 1 and 2), this other 
biomass potential carry the lowest water footprint compared to starch, 
sugar, oil and wood crops. Similarly, it leads to negative emissions for 
biomass induced land use change and further reduce additional de-
mands for farmland for bioenergy production. The availability of this 
resource is however limited as it is inherently linked to conventional 

Fig. 5. Expected water stress for European countries in 2020. Based on data 
from (Luo et al. [75] ). The country ranking is based on a business-as-usual 
scenario. Country water stress measures total annual water withdrawals 
(municipal, industrial, and agricultural) expressed as a percentage of the total 
annual available blue water. Higher values indicate more competition 
among users. 

Fig. 6. Climate projections of European water availability. The map shows 
relative projections of surface water runoff from precipitation for EU28 coun-
tries plus Norway and Switzerland for 2050 using 2015 as the baseline (index 
“100”). Red colours indicate increased water availability; blue colours 
decreased water availability relative to 2015. 
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agriculture and forestry. In the absence of more efficient conversion 
techniques (from biomass to biofuel) or more raw material, the use of 
less attractive options is therefore required in order to reduce GHG from 
energy consumption by as much as 80% in 2050 (compared to 1990). 

Here the proposed role of oil crops in the simulations is particularly 
interesting. Of the three sources of first generation biofuels considered 
by the energy system model, it has the highest water and carbon foot-
print even considering uncertainties (cf. Tables 1 and 2). Thus, one could 
ask the question if oil crops would still have been favoured, had TIMES- 
PanEU explicitly considered these parameters? On the other hand, oil 
crops of which rapeseed is the preferred choice in Europe has a high 
conversion efficiency (~80% in TIMES-PanEU) compared to sugar 
(60%) and starch crops (30–40%) and are easily processed into biodiesel 
for the transport sector. Arguably, for this reason it is logical that oil 
crops within our modelling framework even past 2050 continues to play 
an important part along the LS pathway; whereas they play a transitional 
role in the other two, where they are eventually substituted by biomass 
production for more advanced biofuels and woody crops between 2040 
and 2050. 

Whether it is realistic that the European production of oil crops can 
be upscaled in the short term as suggested by all of the three scenario 
pathways is another question. Currently, the economic production of oil 
crops in Europe stands at only 5.2% [3]. To fulfil the ambitious goals 
suggested by TIMES-PanEU, significant changes in land use have to take 
place. Conversely, some authors like van Duren et al. [37] have ques-
tioned the high conversion efficiency indicated above, arguing that the 
energy efficiency of rapeseed biodiesel is still fairly low and spatially 
heterogeneous across Europe. Unless major technological advances are 
achieved, it should therefore not be considered a feasible option to 
replace fossil fuels by biofuels produced from rapeseed. 

The results from TIMES-PanEU suggest that woody crops will play an 
important role in the future European system. This is particularly true 
for the PA pathway, where woody biomass production in 2050 is pro-
jected to increase by a factor of 15 compared to 2015. The discussion of 
land available for such a transition notwithstanding, LUC emissions 
originating from the production of woody biomass are sparsely studied 
compared to other types of biomass and thus estimates of the carbon 
intensities are accordingly less robust. Thus, most of the data points 
depicted in Fig. 1 represents miscanthus and switchgrass, which in the 
TIMES-PanEU simulations were lumped with traditional woody crops 
like poplar and willow. If only these are considered, then LUC emissions 
related to woody biomass production reported by Warner et al. [30] are 
in some cases comparable with emissions from fossil fuels. For real life 
circumstances this depends on a variety of factors, including in partic-
ular spatial heterogeneity (e.g. Daioglou et al. [17]), geographical 
location, local management practises, technologies, and how residues 
and waste from bioenergy production are used (e.g. bioashes on soil 
[38]). 

