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The paper analyses effects of changes in temperatures on heating and cooling demands in Europe until
2050. Specifically, the study addresses changes in trends (10-year mean) and extremes (10-year min/-
max). The analysis is based on two GHG emission climate scenarios (RCP2.6 and RCP4.5) and eight
high-resolution regional climate models and results are provided as relative and absolute changes on grid
and country scales. Population density is used as proxy for spatial distribution of demands.

Projected future temperatures are proportional with RCP scenario and distance into the future and the
highest relative changes occur towards north-eastern Europe and for high-altitude areas. The tempera-
ture changes lead to general decreased heating demands and corresponding increased cooling demands.
In general, higher spreads are seen between demand change ratios for individual models when address-
ing extremes as opposed to trends: The general 2010-2050 change ratios for heating between countries
are 0.85-95 for model means and average 0.69 for the extreme analysis. For cooling, corresponding ratios
are 1.25-1.5 for model means and average 2.76 for model maxima. For absolute demand changes, some
countries are projected to experience significant changes e.g. exceeding a doubling in cooling demands.
The results are suggested as a basis for energy system analyses.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The building sector is regarded as a main contributor to the glo-
bal energy consumption, and therefore also greenhouse gas emis-
sions [1]. It currently accounts for 40% of the primary energy
consumption in the US and EU [2] and 30% and 36% of energy-
related CO, emissions globally [3] and for EU [4], respectively
including electricity related losses. In a European context, residen-
tial buildings make up around 75% of the total European building
floor area [5], in which around 60% of these energy demands and
emissions are related to heating and cooling applications [6]. In
western countries, heating, ventilation, and air conditioning sys-
tems (HVAC) [7] together make up 50-70% of the total residential
energy use [8]. Whilst large differences between European mem-
ber states are seen, exemplified by e.g. large shares of district heat-
ing in the Nordic region, around 90% of heat generation occurs in
the building it supplies [9].

Approaches to decarbonise the building stock through energy
efficiency and renewable energy have therefore been a main focus
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of research during the past decades [8], and hold significant poten-
tial for future GHG reductions [10-12]. Currently, energy efficiency
research areas include among others: improved thermal insulation
[13], implementations within materials such as phase change and
energy storage [14] smart energy management and control [15,16]
and market mechanisms such as managing consumption in rela-
tion to fluctuating prices [17]. Approaches to analyse the decarbon-
isation of the residential heating sector often take a national or
international perspective due to the complex interaction effects,
e.g. between electricity and heat sectors [18].

The heating and cooling demands in buildings depend on the
indoor temperature, the outdoor temperature and the thermal char-
acteristics of the building. Other factors could also be addressed, and
these include e.g. snow cover [19], humidity, wind speed, cloud
cover, etc. These factors are strongly affected by diverse underlying
drivers such as occupancy and heating patterns, ventilation behav-
ior, building aspect, window size, solar irradiation etc. but outside
the scope of this study. At the regional/national levels, as often
employed in large energy system models, the development of the
heating and cooling demands depends on the construction and
demolition rates, energy efficiency standards of newly built and
renovated buildings and behavioural factors [20]. When analysing

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2020.110397&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.enbuild.2020.110397
http://creativecommons.org/licenses/by/4.0/
mailto:madla@dtu.dk
https://doi.org/10.1016/j.enbuild.2020.110397
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enb

2 M.A.D. Larsen et al./Energy & Buildings 226 (2020) 110397

heat saving measures, the thermal characteristics of a buildings’
envelope is the variable which can be varied the most, while the
indoor temperature is typically varied in the narrow range of 18-
22 °C as recommended by e.g. WHO [21-23]. Wider recommended
indoor temperatures are however seen in the range of 19-28 °C as
e.g. in the ASHRAE housing recommendations [24].

Other than the thermal characteristics of a certain building
stock, the heating and cooling demands of buildings depend in par-
ticular on the outdoor temperatures, against which the indoor tem-
peratures need to counterbalance. The past 100 years have shown
a general increase in the mean annual global (outdoor) tempera-
ture of approximately 1 C° [25]. Future projections are often
embodied in the use of the most recent IPCC (the Intergovernmen-
tal Panel of Climate Change) scenario, which for the most recent
assessment report (no. 5) [25] where entitled RCP (representative
concentration pathways) scenarios. These future scenarios predict
an increase in the global mean temperature of further 1-4 C° (rel-
ative to 1986-2005) by 2100, depending on the scenario [25]. The
regional variations in the projected warming are vast and are,
among others, dependent on distance to larger bodies of water
and altitude/topography as also seen for Europe, which is the focus
area of this study. In conjunction with the general warming, stud-
ies show confidence that extreme temperature occurrences, i.e.
droughts, heatwaves and related magnitudes, duration, spatial
extent and frequencies, will increase [25-27]. These types of tem-
perature extremes have the ability to enforce substantial implica-
tions for heat and cooling supply systems, which could need to
be re-dimensioned in order to meet peak heating or cooling load
demands during the year, season or day in question. Minimum
and maximum temperatures, which are often used to depict tem-
perature variations at shorter timescales such as sub-daily, are also
projected to increase, although at spatially varying rates [28].

