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I. INTRODUCTION

S the impacts of climate change intensify, particularly with

the increased frequency of extreme weather events such as 

heatwaves, it is crucial to understand their effects on the built 

environment (IPCC, 2018). In Spain, the Spanish State 
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the Mediterranean surface temperature of 0.34°C per decade 

(AEMET, 2023). This situation has a significant impact on the 

country's economic drivers, such as large cities, making them 

particularly vulnerable to climate change (MITECO, 2020). 

Furthermore, at a global level, urban areas, despite occupying 

only 3% of the planet's surface are home to 55% of the 

population and are responsible for 67% of the global energy 

consumed (International Energy Agency, 2017) (Database - 

Eurostat, n.d.), with forecasts indicating an increase in the 

population in cities to 68% by 2050 (World Urbanization 

Prospects). 

On the other hand, the consequences of global warming are 

significantly exacerbated in urban areas, which frequently 

experience the urban climate effect. This phenomenon leads to 

considerably higher temperatures and solar radiation in urban 

centers compared to surrounding rural areas, while humidity 

and wind speed are reduced. Such conditions contribute to more 

intense and frequent heatwaves (Palme & Salvati, 2021). These 

emerging climatic trends are shifting energy consumption 

patterns, causing a clear increase in cooling demands 

(OrtizBeviá et al., 2012; Soutullo et al., 2020). Indeed, in 

Europe, the implementation of space cooling systems, 

particularly in residential sectors, have demonstrated a high 

growth in the last years. This trend can strain an already 

uncertain electrical grid, influenced by factors such as evolving 

climate patterns and the rise of electric mobility (Kan et al., 

2021). However, the widespread adoption of these cooling 

systems, beyond not being accessible to low-income 

populations, also contributes to increased ambient temperatures 

due to their outdoor condensation units. Furthermore, this 

situation could lead to higher greenhouse gas emissions if the 

energy is sourced from non-renewable options, perpetuating the 

cycle of climate change (De Munck et al., 2013). 

Beyond merely considering buildings' energy demands, these 

impacts extend to broad aspects concerning individuals' mental 

and physical health (IPCC, 2021; López-Bueno et al., 2020; Xu 

et al., 2016). Besides, the combination of high temperatures and 

increased levels of air pollutants, such as ozone and PM10, 

commonly found in urban areas, further amplifies the risks 

associated with heat stress during warm seasons (Eurowho, 

2021; Scortichini et al., 2018). This disproportionately affects 

vulnerable populations, including the elderly, individuals with 

chronic or mental illnesses, low-income socioeconomic groups, 

and workers performing manual or physical tasks (ILO, 2019; 

Weir, 2002). In this regard, studying thermal comfort, both 

indoors and in outdoor environments, is crucial for defining 

prevention plans aligned with climate projections (López-

Bueno et al., 2020; MSSSI, n.d.). Moreover, urban and building 

characteristics play a critical role in this aspect (López-Moreno 

et al., 2020, 2021, 2022).  

The urgency of addressing this situation is underscored by 

the Intergovernmental Panel on Climate Change (IPCC), which 

highlights, among the key risks for Europe, human stress and 

mortality due to rising temperatures and heat extremes (IPCC, 

2021). However, urban energy modelling often fails to 

adequately incorporate this evolving climatic reality (Burillo et 

al., 2019). Widely used tools and normative data sources rely 

on climate data that may not reflect current climate trends 

(Herrera et al., 2017; Sánchez et al., 2020). In Spain, data 

provided by EnergyPlus (IWEC and SWEC), as well as 

normative data defined by the Technical Building Code (MET), 

were last updated in 2013 (with the exception of the Canary 

Islands' climate zones) (CTE, 2015; EnergyPlus, n.d.). 

Furthermore, these climate sources, often derived from non-

urban environments such as airports, omit the crucial influence 

of city morphology on building energy dynamics (Bianchi & 

Smith, 2019). 

In climate change mitigation and adaptation strategies, it is 

important to consider not only the effects of the current climate 

but also those that account for future climate projections. In this 

regard, the IPCC, in its fifth assessment report, defined the 

Representative Concentration Pathways (RCPs) (Meyer, 2014). 

These RCPs were introduced as trajectories used to model and 

project future climate changes based on different levels of 

greenhouse gas emissions and other climatic radiative forcing. 

Following this idea, various studies point to the need for energy 

rehabilitation plans to address the growing cooling demand and 

overheating risks, which will be more severe in these future 

climate scenarios (Elnagar et al., 2023; Pérez-Andreu et al., 

2018). By 2085, Spain is projected to experience a significant 

shift in energy demands, with heating requirements decreasing 

by approximately 50% under the RCP 4.5 scenario and 70% 

under RCP 8.5. Conversely, cooling demands for these same 

projections are anticipated to increase substantially, by up to 

130% and 180% respectively. This trend is expected to be 

particularly pronounced in inland areas, such as Madrid (Amin 

et al., 2023; Díaz-López et al., 2021; Gangolells & Casals, 

2012). More recently, the IPCC included the Shared 

Socioeconomic Pathways (SSPs) in its sixth report. SSPs not 

only focus on climatic variations but also combine climate 

evolution with potential socioeconomic changes (variations in 

population, economy, technology, policy, and development) to 

explore how these factors interact and affect future human-

induced climate change scenarios (IPCC, 2021).  

This climatic mismatch, both present and future, reduces the 

ability of models to accurately predict energy needs and 

comfort conditions in the context of a changing climate. 

