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Abstract: The growing concern about global climate change extends to different professional sectors.
In the building industry, the energy consumption of buildings becomes a factor susceptible to change
due to the direct relationship between the outside temperature and the energy needed to cool and
heat the internal space. This document aims to estimate the energy consumption of a Minimum
Energy Building (MEB) in different scenarios—past, present, and future—in the subtropical climate
typical of seaside cities in Southern Spain. The building energy consumption has been predicted
using dynamic building energy simulation software tools. Projected climate data were obtained in
four time periods (Historical, the 2020s, 2050s, and 2080s), based on four emission scenarios defined
by the Intergovernmental Panel on Climate Change (IPCC): B1, B2, A2, A1F1. This methodology has
been mathematically complemented to obtain data in closer time frames (2025 and 2030). In addition,
different mitigation strategies have been proposed to counteract the impact of climate change in the
distant future. The different energy simulations carried on show clearly future trends of growth in
total building energy consumption and how current building designers could be underestimating
the problem of air conditioning needs in the subtropical zone. Electricity demand for heating is
expected to decrease almost completely, while electricity demand for cooling increases considerably.
The changes predicted are significant in all scenarios and periods, concluding an increase of between
28–51% in total primary energy consumption during the building life cycle. The proposed mitigation
strategies show improvements in energy demands in a range of 11–14% and they could be considered
in the initial stages of project design or incorporated in the future as the impact of climate change
becomes more pronounced.

Keywords: global warming; climate change; building energy simulation; building energy
consumption; green-house gas emission; energy impacts; MEB; uhuMEB

1. Introduction

Climate change is one of the greatest challenges facing humanity. Greenhouse gas (GHG) emissions
are growing at an alarming rate and this rising trend is associated with human activities. The building
industry generates up to one third of total greenhouse gas emissions, mainly due to the burning of
fossil fuels in its operation, being responsible for at least 40% of the total energy consumption in the
European Union (EU) [1]. Faced with this problem, the countries of the European Union are orienting
their electricity systems towards sustainable energy models. In the case of Spain, the energy mix of
renewable energies shows that there is a strong commitment to renewable while at the same time
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progress is being made in the process of decarbonization. In fact, by 2019 the increase in renewable
installed capacity has meant that for the first time these technologies will reach 50% of the country’s
total generating capacity (110 GW in total) (Figure 1) [2]. However, achieving 100% green energy
generation to successfully combat climate change is a current challenge and the effects of climate
change are already present in the environment.
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One of the main consequences of climate change is global warming: the Intergovernmental Panel
on Climate Change (IPCC) estimates a temperature increase of 1–7 ◦C during the period 1960–2100
using various GHG emission scenarios [3]. Due to global warming, buildings are changing their
energy demands to satisfy the internal comfort needs of its inhabitants. These changes in terms
of energy depend mainly on the geographical region and the type of climate. From a global and
long-term perspective, the negative impact of climate change will be more pronounced in warm
climates, where increasing cooling energy will be much larger and not balanced with the reduction
for heating. In cold or very cold climates, the decrease in energy for heating will largely exceed the
increase in energy for cooling [4]. This trend will be similar in temperate climates, where the reduction
in the size of the heating demand is estimated to be 20% while the increase in the size of the cooling
demand will be 5% in the mid-21st century [5,6].

In the subtropical climate area, the construction GHG emissions rate is constantly growing due to
the rising energy consumption of many existing buildings. For this reason, it is urgent to study the real
impact of climate change on different climates from a regional perspective in order to create a common
and strategic approach that makes existing buildings and new ones more energy efficient. This would
enable architects to optimize buildings’ energy demands and reduce the CO2 emissions generated.

Research about the impact of climate change on the energy consumption of buildings has been
carried out since 1995 [7]. The common methodology to evaluate it is to input a file of projected future
weather and a building model into an energy simulation software. The diversity of future weather
data sources, type of buildings, and simulation tools that have been used in different combinations to
calculate future energy consumptions in different regions around the world is significant: Lam et al. [8],
Wan et al. [9], Chan [10], Li et al. [11], Wan et al. [12] examined how climate change will impact
in different cities in China; Wang and Chen [13], Wang et al. [14], and Shen [15] examined how it
would impact in the United States; Mavrogianni et al. [16] and Sanders and Phillipson [17] examined
how it would impact the United Kingdom; Dodoo et al. [18] and Nik and Sasic Kalagasidis [19]
carried out a case study set in North Europe; Camilleri et al. [20] and Wang et al. [21] examined
the same issue in different cities in Australia; Rubio-Bellido et al. [22] conducted research in Chile,
and Ouedraogo et al. [23] in Burkina Faso.

https://www.ree.es/es
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These studies suggest that the impact of climate change will reduce the imbalance of energy use
in residential buildings located in cold and hot climate regions. Currently, buildings located in cold
regions use more energy to heat spaces than to cool them. The opposite is the case for buildings located
in hot regions. The impact of climate change will increase the temperature in all regions, so buildings
located in cold regions will have to adapt their consumption pattern as their cooling requirements
increase. In cities located in hot regions, heating requirements (which are already low today) will
gradually be reduced completely.