Future heating and cooling demands are often projected using
correlations with economic and population forecasts whereas the
climate is implicitly assumed constant or variability and extremes
are not included [23]. In literature, the assessments of future heat-
ing and cooling demands have various forms such as in [29,30]
employing cooling- and heating degree-days and there is a vast
majority of studies at the local scale [31]. Other studies employ
additional variables such as relative humidity [32] and radiation
balance measures and wind [33]. The prevailing climate in Den-
mark results in a reduced heating demand of 7% for every degree
(C°/K) increase in temperature [34] and another study showed that
out of four factors influencing the heating demand in Stockholm,
the choice of global climate model (acting as the signal of climate
change) introduced the largest uncertainty (30%) followed by
emission scenario (11%), choice of regional climate model (10%)
and initial conditions (5%) [35]. At the same time, the building
attributes have been shown to have a large effect on the impact
of climate change on residential energy demands [7]. In summary,
only a few studies have investigated the impact of climate change
on heating and cooling demands on continental/decadal scales [30]
but the effect of climate extremes, which impacts peak energy sys-
tem demands, remains largely unexplored.

In this light, this study aims to analyse the effects of changes in
temperatures trends and extremes on European heating and cool-
ing demands from a national energy system point of view and can
be used as an input to any energy systems model addressing heat-
ing and cooling demand changes. The contributions to literature of
this study include: I) The calculation of heating and cooling
demand changes based on changes in heating degree days (HDD)
and cooling degree days (CDD) for the full ensemble of shared
state-of-the-art climate models from the low-to-medium GHG
emission scenario climate projections (RCP2.6 and RCP4.5 - eight
models) over Europe in 12.5 km resolution. II) Applying
population-based weighting of demand changes to account for

not only climatological spatio-temporal changes but also account
for the spatial distribution of demands, and: III) Derivation of
changes in heating and cooling demands as general trends (decadal
means) as well as extremes (decadal and seasonal min/max), both
of which are derived as both the model ensemble mean and the
ensemble min/max.

All results are made on the spatial scale of the climate models
applied (12.5 km grids) and on country level across EU. The entire
work is based on openly available data.

2. Methodology
2.1. Temperature data

The study utilizes the low- to medium climate change scenarios
RCP2.6 and RCP4.5 [25] up until the year 2050 and the study area
covers Europe. To accommodate this, the climate change signal and
the implications for changes in future heating and cooling
demands investigated here therefore employs the CORDEX data-
base [36] which is the most recent effort of collecting output from
regional climate models (RCM) from a wide range of contributing
organisations and with continuous model additions. An RCM is
defined as a computer model capable of simulating geophysical
processes in the atmosphere and land surface where the geograph-
ical extent is a subset of the globe. The subset nature necessitates
RCMs to have boundary conditions not just laterally (along the
land-surface interface and towards the top of the atmosphere)
but also at the horizontal edges/boundaries. For future projections
in CORDEX, the RCMs are forced along the horizontal model
domain boundaries by global climate models (GCMs). In this man-
ner, RCMs and GCMs can be combined to form a simulation of e.g.
future conditions as represented by RCP scenarios. Within the cli-
mate modelling, it is widely acknowledged that both the choice of
RCM as well as GCM enforce a significant impact on resulting
model output [37,38], and therefore multi model ensembles are
generally used in impact studies for added robustness [39-41].
For this study, we employed every available RCM/GCM combina-
tion shared by the RCP2.6 and RCP4.5 scenarios available at the
12.5 km? resolution, which is the finest spatial resolution available
for multi-model analyses. The ensemble comprised the eight
model combinations listed in Table 1.

Prior to the heating and cooling demand change calculations,
the variables of near surface air temperature, daily maximum
near-surface air temperature and daily minimum near-surface air
temperature were analysed to assess spatio-temporal patterns. In
the methodology used here (see section 2.2), these variables are
included to account for sub-daily patterns even when using daily
data. In the RCM community, these variables appear as ‘tas’, ‘taSmax’
and ‘tasy,;, respectively, whereas we here use the terms Tiean, Tmax
and T, Temporally, the analysis was done by extracting 10-year
running means from a historical reference period and until 2050
every fifth year (until 2050). In this paper, we present data from
2010 and 2050 (to some extent also 2030), representing, for the
two former, present-day reference conditions and near-future con-
ditions respectively based on 10-year periods (e.g. 2046-2055).
The thresholds of 22 °C and 15.5 °C were used for T,ax (days above)
and T, (days below) respectively as these are the thresholds used
for the calculation of changes in cooling and heating demands as
outlined in section 2.2 [33]. Further, to assess the spatial inter-
model variability, the standard deviation between models was cal-
culated for all three variables of Tiean, Tmax and Tpin and for both
RCP scenarios (RCP2.6 and RCP4.5). This serves as a measure of
robustness highlighting potential differences between different
regions within the European domain. For Tyean, the standard devi-
ations were calculated based on projected inter-model Typean Values
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Table 1
The RCM and GCM models used in the study and the corresponding organisations.

No. RCM model Driving GCM model Short name combined Organisation

1 CCLM4 EC-EARTH CCLM4_EC Community Land Model (CLM) community

2 HIRHAMS5 EC-EARTH HIRHAMS5_EC Danish Meteorological Institute (DMI)

3 RACMO22 EC-EARTH RACMO22_EC Koninklijk Nederlands Meteorologisch Instituut (KNMI)

4 RACMO22 HADGEM2 RACMO22_HAD Koninklijk Nederlands Meteorologisch Instituut (KNMI)

5 REMO02009 MPI-ESM-LR REMO2009_MPI Max Planck Institute (MPI)

6 RCA4 EC-EARTH RCA4_EC Swedish Meteorological and Hydrological Institute (SMHI)
7 RCA4 HADGEM2 RCA4_HAD Swedish Meteorological and Hydrological Institute (SMHI)
8 RCA4 MPI-ESM-LR RCA4_MPI Swedish Meteorological and Hydrological Institute (SMHI)

from the entire model ensemble. For T,,,x and T, the standard
deviations were calculated between models based on the numbers
of days per year above or below the thresholds described above.

