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Climate change is expected to influence cooling and heating energy demand of residential buildings and affect overall

thermal comfort. Towards this end, the heating (HDD) and cooling (CDD) degree-days along with HDD + CDD were

computed from an ensemble of seven high-resolution bias-corrected simulations attained from EURO-CORDEX under

two Representative Concentration Pathways (RCP4.5 and RCP8.5) for mainland Portugal. 
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1. Introduction

Climate changes have a profound impact on natural  and human systems. The projected impacts of 1.5 °C global

warming  will increase the intensity and frequency of some climatic and extreme weather events , which in turn will

result in negative impacts on resources, biodiversity, and ecosystems .

Several regions are most vulnerable to these projected changes; this is the Mediterranean region’s case , including

southern Europe in which Portugal is included. Since exposure to multiple and compound climate-related risks is

projected to increase, assessing its impacts on human systems is highly relevant.

The projected rise in temperatures  is expected to pose greater risks to urban areas. The extent of the risk depends on

human vulnerability (for example, elder citizens are more vulnerable to higher temperatures) and adaptation effectiveness,

namely in the construction sector. Household residences are of special concern since about 65% of the time is spent

inside residences; therefore, deviations in thermal comfort conditions can have detrimental impacts in citizens, as

previously mentioned elders and also children who spend more than 90% of the time indoors . The fluctuations in

outdoor air temperatures  will have not only a substantial impact on human comfort, but also on building energy use 

mainly in the existing residential buildings. Therefore, estimated air temperature fluctuation projections have relevant

implications for estimating its future impacts on residential heating and cooling related energy demand.

Several studies used multiple methods to estimate future residential heating and cooling energy demand in buildings.

While some authors choose simple approaches such as using current climate, discarding climate variability  or

choosing a warm past year to represent a warming climate , others opt to use climate models using several datasets,

namely global climate simulation models (GCMs) . The most common methods used to determine

residential demand in the future use parametric energy balance and degree-day methods. The degree-day method is a

simple and widely used approach to relate outdoor temperature with the heating/cooling energy requirements.

In this study, we employed the degree-day method following the procedure used by Petri and Caldeira  and, later, by

Spinoni et al. . This methodology defines a base temperature (Tb) for the heating and cooling season and allows the

computation of the respective outdoor air temperature deviations from maximum and minimum temperatures. The base

temperature is a point at which internal gains equal the heat loss, acting as a threshold below (or above) which heating (or

cooling) appliances are needed or not to operate to maintain indoor thermal comfort. Under the Portuguese Regulation on

the Energy Performance of Residential Buildings (REPRS) , these temperatures are 18 °C related to the degrees-

day of heating (HDD) and 25 °C to the degrees-day of cooling (CDD). Further details will be provided in the Materials and

Methods section; however, it is worth mentioning that the REPRS is in line with the European Directive 2010/31/EC ,

which aims at reducing the greenhouse gas emissions by 20% by 2020 and in 80% until 2050, in relation to the 1990

emissions levels. Therefore, this objective includes the adoption of standard methodologies for calculating energy

consumption, quality requirements for new and existing building envelopes, periodic inspection of boilers and air

conditioning central systems, as well as building energy certification.

Three key energy performance indicators were computed in this work: the HDD, the CDD and the global indicator HDD +

CDD, obtained from an ensemble mean of seven biased corrected regional climate models (RCMs) for mainland Portugal.

Three-time periods were analyzed: 1971–2000 (the historical baseline climate), 2011–2040 and 2041–2070. For the latter

periods, two representative concentration pathways (RCPs) were considered: a mitigated scenario RCP4.5 and the
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RCP8.5 unmitigated climate scenario . For the trend analysis, 2011–2070 period is also assessed along with 2041–

2070 and the entire period comprised between 1971 and 2070.

Typically, the data from ground stations are interpolated to estimate meteorological characteristics over larger regions.

Spatial interpolation makes it possible to estimate any meteorological characteristic at locations away from those for which

direct measurements exist. Inverse distance weighted (IDW), ordinary kriging (OK), and ordinary cokriging (OCK) are the

most frequently used techniques in environmental studies for spatial interpolation of data . Several

geostatistical techniques were performed in this study to attain the most accurate spatial representation of the different

indicators.