Hence the ‘carbon neutrality’ of bioenergy is an assumption that 
implies that the CO2 sequestrated during growth of biomass equals to the 
CO2 released in, e.g., combustion. Such carbon neutrality may appear as 
a reasonable assumption for biofuels deriving from fast growing species, 
but may not apply for slower growing biomass from forests [39,40]. Key 
factors such as biomass growth, harvesting year and the time-horizon 
are thus of outmost importance when estimating the climate impact 
from forest bioenergy [49]. For example, Cherubini et al. [41] revealed 
that within a window of 20 years, the climate impact of CO2 from boreal 
forest bioenergy is close to that of CO2 from combustion of fossil fuels, 
while for longer time horizons the impact consistently decreases. 
Assuming zero GHG emissions from bioenergy can therefore be very 
misleading, particularly when assessing short to medium term decar-
bonisation goals. 

In Europe, approximately 75% of the annual increment to EU forests 
is harvested, resulting in annual additions to both the carbon sink and 
carbon stock [42]. estimate that the EU forestry sector accounts for an 
overall emissions reduction of about 13% compared to the total EU 

emissions. Considering uncertainties, c.f. Fig. 3, however, it is evident 
that the potential of the forestry sector towards climate change mitiga-
tion (as a carbon sink) urgently needs to be revisited and held up against 
other biomass use in bioenergy sub-products within EU scenario 
pathways. 

Under the current guidelines for emission accounting endorsed by 
the IPCC and Conference of the Parties (COP), National Greenhouse Gas 
Inventories are divided into six sectors: energy; industrial processes; 
solvent and other product use; agriculture; forestry and other land-use 
change; and waste [57,58]; [43]. Carbon dioxide (CO2) emissions 
from bioenergy combustion are accounted in the Forestry and Other 
Land Use sector and not in the Energy sector to avoid double counting 
[44]. Approximately 45% of the EU emissions are covered by the 
EU-ETS. Emissions from the sectors not included in the EU ETS are 
addressed in the Effort Sharing Decision (ESD). At present, land-use 
change and forestry (LULUCF) emissions are not included neither on 
the EU-ETS nor in the ESD. Only New Zealand have included forest 
credits adopting the Permanent Forest Sink Initiative that co-exists with 
the ETS system. 

Increased water demand for bioenergy production is prescribed by 
all pathways. On a European level, this amount to at least a doubling of 
the water consumption (Fig. 4) associated with biomass production; 
though with great variations between the countries (Fig. S1 in the 
Supplementary Information) depending on the national energy strate-
gies proposed by the model. Here increased water usage is particularly 
associated with having a high fraction of oil or wood crops as in the cases 
of France and Italy (results not shown). Both of these countries suffer 
already today (at least regionally) from considerable water stress due to 
a mismatch between the available amount of natural water resources 
and a high demand from different economic sectors (Fig. 5), including 
water requirements by conventional and renewable energy generation 
[16]. It is evident that in Southern Europe lack of sufficient water could 
negatively affect the potential for growing water intensive crops like 
rapeseed and other oil crops, as is proposed by TIMES-PanEU. This may 
be even more true, when one factors in the expected negative impacts of 
climate change (Fig. 6) on water availability along the Mediterranean - 
in particularly in the long term. Combined, it is not recommendable to 
include a large fraction of, e.g., oil crops as part of the national energy 
strategies in this region but to plan for the use of less resource intensive 
biomass types. 

Climate change is in general likely to have both positive and negative 
impacts on the water availability and the biomass potential in Europe. 
Here we do not consider extremes like flood or droughts that may 
become more frequent and/or severe due to climate change and in turn 
negatively affect yields or incur great damages to essential infrastructure 
[56]. Rather, as shown in Fig. 6 and Fig. S2 in the Supplementary In-
formation, state-of-the-art regional climate projections indicate that 
many North and Central European countries on the longer term are 
likely to experience a net increase in annual precipitation, which 
coupled with increased atmospheric CO2 levels - and in Northern Europe 
a prolonged growing season - in principle should be beneficial to 
biomass productivity. Still, this will hardly be enough to balance the 
potential requirements by water intensive biomass production. More-
over, in the shorter term, i.e., for the analysis period we consider in this 
study (2015–2050), climate trends are mostly negligible, the main 
climate impact on biomass production stemming from natural (year--
to-year) variability (Fig. S2), and which provided biofuels are storable, 
will average out. 