Increases in total consumption of energy about 8.1–14.3% in office buildings and about 24% in
residential building are estimated in the subtropical climate of Hong Kong for the 2100 scenario [9,10].
This pattern is repeated in cities located in the US, where office buildings will raise its energy
consumption in a range of 11–16.4% while residential buildings in a range of 36.4% for the 2080
scenario [14,15]. These results show that the design and function of the building are keys to study the
impact of climate change. Some adaptation measures related to the thermal envelope, the efficiency
and control of the heating, ventilation air conditioning (HVAC) systems, and the range of internal
comfort temperatures were analysed and validated to counteract the impact of climate change in these
buildings. It can be noticed that this topic is now a very important focus of study of the international
scientific community.

The latest studies use weather generator tools that are freely accessible on the Internet and provide
future climate data with an already intrinsic mathematical methodology to downscale the data, saving
the researcher’s time in the process of generating data. Moazami et al. [24] concluded that only weather
archives generated on a dynamic downscaling basis and including typical and extreme conditions
are best suited to test the energy robustness of buildings in future climate uncertainties. The most
known weather data generators software tools are: WeatherShiftTM [25], CCWorldWeatherGenTM [26]
and WeatherMorph: Climate Change Weather File GeneratorTM [27]. These websites processes
historical weather files (in .EPW, .TMY2 or .TMY3 extensions) that are commonly used to perform
energy consumption simulations. These files collect climatological data in hourly values of different
meteorological parameters (such as dry bulb temperature, relative humidity, solar radiation, and wind
speed) measured over more than 10 years and represented in a representative year [28]. Through a
performance of several calculations applying automatically a morphing method [29], these software
tools produce future weather files intended to be used in building energy consumption simulation
programs. The differences between them were studied by Moazami et al. [30], finding few specifies in
the results they provide.

Jiang et al. [31] and Ciancio et al. [32] used these software packages to evaluate the future climate
data of a few cities, concluding that winters in 2050 will have milder temperatures. Such conditions
will be advantageous in terms of energy for northern regions where there will be considerable savings
for heating consumption. However, over the summer, European continental countries will experience
an increase in cooling energy demands. Cities located in southern Europe will experience long
and frequent periods of intense summer heat where the power of the air conditioning currently
installed will be insufficient. Some research in this regard has been carried out in southern Europe
and northern Africa: Barbosa et al. [33] and Andric et al. [34] in Lisbon; Kapsomenakis et al. [35] in
Greece; Pierangioli et al. [36] in Italy; Peng and Elwan [37] in Egypt; and Imessad et al. [38] in Argel.
The investigations located in Greece and Italy suggest that cooling demand will increase in a range of
15–30% in buildings located in the Mediterranean climate for 2050 scenario [36,37].

In Spain, Rey Hernández et al. [39] used these softwares to estimate how climate change will
impact in Valladolid. Cellura et al. [40] and Pérez-Andreu et al. [41] examined the same issue in some
buildings located in Valencia. They concluded that future scenarios predict an increase in cooling
consumption which could be mitigated by measures such as reducing air infiltration, reducing the
thermal transmittance of the envelope, decreasing the window to wall ratio, increasing sun shading,
and improving the performance of HVAC systems. Suarez et al. [42] carried out a case study set
in Cordoba and Escandon et al. [43] in Seville. Both investigations studied energy performance of
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residential buildings in 2050 and showed an increase in cooling consumption of 50%. Climate change
will increase the average percentage of hours of thermal discomfort by [43] in Seville.

This paper presents research focused on assessing the impact of climate change on a single-family
house located in a subtropical climate: the city of Málaga in Southern Spain. It should be noted that
in Spain, the energy demand for the set of single-family homes is proportionally higher than that
of apartment buildings. Single-family houses represent only 33% of the total number of residential
buildings, but their energy consumption represents 46% of the total energy of the sector, compared with
the 53% of the apartment buildings [44]. The dwelling studied has been designed to be passive
and highly energy efficient, meeting the requirements established by the uhuMEB standard [45–47]
(a methodology that supports the design and construction of minimum energy buildings (MEB) in
subtropical climates).

This research aims to study the evolution of energy consumption of buildings in subtropical areas,
from designs and constructions with 2020 climate standards, regardless of global warming scenarios.
This topic that has not been previously studied in subtropical latitudes. As a case study, the research is
focused on Málaga, a typical seaside city in Southern Spain. In it, following the IPCC, an estimate is
made of its climatic evolution as well as the energy consumption derived in a MEB in different future
scenarios. In addition to studying the impact of climate change on the MEB, this research is completed
with the proposal of different strategies to mitigate significant increases in energy consumption
and CO2 emissions from the building. These strategies are proposed for the predictable worst-case
scenario (2080 scenario), although they can already be applied today, and are based on improving the
efficiency of heating and cooling devices, limiting the flow of air renewal through CO2 sensors and the
improvement of the thermal and hermetic properties of the external envelope.