This study’s main goal is to analyze the impacts of climate change on heating or cooling related energy demand for

residential buildings thermal comfort by computing HDD, CDD and HDD + CDD for five regions of the Nomenclature of

Territorial Units for Statistics (NUTS) NUTS II of mainland Portugal (Figure 1). The results presented herein under RCP4.5

and RCP8.5 until 2070 will serve as an indicator of projected climate change and help policymakers improve laws that

lead to more sustainable construction techniques in terms of mitigation and adaptation. Architects and building engineers

can no longer assume a constant static condition for their designs and need to consider the values of design variables for

future years.

Figure 1. Portugal and NUTS II (grey area) location in the Iberian Peninsula.

2. Spatial Analysis of the Energy Indicators

An assessment of the spatial distribution of the historical baseline climate 1971–2000 was undertaken by the map based

on the OK interpolated ensemble-means of HDD, CDD and HDD + CDD (Figure 2). Results show increasingly higher

HDD values towards the north-eastern regions (values range between 786 and 2,755 °C × D per year), contrasting with

the spatial distribution of CDD. This indicator, Figure 5b, shows a longitudinal contrast with increasingly higher values in

inner central to southern Portugal with values ranging from 9 °C × D per year in the vicinity of the coastal and mountains

to 239 °C × D per year. These results point out a stronger influence of oceanity-continentality factors when comparing with

HDD (Figure 2a), for which a latitudinal contrast is prominent. Results also show that HDD(CDD) is higher(lower) in

mountainous regions.
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Figure 2. Mean values (in °C × D per year) of (a) HDD, (b) CDD, and (c) HDD + CDD for the historical period (1971–

2000) from E-OBS for Portugal (OK interpolation).

Due to the differences in the magnitude of HDD and CDD and the fact that the HDD +CDD indicator is an unweighted

sum, the spatial patterns resemble the ones observed for HDD (Figure 2c). In fact, for 1971–2000 the mean values for

HDD were 1436 °C × D per year, 109 °C × D per year for CDD, and 1546 °C × D per year for HDD + CDD. Consequently,

the map based on this interpolation (Figure 2c) shows larger values in the northern regions with high values in higher

altitudes. This indicator’s values range from 880 to 2777 °C × D per year, with the low HDD + CDD values associated with

a favorable balance between heating and cooling related energy demand (Figure 5c). These areas can be found near the

coastal zones and in the southernmost regions. This composite index revealed spatial heterogeneity, with clear north–

south and inner region contrasts that imply different energy needs to ensure thermal comfort. In fact, in the northern

areas, the combined degree-day index increased, showing both cooling and heating related energy demands throughout

the year.

The statistically significant HDD, CDD and HDD + CDD anomalies at a 5% significance level between the two future

periods 2011–2040 and 2041–2070 under both emission scenarios RCP4.5 and RCP8.5 and the reference period (1971–

2000) are presented in Figure 3 and Figure 4. It is worth mentioning that for all time-periods and under both RCPs the

anomalies are statistically significant (gray pattern background in Figure 3 and Figure 4) for the entire country.

Figure 3. Statistically significant (S.S.) anomalies (Δ) in °C × D per year at a 5% significance level for (a,d) HDD, (b,e)

CDD, and (c,f) HDD + CDD between 2011–2040 (upper) and 2041–2070 (lower) under RCP4.5. (Note that Δ = future

period − 1971–2000).



Figure 4. Statistically significant (S.S.) anomalies (Δ) in °C × D per year at a 5% significance level for (a,d) HDD, (b,e)

CDD, and (c,f) HDD + CDD between 2011–2040 (upper) and 2041–2070 (lower) under RCP8.5. (Note that Δ = future

period – 1971–2000).

Concerning HDD, results predict under both scenarios a spatial heterogeneity with statistically significant negative

anomalies by 2011–2040 and 2041–2070 (Figure 3d and Figure 4d) throughout the country. This hints at different needs

for heating demand depending on the region, and also to higher variability in projections for maximum and minimum

temperature extremes between October and May under both RCPs. In absolute values, the RCP4.5 scenario projects

variations from −300 to −280 HDD per year in Alentejo and −340 to −300 HDD per year in the remaining regions by 2041–

2070 (Figure 3d). Conversely, for 2011–2040 under RCP4.5 results project higher needs in heating energy demand

(Figure 3a) as expected. The HDD projected increase is higher in innermost regions in comparison with the reference

period values, e.g., regions with higher HDD values. It is worth mentioning an exception in Serra da Estrela, for which the

HDD was higher for 1971–2000; however, the projected future heating energy demands are not expected to increase in

the same way compared to other inner regions.

