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Abstract

The projected global temperature increase in the 21st century is expected to
have consequences on energy consumption due to increase (decrease) in
energy demand to cool (heat) the built environments. Such increase (decrease)
also depends on the number of end users for such energy, thus it is crucial to
include population into the analyses. This study presents population-weighted
(w) cooling (CDD), heating (HDD), and energy (EDD) degree-day projections
at global, regional, and local scales for the 21st century. We used a large
ensemble of high-resolution (0.44°) climate simulations from the COordinated
Regional-climate Downscaling EXperiment (CORDEX) to compute degree-
days for baseline (1981-2010) and global warming levels (GWLs from 1.5°C to
4°C), based on two representative concentration pathways. We used popula-
tion projections from the NASA-SEDAC datasets, driven by five socio-eco-
nomic scenarios (SSPs). The progressive increase in CDD outbalances the
decrease in HDD in Central and South America, Africa, and Oceania and the
opposite situation is likely to occur in North America, Europe, and Asia; at
global scale, they are balanced. However, if results are weighted according to
population, the increase in wCDD outbalances the decrease in wHDD almost
everywhere for most GWLs and SSPs. Few regions show a decreasing tendency
in wEDD at high GWLs for all SSPs: central Europe, northwestern, northeast-
ern, and eastern Asia. Globally, wEDD are likely to double at 2°C compared to
1981-2010 independently of the SSP. Under the worst-case scenario (SSP3), at
4°C wCDD are approximately 380% higher and wHDD approximately 30%
lower than in the recent past, leading to an increase in wEDD close to 300%.
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INTRODUCTION

1 |

Global warming, which refers to progressive temperature
increase observed in the last decades (Field et al.,
2014) and projected over the 21st century (Rogelj et
al., 2012; IPCC, 2018), has two immediate conse-
quences: higher temperatures would result in an
increase (decrease) in energy demand to cool (heat),
where required, the indoor environments. However,
the science of energy consumption of buildings is com-
plex (Pérez-Lombard et al., 2008; Zhao and Magoules,
2012), in particular regarding the estimation of thermal
comfort (de Dear et al., 2013; Taleghani et al., 2013;
Yang et al., 2014), either for residential buildings
(Peeters et al., 2009; Manzano-Agugliaro et al., 2015)
and non-residential buildings (Wagner et al., 2007;
Dounis and Caraiscos, 2009).

Climatology and science related to energy consumption
of buildings together aim at estimating the impact of cli-
mate change on indoor thermal comfort (Santamouris et
al., 2001; Auffhammer and Mansur, 2014). Great attention
is dedicated to residential electricity demand in a warming
climate (Sailor and Pavlova, 2003; Sathaye et al, 2013;
Aufthammer et al, 2017), potentially subjected to
unsustainable peaks during heat waves (Dirks et al., 2015),
but fundamental to help limiting health issues (Le Tertre et
al., 2006).

Despite the difficulties in quantitatively correlating
climate and energy consumption of buildings (Huang
and Gurney, 2016), a common practice is to estimate the
energy required to cool and heat the environment by
means of temperature-based indicators, that is, cooling
degree-days and heating degree-days (CDD and HDD;
Spinoni et al., 2015; Damm et al., 2017). HDD and CDD
can be combined into energy degree-days (EDD; Petri
and Caldeira, 2015) to estimate the effect of simultaneous
increase and/or decrease on energy demand. A limitation
of EDD is that they treat changes in HDD and CDD
equally, though heating and cooling systems are often
based on different technologies, with higher primary
energy needs and economic costs for cooling than for
heating (Auffhammer and Mansur, 2014; Buceti, 2015).

These indicators, based on temperature thresholds cali-
brated on indoor thermal comfort (Kendon et al., 2016),
are frequently applied to observed meteorological data at
country scale, for example, over United States (Alola et
al., 2019), Italy (De Rosa et al., 2015), Greece (Papakostas
and Kyriakis (2005), Morocco (Idchabani et al., 2015),
China (Jiang et al., 2009), South Korea (Lee et al., 2014),
Australia (Ahmed et al., 2012), and so on. Similarly, stud-
ies on projections of CDD and HDD are available mostly
at country and macro-regional scales, for example, for
Switzerland (Christenson et al., 2006), Europe (Spinoni et

al., 2018), China (Shi et al., 2018), United States (Petri and
Caldeira, 2015), and so on.

The computation of degree-days, both for past periods
and future projections is not free from uncertainties
(Moore et al., 2012; You et al., 2014), due to multiple pos-
sible calibration approaches (Holmes et al., 2017), thresh-
olds (Day and Karayiannis, 1999), and assumptions for
energy demand of buildings (Day et al., 2000). Being
aware of these limitations, the first goal of this study is to
improve the state of art of degree-days projections. Follow-
ing the approach used by Spinoni et al. (2018) for Europe,
we used simulations from the COordinated Regional-
climate Downscaling EXperiment (CORDEX; see: https://
cordex.org/) to obtain projections of CDD, HDD, and EDD
based on different representative concentration pathways
(RCPs) in the 21st century. To our knowledge—at the time
of writing—this is the first study analysing high-resolution
(0.44°) global projections of degree-days based on a large
ensemble of regional climate models (RCMs) driven by
global climate models (GCMs).

Only very few studies include population in analyses
regarding past degree-days at global scale (Atalla et
al., 2018), and those at country scale (e.g., for the United
States: Guttman, 1983; Canada: Taylor, 1981; Spain: Valor
et al., 2001; Italy: Fantini and Schenone, 2001) are rather
outdated. No population-weighted (w) wCDD and wHDD
global projections are known to us, but focusing only at
continental (e.g., for Europe: Spinoni et al., 2018) or coun-
try scales, like China (Shi et al., 2018) or the United States
(Zhou et al., 2013). Consequently, as second goal of this
study, we computed global population-weighted degree-
day projections using high-resolution population data
(from National Aeronautics Space Administration's Socio-
economic Data and Applications Center NASA-SEDAC;
Jones and O'Neill, 2016) for five shared socio-economic
pathways (SSPs; O'Neill et al., 2014), namely: SSP1 (‘green
growth’; van Vuuren et al., 2017b), SSP2 (‘middle of the
road’; Fricko et al., 2017), SSP3 (‘regional rivalry’; Fuji-
mori et al., 2017), SSP4 (‘inequality’; Calvin et al., 2017),
and SSP5 (‘fossil-fueled’; Kriegler et al., 2017). The
population-weighted degree-days presented in this study
combine two RCPs and five SSPs to delineate the areas
likely to experience a future increase in energy demand.