2.2. Heating and cooling degree days

In this analysis step, the RCM data were employed to calculate
mean (RCP2.6) as well as extreme (RCP2.6 and RCP4.5) changes in
future HDDs and CDDs over Europe from 2010 up until 2050. The
starting point in the present analysis is that the future changes
in heating and cooling demands are proportional to the future
heating and cooling degree days (HDD and CDD, respectively).
The future HDD and CDD are calculated for all grid cells (12.5 km
resolution), stemming from the finest scale CORDEX RCM model
outputs, covering Europe.

The HDDs and CDDs were calculated per cell using equations 1-
2 and 3-4 respectively as obtained from [29]. Heating degree days
are calculated during the cold period (Oct 1 to March 31 - 183 days
in non-leap years) and cooling degree days in the warm period
(Apr 1 to Sep 30 - 182 days). All variables (Tyean, Tmax and Tiin)
are included in the calculation of degree days depending on the cri-
terion temperature (Equation (1) and (3) below).

The HDD and CDD is calculated for every cell i and time step t
based on the methodology presented in [29]:

Ton —Twie Tpn > Txie
Ton—Tnie  Txie—Th,
HDD;, — it X Tyie < Typy < Txie (1)
' M Tnie <Tpp < Tmjie
0 Tyn < Thie
183
HDD;y = > HDDj, 2)
t=1,tcy
. OT Tye > Txie
Xit—'bc
-4 Twie <T,, <Txic
CDD;; = o o ’ < " 3
t TX:.IZ The  The 4TN.H f TNJ',[‘ < Tb,C < TM,L[ ( )
Twmic — The Tye < Tnie
182
CDDiy = »_ CDDj; (4)
t=1tey

The symbols used in equations (1)-(4) have the following
meaning:

With Ty, = 15.5°C - Base temperature for calculation of HDD

With T, = 22°C - Base temperature for calculation of CDD

Tuic- Mean temperature in cell i in day t

Tx - Maximum temperature in cell i in day t

Tni:- Minimum temperature in cell i in day t

HDD;,, CDD;; — HDD and CDD in cell i and day ¢t

CDD;,, CDD;,, - HDD and CDD in cell i and year y

This analysis was performed on both decadal means as well as
extremes. The decadal means, corresponding to longer term trends,

were based on 10-year means to account for climate variability for
all three temperature variables, Tean, Tmin and Tmax (i.e. 2050 is
the 2046-2055 mean).

The extreme HDD and CDD levels were calculated for the cold
and warm months of Jan-Mar and Jun-Aug respectively, also for
10-year periods wherefore the ‘extreme’ term here refers to 10-
year return period statistics. For these periods, both the inter-
model mean as well as the inter-model min/max was calculated
per grid cell and then aggregated to country scales using the min-
imum value for each cell regardless of the model. The reasoning in
using both the inter-model means and min/max is due to the lim-
itations in using multi model means for extremes, whereas the
min/max for single models might reflect model deficiencies. The
combination of these metrics is therefore needed for an optimal
analysis. The reason for the use of HDD minima and CDD maxima
is due to the expected sign of change (assessed but not shown)
with global warming (see section 2.2).

Further, to investigate the impact of season length, a sensitivity
analysis was performed for both the heating and cooling demands
varying the duration 1-7 months around the centre-month for
the GCM-RCM model combination with the highest and lowest
heating and cooling demand levels (RCA4-HAD and RACMO22-EC
respectively).

2.3. Applying weights to heating and cooling degree days'

Following the calculation of HDDs and CDDs for every cell in EU
in 5-year steps between 2010 and 2050, weights were applied to
account for population density as a measure of demand rates as
also seen in e.g. [9]. The population weights were based on the
Geostat dataset from Eurostat [42], having the finest resolution
currently available for Europe. The weighting approach was
applied since the spatial distribution of aggregated building heat-
ing/cooling demands depend not only on HDDs/CDDs but also on
the number and density of buildings. For example, the heating
demand decreases with increasing temperatures in both northern
Norway and in southern Germany. However, due to differences
in population density, southern Germany poses a substantially
stronger influence on the demand in Germany as compared to
the influence of northern Norway within Norway.

The weight of the cells are calculated as follows:

w, — 2 )
k

Where:

w; — weight of RCM grid cell (i) (located within country k)

P;; - Population of 1x1 km cell j which belongs to 12.5x12.5 km
cell i

P, — Population of country k

i — 12.5x12.5 km cell

j - 1x1 km cell

k - EU countries

1 All the resulting data are available online as supplementary material.



4 M.A.D. Larsen et al./Energy & Buildings 226 (2020) 110397

The population data within 1x1 km cells are obtained from
GEOSTAT 2011 grid dataset (version updated in 2016) [43].

2.4. Absolute changes in heating and cooling demands

The demand change ratios have the advantage of applicability
in energy systems modelling but in essence say little about the
absolute energy consumption for heating and cooling on either
grid or country level scales. To accommodate this deficiency and
highlight where climate change can vastly impact the energy con-
sumption used for heating and cooling, the 2050/2010 demand
change ratios were combined with the current and most recent
(2017) absolute levels (Mtoe) of service sector and residential
heating and cooling from the ODYSSEE database [44], which for
some countries included the “n.a.” abbreviation. A key assumption
here is of course the stationarity of these levels towards, but
including building stock and HVAC scenarios is outside the scope
of this study.