For the CDD anomalies indicator, results predict an increase for all periods under both RCPs (Figure 3b,e and Figure

7b,e). The most significant rises are projected for the inland regions, particularly in Alentejo (in the southernmost inner

region), for which in the reference period, the anomalies showed the highest values reaching 30 CDD per year (50 CDD

per year) for 2011–2040 (2041–2070) under RCP4.5 (Figure 3b,e) and 30 CDD per year (60 CDD per year) for 2011–

2040 (2041–2070) under RCP8.5 (Figure 4b,e). Furthermore, in absolute value the increase in CDD is projected to double

by 2041–2070 under RCP8.5 in comparison with 2011–2040 under both RCPs.

The anomalies of the HDD + CDD indicator project a high spatial variability with negative values for Portugal again lower

for 2041–2070 under both RCPs (Figure 3f and Figure 4f); in comparison with 2011–2040 (Figure 3c,f). Results show that

the energy demand will increase mainly for 2041–2070 (Figure 3f and Figure 4c), for the inner areas, specifically in the

innermost Alentejo and North regions. Conversely for Alentejo, the innermost northern regions present already the highest

energy demand in the past (Figure 2c). Results also predict near the coast a slight decrease in the energy demand by

2011–2040 (Figure 3c and Figure 4c) under both RCPs, and by 2041–2070 that decrease is only projected for small areas

in the Algarve Region. It is worth emphasizing that the amplitude of the HDD + CDD anomalies is higher for 2041–2070

under RCP8.5 (−360 to −260 °C × D per year).

3. Trend Analysis from 1971 Until 2070

Figure 5 and Figure 6 depict the statistically significant (at a 95% confidence level) linear trend values between 1971 and

2070 for the three energy performance indicators under RCP4.5 and RCP8.5. Three time periods were chosen: 2011–

2070 (60‒year period) 2041–2070 (30‒year period), and 1971–2070 (100‒year period). It is worth mentioning that, when

found, the statistically significant trends are represented by a grey area background in Figure 5 and Figure 6, and all linear

trends are expressed for each indicator per year.



Figure 5. Statistically significant (S.S.) linear trends (at a 95% confidence level) of (a–c) HDD per year, (d–f) CDD per

year, and (g,h,i) HDD + CDD per year under RCP4.5 for 2011–2070 (left), 2041–2070 (center) and 1971–2070 (right).

Figure 6. Statistically significant (S.S.) linear trends (at a 95% confidence level) of (a–c) HDD per year, (d–f) CDD per

year, and (g–i) HDD + CDD per year under RCP8.5 for 2011–2070 (left), 2041–2070 (center) and 1971–2070 (right).

The projected decrease of HDD for Portugal is significantly larger for 2041–2070 under RCP8.5 (Figure 6b) than under

RCP4.5 (Figure 5b). This statistically significant decrease is more pronounced towards North for all periods although with

greater expression for 2041–2070 where values range from (−13.5 to −6 days per year) under RCP8.5 and (−9.9 to −2

days per year) under RCP4.5. Though statistically significant for the entire territory, between 2011–2070 and 1971–2070

these linear trends are smaller when comparing with the 2041–2070 period. Again, for these latter periods under RCP8.5,

the trends are higher (Figure 6b).

Results show that these trends’ overall spatial distribution points to a decrease of energy demand to heat internal

environments in Portugal, however in the northern-eastern regions the energy demand is higher in comparison with other

regions and most significant under RCP8.5 (Figure 6a–c).



Conversely, it is projected an increase of CDD values for both scenarios; however, the only statistically significant linear

trends were found for 2041–2070 under RCP4.5 (Figure 5e). Results suggest that the need for cooling is almost negligible

for the remaining periods, though linear trend values are still considerably higher for 2041–2070 under RCP8.5. Under

RCP4.5, statistically significant trends are found almost throughout the Portuguese territory for 2041–2070, as

aforementioned, with values ranging between 0.1 and 2 CDD per year.

Given the results previously attained (Figure 5 and Figure 6), an analysis of the linear regression model of the area-mean

values were undertaken for 2041–2070 under RCP4.5 (Figure 7). Results revealed an increasing tendency for CDD with a

high correlation under RCP4.5 in clear accordance with the results shown in Figure 5e. Conversely, for both HDD and

HDD + CDD weaker correlations are depicted, associated to decreasing linear trends at a 95% confidence level (Figure

7a,c). This hints at a statistically significant projected increase in the need for cooling for the mainland Portugal area for

2041–2070 under RCP4.5.