After this introduction, Section 2 describes input
data and details on the mathematical approach to
compute wCDD, wHDD, and wEDD; Section 3 pre-
sents and Section 4 discusses the results, focusing on
the importance of population weighting in degree-days
projections and put special emphasis to the results
for SSP5; Section 5 summarizes the outputs and the
possible improvements. Additional figures and tables,
with results discussed in the main text, are left for
Supporting Information.
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2 | DATA AND METHODS

21 | Climate data

Daily time series of minimum (Ty) and maximum tem-
perature (Tx) needed to compute the degree-day indica-
tors over the period 1981-2100 were obtained from the
CORDEX datasets. The CORDEX simulations are based
on RCMs used to dynamically downscale the GCMs par-
ticipating to the Coupled Model Intercomparison Project
5 (Taylor et al., 2012): we selected all the currently avail-
able combinations of GCMs-RCMs over the 14 CORDEX
domains and for two available RCPs: the moderate
RCP4.5 (Thomson et al., 2011) and the extreme RCP8.5
(Riahi et al., 2011). Although the computation of thresh-
old-based indices (such as CDD and HDD) would require
bias-adjustment of the climate variables (Dosio, 2016;
Dosio and Fischer, 2018), only a small subset of CORDEX
simulations (and for only very few domains) have been
bias-adjusted so far (see: https://cordex.org/data-access/
bias-adjusted-rcm-data/). In this study, therefore we used
the original, non bias-adjusted, CORDEX data.

The simulations used in this study are based on a
total of 20 GCMs and 34 RCMs (Table S1), but not all
GCMs have been downscaled by all RCMs and the
resulting GCM-RCM matrix is somehow sparse and het-
erogeneous (see, e.g., Dosio et al., 2019 for Africa). Conse-
quently, the number of available simulations strongly
depends on the domain, ranging from 16 (South East
Asia) to 63 (Africa; Table S2). In addition, as most of the
CORDEX domains partially overlap, the actual number
of runs available over the macro-regions—including both
scenarios RCP4.5 and RCP8.5—ranges from 18 (Antarc-
tica) to 149 (Middle East; Figure S1).

All the indicators and quantities have been calculated
for every simulation (most of them available on 0.44° grid)
and subsequently interpolated over a common 0.44° grid
with the approach used by Spinoni et al. (2020): a small
discontinuity in the results, due to the heterogeneous
number of simulations over CORDEX domains, is present
only over the Urals.

To validate the CORDEX simulations over the period
1981-2010, we obtained temperature data from the Uni-
versity of East Anglia's Climate Research Unit (CRU;
Harris et al., 2020).

2.2 | Heating, cooling, and energy
degree-days

Degree-day quantities are usually calculated as the
annual (or seasonal) sum of daily temperature values
above (CDD) or below (HDD) certain thresholds, to
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estimate the energy needed to keep indoor thermal com-
fort (EEA, 2019). As there is no unique approach (Allen,
1976; Kadioglu and $en, 1999; Thevenard, 2011), here we
decided to follow the one used by the United Kingdom's
MetOffice, which derives CDD and HDD with a set of
equations based on daily minimum and maximum tem-
perature and base temperatures designed for mid-latitude
Europe (Kendon et al., 2016), namely 15.5°C for HDD
and 22°C for CDD (Table S3). Because our analyses
include global land areas, we computed both CDD and
HDD from January to December.

We computed degree-day indicators for each simula-
tion and RCP and we obtained annual series from 1981
to 2100, therefore averaged over 30-year periods, that is,
recent past (RP, 1981-2010) and those corresponding to
GWLs, obtained following the approach described in, for
example, Dosio and Fischer (2018). In details, we firstly
derived the global temperature increase from the pre-
industrial (1881-1910; see Hawkins et al., 2017) to the RP
period (0.96°C according to NASA Goddard's Global Sur-
face Temperature Analysis dataset GISTEMPv4; Hansen
et al., 2010). For each GCM (and RCP), we looked for the
year corresponding to an additional warming (vs. the RP)
which led to 1.5°C (2°C, 3°C, 4°C) from the pre-industrial
period. The 30-year period centred on that year corre-
sponds to a GWL of 1.5°C (2°C, 3°C, 4°C) for that run.
For each GWL, we used all the RCPs that allow reaching
the GWL (also depending on the GCM). Eventually, for
each grid point and 30-year period investigated, we
obtained the ensemble median (of available simulations)
of annual CDD and HDD, after the re-gridding proce-
dure. Finally, we obtained 30-year averaged annual
values of EDD as the sum of CDD and HDD.

Our analyses focus on changes in degree-day quantities
corresponding to the RP and the GWLs, for example, the
change in CDD between the RP and GWL 2°C: such change
is defined significant in sign if at least two-third of simula-
tions used agree on the sign of change; significant in magni-
tude if, in absolute values, is larger than the inter-simulation
standard deviation of CDD over RP; if both conditions are
fulfilled, the change is robust, and if none, is uncertain.

2.3 | Population data and population-
weighted degree-days

As input population data, we used the NASA-SEDAC
dataset, recently applied in studies on climate change by
Jones et al. (2018) and Batibeniz et al. (2020). We selected
version 1.01, downscaled at 1 km from 0.125° resolution
(Gao, 2020; Jones and O'Neill, 2020). From NASA-SEDAC
projections, we used total residential population data for
2000-2100 consistent with five SSPs (SSP1-SSP5; Jones
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and O'Neill, 2016). We assumed that the base year (2000)
represents 1981-2010: according to the U.S. Census
Bureau (https://www.census.gov/data.html), the global
population in 2000 is closer to the average population in
1981-2010 (6.5% larger) than the average one in 2000-
2010 is (13.1% larger).