3. Results
3.1. Temperature projections

The results from the analysis of the mean European near-
surface temperatures from the eight-model CORDEX RCM ensem-
ble (see Table 1) are shown in Fig. 1. The annual historical means
(Fig. 1a) are included here for reference purposes, and show the
expected north-south gradient and the influence of topography.
As expected, the annual anomalies (Fig. 1b-1e) show an increas-
ing warming with the RCP scenario (RCP2.6/RCP4.5) and distance
into the future (2026-2035/2046-2055). Further, these plots also
show an increased relative warming compared to the reference

Historical, 1996-2005

period towards the north-eastern parts of Europe as well as for
higher altitude areas such as the Alps, the Pyrenees, the Iberian
Peninsula and the Carpathian mountains. As a measure for model
robustness, the inter-model temperature standard deviations for
each period and RCP have been plotted (Fig. 1b - 1e, inserts)
showing a general trend towards a higher robustness for the
RCP4.5 model ensemble as opposed to the RCP2.6 ensemble. This
could be explained by the relatively weak trend in the RCP2.6
scenario as often completely omitted from RCM climate change
studies [45,46]. Further, higher inter-model deviation is seen for
mountainous regions. For the results on Ty and Ty, see the
Appendix and Figs. A.1 and A.2.

3.2. Heating and cooling demand changes

Heating demand ratios from 2010 to 2050 for both the trend
analysis (10-year mean - RCP2.6 and RCP4.5) and the extreme
analysis (10-year min/max levels - RCP4.5) are presented in
Fig. 2. On a general level, and unsurprisingly considering the
warming trend represented by the RCP scenarios, the trend in heat-
ing demand decreases and more so for RCP4.5 than for RCP2.6. A
few Mediterranean countries, Malta, Italy, Greece, Cyprus and Bul-
garia, however exhibit positive trend changes. For the model
ensemble mean (Fig. 2, left), the mean decrease ratio from 2010
to 2050 is approximately 0.9 for both the trend and mean analyses,
whereas for the ensemble minimum (Fig. 2, right) the trend analy-
ses show ratios of 0.87-0.88 and the extreme analysis shows a
ratio of 0.69.

The changes in cooling demand ratios per country is consis-
tently positive as seen in Fig. 3. Results are only included when a
model mean of ten cooling degree days is exceeded since lower
levels resulted in improper results for countries with a low level
of CDD. For the model ensemble trend mean, RCP2.6 and RCP4.5

RCP4.5, 2026-2035

-

RCP2.6. 2026-2035

el -

Legend
for
main

Unit: Mean daily temperature (°C)

Legend for
insert plots

plots

Fig. 1. Plot a): 1996-2005 mean temperature (Tmean) from the eight-model CORDEX ensemble. Plots b)-e): Corresponding anomaly values (relative to historical period) for
RCP2.6 (left) and RCP4.5 (right) for 2026-2035 (top) and 2046-2055 (bottom) including contour lines for the levels of 0.5, 1 and 1.5 °C. Top-left insert plots b)-e): The

corresponding inter-model Tpean standard deviation for each scenario and period.
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Fig. 2. Heating demand change ratios for 2050/2010 for the temporal trend and extreme analyses for the RCP2.6 (trend only) and RCP4.5 climate scenarios and the model
mean (left) and model minimum (right) respectively.
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Fig. 3. Cooling demand change ratios for 2050/2010 for the temporal trend and extreme analyses for the RCP2.6 (trend only) and RCP4.5 climate scenarios and the model
mean (left) and model maximum (right) respectively. Results are for countries only where a CDD average above 10 was present to avoid presenting high changes based on

either a negligible reference level or a few grid cells only.

exhibit ratios of 1.23 and 1.54 respectively, whereas the model
ensemble mean extreme equals 1.52 (Fig. 3, left). For the model
ensemble max, the RCP2.6 and RCP4.5 trend ratios are 1.56 and
1.54, whereas the model ensemble max extreme is 2.76 (Fig. 3,
right). The countries with the highest model ensemble max levels
include e.g. Austria, Slovakia, Slovenia and Switzerland. The sensi-
tivity of season length on resulting heating and cooling demand
ratios are seen in Fig. A.3 and in general show no impact for dura-
tions beyond three months whereas for a one-month duration the
ratio is highly dependent on GCM/RCM model combination and
country in question.

3.3. Distributed heating and cooling demands

The distributed changes in heating and cooling demand ratios
from 2010 to 2050 (RCP4.5) for both the mean/trend and the
extreme min/max analysis are seen in Figs. 4 and 5 respectively.

For model ensemble mean heating demands (Fig. 4, top), the
largest decrease is seen for Western and Northern Europe whereas

Mediterranean and Eastern European countries exhibit a lower
degree of change. Investigating the results at the grid scale reveals
that mountainous areas and Mediterranean shorelines are the
areas with the lowest degree of change whereas large shares of
land exhibit change levels of approximately 0.8-0.9. For model
minimum heating demands, another pattern of results emerges:
Here, the lowest levels at grid scales are seen for Southern Europe
especially the lower half of the Iberian peninsula, Italian shorelines
and the lowlands of Hungary, Serbia, Romania, Bulgaria and to
some extent also the Benelux countries, and these patterns also
affect the country mean results. These areas and countries show
change ratios of 0.35 to 0.65 on a country level. Northern and
North-Western Europe shows a lower degree of change in the
order of 0.7-0.9.