Climate monitoring campaigns are presented as key instruments 

for evaluating the behaviour of buildings and their components 

(Sirombo et al., 2017). To address this limitation, the present 

study aims to characterize the impact that the current climate 

can have on building energy analysis and thermal comfort, as 

well as the implications of future climate change scenarios. For 

this purpose, the use of updated experimental climate data, 

collected over more than a decade (2008-2021) at the CIEMAT 

headquarters in Moncloa (Madrid), has been proposed (Olmedo 

et al., 2016; Sánchez et al., 2020). The meteorological variables 

from these experimental data have been processed to create a 

Typical Meteorological Year (TMY) according to UNE-EN 

ISO-15927-4:201 (AENOR, 2011). Subsequently, the analysis 

involves a comparative evaluation between widely used climate 

data files for building energy simulation programs, such as 
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IWEC, with current experimental climate data (TMYe) and 

their possible future climate trends through SSP scenarios. 

Finally, for a better understanding of climatic impacts on the 

built environment, this methodology analyses different 

climatic, urban, and building indicators. 

The proposed work enables an estimation of future climate 

trends, as well as their comfort and building energy 

implications, facilitating responsible climate design and 

sustainable urban development. 

II. METHODS

To assess the impact of different climate scenarios on thermal 

comfort and building energy consumption, this study analyses 

various indicators at the climatic, urban, and building levels. 

The methodology involves processing over 10 years of 

experimental campaign data to define an updated Typical 

Meteorological Year (TMY). This updated TMY will then be 

compared with the International Weather for Energy 

Calculations (IWEC) file from EnergyPlus software. 

Furthermore, the study will examine future projections for both 

the TMY and IWEC files, based on Shared Socioeconomic 

Pathways (SSPs) for 2050 and 2080. 

The chosen case study is the city of Madrid, an urban 

environment home to over 3 million people of great 

socioeconomic diversity and one of Spain's primary economic 

drivers. Its inland location and climate are key factors in 

addressing climate change (Giannakopoulos et al., 2009). 

A. Definition of Typical Meteorological Years.

According to the Köppen-Geiger climate classification,

Madrid has a Mediterranean climate (Csa), characterized by 

warm temperatures with mild and cool winters, while summers 

are hot and dry, with these conditions exacerbated by the urban 

microclimate (Beck et al., 2018). 

For Madrid, CIEMAT has developed an experimental 

methodology to evaluate current climatic trends. This 

methodology is based on long-term meteorological monitoring 

(from 2008 to 2021) at its Moncloa facilities in Madrid 

(Sánchez et al., 2020). These data, recorded at minute 

frequency, have been processed to generate a precise and 

reliable multi-year climate database. This involved extensive 

filtering and treatment of key meteorological variables, such as 

air temperature (Ta), relative humidity (RH), horizontal global 

solar radiation (Gh), and wind velocity (Wv). The climate 

sensors consist of two meteorological stations that 

simultaneously record data from the same location, with the 

second station complementing the first to avoid potential data 

gaps. 

Subsequently, using this climate database, an experimental 

Typical Meteorological Year (TMYe) was created following 

the criteria of UNE-EN ISO-15927-4:2011. This standard 

defines the creation of a TMY for evaluating the average annual 

energy for heating and cooling, based on concatenating the 

twelve representative typical meteorological months: the "best" 

January, the "best" February, March, etc. To achieve this, each 

variable (Ta, RH, Gh, and Wv) is analysed separately, and those 

months whose daily average values are closest to the cycle's 

average are selected. This process involves calculating 

Cumulative Distribution Functions (CDFs) and subsequently 

applying the Finkelstein-Schafer (FS) statistic (Finkelstein & 

Schafer, 1971) for Ta, RH, and Gh. Additionally, UNE 15927-

4 defines the contribution of different climatic parameters to the 

TMY selection through weighting factors (wi) that balance their 

influence. The three candidate months will be those with the 

lowest FS sum (FSsum) (Equation 1) [41]. In this study, 

following the criterion of T. Kalames et al., the parameters Ta, 

RH, and Gh were weighted equally (wi = 1/3) (Kalamees et al., 

2012). Finally, considering only the three previously selected 

candidate months, the finalist months comprising the TMY will 

be those with the smallest deviation in the Wv variable between 

the daily means and the cycle's mean. 

FSsum= w1FS(Ta)+ w2FS(HR)+ w3FS(Gh)             (Eq. 1) 

For comparison with other databases, the IWEC 

(International Weather for Energy Calculations) climate file for 

Madrid, provided by the EnergyPlus software, was used. 

Similarly, these files, defined by ASHRAE using hourly 

meteorological data recorded between 1982 and 1999, were 

synthetically generated for use with building energy simulation 

programs by creating a "typical" climate year. Comparing both 

climate files (the updated TMYe and IWEC) allows for an 

assessment of climatic evolution and its impacts. 

B. Shared Socioeconomic Pathways (SSPs)

The Shared Socioeconomic Pathways (SSPs), introduced in

the IPCC's Sixth Assessment Report (AR6), enable 

professionals to explore climate changes under different future 

scenarios, which are essential for climate adaptation policies 

and strategies. They are based on the results of Global Climate 

Models (GCMs) and their coupling through the sixth phase of 

the Coupled Model Intercomparison Project (CMIP6). SSPs 

were developed to complement the Representative 

Concentration Pathways (RCPs), generated under the previous 

modelling phase (CMIP5), by incorporating diverse 

socioeconomic challenges for adaptation and mitigation. 