Ideally, as climate projections are directly linked to
the underlying RCPs, the use of population projections
constructed specifically for the RCPs would be recom-
mendable, especially when analysing projections at dif-
ferent periods (e.g., 2080s vs. reference period). However,
this study is based on GWLs, which are constructed inde-
pendently of the RCPs, as discussed earlier. In addition,
as the CORDEX simulations are available for all domains
for the RCP4.5 and RCP8.5 only, using RCP-specific pop-
ulation projections would have limited our study to the
SSP2 and the SSP5, best coupled with, respectively, the
RCP4.5 and the RCP8.5 (O'Neill et al., 2017).

In this study, the population weighting of degree-days
is achieved by multiplying, for each grid cell, the aver-
aged (over the 30-year period) values of the population
by the averaged degree-day values (ensemble median of
CORDEX simulations). The results, firstly on regular
grids (0.44°), are therefore aggregated over macro-regions
(Figure S2) and continents for GWLs from 1.5°C to 4°C.

To do that, population data are aggregated from 1 km
resolution to the 0.44° CORDEX one and to macro-regional
and continental scales (Figures S3 and S4). As population
data are provided at 10-year temporal resolution, for each
grid point and SSP we first reconstructed the annual popu-
lation series and, then, we averaged the 30-year values
corresponding to the selected GWL. We performed such
calculations for the viable combinations of SSPs—-GWLs:
SSP1 limits to GWL 1.5°C, SSP2 to 2°C, SSP4 to 3°C, and
both SSP3 and SSP5 to 4°C (van Vuuren and Carter, 2014;
O'Neill et al., 2016; Riahi et al., 2017).

Population projections are not free from uncertainties
(Raftery et al., 2014; Azose et al., 2016), but the NASA-
SEDAC's ones—at the spatial resolution selected—are
not provided with an estimate of errors. Consequently,
we assumed that the uncertainties in the population-
weighted degree-day projections derive from climate
components only (see Section 3.2).

3 | RESULTS

3.1 | Evolution of CDD, HDD, and EDD
in 21st century

Cooling and heating degree-days directly depend on tem-
perature, so the projected warming of the 21st century is
expected to result in corresponding increase of CDD and

decrease of HDD. Such projected temperature increase
shows heterogeneous spatial patterns, with largest values
over high latitudes in the Northern Hemisphere and
smallest over tropical and equatorial latitudes, being this
difference larger with higher GWLs (Table S4). For exam-
ple, according to the CORDEX ensemble, the average tem-
perature increase from 1981-2010 to GWL 4°C in Alaska
is approximately twice that in the Caribbean region.

The patterns of temperature projections, together with
daily variability, are the main drivers of degree-day projec-
tions (Figure 1). CDD, whose values are null or show neg-
ligible changes over cold or very cold regions, show the
largest increase in Amazonia, most of Africa, southern
Asia, and northern Australia. At 1.5°C warming, the
increase in CDD is robust only over Australia, but at
higher GWLs it is robust over progressively larger areas
and, at GWL 4°C, it is robust everywhere but the Tibetan
Plateau and bordering areas between central United States
and Canada. As expected, HDD show an opposite ten-
dency, with the largest decrease over cold and very cold
regions (at high latitudes in both Hemispheres and over
the Tibetan Plateau). The decrease in HDD is generally
not robust at GWL 1.5°C, but becomes progressively
robust with increasing GWL, and, at GWL 4°C, it is robust
everywhere excluding equatorial and tropical latitudes in
South America, Africa, southern Asia, and northern
Australia. A possible explanation for the not robust change
in CDD and HDD at GWL 1.5°C is that the corresponding
change in temperature almost everywhere lies in the range
of variability of 1981-2010 (Hawkins et al., 2016).

Regarding EDD, they show almost no change at GWL
1.5°C. The exceptions are very cold regions, with a
decrease in EDD due to a decrease in HDD, and Amazo-
nia, the Sahel, and northeastern Australia (the only part
of the World where the change is robust at 1.5°C
warming), with an opposite increase in EDD driven by
an increase in CDD. The areas showing a decrease in
EDD at GWL 1.5°C, show larger decreases at GWL 2°C
and this is also valid for the areas showing increases. The
decrease in EDD is robust only in northeastern North
America and Eastern Europe, due to a decrease in HDD
and negligible change in CDD. Instead, the increase in
EDD is robust in central Brazil (decrease in CDD and no
change in HDD) and in most of Australia (where an
increase in CDD overbalances a decrease in HDD).

At GWL 3°C, the change in EDD is likely to be robust
everywhere except parts of the United States, Argentina,
central Asia, China, and southern Australia, and at GWL
4°C the areas of non-robust change are further reduced.
At high GWLs there is a latitudinal belt—slightly larger
than the tropics—where EDD are projected to increase
(robust increase in CDD and almost negligible decrease
in HDD), with the exceptions of the Andes (decrease due
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Cooling, heating, and energy degree-days change from 1981-2010 to four GWLSs, expressed as the average annual sum over

the corresponding 30-year periods (in 10° units). Colour-scale values represent a robust change, superimposed dashed lines a change

significant in sign only, light grey a not significant change. Dark grey refers to null degree-day quantity in any period. CDD, cooling degree-

days; EDD, energy degree-days; GWLs, global warming levels; HDD, heating degree-days [Colour figure can be viewed at

wileyonlinelibrary.com]

to decrease in HDD at high elevations) and Ethiopia
(no change due to small change in both CDD and HDD).
Conversely, mid and high latitudes in the Northern
Hemisphere, the Andes and southern Argentina, Tibetan
Plateau, and Antarctica show robust decrease in EDD at
high GWLs, with the largest decrease (arctic Canada)
twice as wide as the largest increase (northern Amazo-
nia). Mid-latitudes in the Northern Hemisphere, as the
Mediterranean region, are projected to experience both
robust decrease in HDD and robust increase in CDD,
with the latter progressively overbalancing the former
with increasing warming.