The Cooling demand change ratios from 2010 to 2050 are seen
to be highest in Northern Europe such as Norway, Sweden, Finland
and Ireland, whereas areas of higher topography such as the
Carpathians, Massif Central and the Ardennes also show high
levels. The major mountain chains such as The Alps, The Pyrenees
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Heating demand, 2050/2010 ratios, model mean, RCP4.5, 12.5 km Heating demand, 2050/2010 ratios, model mean, RCP4.5, country mean

70°N

70°N

60'N

40'N

Fig. 4. Heating demand change ratios for 2050/2010 for RCP4.5 on grid- and country level scales and for both the inter-model mean and minimum.

and large parts of Norway however stand out without any resulting
levels due to the lack of CDDs, i.e. division by zero. A much stronger
increase in cooling demand is seen for the model max results of, on
average, 3.75 compared to the respective model mean of 1.74.
Excluding countries with a CDD mean below 10 as also seen in
Figs. 4-6, which significantly affects the country-level results due
to the impact of a few grid cells only, results in corresponding
levels of 2.76 and 1.57 respectively. For the individual countries
(see table 2), change ratios up to 3.24 (Norway) and 11.24 (Ireland)
are seen for the model ensemble mean and max respectively, but
assigning the threshold of 10 for the CDD mean, the corresponding
levels are 2.07 and 5.42 (both Austria)

3.4. Trends vs. extremes and model ensemble means vs. corresponding
min/max

Fig. 6 depicts the relationship per country in demand change
ratios between trends (10-year means) and extremes (10-year
heating min and cooling max level) for the model ensemble mean
and the model ensemble min/max (calculated per cell and aggre-
gated to country scale). In the figure, the 1:1 level as highlighted
(100% correlation) as well as the level of 1 (no change).

For the model mean heating demand (Fig. 6, left, blue), there is a
high resemblance per country between the demand change ratios
for the trend and extreme analysis, with a slight tendency for the

extreme analysis to even show positive levels — these are the
Mediterranean countries also mentioned in section 3.2. Or in other
words, for the model ensemble mean the change ratios are similar
for the extreme levels as compared to the trend levels. For the
ensemble model minimum on the other hand (Fig. 6, left, red),
the extreme analysis shows a higher decrease as compared to the
trend analysis.

For the cooling demands the pattern is similar although
addressing maxima: the ensemble model mean analysis shows
comparable change ratios between the trend and extreme analyses
(although, again, a few countries, Luxembourg and Belgium, show
higher levels for the trend analysis) and the ensemble model max-
imum analysis shows significantly higher change ratios for the
extreme analysis. In summary, changes in heating and cooling
demands for both the trend analysis (10-year means) and the
extreme analyses (10-year min/max) are somewhat similar for
the model ensemble mean whereas the model ensemble min/max
shows a higher degree of change for the extreme analysis.

3.5. Absolute service and residential sector heating and cooling
demands

The absolute levels in heating and cooling demands for the
EU28 countries (+SWI, SRB and NOR) are shown in Fig. 7. Much
as expected, high heating and cooling demand ratios, as in Figs. 2
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Table 2

Three-letter country abbreviations and relative changes for heating/cooling demands for RCP2.6/RCP4.5, the inter-model mean/max and temporal trends/extremes. Bold values
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are for countries with inter-model average CDD levels below 10 (see Fig. 4 caption). These are omitted from Figs. 3 and 6.