Therefore, unlike RCPs, SSP scenarios describe the human 

factors influencing greenhouse gas (GHG) emissions and 

radiative forcing (the additional energy trapped in the climate 

system due to GHGs). Furthermore, they standardize 

socioeconomic characteristics that affect GHG emissions, 

indicating social trajectories associated with different warming 

levels. They also allow for the evaluation of the effectiveness 

of actions to comply with the Paris Agreement, limiting the 

global temperature increase to less than 2°C (SSP1-1.9) (IPCC, 

2022). SSPs are classified into five "families" based on two 

axes: challenges for mitigation and challenges for adaptation. 

SSP1 (Sustainability) presents few challenges for both 

mitigation and adaptation, while SSP3 (Regional Rivalry) faces 

significant challenges for both. The other SSPs complete the 

spectrum of possible futures: SSP4 (Inequality) has high 

adaptation challenges and low mitigation challenges, SSP5 

(Fossil-fueled Development) has high mitigation challenges 

and low adaptation challenges, and SSP2 (Middle of the Road) 

represents moderate challenges for both. 

Considering this concept, the present methodology analyses, 
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for both the TMYe and EPW climate files, the SSP scenarios 

projected for 2050 and 2080. For this purpose, the Future 

Weather Generator tool was utilized (Rodrigues et al., 2023). 

This tool is based on the "morphing" method, which involves 

mathematically transforming the current climate to match the 

projected variables of a climate change scenario. These are 

calculated from numerical models provided by GCMs, which 

represent physical processes in the atmosphere, ocean, 

cryosphere, and land surface, using CMIP models as a 

reference. Compared to similar tools that employ this 

"morphing" mathematical adjustment, Future Weather 

Generator was selected for its greater advantages, including its 

open-source nature and updated GCM models (based on 

CMIP6, which includes EC-Earth3 among others), providing 

recent baseline data and future projections, as well as higher 

spatial resolution. Specifically, the SSPs defined by Future 

Weather Generator are:  

• SSP1-2.6: Sustainability, "Green Road": Global CO2

emissions are drastically reduced, reaching net zero after

2050. Temperatures stabilize at around 1.8 °C higher by

the end of the century.

• SSP2-4.5: "Middle of the Road": Global CO2 emissions

will not reach net zero by 2100. Temperatures will

increase by 2.7 °C by the end of the century.

• SSP3-7.0: Regional Rivalry, "Rocky Road": Global CO2 

emissions will approximately double from current levels

by 2100. By the end of the century, average temperatures

will have increased by 3.6 °C.

• SSP5-8.5: Fossil-fueled Development, "Taking the

Highway": Current CO2 emission levels will

approximately double by 2050. By 2100, the global

average temperature will increase to 4.4 °C.

This tool requires climate files in EnergyPlus Weather file 

(.epw) format. Therefore, the TMYe climate file was converted 

to this format using EnergyPlus's "Weather Statistics and 

Conversions" software (Programs, 2022).  

C. Analysis of Climate Change Impact

Based on these SSP projections, their potential impacts at the

climatic, urban, and building levels have been studied using 

various indicators related to climate change, human health, and 

energy demand. To achieve this, different indices have been 

analysed, combining the various base climates (TMYe and 

IWEC) and SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and 

SSP5-8.5), as well as their projections for 2050 and 2080. 

At the climatic level, this evaluation was conducted using the 

climate indices defined in the European Climate Assessment & 

Dataset Project (ECA&D), which allow for the quantification 

and harmonization of historical, present, and future climate 

trends [46]. Due to their relevance to this study, the following 

indicators have been defined: 

• Extreme Temperature Range (ETR): Provides information

on extreme temperature variability in a given area. Its

calculation is established by the difference between the

daily maximum and minimum temperatures for a specific

period.

• Tropical Nights (TR): Used to evaluate the impact of

climate change on night-time temperatures. It is defined as

the number of nights in a specific period (usually a year)

where the minimum temperature does not drop below

20°C.

• Summer Days (SU): Analyses extreme heat conditions

during summer. It is defined as the number of days in a

given period where the daily maximum temperature

exceeds 25°C.

• Frost Days (FD): Defines extreme cold conditions. It is

calculated by counting the number of days where the daily

minimum temperature is below 0°C in a given period.

At the urban level, outdoor thermal comfort has been studied, 

as it is of great importance for urban planning, architectural 

design, landscape design, transportation, tourism, and urban 

health, among others. ASHRAE defines thermal comfort as the 

mental condition that expresses satisfaction with the thermal 

environment (ASHRAE, 2017). Outdoor thermal comfort is a 

complex concept affected by many factors, including the 

environment, the individual, and psychology (Lai et al., 2020). 

Among these, environmental factors such as radiation, wind, 

temperature, and humidity directly affect the human body's 

thermal balance and sensation (Reiter, 2004). Empirical thermal 

comfort assessment indices offer a simpler and more 

understandable calculation method compared to theoretical 

thermal comfort assessment indices. Although they have 

limitations in considering human physiology, they are 

frequently used in the early stages of comfort studies. Among 

the most common empirical methodologies for studying heat 

stress are the Heat Stress Index (HSI), the Wet Bulb Globe 

Temperature Index (WBGT), the Heat Index (HI), and the 

Discomfort Index (DI) (Liu et al., 2023). 