Overall, EDD are projected to significantly increase
over approximately 47% of land at GWL 1.5°C and such
value slightly increases to exceed 50% only at GWL 4°C
(Table 1). Only a small fraction of land (3.5%, approxi-
mately 5 million km?) is projected to turn from negative
to positive balance between an increase in CDD and a
decrease in HDD from GWL 1.5°C to 4°C. The regions
with the largest enlargement of areas with significant
increase in EDD, from lowest to highest GWLs, are the
Mediterranean region (+16.8%) and southern Australia
(+15.7%). Including population in the analyses is crucial,
as, for example, many areas where EDD are projected to

change are currently totally or almost uninhabited
(Figure 1): the Arctic, Antarctica, and high latitudes of
North America, Europe, and Asia (decrease in EDD), or
the Sahara and central Australia (increase in EDD).

At continental scale (Figure 2), the extent of areas with
increase in EDD becomes larger with increasing GWL, but
the change—either positive or negative—tends to become
robust (instead of only significant in sign) for larger areas.
Globally, the robust increase (decrease) in EDD moves from
approximately 5% (3%) at GWL 1.5°C to approximately 50%
(45%) at GWL 4°C. In the Northern Hemisphere, the areas
with a decrease in EDD (approximately 53% at GWL 4°C)
are larger than those with an increase in EDD, and the situ-
ation is reversed for the Southern Hemisphere (approxi-
mately 68% of areas with increase in EDD at GWL 4°C).

3.2 | Uncertainty in degree-day
projections

Before analysing the projected population-weighted
degree-days, we performed a three-step analysis on
degree-day projections to detect the areas with largest
uncertainties. As mentioned in Section 2.3, in this study
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TABLE 1 Macro-regional area (%) with projected significant
(in sign) increase in energy degree-days (EDD)

%) EDD > 0

Region 1.5°C 2°C 3°C 4°C
ALA 0.0 0.0 0.0 0.0
NEC 0.0 0.0 0.0 0.0
GIC 0.0 0.0 0.0 0.0
NWN 0.0 0.0 0.0 0.0
SWN 10.7 11.8 12.6 15.4
CAN 2272 21.9 24.9 28.9
ENA 15.6 17.8 20.9 22.9
CAM 72.0 72.8 76.6 80.9
CAR 100.0 100.0 100.0 100.0
NWS 74.3 75.8 79.5 82.2
SAM 90.1 90.2 91.0 91.1
SSA 0.0 0.0 0.0 0.0
SWS 4.2 4.5 5.7 7.5
SES 58.0 58.0 63.1 66.0
AMZ 99.8 99.9 100.0 100.0
NEB 100.0 100.0 100.0 100.0
NEU 0.0 0.0 0.0 0.0
CEU 0.0 0.0 0.0 0.0
MED 27.8 31.9 39.2 44.6
SAH 99.5 99.9 100.0 100.0
WAF 100.0 100.0 100.0 100.0
NEAF 89.1 89.8 93.2 95.0
CEAF 95.7 97.0 98.6 99.3
SWAF 79.6 81.3 86.4 90.0
SEAF 82.3 84.0 87.9 89.3
CAF 100.0 100.0 100.0 100.0
NEA 0.0 0.0 0.0 0.0
NWA 0.0 0.0 0.0 0.0
WAS 52.2 54.7 58.5 60.3
CAS 8.5 14.0 19.4 21.3
TIB 0.7 0.8 0.9 0.9
EAS 11.7 15.3 18.5 22.7
SAS 82.8 84.2 85.9 86.3
SEA 99.5 99.5 99.9 100.0
NAU 98.8 99.2 99.5 99.6
SAU 29.2 36.2 41.7 44.9
ANT 0.0 0.0 0.0 0.0
ARCO 0.0 0.0 0.0 0.0
WORLD 46.7 47.6 49.1 50.2

Note: See Figure S2 for the macro-regions.

we assumed that only the climate component is responsi-
ble for the uncertainties in the final outputs.

Firstly, we evaluated how the results based on the
CORDEX simulations perform when applied to the
recent past. We compared the average annual CDD and
HDD in 1981-2010 obtained using the CORDEX ensem-
ble with those obtained using the CRU's observational
dataset (Figure S5): compared to observations, models
lead to smaller CDD values at tropical latitudes (but
larger over Amazonia), to smaller HDD values at high
latitudes in the Northern Hemisphere, and to larger
HDD values over the Tibetan Plateau, with a discontinu-
ity over the Urals. Such discrepancies are larger than 10%
only on 7.1% of global lands for CDD and 3.8% for HDD.

Secondly, we evaluated the inter-model spread
derived by the use of a large ensemble of simulations,
calculated as the inter-model standard deviation of the
change between the selected GWL and 1981-2010. At
GWL 2°C (Figure S6) the spread for CDD is largest, in
absolute value, over the central-northern United States,
Amazonia, Eastern Europe, and northwestern Australia,
and for HDD over Siberia and Antarctica (mostly
uninhabited). As expected, in percentage values the
spread for CDD is larger than that for HDD, especially in
cold areas with low CDD values. Table 2 shows the inter-
model spread of EDD, which is larger than the absolute
change at every GWL only for few regions, namely cen-
tral North America, southwestern South America, the
Mediterranean region, and southern Australia.

Thirdly, we evaluated whether the CORDEX ensem-
ble concords on projected increase (or decrease) in EDD.
We calculated the percentage of area with more than
two-thirds of simulations agreeing on the sign of change.
Table 2 shows that the change in EDD is significant in
sign in more than 85% of all macro-regions but Central
North America, with such a region standing out as the
one with most uncertain tendencies also from Figure 1.