Cooling

Heating

2050/2010 Demand ratios

2050/2010 Demand ratios

RCP2.6 RCP2.6 RCP4.5 RCP4.5 RCP4.5 RCP4.5 RCP2.6 RCP2.6 RCP4.5 RCP4.5 RCP4.5 RCP4.5
Model Model Model Model Model Model Model Model Model Model Model Model
mean max mean max mean max mean max mean max mean max
Trend Trend Trend Trend Extreme Extreme Trend Trend Trend Trend Extreme Extreme
1 ALB  1.17 1.36 1.35 1.44 1.48 2.19 0.90 0.86 0.92 0.81 0.97 0.69
2 AUT 1.15 1.39 1.55 1.48 2.07 5.42 0.91 0.88 0.91 0.92 0.92 0.79
3 BEL 192 3.47 2.41 2.09 1.59 3.23 0.92 0.94 0.88 0.89 0.85 0.66
4  BIH 1.12 1.24 1.42 1.41 1.48 2.25 0.90 0.82 0.92 0.84 0.97 0.66
5 BUL 1.5 1.17 1.29 1.31 1.42 1.88 0.90 0.82 0.94 0.82 1.00 0.75
6 CRO 1.13 1.31 1.43 1.50 1.43 224 0.90 0.84 0.91 0.87 0.89 0.60
7 CYP 113 1.08 1.19 1.16 1.27 1.49 0.85 0.80 0.92 0.63 1.12 0.37
8 CZE 1.16 1.53 1.69 1.41 1.83 3.09 0.91 0.92 0.91 0.96 0.92 0.79
9 DEN 239 1.62 247 1.10 2.14 6.53 0.92 0.94 0.88 0.91 0.84 0.67
10 EST 1.51 1.74 4.18 2.92 1.85 3.71 0.90 0.89 0.90 0.91 0.84 0.77
11 FIN 1.67 1.92 6.15 2.92 2.39 6.72 0.90 0.92 0.89 0.90 0.85 0.75
12 FRA 133 2.32 1.68 2.00 1.71 3.04 0.92 0.89 0.88 0.94 0.87 0.69
13 GER 140 1.98 2.00 2.04 1.75 3.55 0.92 0.94 0.90 0.92 0.89 0.73
14 GRE 1.17 1.18 1.25 1.25 1.29 1.61 0.89 0.79 0.93 0.72 1.05 0.62
15 HUN 1.13 1.13 137 1.36 1.47 2.50 0.91 0.89 0.92 0.89 0.89 0.62
16 IRE 16.53 12.91 3.11 1.19 3.10 11.24 0.94 0.92 0.89 0.88 0.85 0.80
17 ISL 9.16 12.60 1.18 1.57 1.16 1.53 0.96 0.95 0.90 0.93 0.95 0.85
18 ITA 1.11 1.42 1.36 1.51 1.58 3.19 0.89 0.88 0.88 0.87 1.01 0.60
19 LAT 140 1.54 3.07 2.71 2.01 5.29 0.91 0.89 0.91 0.88 0.90 0.79
20 LT 1.18 146 2.30 2.04 1.71 3.10 0.90 0.89 0.90 0.88 0.89 0.83
21 LUX 173 3.53 2.52 2.54 1.77 343 0.93 0.94 0.90 0.90 0.88 0.72
22 MAL 1.17 1.09 1.37 1.21 1.31 1.70 0.78 0.66 0.74 0.41 1.49 0.19
23 MKD 1.17 1.17 1.34 1.38 1.39 1.98 0.92 0.83 0.93 0.83 0.90 0.67
24 MNE 1.18 1.18 1.40 1.46 1.71 2.95 0.91 0.87 0.93 0.85 0.93 0.77
25 NET 2.07 3.29 2.66 2.00 1.53 3.51 0.92 0.94 0.89 0.92 0.80 0.63
26 NOR 134 0.93 4.24 2.08 3.24 9.42 0.92 0.91 0.88 0.98 0.88 0.81
27 POL 117 1.39 1.72 1.37 1.67 3.30 0.90 0.91 0.91 0.91 0.92 0.77
28 POR 1.19 1.52 1.45 1.54 1.34 1.79 0.93 0.92 0.92 1.02 0.84 0.40
29 ROM 1.12 1.05 1.26 1.22 1.52 2.35 0.90 0.85 0.94 0.87 0.89 0.68
30 SPA 117 1.46 1.28 1.42 1.46 1.92 0.92 0.91 0.91 0.95 0.86 0.55
31 SRB  1.11 1.06 1.29 1.26 1.44 1.99 0.89 0.83 091 0.83 0.94 0.66
32 SVK 1.15 1.28 1.50 1.42 1.83 4.54 0.91 0.88 0.92 0.91 0.90 0.73
33 SVN 1.15 1.48 1.54 1.57 1.80 4.07 0.91 0.87 0.92 0.90 0.92 0.76
34 SWE 1.27 1.41 2.76 1.04 2.57 9.89 0.91 0.92 0.88 0.93 0.86 0.77
35 SWI 141 2.44 2.01 2.15 1.79 3.97 0.92 0.91 091 0.97 0.88 0.79
36 UK 331 312 2.39 1.45 1.90 6.16 0.94 0.94 0.89 0.87 0.85 0.78
37 XKX 117 1.19 1.42 1.48 1.47 2.05 0.91 0.83 0.93 0.82 0.85 0.78

and 3, do not lead to higher absolute levels and therefore larger
countries with high demands dominate the figure. For heating
demands, the general trend follow the reductions of factor 0.8-
0.9 for the trends whereas the model minima surprisingly shows
significant reductions for RCP2.6 as seen for e.g. Italy, Germany
and France. For cooling demands, some countries are projected to
experience vast increases, based on the model mean, such as Spain,
France and UK although the latter is based on a large model spread
(see table 2). For the model maxima absolute cooling demand pro-
jections, single countries such as France, Switzerland and Spain can
exceed a doubling. From the results it can also be seen that the res-
idential sector by far dominate the heating demands whereas
opposite is the case for cooling demands dominated by the service
sector.

4. Discussion

The present paper analyses the European-scale changes of both
trends and extremes in heating and cooling demands as a conse-
quence of the change in outdoor temperatures for eight climate
models under two climate scenarios using the highest available
spatial as well temporal resolutions for each data set in question.

With regards to the climatic data used in calculating heating
and cooling demands, the significant, and well-documented

[45,46], range in outcomes from the RCM ensemble for both trends
and extremes, as represented here by the inter-model coefficient of
variation, justifies the use of multiple climate models in the con-
text of highlighting uncertainty levels to decision-makers. The
spread between RCMs is, in particular, evident with regards to
the extremes (Figs. 2, 3 and 6) as is also seen in [47]. The well-
known challenges for climate models in resolving processes along
coastlines and higher topographical areas, even for high-resolution
RCMs, which is evident as inter-model spread also affects the coun-
tries with higher shares of these attributes. This is highly evident
for heating demands over e.g. Italy, Greece and Bulgaria and also
affects the country-scale results (Fig. 4). Despite the uncertainties
stemming from the inter-model spread, the results clearly depict
that some countries and regions will experience severe changes
in heating and cooling demands for certain periods and seasons
which the energy systems in question need to be able to account
for. The lack of full energy consumption data for all of EU28 (+3
countries) for heating and cooling purposes within the residential
and service sectors, highlights the problem of data accessibility,
quality and underlying assumptions when performing larger scale
studies [48].

Further, the choice of RCP scenario for projecting future changes
further expands the range of outcomes and adds to the complexity
and knowledge base which needs to be transferred from research
to end-users. From Figs. 1 to 3, it is evident that the country-
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Fig. 7. Absolute levels in residential and service sector heating and cooling demands for EU28 countries (+SWI, SRB and NOR) based on the relative 2010 to 2050 change ratios
and the 2017 energy consumption from [44]. Some countries included “n.a.” data and countried marked with an “*” correspond to the countries in bold font in Table 2 where

the CDD model average is below 10.

scale results for smaller geographical regions, such as Cyprus and
Malta in the Mediterranean with higher model discrepancies,
induce a higher uncertainty, as caused by the spread in RCM pre-
dictions which are not evened out due to the small number of grid
cells covering the countries in question.