The Discomfort Index (DI), proposed by Thom in 1959 and 

used to evaluate the level of thermal discomfort perceived by 

people due to environmental conditions through effective 

temperature, was selected (Liu et al., 2023; Thom, 1959). This 

index is characterized by its simplicity of evaluation, which 

facilitates its calculation compared to other methods 

(Tselepidaki et al., 1992). It relates dry bulb temperature and 

relative humidity using the following formula (Equation 2): 

DI= T − (0.55 − 0.0055 × RH) × (T − 14.5)                  (Eq. 2) 

Where T is the dry bulb temperature in degrees Celsius and 

RH is the relative humidity in percentage. Based on these 

values, intensity limits are established to facilitate the 

interpretation of this value: 

• Intensity 0: DI < 21: Comfort.

• Intensity 1: 21 ≤ DI < 24: Less than half of the

population feels thermal discomfort.

• Intensity 2: 24 ≤ DI < 27: More than half of the

population feels thermal discomfort.

• Intensity 3: 27 ≤ DI < 29: Most of the population feels

thermal discomfort.

• Intensity 4: 29 ≤ DI < 32: Everyone feels severe heat

stress.

• Intensity 5: > 32: Medical emergency state.

Finally, at the building level, degree-days calculations have

Anales de Edificación, Vol. 11, Nº1, 30-41 (2025). ISSN: 2444-1309         
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been used to estimate the potential heating and cooling demands 

of buildings under climate change scenarios. This method 

quantifies the accumulation of heat or cold over time by 

calculating the differences between the measured temperature 

and a reference threshold over a specific period (Martinopoulos 

et al., 2019). The Regulation of Thermal Installations in 

Buildings (RITE, RD 1027/2007) in Spain defines design limits 

of 23-25°C for summer and 21-23°C for winter (BOE 15820, 

2007). Furthermore, the recent RD 14/2022 regulation, focused 

on defining various measures including those aimed at energy 

saving, energy efficiency, and reducing natural gas energy 

dependence, limits heating and cooling temperatures to 19°C 

and 27°C, respectively (BOE 12925, 2022). Using RD 14/2022 

as a reference, which is more aligned with current climate 

challenges, heating degree-hours (HDD) have been calculated 

for accumulated degrees below 19°C, while cooling degree-

hours (CDD) have been quantified as those above 27°C. 

III. RESULTS

Building upon the methodology described in the previous 

section, the following subsections present the climatic results 

for the updated experimental Typical Meteorological Year 

(TMYe), generated according to UNE 15927-4, and its Shared 

Socioeconomic Pathways (SSP) scenarios for 2050 and 2080. 

Additionally, the results of the climatic impact indices (ETR, 

FD, SU and TR), the urban impact index (DI), and the building 

impact indices (HDD and CDD) are described. 

A. Experimental Typical Meteorological Year (TMYe) and its

Future SSP Scenarios

This section presents data derived from Madrid's 

experimental Typical Meteorological Year (TMYe), calculated 

using CIEMAT's climate database and the UNE 15927-4 

standard. Hourly data for the main meteorological variables are 

displayed through box-and-whisker plots (boxplots), which 

allow for the identification of interquartile ranges (Q2 and Q3 

via the box, Q1 and Q4 for the whiskers), dispersion, symmetry, 

mean value (crosses), median (horizontal line), and outliers 

(points). To facilitate result comparison, values from the IWEC 

climate file, TMYe, and TMYe projections for the "Green 

Road" (SSP1-2.6), "Middle of the Road" (SSP2-4.5), "Rocky 

Road" (SSP3-7.0), and "Taking the Highway" (SSP5-8.5) 

scenarios for 2050 (top) and 2080 (bottom) have been jointly 

plotted. These results are presented at an annual level (right) 

and disaggregated seasonally (left), enabling a detailed study of 

interannual variations. 

1) Outdoor Air Temperature (Ta)

Error! Reference source not found. presents the results for

the air temperature (Ta) variable. Comparing the current IWEC 

results with the experimental TMYe, it is observed that TMYe 

presents warmer annual mean temperature values (16.0°C) 

compared to IWEC (14.3°C). This behaviour is consistent at the 

seasonal level, with mean winter values of 7.2°C and 8.7°C and 

summer values of 25.8°C and 24.0°C for TMYe and IWEC, 

respectively. Minimum hourly values reach around -3.7°C and 

maximums around 40°C for both cases. 

Analysing the TMYe projections, we observe that as 

adaptation and mitigation challenges increase, the temperature 

rises, with this behaviour becoming more pronounced over 

time. For the year 2050, annual temperature variations between 

these scenarios are clearly higher than TMYe, with annual 

mean values ranging from 17.6°C for SSP1 to 18.4°C for SSP5, 

showing similar interquartile ranges for all SSPs. In the analysis 

of the 2080 projection, these differences are much more 

noticeable, with annual mean values ranging from 18.4°C for 

SSP1 to 20.4°C for SSP5. Furthermore, in this case, the 

interquartile ranges do increase in temperature as the SSPs 

present higher levels of inaction and inequality. Performing this 

analysis at a seasonal level, we can observe slight increases in 

mean temperatures during winter months, with temperatures of 

9.3°C for SSP1 and 9.9°C for SSP5 in 2050 (ΔTa of 0.6°C and 

1.2°C). In 2080 these figures increase from 10.2°C to 11.4°C 

for SSP1 and SSP5, respectively (ΔTa of 1.4°C and 2.7°C). 