Based on these analyses, it is likely that the
population-weighted degree-day projections (discussed in
the following sections) are likely to show larger uncer-
tainties when based on CDD than HDD. The areas with
the largest uncertainties are the central United States,
Amazonia, southern South America, Eastern Europe, the
Mediterranean region, the Sahel, tropical southern Asia,
and southern Australia. However, considering population
density larger than 1 person/km?, less than 4% of global
areas shows inter-model spread larger than 10%—at any
GWL—in at least one of the degree-day indicators. More-
over, the models agreement in the sign of change is sig-
nificant over 98% of global lands and for all GWLs (over
99% excluding the sparsely populated areas).
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As additional validation, we compared the degree-
day projections discussed in this study with the
corresponding ones computed using bias-adjusted
temperature data from the 11 (22 considering the
2 RCPs) EURO-CORDEX simulations applied in
Spinoni et al. (2018). We highlight that the number of
the non bias-adjusted runs is larger (approximately
four times in Northern and Central Europe and six
times in Southern Europe) than the number of bias-
adjusted ones. As the spatial resolutions are different
(0.11° for bias-adjusted simulations vs. 0.44° for those
used here), we performed the comparisons using aver-
ages within the borders of three European macro-
regions, namely Northern Europe, Central Europe,
and Mediterranean Region (see Figure S2).

Figure S7 shows an excellent agreement between the
two datasets regarding HDD: considering all the GWLs
and the three macro-regions, the discrepancy remains
smaller than 1% at 1.5°C GWL, only slightly increasing
with GWL, but never exceeding 4%. Regarding CDD, the
agreement decreases with increasing GWL, showing
notable differences at 4°C warming in Northern Europe,
though this also depends on the large increase in percent-
age values (but small in absolute values) due to typically
low (or very low) annual CDD at high latitudes. Exclud-
ing from the averages the sparsely populated areas (<1
person/km?), the discrepancy between the two datasets
regarding CDD exceeds 20% only over Northern Europe
and for high GWLs (3°C and 4°C).

3.3 | Population-weighted projections of
HDD, CDD, and EDD

In 1981-2010, western Africa, India, eastern China, and
southeastern Asia showed the largest population-
weighted CDD values (WCDD; Figure 3). With increasing
GWL, the largest increase in wCDD is likely to occur in
tropical Africa, India, and Iraq, while in the Southern
Hemisphere the projections show (very) small change
(Figure S7). At the highest GWL (specific for each SSP)
eastern China is the only area with a projected decrease
in wCDD, and only with SSP4 (at GWL 3°C), due to pro-
jected population decrease with SSP4. At GWL 4°C (SSP3
and SSP5), the regions with the largest projected change
are located in sub-Saharan Africa, excluding regions with
very small wCDD in 1981-2010 and therefore subjected
to enormous percentage increase (Figure 3 and Table S4).

Regarding population-weighted HDD (wWHDD) the
largest values in 1981-2010 are located in the northeast-
ern United States, Europe, northern India, and eastern
China (Figure 3), with the latter two regions showing
very high values for both wCDD and wHDD because of
very high population density. In the 21st century, Europe
and eastern China show the largest projected decrease in
wHDD (especially with SSP3, SSP4, and SSP5), whereas
Afghanistan and Pakistan the largest increase (Figure 3
and Figure S8). Even at the highest GWL, most of the
Southern Hemisphere shows very small changes in
wHDD for all SSPs (Figure 3). The Middle East shows
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TABLE 2
1981-2010

%
Region
ALA
NEC
GIC
NWN
SWN
CNA
ENA
CAM
CAR
NWS
SAM
SSA
SWS
SES
AMZ
NEB
NEU
CEU
MED
SAH
WAF
NEAF
CEAF
SWAF
SEAF
CAF
NEA
NWA
WAS
CAS
TIB
EAS
SAS
SEA
NAU
SAU
ANT
ARCO
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Left: Ensemble median change EDD, averaged at macro-regional scale and expressed in percentage, between GWLs and