5. Conclusion 

In this paper, we investigate the water and carbon footprint associ-
ated with increasing amounts of bioenergy in the European energy 
system - from ca. 8% in 2015 to ca. 20–22% in 2050 - as part of an 
ambitious transition to a low carbon EU energy system. Three different 
scenario pathways (2015–2050) derived from the TIMES-PanEU energy 
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system model [9] are subject to ex-post analysis, cf. Section 2.2. 
The main findings from our analysis are: 
Increased biomass production is needed to reduce CO2 emissions by 

80% in 2050. 
For all three pathways, Korkmaz et al. [9] finds increased utilisation 

of biomass products to be consistently cost-competitive and to play a 
critical role in the transition to a future European energy system based 
mainly on renewables. That said, we note that imports of biomass from 
regions outside the EU where they may be produced at lower costs 
(affecting the market price) and/or more sustainably are not considered 
by the energy system model. Results indicate that current and projected 
biomass production within the EU will in principle be sufficient for 
underpinning even the deep decarbonisation required by the Paris 
Agreement, but also that in an optimal setting the demand for biomass 
could exceed the EU’s domestic production potential. 

5.1. Development of more advanced biofuels is a prerequisite for this 
transformation 

Biofuels produced from residues and waste are superior in terms of 
water and land usage and lead generally to negative emissions related to 
land use change. In all the three scenario pathways, biomass imports 
from outside Europe are assumed to be zero and domestic biomass re-
sources are consequently fully exploited. This suggests that domestic 
biomass resources (here prescribed by key modelling assumptions like 
the land availability for biomass production) within the EU may not be 
sufficient to cover the project demand for bioenergy. With the caveat 
that the current study only considers a single set of assumptions towards 
biomass availability, these results indicate that more efficient biomass 
conversion techniques and/or access to more raw bio-material may be 
needed. Traditional biomass sources such as starch crops, sugar crops, 
oil crops and woody crops are associated with comparably larger land 
use change emissions and/or water demand. They inherently compete 
with food and fibre production for land and water resources. 

Oil crops are water and carbon intensive but may play a big role in 
the transition. 

In failing to satisfy the demand for second-generation biofuels, first- 
generation biofuels are likely to play an important transitional role on 
the way to a decarbonized energy system. While oil crops currently 
represents only about 5% of the European biomass production and, 
TIMES-PanEU suggests that the high efficiency of the conversion from 
oil crops to, e.g., biodiesel, coupled with an increasing need for decar-
bonizing the transport sector, will carve out a much larger part for them 
in the European energy system in the coming 20 years. After ca. 2030 oil 
crops all but vanish out of the energy mix in two out of the three scenario 
pathways to be supplanted by, in particular, a higher share of woody 
crops. 

5.2. Estimates of emissions from land use change and water usage have 
high uncertainties 

As mentioned above, aIl three scenario pathways see the biomass 
production (in energy units) roughly doubled corresponding to a simu-
lated increase over the period from 2015 to 2050 from ca. 8% to ca. 
20–22% of the fraction of bioenergy in the overall energy system 
(Fig. 2). This is required in order to achieve the desired total emissions 
reduction of 80–95% compared to 1990 levels. Fig. 7 compares the 
estimated LUC emissions (Fig. 3) with the total GHG emissions modelled 
by TIMES-PanEU [9] from all sectors. The figure shows the estimated 
LUC emissions as a fraction of the total GHG emissions, which effectively 
is a measure of the additional GHG emissions that are not captured by 
the TIMES-PanEU simulations and hence of the uncertainty. Interest-
ingly, Fig. 7 suggests that the level of uncertainty increases with the 
share of biomass from roughly 2% of the total GHG emissions in 2015 to 
around 10% in 2050 (median estimates). Considering 75th percentiles 
on the other hand the upper limits range from 3 to 4% in 2015 and up to 

more than 25% in 2050 for two of the pathways. 
The increasing uncertainty clearly reflects the inherently large un-

certainties related to emissions from biomass production as compared to 
emissions from other renewables and fossil fuels. Hence, it is evident 
that it is very important to consider the uncertainties related to LUC 
emissions and biomass supply chains when shaping robust strategies for 
future energy systems in Europe that will include large quantities of 
bioenergy. The same case can be made for the water footprint of 
biomass, which also varies significantly with local conditions. 