This trend gradually increases in autumn and spring. Finally, in 

the summer months, the mean temperature values are 

significantly higher. Specifically, during summer, mean 

temperature values are 28.3°C for SSP1 and 29.3°C for SSP5 

in 2050 (ΔTa of 2.6°C and 3.5°C relative to TMYe), while in 

2080 these figures increase from 29.1°C to 32.4°C for SSP1 and 

SSP5, respectively, representing a ΔTa of 3.3°C and 6.7°C 

relative to TMYe. Moreover, under the SSP5 scenario, extreme 

temperatures could reach 44.2°C in 2050 and 48.5°C in 2080. 

2) Relative Humidity (RH)

Figure 3 illustrates the results for relative humidity (RH). In

this case, IWEC shows higher annual mean humidity values of 

62%, compared to TMYe's mean of 53%. Seasonally, RH 

follows the same trend, with mean values of 70% and 62% in 

winter and 45% and 33% in summer for IWEC and TMYe, 

respectively. Maximum hourly values reach 100%, while 

minimums can drop to 12% for IWEC and 5% for TMYe. 

Focusing on the comparison of TMYe with its climate 

projections, a slight reduction in humidity is observed as 

scenarios evolve from SSP1 to SSP5, becoming somewhat 

more evident over time. For 2050, variations in relative 

humidity are minor, with annual mean values ranging from 53% 

for SSP1 to 50% for SSP5, and very similar interquartile values. 

Similarly, for 2080, annual mean RH shows ranges between 

51% for SSP1 and 49% for SSP5, with similar interquartile 

ranges. Seasonally disaggregating these data, the highest 

figures are found in winter, around 63%, with very similar RH 

Fig. 1. Air Temperature (Ta) of IWEC, TMYe climates and their SSP1-2.6, 

SSP2-4.5, SSP3-7.0 and SSP5-8.5 projections for 2050 and 2080 aggregated 

annually and seasonally.
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for all SSPs and years, practically identical to the current TMYe 

(ΔRH of 1%). This is followed by the RH values in autumn and 

spring. Conversely, summer exhibits the lowest values, where 

differences are more noticeable. RH for 2050 is 32% in SSP1 

and 29% in SSP5 (ΔRH of 1% and 4% relative to TMYe), while 

in 2080, observed variations range from 30% to 26% for SSP1 

and SSP5, respectively (ΔRH of 3% and 7% relative to TMYe). 

The maximum and minimum hourly RH values are very similar 

across all SSPs and years, reaching 100% in winter, while in 

summer; the hourly minimums are around 5%, both figures 

practically identical to TMYe. 

3) Global Horizontal Solar Radiation (Gh)

Figure 4 displays the daily global horizontal solar radiation

(Gh) values. Values above 10 W/m2 were used as reference, 

ensuring a minimum solar height. The values recorded by 

TMYe and IWEC are very similar, with annual mean values of 

386 and 379 W/m2 respectively. In both cases, maximum 

figures are reached in summer (490 W/m2 seasonal average), 

very close to values recorded in spring (437 W/m2 seasonal 

average), where daily maximums approach 1100 W/m2. In 

winter, the average seasonal radiation reduces to 280 W/m2, 

while in autumn; the minimum values are reached, averaging 

262 W/m2. Analysing the TMYe climate projections, a very 

slight increase in solar radiation can be observed, with hardly 

any variations found between the SSP scenarios and the years 

2050 and 2080. Annually, the means for all SSPs and years are 

405 W/m2. Following the same previous trend, the summer 

season presents the highest mean values (511 W/m2), followed 

by the figures shown in spring, where daily maximums are close 

to 1200 W/m2. Finally, in autumn, the average seasonal value 

decreases to 285 W/m2. 

4) Wind Velocity (Wv)

Figure 5 describes the wind velocity (Wv). The annual mean

values for TMYe (1.39 m/s) are lower than those for IWEC 

(2.44 m/s). In autumn, both show the lowest values: 1.38 m/s 

for TMYe and 1.15 m/s for IWEC. Maximum values vary 

seasonally, with the highest mean values recorded in spring for 

TMYe (1.60 m/s) and in winter for IWEC. The SSP projections 

are similar to TMYe, with slight differences in the SSP5 

scenario, especially in autumn, with mean minimums of 1.1 

m/s. 

B. Climatic, Urban, and Building Impact Indicators

This section presents the results obtained from the study of

each selected indicator used to evaluate the impact of the 

current climate and its SSP projections. 

1) Climatic Indicators: Meteorological Variable Trends.

Following the methodology defined by the ECA&D, Figure

6 illustrates the climatic indices ETR, FD, SU, and TR for the 

IWEC and TMYe climate files and their SSP1-2.6, SSP2-4.5, 

SSP3-7.0, and SSP5-8.5 projections for 2050 (top) and 2080 

(bottom). 

For the ETR indicator, values provided by IWEC are 

considerably higher than the experimental TMYe values, with 

differences of 22.8°C compared to 19.0°C, respectively. 

Analysis of ETR for the TMYe's SSP scenarios reveals that the 

extreme temperature range increases as the SSPs present greater 

challenges, reaching 19.5°C in SSP5 by 2050. This trend 

intensifies in the 2080 projection, peaking at 20.5°C in SSP3, 

where it appears to begin a decline in SSP5. 