A (EDD) ¢ (EDD) Sign A (EDD)
1.5° 2° 3° & 1.5° 2° 3° & 1.5° 2° 3° &
-6.1 -11.0 -189 274 1.7 2.3 36 45 100.0 100.0 100.0 100.0
—5.4 -10.2 -183 —26.0 1.8 2.9 4.8 6.0 100.0 100.0 100.0 100.0
-35 6.4 -116 -162 14 1.8 2.8 3.0 100.0 100.0 100.0 100.0
-5.8 -10.9 -17.3 —25.0 2.7 4.0 6.8 8.8 99.6 99.8 97.0 96.6
—44 -7.7 -11.7 -138 40 6.1 10.2 13.1 87.6 93.0 90.7 91.8
-1.5 -36 -49 -5.1 4.0 6.4 10.7 134 69.2 78.0 71.5 75.8
-3.0 -5.1 -7.8 -10.5 3.0 4.9 8.7 11.3 87.4 89.7 86.3 87.2
9.0 17.9 37.1 59.1 6.0 10.4 17.6 22.6 87.5 87.3 87.5 91.1
16.8 31.1 56.7 81.6 38 5.0 7.7 9.1 100.0 100.0 100.0 100.0
9.3 17.8 38.8 60.6 5.4 8.7 15.8 21.2 93.9 93.7 95.5 96.7
11.9 21.7 438 67.4 43 6.4 12.5 16.3 99.1 99.3 99.9 99.8
-4.9 -8.6 —154 —21.1 1.7 2.1 2.5 3.6 100.0 100.0 100.0 100.0
-5.5 -8.8 -11.7 —11.5 7.0 11.1 20.0 26.6 97.2 96.6 95.8 95.6
4.1 7.9 19.3 3355 44 6.5 12.6 16.9 88.5 89.5 90.0 91.7
15.0 26.6 51.3 74.6 4.7 6.9 13.0 16.7 99.8 99.9 100.0 100.0
17.5 32.1 62.1 93.7 6.0 8.2 15.5 19.5 100.0 100.0 100.0 100.0
-7.3 -126 208 -27.38 2.6 32 4.6 5.1 100.0 100.0 100.0 100.0
-6.6 -10.5 -18.2 —24.1 3.3 3.9 6.6 8.9 100.0 100.0 100.0 100.0
2.7 -32 —24 0.7 3.5 5.0 8.1 11.0 91.0 89.8 89.8 89.4
8.0 14.5 29.8 45.0 3.8 5.0 8.7 11.2 99.5 99.9 100.0 100.0
134 23.7 44.7 64.8 3.7 4.8 9.3 123 100.0 100.0 100.0 100.0
11.1 20.4 423 62.4 4.8 7.0 12.5 17.1 96.8 96.6 96.9 97.2
163 29.2 63.5 94.8 6.8 10.5 17.6 23.9 97.5 98.0 99.2 99.5
9.3 183 41.7 75.0 7.7 12.6 23.7 335 90.6 90.8 94.7 97.0
12.9 24.6 54.7 89.4 74 10.8 18.5 26.0 94.6 95.2 96.8 96.9
15.7 27.4 54.0 79.3 43 59 11.6 14.6 100.0 100.0 100.0 100.0
-5.8 -10.1 -17.6 —24.0 16 2.1 3.0 37 100.0 100.0 100.0 100.0
-6.6 ~11.4 -19.6 —25.5 2.5 2.9 4.2 4.8 100.0 100.0 100.0 100.0
11 2.8 7.1 12.8 2.9 37 5.8 7.6 92.2 91.8 93.5 93.1
-33 -438 -73 -84 2.7 33 4.8 6.1 88.8 90.4 91.9 89.7
—41 -7.0 -125 -16.7 1.9 2.2 34 43 99.8 99.8 99.9 99.9
-29 —4.4 -5.7 -5.8 2.6 33 5.2 7.0 93.4 94.5 92.8 93.5
73 135 27.6 42.8 3.7 5.0 9.4 123 96.7 97.7 98.8 98.9
15.2 26.6 50.6 74.5 4.1 5.6 10.1 13.7 99.7 99.7 99.9 100.0
116 19.7 36.2 56.0 4.7 5.5 9.6 143 99.3 99.6 99.8 99.9
-5.3 -7.0 -5.6 -0.8 5.8 7.3 11.0 156 87.5 91.7 93.8 94.2
-15 -3.0 -52 -7.5 0.6 0.8 11 1.5 100.0 100.0 100.0 100.0
—5.4 -9.6 -17.6 —26.1 2.0 3.1 5.2 6.9 100.0 100.0 100.0 100.0

Note: Centre: Standard deviation of the ensemble mean change in EDD, in percentage values (in italics: Standard deviation larger than mean change in
absolute values). Right: Percentage of each macro-region with at least two-thirds of the simulations agreeing on the sign of the ensemble median change.

Abbreviation: EDD, energy degree-days.
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FIGURE 3

Population-weighted cooling (left) and heating (right) degree-days for 1981-2010 (RP) and projected change (colour-scale

below the panels) between RP and four GWLs following five SSPs. GWLs, global warming levels; RP, recent past; SSPs, socio-economic
scenarios; wCDD, weighted cooling degree-days; wEDD, weighted energy degree-days; wHDD, weighted heating degree-days [Colour figure

can be viewed at wileyonlinelibrary.com]

different tendencies (increase with SSP1-SSP4 and
decrease with SSP5) and so do the northeastern United
States (increase with SSP1, SSP2, and SSP5, no change
with SSP3, and decrease with SSP4; Figure S8 and
Table S5).

The population-weighted EDD (WEDD; Figure 4)
show largest values in Europe, India, and eastern China
in 1981-2010; according to all SSPs, they are projected to
decrease in Europe and eastern China (excluding SSP1
and low GWLs for other SSPs) and to increase in tropical
Africa, the Middle East, and India. The increase is the
largest over tropical latitudes, especially in western and

central-eastern Africa where, for SSP3, wEDD are likely
to be 10 times larger at GWL 4°C than in 1981-2010
(Table S6), due to both steep population increase and
strong warming. In the United States, wEDD are overall
likely to increase with all SSPs except for SSP3 (decrease).
In North America, the SSP4 shows an interesting feature:
contrasting tendency between large cities (WEDD projec-
ted to increase) and the countryside (decrease), possibly
because of the specific country-scale urbanization projec-
tions included in the SSPs (Jiang and O'Neill, 2017; Gao
and O'Neill, 2020). Detailed analyses on wEDD projec-
tions for large cities are left for further studies.


http://wileyonlinelibrary.com

5456 International Journal

RMets

SPINONI ET AL.

of Climatology

——] WEDD
| g 7.5:10°
, I 3-10°

-0

RP

AwEDD

SSP1

}'-3.107 25105 0 254105

SSP2

SSP3

SSP4

SSP5

FIGURE 4 Population-weighted energy degree-days for 1981-2010 (RP) and projected change at four GWLs following five SSPs. GWLs,
global warming levels; RP, recent past; SSP, socio-economic scenarios; WEDD, weighted energy degree-days [Colour figure can be viewed at
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In a World following SSP1 or SSP2, all population-
weighted degree-day indicators are likely to moderately
increase in all continents (Table 3 and Figure S9), exclud-
ing wHDD in South America, Europe (SSP2 only), and
Asia, where the decrease is very small (down to —10% for
Asia with SSP2). With the more severe SSP3, SSP4, or
SSP5, wCDD are likely to become at least twice as large
as in 1981-2010 in all continents but South America
(+79% for SSP4). Instead, wHDD show opposite tenden-
cies depending on the SSP in North and Central America,
Africa, and Oceania. Combining wCDD and wHDD,
wEDD are likely to increase with any SSP and in all con-
tinents, excluding North America (decrease with SSP3)
and Europe (decrease with SSP3 and SSP4), mostly due
to population decrease or non-continuous increase.