In this paper, we use a simple approach, linking GHG emissions or 
water footprint to energy units based on a central value and the asso-
ciated spread inferred from a range of empirical studies. While the 
central estimate for LUC represents, e.g., a “homogenization” of the land 
surface, the associated spread reflects many different sources of uncer-
tainty, including spatial variations, varying measurement protocols, etc. 
Assuredly, using a spatially explicit LUC modelling approach like 
Daioglou et al. [17] is likely to decrease the uncertainty, even if the 
embedded model parameters derives from empirical data and thereby 
involves an inherent choice of parameters. Whether one uses a simple or 
more advanced approach, we would argue that it is critical for energy 
strategies to not only rely on central model estimates. Rather they must 
consider the full range of associated uncertainties. Robust strategies for 
decarbonisation of the European energy system could embrace this, for 
example, by prioritizing biomass production associated with low 
inherent uncertainties, or could minimise uncertainties by optimizing 
the geographical distribution of biomass sources. That said it is evident 
that the potential of forestry, already posing as a significant source of 
European biomass today, and of oil crops urgently needs to be revisited. 
Both sources features strongly in all three of the scenario pathways and 
more knowledge is clearly needed in order to reduce the huge un-
certainties surrounding both water use and land use change emissions. 

The relevance of different biomass types varies regionally across EU 
due to water availability. 

Climate change is likely to have both positive and negative impacts 
on water availability and will therefore affect Europe’s biomass poten-
tial. General climate trends until 2050 are weak though and dwarfed by 
natural interannual variability. As a result, energy system modellers do 
not need to take general climate trends into account explicitly as long as 
natural variability is addressed. Hence, gradual changes to precipitation 

Fig. 7. The fraction of the estimated LUC emissions of the total GHG 
emissions modelled by TIMES-PanEU. The total modelled GHG emissions in 
TIMES-PanEU for all sectors in 2015 correspond to approx. 3350 Mt CO2- 
equivalents. In 2050, modelled emissions reduce by approx. 30%, 28% and 18% 
relatively to this number for the CL, LS and PA scenario pathways, respectively. 
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patterns are likely to be superseded by advances in water technologies 
and management practices. If current trends are to continue however it 
will be increasingly important to factor in the impacts of climate change 
on biomass strategies, e.g., in terms of access water and the potential 
competition with other sectors (Fig. 5). Increased occurrence and in-
tensity of extremes like droughts is another matter, which may have 
severe ramifications for biomass production at a regional or even Eu-
ropean level. 

As discussed above, increased water demand for bioenergy produc-
tion is found for all three scenario pathways, leading to at least a 
doubling of the water consumption at the European level (Fig. 4) though 
with large variations in between Member States. Increased water de-
mand is generally associated with a high fraction of oil or woody crops. 
Therefore, it is evident that it is not generally recommendable to plan for 
a large fraction of such bioenergy crops, where already today there is a 
mismatch between the available amount of natural water resources and 
a high demand from different economic sectors including conventional 
agriculture (Fig. 5). Since the current TIMES modelling framework does 
not explicitly include water resources in the optimization, the present 
simulations in several cases suggest biomass strategies that are likely to 
increase the water stress. 

In conclusion, the authors would like to stress the importance of 
“downscaling” EU strategies to the national level and further to the 
regional and local levels, where overall targets can be confronted by 
“reality” in the form of, e.g., land and water resources, potential in-
teractions between regions as well as competition from other socio- 
economic sectors. Capacities and resources vary amongst countries 
and regions; and while this work has relied on an assumption of zero 
biomass imports from outside of Europe, there is no doubt that this link 
must also be further explored. Water availability, which is a critical 
factor for biomass productivity, may loom as a barrier for expanding the 
share of bioenergy production in some countries, in particular, in 
Southern Europe. This is further likely to be exacerbated by climate 
change. To some extent, this can of course be circumvented by smart, 
informed choices on management practices and the types of biomass to 
pursue. Oil crops like rapeseed, are highly energy efficient, but also 
associated with high emissions and a high water usage compared to 
other kinds of biomass. Thus it must be carefully considered, whether 
this kind of crop is the optimal focus for a potentially water stressed 
country such as France even for a transitional period. 
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