Figure 7. Annual ensemble-mean values of (a) HDD, (b) CDD, and (c) HDD + CDD for Portugal under RCP4.5 between

2041 and 2070 (blue lines) with the respective statistically significant linear trends (linear regression model equation and

R  coefficient) at a 95% confidence level (orange lines).

4. Case Study: NUTS II Regions

An analysis for a case study within the five NUTS II regions (Figure 1) was performed to get further insight regarding the

projected cooling and heating related energy needs under future climate change conditions. Towards this aim, the

evolution of the projected minimum, mean and maximum anomaly values was assessed for 2011–2040 and 2041–2070

under both RCPs by region (NUTS II) (Figure 1 and Figure 8). Overall, results show that regions with higher projected

cooling or heating energy demands present higher increases under both RCPs until 2070. Therefore, it can be concluded

that for CDD values although in future spatial distribution for 2011–2040 no significant trends are projected on a national

scale under both RCPs, although, regarding absolute values on a regional scale, that might not be the case (Figure 8).
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Figure 8. Mean (blue dot), Maximum (black square) and Minimum (black dot) values for the anomalies by region (NUTS

II) for 2011–2040 and 2041–2070 and both emission scenarios. (a) HDD, (b) CDD, and (c) HDD + CDD in °C × D per

year.

The inner-coastal contrasts are quite apparent for HDD and HDD + CDD anomalies in which Algarve and Lisbon Area

(LVT in  Figure 1) will present the smaller variations whereas Center region (a broader area that comprises Serra da

Estrela and reaches the Spanish boarder, Figure 1) will present the highest amplitudes (Figure 8a,c). For CDD the lowest

variations are projected for Lisbon Area, whereas the highest are depicted for Algarve (Figure 8b). It is projected for

Alentejo the higher mean anomaly value of 25 CDD per year (Figure 8b) under RCP8.5. Overall, lower amplitudes are

depicted for HDD and HDD + CDD anomalies in comparison with CDD anomalies. The low amplitudes found for all

indicators in Lisbon Area (LVT in Figure 1), hint at maritime conditions’ influence to attenuate maximum and minimum

contrasts in the future. It can be depicted in Figure 8 that these amplitudes (differences between maximum and minimum

degree-day values) are predicted to be substantially higher for all indicators for 2041–2070, in which substantial lower

ranges are projected for HDD and HDD + CDD(CDD) (Figure 8a,c) under RCP4.5; higher for CDD (Figure 8b). Overall, it

can be predicted that all regions will present fewer heating energy demands for 2041–2070 when comparing with 2011–

2040 under RCP4.5 (with higher anomalies under RCP8.5). Conversely, for all regions, it can be projected lesser energy

demand for heating for both periods under RCP8.5.

For all regions CDD(HDD) anomalies are positive(negative) under both RCPs in clear accordance with  Figure 3b,e

and  Figure 4b,e (Figure 3a,d and  Figure 4a,d) pointing out to an increase(decrease) in the energy demand for

cooling(heating) for both periods but higher under RCP8.5.

For each location within the five NUTS II regions a comparison between the historical period 1971–2000 and 2011–2070

and 2041–2070 (under both RCPs) was undertaken. HDD results revealed higher negative percentages for 2041–2070

when comparing with 2011–2040 also higher under RCP8.5 than RCP4.5 (Table 1). For 2041–2070 in Algarve and LVT

regions projections present major values within the five regions, with Faro (−33.5% and −34.4%, under RCP4.5 and

RCP8.5, respectively), Lisboa (−31.5% and −32.4%, under RCP4.5 and RCP8.5, respectively), and Setúbal (−30.9% and

−31.8%, under RCP4.5 and RCP8.5, respectively) with the highest percentages, thus pointing out a decrease in heating

energy demand in these locations. Conversely, projections for Bragança (−13.7% and −14.8%, under RCP4.5 and

RCP8.5, respectively) in North and Guarda (−15.4% and −16.3%, under RCP4.5 and RCP8.5, respectively) in the Center

reveal major heating requirements under both RCPs by 2041–2070. These results are quite similar for the ones projected

for HDD + CDD, which is an indicator of locations that are thermally comfortable, with low heating and cooling energy

demand. For this indicator, the Center and North regions present the lowest percentages projections again within the five

regions for 2041–2070 under RCP4.5. Like previously, for Bragança (−12.8% and −13.9%, under RCP4.5 and RCP8.5,

respectively) in North and Guarda (−14.3% and −15%, under RCP4.5 and RCP8.5, respectively) in Center lowest

percentages are projected. Finally, regarding CDD, high positive percentages are projected for 2041–2070 under RCP8.5.