3.4 | The special case of fossil-fuelled
development (SSP5)

To focus on a special SSP, we chose the SSP5 because it is
best coupled with climate scenario RCP8.5 (Jones and
O'Neill, 2016) and more than half climate simulations
used in this study are based on the RCP8.5. Moreover, we

wanted to investigate on the impacts of severe climate
change on degree-days, and the RCPS8.5, is regarded as
the most severe climate scenarios of its generation
(Sillmann et al., 2013; Gattuso et al., 2015; Hausfather
and Peters, 2020). In details, the RCP8.5 projects a con-
tinuous rise of emissions during the 21st century and the
SSP5 foresees a World based on ‘fossil-fueled develop-
ment’ with continuous growth of economy but popula-
tion decline after peaking around 2050 (Bauer et
al., 2017; Kriegler et al., 2017; Samir and Lutz, 2017).

Figure 5 shows that, with a SSP5-based future, wCDD
are likely to increase everywhere excluding uninhabited
regions. As the warming increases, wHDD oppositely
tend to decrease in all inhabited regions excluding central
and eastern North America, northeastern Canada, north-
ern Europe, and southern Australia. Consequently,
wEDD are projected to increase in all regions with not
negligible population, excluding southwestern South
America, central Europe, Tibetan Plateau, and northeast-
ern, northwestern, and eastern Asia.

In a World which follows RCP8.5-SSP5, most regions
are likely to see an increased need of energy to cool and
heat the environments, partly because in such regions
the increase in CDD will outbalance the decrease in
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Macro-regional cooling (light blue), heating (orange), and energy (green) degree-days projected change (%) from 1981-2010

to four GWLs and following the SSP5. wCDD, weighted cooling degree-days; wHDD, weighted heating degree-days; wEDD, weighted energy
degree-days; GWLs, global warming levels; SSP, socio-economic scenario.

Note: See Figure S2 for macro-regions [Colour figure can be viewed at wileyonlinelibrary.com]

HDD, but also because population at the end of the 21st
century is indeed larger than recent past, though the
global increase is smaller than with SSP2, SSP3, and SSP4
(Figure S4). The exceptions are few and, excluding south-
western South America, are regions at mid-high latitudes
in Eurasia where the decrease in HDD is larger than the
increase in CDD and population is projected to decrease
during the 21st century. Globally, the increase in wEDD
with the combination RCP8.5-SSP5 increases from 27% at
GWL 1.5°C, to 34%, 41%, and 44% respectively, at GWLs
2°C, 3°C, and 4°C (Table S4).

4 | DISCUSSION

From a climatological point of view, the effect of progres-
sive global warming on degree-day quantities results in
global net balance, with approximately half of the
World's land areas with increasing EDD and half with
decreasing EDD in the 21st century (Figure 2). Thus, if
we unrealistically assumed that every place in the World

will see current population unchanged in the future, we
would conclude that projected climate change will result
in a balanced increase in CDD and decrease in HDD,
because areas with projected robust increase and those
with projected decrease in EDD include approximately
the same population.

Population is indeed projected to be higher in 2100
than currently, but such increase will be continuous at
global scale with SSP3 only, with other SSPs projecting a
stagnation after 2060 (SSP2 and SSP4) or a slow decrease
after 2050 (SSP1 and SSP5). Each continent follows specific
evolution with each SSP (Figure S4), so the spatial distribu-
tion and the time evolution of population are fundamental
to estimate if and where we will need more or less energy
to heat and cool the environments during the 21st century.

According to Figure 6, the global total of wCDD will
increase with any SSP, from 75% with SSP1 (GWL 1.5°C) to
372% with SSP3 (GWL 4°C), which represents the worst-
case scenario also due to the continuous population
increase—on average—on both Hemispheres. Globally,
wHDD will slightly increase with SSP1 (5% at GWL 1.5°)


http://wileyonlinelibrary.com

SPINONI ET AL.

International Journal RMetS

of Climatology

8 8 8
“| wCDD ~| wHDD “| weDD
a
8 g 8
o
§
g oll ol gl ] palniialiiisniisanl
. g -
1.5° 1.5°2° 1.5°2° 3° 4° 1.5°2° 3° 1.5°2° 3° 4° < 1.5° 1.5°2° 1.5°2° 3° 4° 1.5°2° 3° 1.5°2° 3° 4° 1.5° 1.5°2° 1.5°2° 3° 4° 1.5°2° 3° 1.5°2° 3° 4°
SSP1 SSP2 SSP3 SsP4 SSP5 SSP1 SSP2 SSP3 SSP4 SSPS SSP1 SSP2 SSP3 SSP4 SSP5
FIGURE 6 Global cooling (light blue), heating (orange), and energy (green) degree-days projected change (%) from 1981-2010 to four

GWLs and following five SSPs. GWLSs, global warming levels; SSPs, socio-economic scenarios; wCDD, weighted cooling degree-days; wWEDD,
weighted energy degree-days; wHDD, weighted heating degree-days [Colour figure can be viewed at wileyonlinelibrary.com]

s 2 3 4 5 12 3 4 5 12 3 4

FIGURE 7

g WEDD
I ALA NEC GIC NEU NWA NEA
§ e
- o ] el e
ENA CEU CAS TIB
gL = :_:D_‘:Ed:l_::\:\_.:.:.:.: Lo el e e RS | b e ool el e
Z/SWN CAM CAR MED WAS
§‘\I_'_\l_'_‘_|_|r—v_l—\.—1—|‘|—\ ‘\l‘ﬂ!‘ﬁﬂl—'—ﬁl—ﬁ—ﬂ ﬁl—1_|r—'_r1_|r—v_v—vn—1_'_|_\ ﬁl—ﬁr—l—rﬂﬂ_ﬂr—ﬁ—ﬂ ﬁr—l_\!_rrﬂﬁ—ﬂrl_m
¥ INws AMZ NEB SAH SAS SEA
' § 732, 1050 799 757 1133 804 36 505
g Wﬂrﬂﬂﬂﬂ TFHFWL{‘W{H ﬂTrFHMﬁiﬂ Mujl:dﬂ
WAF CEAF NEAF NAU
8" 567 770 602 45 67
g nol ol ﬂﬁ{ﬂ wrﬂrrmﬁﬂﬂﬂ wrﬂﬁw(ﬁ‘ﬂﬁﬂ . e cclll]
3 |ssA SES CAF SWAF SEAF SAU
S