Also, a high single influence from single RCM models, with out-
put diverging from the ensemble model mean is apparent, as seen
for e.g. Latvia and Lithuania, where one RCM with much higher
CDD levels compared to the other models, and a slightly higher
2030 level compared to 2050, causes an apparent drop from
2030 to 2050 (not shown).

For the future RCP scenarios 6.0 and 8.5 [25] (not addressed
here), the former would likely impose heating and cooling demand
levels comparable to RCP4.5, as decided by the resulting projected
temperatures by 2050, whereas RCP8.5 would inflict highly
reduced levels of heating demand and vice versa for cooling
demand. The net energy effect, as balanced by decreased heating
demand and increased cooling demand, has been shown to vary
with the geographical location of the study area in question [49].
Similar trends of decreasing heating demands and increasing cool-
ing demands have been found by [50]| where, also, an increased risk
of overheating in more extreme higher-range temperatures was
detected under projected future climate change scenarios.

The impact of climate change and the use of projected future
temperatures to calculate the resulting relative changes in trends
and extreme heating and cooling demands can be directly used
to scale (up or down) the existing space heating and cooling

demands on e.g. country scales to thereby obtain future levels. In
doing so in the present study, it is assumed not to affect the
domestic hot water demand. Such a scaling implies the assumption
that the inhabitants of buildings maintain the same behaviour over
the analysed period i.e. neglecting the rebound effect [51], internal
set temperature, heating and ventilation habits etc. [52]. For exam-
ple, while an increase in outdoor temperatures could translate into
reduced heating demand, it could also lead to higher heating set
points, which could mitigate or offset the direct effects. Scaling
of existing space heating and cooling demands could be applied
in future studies to residential, commercial, public buildings, etc.
but applying the same procedure to industrial facilities should be
done with caution since space heating accounts for very small
share of heating demand in industrial facilities.

Changes in the outdoor temperature affects the profitability of
heat saving measures. Namely, an increase in the outdoor winter
temperature can be seen as “free” heat savings and thus make
additional heat savings more expensive; the opposite applies for
a reduction in outdoor temperature in winter (the converse is
the case in summer). Another effect of increasing outdoor temper-
atures is an increase in the coefficient of performance (COP) of air-
to-air heat (and cooling) pumps, i.e. they become more efficient
[53]. On the other hand, the economics of both heat supply (e.g.
boilers) and demand side (e.g. insulation) measures is adversely
affected by reduced winter heating demands, either in terms of
length, magnitude, or both. For all of these effects, energy systems
analysis should be applied at relevant geographical levels in order
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to explore these phenomena in the context of rapidly-changing
national energy systems. This field of research is a part of ongoing
work as implemented in e.g. the TIMES-DK energy model [54].

When calculating heating and cooling demand changes on a
national level, the present approach takes into account that not
all the regions have the same heating/cooling demands. For exam-
ple, densely populated areas in West Germany have higher weights
compared to sparsely populated areas in the eastern parts of Ger-
many. On the other hand, the presented approach implicitly
assumes that the distribution of heating demand within a country
remains as in 2010 throughout the analysed period. It is well
known that sub-national differences in the building stock and eco-
nomic activity, including migration, are significant influencing fac-
tors for the distribution and future development of the residential
space heating demand [55]. Even though a national-level redistri-
bution of heating demand could happen in the future, maybe even
itself partly motivated by climate change, the authors consider
them outside of the scope of the paper. In the context of calculated
demand changes, a national-level geographical redistribution of
demands will mostly affect countries of greater length in the lati-
tudinal direction (i.e. north to south), such as Sweden and Italy,
or for countries with both inland/coastal climates, e.g. France.

Although outdoor temperature is an important externally-given
factor, the actual heating and cooling demands depend on user
behaviour, the buildings’ thermal characteristics and potential
smart technologies affecting the energy consumption. Research
has shown that user behaviour and smart technologies have a com-
parable importance [56]. Behavioural aspects alone can account for
up to a 100% variation in household energy demands within the
same HVAC technology [52]. The translation of these changes in
Degree Days to changes in heating demands will therefore crucially
depend on the development in user’s behaviour and the degree to
which they can be more sensitized to accept flexible energy
demand, renewable and energy efficient technologies in the future
[57-59]. The issue of future thermal characteristics of the building
stock in question is not addressed due to the speculative nature of
such a scenario. While most EU member states have ambitious tar-
gets in the context of implementing the Energy Performance in
Buildings Directive [60], such as all new buildings being passive
standard from 2020, there is a large degree of uncertainty about
long term improvements in the energy efficiency of buildings
[61]. A large challenge in this area is the refurbishment of existing
buildings, some of which are protected for reasons of cultural and/
or social interest [62]. Also, the urban heat island effect [63] could
be accounted for in future studies. In summary, the results pre-
sented here should therefore be interpreted as indicative, as they
essentially ‘freeze’ both of these two dimensions, while instead
illustrating the impact of climate change on both trends and
extremes and the consequence of assuming constant climate on
assessments of future energy saving calculations concluding that
future changes in heating and cooling demands need to be
accounted for.

The method employed here derives robust estimates of future
European heating and cooling demands, both at the highest possi-
ble climate model resolution of 12.5 km? and at the national level,
and the results illustrate the implication of assuming a constant
climate on the assessments of future energy saving calculations.
The relative implications of these results for the economic effi-
ciency and relative attractiveness of efficient heat and cooling gen-
eration and saving options are clear, but a detailed energy system
analysis is required in order to quantify and understand their rela-
tive importance.