For this indicator, the highest percentages are in the North and Center regions; namely, with projected percentages above

30% in Bragança (33.6% and 39.6%, under RCP4.5 and RCP8.5, respectively), Viana do Castelo (33.5% under RCP8.5),



Braga (35% under RCP8.5), Vila Real (34.7% and 41.4%, under RCP4.5 and RCP8.5, respectively), Porto (32.2% under

RCP8.5), and Guarda (32.5% under RCP8.5). These results predicted an increase of cooling requirements for these

locations, whilst for Faro (5.3% and 10.1%, under RCP4.5 and RCP8.5, respectively) in Algarve (southern region of

Portugal), the lower values were depicted for both RCPs and both periods.

Table 1. Anomalies in °C × D per year for HDD, CDD and HDD + CDD between 2011–2040 and 2041–2070 (under both

RCPs) and 1971–2000 (historical period) for the city locations in NUTS II listed in Figure 1.

City

HDD CDD HDD+CDD

Value Anomalies Value Anomalies Value Anomalies

71–
00

RCP4.5 RCP8.5 71–
00

RCP4.5 RCP8.5 71–
00

RCP4.5 RCP8.5

11–40 41–70 11–40 41–70 11–40 41–70 11–40 41–70 11–40 41–70 11–40 41–7

1 2301 −8.0% −13.7% −7.8% −14.8% 42 10.7% 33.6% 11.1% 39.6% 2344 −7.6% −12.8% −7.6% −13.9

2 1531 −11.4% −20.0% −11.1% −20.7% 47 9.4% 27.1% 8.5% 33.5% 1579 −10.8% −18.6% −10.8% −19.1

3 1546 −11.1% −19.7% −11.0% −20.4% 49 10.1% 27.8% 8.5% 35.0% 1590 −10.5% −18.3% −10.5% −18.7

4 2116 −8.6% −14.9% −8.5% −16.0% 38 11.7% 34.7% 9.7% 41.4% 2156 −8.3% −14.0% −8.3% −15.0

5 1589 −11.1% −19.3% −10.9% −20.0% 44 8.3% 26.7% 7.0% 32.2% 1632 −10.6% −18.0% −10.6% −18.6

6 1122 −14.9% −26.6% −14.7% −27.7% 69 6.4% 20.3% 5.9% 21.8% 1188 −13.7% −23.9% −13.7% −24.9

7 1715 −10.3% −17.9% −9.9% −18.6% 69 8.2% 22.7% 8.7% 28.3% 1797 −9.5% −16.2% −9.5% −16.7

8 2020 −9.0% −15.4% −8.7% −16.3% 57 9.4% 26.6% 10.7% 32.5% 2076 −8.5% −14.3% −8.5% −15.0

9 1132 −14.8% −26.0% −14.3% −27.0% 92 5.5% 17.9% 5.9% 19.6% 1222 −13.3% −22.8% −13.3% −23.5

10 1371 −12.2% −21.5% −11.2% −21.6% 170 6.6% 15.4% 7.3% 20.5% 1538 −10.1% −17.5% −10.1% −17.1

11 1167 −15.1% −26.0% −14.6% −27.0% 71 3.9% 18.7% 4.8% 19.7% 1244 −13.9% −23.3% −13.9% −24.2

12 961 −17.6% −31.5% −16.9% −32.4% 116 2.1% 11.6% 3.9% 13.9% 1077 −15.5% −26.9% −15.5% −27.5

13 983 −17.2% −30.9% −16.5% −31.8% 138 2.1% 10.4% 3.6% 12.2% 1120 −14.8% −25.8% −14.8% −26.3

14 1391 −11.7% −20.2% −10.8% −20.6% 146 6.8% 16.6% 7.6% 21.8% 1535 −10.0% −16.7% −10.0% −16.5

15 1074 −16.0% −28.1% −15.3% −28.8% 130 3.6% 13.1% 4.9% 15.7% 1205 −13.9% −23.6% −13.9% −24.0

16 1230 −13.6% −23.6% −12.6% −24.2% 160 4.5% 13.1% 5.6% 16.9% 1390 −11.6% −19.3% −11.6% −19.4

17 1054 −15.6% −28.0% −14.6% −28.5% 204 3.3% 11.1% 4.5% 14.1% 1258 −12.5% −21.6% −12.5% −21.6

18 929 −18.2% −33.5% −17.5% −34.4% 122 2.2% 5.3% 3.5% 10.1% 1044 −15.9% −28.9% −15.9% −29
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