12 3 4 5 12 3 4 5 12 3 4 5

Macro-regional energy degree-days projected change (%) from 1981-2010 to four GWLs and following five SSPs. Note: See

Figure S2 for macro-regions. GWLs, global warming levels; SSPs, socio-economic scenarios; WEDD, weighted energy degree-days [Colour

figure can be viewed at wileyonlinelibrary.com]

and decrease from GWL 2°C with other SSPs, resulting in
small change with SSP2 (—5% at GWL 2°C) and more tangi-
ble decrease (between —30% and —36% at corresponding
highest GWLs) with SSP3, SSP4, and SSP5. The combina-
tion of wCDD and wHDD results in the increase of wEDD
with all SSPs: small with SSP1 (31% at GWL 1.5°C),
medium with SSP2, SSP4, and SSP5 (44-49% at
corresponding highest GWLs), and large with SSP3 (118%

at GWL 4°C). Despite the SSP4 does not allow reaching 4°C
warming, WEDD are larger with SSP4 than SSP5, showing
again the key role of population in degree-day projec-
tions. We highlight that the change in wCDD, wHDD,
and wWEDD should not be directly translated into
change in energy but regarded as parameterization.

At macro-regional scale (Figure 7), we identify four
groups regarding the projected change in WEDD: (A)
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decrease irrespectively of the SSP; (B) increase irrespectively
of the SSP; (C) increase or decrease depending on the SSP;
(D) negligible change. Thus, climate plays the leading role in
regions within Groups A and B and population does in
regions within Group C.

Group A includes mid-latitude regions in Eurasia
(central Europe, northwestern, northeastern, and eastern
Asia) where, excluding SSP5 for central Europe and SSP3
for northwestern Asia, all SSPs project population
decrease. However, the decrease in wHDD is likely to
outbalance the decrease in wCDD with no exception,
resulting in decreased total energy to cool and heat the
environments with any RCP-SSP combination.

Group B includes 21 regions, mostly at tropical and
equatorial latitudes: the entire Central and South Amer-
ica (excluding southern and southwestern South Amer-
ica), Africa, the Mediterranean region, and hot dry
(western and central) and humid (southern and south-
eastern) Asia. In these regions, the combined increase in
both wCDD and population is likely to result in increased
energy to heat and cool the environments with any RCP-
SSP combination.

Group C includes mid and high-latitude regions in
North America (northwestern, southwestern, central,
and eastern North America, and northeastern Canada)
and (northern) Europe, where wEDD are projected to
increase under all SSPs but SSP3 (decrease) and also
SSP4 for northern Europe (decrease), that is, scenarios
characterized by population decrease or not robust
increase in such regions. Group C also includes two high-
elevation and low populated regions (southwestern South
America and Tibetan Plateau), where the decrease in
wEDD is likely to increase with SSP1, SSP2, and SSP3
and decrease with SSP4 and SSP5.

Group D includes the high-latitude regions in both
Hemispheres, where the extremely low or null popula-
tion leads to negligible wWEDD with any RCP-SSP
combination.

5 | CONCLUSIONS
Starting from a large ensemble of CORDEX-based cli-
mate simulations based on two RCPs, we investigated
projections of cooling, heating, and energy degree-days
for GWLs from 1.5°C to 4°C. Subsequently, we applied
population weighting (according to five SSPs to account
for different roads of global development) in order to ana-
lyse the combined effects of climate and socio-economic
scenarios on future energy demand to maintain thermal
comfort in residential buildings.

The increase in CDD and decrease in HDD becomes
larger with increasing GWL and most global lands show

statistically significant projections from 3°C warming.
Therefore, EDD are projected to decrease at high lati-
tudes and increase at equatorial and tropical latitudes,
with approximately 50% of global lands with increasing
EDD. Our results agree with those reported for North
America by Petri and Caldeira (2015) and with general
tendency in temperate climates (decrease in HDD larger
than increase in CDD; Lemonsu et al., 2013; You et
al., 2014; Zubler et al., 2014) and tropical climates
(increase in CDD larger than decrease in HDD;
Mourshed, 2011; Mishra and Ramgopal, 2015; Khalyani
et al., 2016).

According to our analyses, with population
weighting, though the SSP plays a crucial role, wEDD
show the largest increase over equatorial Africa and
India and the largest decrease over central Europe
and China. Shi et al. (Shi et al., 2016; Shi et al., 2018)
have reported similar results over China. Globally,
wCDD are likely to increase with all SSPs (the largest
with SSP3), while wHDD are likely to decrease with less
sustainable SSPs (SSP3-SSP5) and show very small
change with SSP1 and SSP2. Thus, wEDD are projected
to overall increase at global scale, but to decrease over
mid and high latitudes in Eurasia and in southwestern
South America.

The presented population-weighted degree-day pro-
jections will be hosted by the European Commission's
Data Risk Hub (https://drmkc.jrc.ec.europa.eu/risk-data-
hub). Being aware of the assumptions and uncertainties
discussed in previous sections, our results could be used
by policy makers and stakeholders to implement strate-
gies to optimize the energy used to keep thermal indoor
comfort (Collins et al., 2010; Ren et al., 2010; Yang et
al., 2014) and possibly mitigate the increasing demand
(Abrahamse and Shwom, 2018).

Starting from methodologies and results discussed in
this paper, we will move in two directions. Firstly, we
will focus at large metropolitan areas with specific local
thresholds for CDD and HDD (Asdrubali et al., 2008).
Secondly, we will compute projections of growing degree-
days (GDD; McMaster and Wilhelm, 1997), which could
be used to, for example, predict plant stages (Miller et
al., 2001), estimate crop production (Parthasarathi et
al., 2013), and model growing season of various cultivars
(Linderholm, 2006; Kukal and Irmak, 2018). To do that,
we plan to use the newest version of climate simulations,
the CMIP6 runs (Eyring et al., 2016; Stouffer et al., 2017).
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