Regarding the TR indicator, significant differences are 

observed when comparing the 12 TRs of IWEC with the 41 

obtained for TMYe. Examining this behaviour across different 

SSPs, these figures increase from 75 to 88 TR for SSP1 and 

SSP5 in 2050, respectively, and further to 83 and 108 for SSP1 

and SSP5 in 2080. Notably, these increases in 2080 are largely 

due to the rise in TR primarily in spring, but also in autumn 

(totalling 26 TR for SSP5 in 2080).  

Conversely, the number of SU for current climates is similar, 

being slightly higher for TMYe with 125 days compared to 

Fig. 2. Relative Humidity (RH) of IWEC, TMYe climates and their SSP1-2.6, 

SSP2-4.5, SSP3-7.0 and SSP5-8.5 projections for 2050 and 2080 aggregated 

annually and seasonally.

Fig. 3. Global Horizontal Solar Radiation (Gh) of IWEC, TMYe climates and 

their SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 projections for 2050 and 

2080 aggregated annually and seasonally.

Fig. 4. Wind Velocity (Wv) of IWEC, TMYe climates and their SSP1-2.6, 

SSP2-4.5, SSP3-7.0 and SSP5-8.5 projections for 2050 and 2080 aggregated 

annually and seasonally.
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IWEC's 117 days. In addition to SUs occurring almost 

throughout the summer period, summer days are also observed 

in spring and autumn. The SSP trends show significantly higher 

annual numbers compared to TMYe, with figures of 151 and 

173 for SSP1 and SSP5, respectively, in 2050, increasing to 167 

for SSP1 and 186 for SSP5 in 2080. For these future scenarios, 

SUs also cover practically the entire summer period (90 days), 

and the notably high number of summer days during spring and 

autumn is significant. In the 2050 projections, SU values are 

around 50 days in spring and 20 in autumn. In 2080, these 

values would increase to close to 60 in spring and 30 in autumn, 

with even a slight occurrence of summer days in winter. 

Finally, for the analysis of FD, the IWEC climate file shows 

very high values compared to the experimental file. Annually, 

the FD indicator is 47 days for IWEC, with frost days found 

primarily in winter, but also in spring and autumn. However, 

the TMYe file only presents 13 FD in winter, significantly 

lower than IWEC. Similar to TMYe, the SSP projections only 

show FD values in winter. In 2050, these figures are very 

similar to TMYe, while in 2080, they decrease to a minimum of 

7 FD for SSP5. 

2) Urban Indicator: Outdoor Thermal Comfort

The potential impact of climate change at the urban level has

been quantified using the Discomfort Index (DI). Figure 7 

presents these results, expressing the percentage of hours in 

comfort or heat discomfort, specifying different intensities.  

The TMYe climate file shows slightly higher values of 

outdoor heat discomfort compared to the IWEC climate, with 

annual values of 17% and 14%, respectively. Disaggregating 

these data seasonally, these figures intensify significantly in 

summer, reaching heat discomfort percentages of 47% for 

IWEC and 57% for TMYe. Various intensities of thermal 

discomfort are observed: Intensity 1, less than half of the 

population experiences heat discomfort (28% and 41% for 

IWEC and TMYe, respectively); Intensity 2, more than half of 

the population experiences heat discomfort (around 18% in 

both cases); and even percentages of Intensity 3, where most of 

the population feels heat stress. It is worth noting that values 

close to 10% thermal discomfort are also observed for both 

climates in spring. 

When examining the TMYe's SSP climate trends, increases 

in thermal discomfort percentages are observed, ranging from 

25% to 28% in 2050 and from 27% to 35% in 2080. It is 

important to mention that these figures for thermal discomfort 

increase notably in summer, reaching values around 75% in 

2050 and even 91% in 2080 for SSP5. This discomfort presents 

different intensities according to its classification: for 2050, the 

percentages where less than half of the population experiences 

heat discomfort (Intensity 1), as well as where more than half 

of the population experiences heat discomfort (Intensity 2), are 

close to 40%, showing slight values where most of the 

population would feel heat stress (Intensity 3). However, in 

2080, the comfort percentages for TMYe's SSPs decrease 

drastically, with minimums in SSP5 of 9%. In this case, the 

percentage of hours where most of the population experiences 

heat discomfort (Intensity 3) is clearly higher, with ranges from 

4% to 21% for SSP1 and SSP5, respectively. Although 

minimal, there are even instances where everyone experiences 

discomfort (Intensity 4). 

Given these future projections, it should be highlighted that 

this thermal discomfort is also present in spring and autumn, 

with average values for 2050 of 17% and 7% respectively. This 

situation becomes more acute in 2080, with these figures 

increasing to 22% in spring, where percentages where most of 

the population would feel heat stress (Intensity 3) are also 

present, and 12% for the autumn period. 

3) Building Indicator: Energy Demand.

Finally, this section aims to estimate the intensity of building

energy demands. Figure 8 shows the heating degree-hours 

(HDD) and cooling degree-hours (CDD), where annually, 

significantly higher HDD values are observed compared to 

CDD. In the comparison of current climates, this proportion is

94% HDD versus 6% CDD. Specifically, the HDD value is

approximately 10000°C higher for IWEC (56405°C) compared

to TMYe (46470°C), while the CDD value is about 800°C

lower for IWEC (3226°C) compared to TMYe (4647°C).

Seasonally, disaggregating these values, it is observed that

almost all CDD occur in summer.