The study does not address potential future population changes
and intra- and international migration as potential future drivers of
changing energy demands which could be a significant factor in
countries with a large north-south extent and those with both

coastal and inland climates. In addition, the method overlooks
future building thermal characteristics and user behaviour, both
of which will be crucial in understanding the way in which, and
where, European heating and cooling energy service demands
develop in the future. These aspects could form the basis of further
future research.

5. Conclusions

Against a background of uncertainty about future climate and
the most cost-efficient approach to decarbonize the heating sector,
the present paper analyses the effects of future temperature
changes in trends and extremes on space heating and cooling
demands in European buildings using population density as a
proxy for spatial distribution of demands. The analysis is per-
formed towards 2050 for two low-to-medium GHG emission cli-
mate scenarios (RCP2.6 and RCP4.5) and eight regional climate
models from the CORDEX repository [36].

For mean temperatures, annual anomalies are unsurprisingly
shown to predict an increasing warming with the RCP scenario
(RCP2.6 and RCP4.5) and distance into the future (2026-35 and
2046-2055). The relative degree of warming increases towards
the north-eastern parts of Europe as well as for higher altitude
areas such as the Alps, the Pyrenees, the Iberian Peninsula and
the Carpathian mountains.

In accordance with the trends of warming, the heating demand
decreases throughout the European domain whereas the opposite
is the case for the cooling demand. In general also, the demand
change ratios decrease or increase, for heating and cooling respec-
tively, at much more significant rates for the analysis on 10-year
extreme levels as compared to the 10-year mean trend analysis.
From the results, it is also evident that areas with high demands
are the main drivers of the change in calculated national heating
and cooling demands. All countries in Europe are projected to
experience a moderate reduction of relative heating demand
trends in 2050 with 2050/2010 ratios of 0.85-0.95 the RCP scenar-
ios addressed here, with the exception of Cyprus and Malta. For
cooling demand trends, the main share of countries, in both the
base year and projection years, experience increased relative cool-
ing demand ratios in the general range of 1.25-1.5 but with single
countries beyond a ratio of 2. Correspondingly, the mean extreme
heating demand between countries show a 2050/2010 demand
ratio of 0.69 and the country mean cooling demands increase by
a ratio of 2.76.

The results on absolute changes from 2010 to 2050 show gen-
eral reductions in the order of factor 0.8-0.9 compared to the ref-
erence level for the heating demands whereas for cooling demands
some countries such as France, Spain and Switzerland experience
more than a doubling.
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Appendix

The results from the T,,.x analysis is shown in Fig. A.1 employ-
ing the 22°C threshold as used in the HDD/CDD analysis presented
below. For the historical period (Fig. A.1a), obvious trends occur
varying with the north-south location as well as altitude. In gen-
eral, occurrences of 100 days or more > 22°C per year are seen in
Southern and Eastern Europe whereas the higher areas in e.g. the
Alps, the Pyrenees, the Dinaric Alps have few or no similar occur-
rences (Fig. A.1e-b). Also the distance to larger water bodies is seen
to affect the occurrences such as in and around Hungary. In gen-
eral, for the RCP2.6 and RCP4.5 scenarios, the location of the 50
and 100-day contours move towards the north. For example, the
50-day contour line moves from the areas around Berlin and Paris
historically towards the coastal regions of the Benelux countries
and the Baltic Sea for the RCP4.5 2046-2055 scenario (Fig. A.1e).
The largest changes in T,.x Occur across mountain ranges in South-
ern Europe, Ireland and all across Norway and to some degree Swe-
den and Finland. As for Tpean, the smallest cross-domain inter-
model standard deviation for T,,.x is seen for the historical period
followed by RCP4.5 and then RCP2.6 (Fig. Al.b-e, inserts). Further,
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the largest inter-model spread is seen across central and southern
Europe, mostly related to high-topography areas, although the Alps
is a notable exception. The large inter-model spread over the Dina-
ric Alps has also been shown in [46].

The T, analysis results are shown in Fig. A.2. These results
employ the 15.5°C threshold as used in the HDD/CDD analysis. As
for Thax, both the historical and the projected RCP results are mainly
dependent on the latitude and topography. Thus, for the historical
period, a higher number of days above the T,;; < 15.5°C threshold
is seen in northern Europe and in mountainous regions (Fig. A.2a).
In broad terms, the threshold of 350 days/year with T, < 15.5°C
is crossing central Europe whereas for mountain ranges, areas are
seen as far south as southern Spain, southern Italy, Greece and Tur-
key. The largest relative changes days/year with Ty, >15.5°C,
increasing with RCP scenario and interest period into the future,
occur for southern Europe with changes up to 10% (Fig. A.2b-e). This
is natural as the northern regions with a large share of days within
the threshold (350-365 days/year), would not experience large rel-
ative changes. Concurrently for the projected future, and again cor-
related with RCP scenario and interest period, the 350 days/year
threshold moves northwards reaching the coastal regions of the
North Sea and the Baltic sea. With regards to the Ty, inter-model
spread, the highest levels are seen further south in the coastal
Mediterranean regions as compared to Tp,,x and with minimal dif-
ferences between RCP2.6 and RCP4.5 (Fig. A.2b-e, inserts).

Fig. A.3 shows the sensitivity of varying the season length in the
extreme analysis for the two GCM-RCM model combinations with
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the highest and lowest HDD/CDD levels (RACMO22-EC-EARTH and
RCA4-HADGEM2) on the resulting 2010-2050 relative heating and
cooling demand change ratios. Little to no impact is seen for dura-
tions beyond three months, whereas a one-month duration is sen-
sitive but highly dependent on model combination and country in
question.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.enbuild.2020.110397.
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