Evaluating future SSP climate trends for TMYe reveals a 

shift: as SSPs present greater challenges, heating demands 

decrease while cooling demands increase. For 2050, the HDD-

CDD proportion drops from 85-15% in SSP1 to 80-20% in 

SSP5. This trend becomes more pronounced in 2080, with SSP1 

at 81-19% and SSP5 reaching 66-34%. 

Specifically, for 2050, the HDD indicator decreases from 

40350°C to 37567°C for SSP1 and SSP5 respectively 

(approximately 13% less than TMYe). Conversely, CDD would 

increase from 7360°C in SSP1 to 9146°C in SSP5, 180% and 

225% more than for TMYe. In this instance, part of this increase 

Fig. 5. Climatic indicators of Extreme Temperature Range (ETR), Frost Days 

(FD), Summer Days (SU), and Tropical Nights (TR) for IWEC, TMYe climate 

files and their SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 projections for 

2050 (top) and 2080 (bottom).

Fig. 6. Values of the urban outdoor thermal comfort indicator Discomfort 

Index (DI) for IWEC, TMYe climate files and their SSP1-2.6, SSP2-4.5, 

SSP3-7.0, and SSP5-8.5 projections for 2050 (top) and 2080 (bottom).
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in CDD is due not only to the values found in summer but also 

in spring, accounting for almost 8% of the annual CDD. For 

2080, HDD would range from 37118°C to 30561°C in SSP1 

and SSP5 respectively. The CDD value, however, would reach 

up to 8848°C in SSP1 and 15686°C in SSP5, implying an 

increase of 336% compared to the current TMYe. In this case, 

the annual contribution to the annual CDD indicator from 

spring data is 11%.   

C. Discussion of results

Given current climatic trends, it is crucial to define validated

models that enable the projection of future scenarios to establish 

effective adaptation and mitigation strategies. In this regard, the 

proposed methodology offers significant value by providing 

experimental data of key meteorological variables for the city 

of Madrid since 2008. Notably, it includes radiation and wind 

data, which, despite being crucial for climate definition, are not 

as frequently recorded. Pyranometers and anemometers are 

delicate, costly instruments, and their proper placement and 

calibration present significant technical and operational 

challenges (WMO-No. 8, 2012). This climate database has 

allowed for the generation of an experimental Typical 

Meteorological Year (TMYe) according to UNE-15927-

4:2011, utilizing more recent records than those used for the 

IWEC climate file. This is highly relevant for capturing climatic 

trends of the last decade. This evidence is seen in the 

comparison of TMYe with the reference IWEC climate file, 

where IWEC shows Ta values that are 1.7°C lower, while RH 

figures are 9 points higher. This climatic trend, characterized by 

higher temperatures and drier environments, aligns with climate 

evolution studies and the microclimatic modifications observed 

in urban settings (Castro Medina et al., 2024; López-Moreno et 

al., 2020).  

However, the proposed methodology might have some 

limitations in recording extreme climatic events. Firstly, the 

TMY method, used to define both IWEC and TMYe files, relies 

on selecting months closest to the average of the studied series. 

Additionally, the meteorological stations used for generating 

the experimental climate database are located in an area with 

low building density compared to other parts of the city. 

Consequently, for extreme climatic situations like droughts or 

heatwaves, which are predicted to be more frequent, intense, 

and prolonged, as well as in urban areas with higher building 

density, the obtained results might be altered. Specifically, Ta 

and Gh values would be higher, while RH and Wv would 

decrease, exacerbating the results obtained in the analysis of 

climatic, urban, and building indicators.  

Another possible limitation is related to the climatic 

definition of future scenarios. Firstly, the "morphing" 

mathematical model might underestimate the increasing 

severity of extreme weather and its frequency, or it might not 

guarantee the consistency of the relationship between some 

climatic variables. However, for studying building energy 

performance or long-term thermal comfort, as in the present 

study, this restriction would not be as evident (Eames et al., 

2012; Jentsch et al., 2013). Conversely, this model offers a 

computationally efficient solution, providing hourly climate 

data without the need for simulation adjustment (bias 

correction) and with less spatial and temporal data. 

Furthermore, despite the complexity of the CMIP6 model, SSPs 

still simplify many aspects of socioeconomic, political, and 

climate change development, which can lead to an incomplete 

representation of reality and long-term uncertainties. 

Nevertheless, the CMIP6 calculation engine is currently the 

best available toolset for understanding and projecting changes 

in the climate system (IPCC, 2021). 

From the perspective of the variables represented in the 

TMYe, temperature and humidity show very significant 

changes in current climatic trends, compared to radiation and 

wind speed. Moreover, while Gh is practically the same in 

TMYe and IWEC, the wind speed variable for TMYe is 

approximately half that of IWEC. This highlights the relevance 

of this variable at the microclimatic level, although its 

variations might not be as crucial for future scenarios, as there 

is hardly any variability among SSPs and years. 

It is noteworthy that studying seasonal climate variability 

significantly helps in quantifying current and future climate 

behaviour. Likewise, it is crucial to consider not only mean 

values but also their variability in studies, especially in future 

scenarios. For instance, in the case of Ta, in addition to clear 

average differences between summer and winter, the annual 

interquartile ranges in 2050 are very similar, unlike those 

shown both annually and seasonally in 2080. Related to this 

idea, the selected indicators for the study, despite being simple 

methods, prove very interesting as they allow for the 

quantification of these fluctuations. Conversely, for a more 

exhaustive analysis of thermal comfort and building energy 

demand, it would be necessary to use other methodologies that 

consider the physical reactions of individuals, as well as urban, 

morphological, and building factors (Garshasbi et al., 2020). 

IV. CONCLUSIONS

The present methodology provides a robust estimation of 

climate evolution and the climatic, urban, and building-level 

impacts of climate change.  

Among the main conclusions of this study is the generation 

and processing of a climate database, with over 10 years of 

records, which enabled the creation of an experimental Typical 

Meteorological Year (TMYe) for Madrid, using UNE-15927-

4:2011. This TMYe shows annual mean values of outdoor air 

temperature (Ta) of 16.0°C, relative humidity (RH) of 53%, 

Fig. 7. Values of heating degree-hours (HDD) and cooling degree-hours 

(CDD) for IWEC, TMYe climate files and their SSP1-2.6, SSP2-4.5, SSP3-

7.0, and SSP5-8.5 projections for 2050 (right) and 2080 (left).
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global horizontal solar radiation (Gh) of 386 W/m2, and wind 

velocity (Wv) of 1.39 m/s. 

Compared to widely used climate files like IWEC, provided 

by EnergyPlus for Madrid, the TMYe better reflects current 

climate evolution. This is because its calculation is based on 

updated variables and an urban context within the city. 

Consequently, the TMYe indicates a climate that is 1.7°C 

warmer and 3 percentage points drier than IWEC, with slightly 

higher radiation (7 W/m2) and a clear reduction in wind 

intensity of 1.4 m/s. This trend is more evident in summer, with 

TMYe mean values of 25.8°C for Ta, 33% for RH, 494 W/m2 

for Gh, and 1.5 m/s for Wv. This trend is slightly discernible in 

spring and autumn, but less pronounced in winter. 

Shared Socioeconomic Pathways (SSPs), which consider 

both climatic and socioeconomic factors, were used for the 

future climatic quantification of the TMYe. For this purpose, 

the Future Weather Generator tool, based on the "morphing" 

modelling of SSP1 to SSP5 scenarios and projections for 2050 

and 2080, was applied. 

From the study of climatic projections, it is concluded that as 

SSPs present greater challenges, Ta is clearly higher, while RH, 

Gh, and Wv do not appear to be as significantly impacted. 

Annually, these values are around 18°C, 51%, 402 W/m2, and 

1.39 m/s for 2050. However, for the 2080 projection, these 

figures vary from 18.4°C to 20.41°C for Ta, and from 51% to 

48% for RH in SSP1 to SSP5 scenarios, respectively. 

Conversely, the annual values of Gh and Wv are very similar, 

around 408 W/m2 and 1.38 m/s. Notably, high temperatures and 

low humidity are obtained for the summer months, with 

seasonal averages of 28.8°C and 30% in 2050, potentially 

reaching 32.4°C and 26% in 2080 for SSP5. 

Furthermore, to understand the implications of these 

meteorological variables, various indices were employed. At 

the climatic level, the TMYe file shows a notable decrease in 

the Extreme Temperature Range (ETR) compared to IWEC; 

however, it presents a higher number of Tropical Nights (TR) 

and Summer Days (SU), while Frost Days (FD) are 

significantly lower. For TMYe, ETR is 19°C, with similar 

values in SSPs for 2050 and around 20°C in 2080. The number 

of TR and SU for IWEC is 40 and 125, respectively. In the 2050 

projection, these figures increase to 82 and 163 days, continuing 

their rise in 2080, reaching maximums of 108 TR and 186 SU 

in the 2080 scenario. It is very noticeable that this increase is 

largely due to data obtained not only in summer but also in 

spring and autumn. Finally, FD shows values similar to TMYe 

in 2050, and in 2080 they decrease until frost days disappear in 

SSP5. 

In the analysis of outdoor thermal comfort, the TMYe file 

shows slightly higher outdoor heat discomfort values than the 

IWEC climate (annual values of 17% and 14% respectively). 

Climate projections indicate that thermal discomfort will 

increase in the future, reaching an annual level of 26% in 2050 

and 32% in 2080. Moreover, in summer, it will increase to 77% 

and 85% for 2050 and 2080, showing intensities where most of 

the population suffers from heat discomfort. It is important to 

highlight that thermal discomfort will also be present in spring 

and autumn, with significant increases projected for 2050 and 

2080. 

Building energy demand indicators reveal that, compared to 

IWEC, TMYe shows lower heating degree-hours (HDD) and 

higher cooling degree-hours (CDD). The total HDD-CDD 

proportion is 95-5% for TMYe and 92-8% for IWEC, 

respectively. In the future, this trend is expected to continue; by 

2050, a 13% decrease in HDD is projected, and CDD would 

increase by up to 225%. By 2080, HDD would reduce even 

further, and CDD would increase by up to 336%, with both 

cases including contributions from spring, which could account 

for up to 11% in 2080. 

Finally, it is important to emphasize that the values obtained 

for SSP5 scenarios in 2050 are, in all cases, very similar to those 

shown for SSP1 in 2080. This indicates that inaction in 

implementing fair and accessible policies to limit current 

climatic trends could accelerate the effects of climate change by 

30 years. To address this situation, the findings derived from 

this research serve as a basis for fostering adapted climate 

change mitigation plans, grounded in urban resilience, energy 

rehabilitation, and sustainable development. Therefore, the 

obtained results can be very useful for stakeholders involved in 

climate-responsible design and sustainable urban development. 
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