The aim of this research is that all its results can be used by the scientific community,
building professionals, and policymakers to provide guidelines and incentives for efficient construction
to reduce as much as possible the current and future polluting emissions generated by this sector.

This paper lays as follows: Section 2 describes the materials and whole methodology used in
this research so that it can be easily reproduced. It includes the energy simulation algorithm and a
complete description of the case study in which this research is based. Section 3 shows, applied to
the case study, the results in terms of climate conditions, energy consumption, and CO2 emissions for
historical and new scenarios and sub-scenarios (from 2020 to 2080). Section 3 also includes the results
as a consequence of several proposals of the building adaptation strategies to mitigate the impact of
climate change in energy consumption in the distant future. Section 4 discusses the obtained results
and Section 5 provides the main conclusions derived from the carried on research. The paper includes
an Appendix A that collects all the data used in this research.

2. Materials and Methods

This section contains the materials and methods used in this research. The advanced energy
simulation software DesignBuilderTM (Aurea consulting, Madrid, Spain) V4.7.0.27 (DB)—which runs
EnergyPlusTM as the data calculation engine—was used to calculate the building energy performance.
DesignBuilderTM was chosen because it can simulate the current environmental and energy performance
of buildings, including energy consumption, CO2 emissions, and indoor hygrothermal conditions.
In addition, this tool allows to estimate the size of heating and cooling systems by the ASHRAE heat
balance method and provides specific comfort models. EnergyPlusTM has been tested and validated
by ANSI/ASHRAE standards and is commonly used by the scientific community [48].

ElementsTM V1.0.6 tool, developed by Big Ladder Software (Los Angeles, CA, USA) with the
collaboration of the Rocky Mountain Institute (Basalt, CO, USA), was used to analyze climate parameters
variations from the weather files of the studied location. This tool allows the visualization, creation,
and edition of meteorological files with an .EPW extension for buildings energy models.
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Given the values gathered in the energy simulations of the case study and the variations of the
meteorological parameters of Málaga’s climate, MatlabTM R2020a was used to interpolate new data
points of consumption and climate.

2.1. Methodology

2.1.1. Acquisition of Historical Climate Data

Spanish Weather for Energy Calculations’ (SWEC’s) climate files were used for the specific location
of this research. SWEC provides 52 weather files, one for each Spanish provincial capital, which were
generated using historical meteorological data from the Spanish National Institute of Meteorology.
In particular, the Málaga climate file (in .EPW and .TMY2 extensions) collects climate data measured
between 1961 and 1990 that is synthesized into a single representative year. This file was used to
carry out a first simulation of energy consumption and is called historical scenario in the Section 3.
It is used as a reference point to compare future consumption due to the impact of climate change.
The climatic parameters provided by this file were evaluated using the ElementsTM tool. The software
for generating future climate data also required this historical climate file.

In an international context, it is possible to obtain climate files from different sources depending
on the country of origin or the simulation package used. Solar and Wind Energy Resource Assessment
(SWERA), funded by the United Nations Environment Program, provides typical weather data for
156 locations in 14 countries. International Weather for Energy Calculations (IWEC), from Numerical
Logics and Bodycote Materials Testing Canada, provides typical weather files for 227 locations
worldwide. All these historical climate files are available on the EnergyPlusTM website [49] created by
the United States Department of Energy (DOE, Washington DC, USA).

2.1.2. Acquisition of Present and Future Climate Data

The process of generating present and future climate files was done using Weather Morph:
Climate Change Weather File GeneratorTM, available on the internet, and free of charge [27].
In comparison with the tools cited in the previous section (WeatherShiftTM y CCWorldWeatherGenTM),
Weather Morph: Climate Change Weather File GeneratorTM was chosen because it allows the generation
of future climate data in more experimental sub-scenarios. On the one hand, WeatherShiftTM provides
future weather data in two emission sub-scenarios for the years 2035, 2065 and 2090. On the other
hand, CCWorldWeatherGenTM also provides future meteorological data in only two future emission
sub-scenarios (in this case for the years 2020, 2050 and 2080) [30]. The chosen tool Weather Morph
enables the simulation of climate data in four sub-scenarios of future emissions by extending the
range of results. In fact, this software was developed employing the ideas and methodology behind
CCWorldWeatherGenTM, improving its efficiency with an overall reduction in the time taken to perform
the calculations. Weather Morph uses a global circulation model (GCM) to produce future climate
predictions: HadCM3 comes preloaded; it is based on the model from the UK Met Office’s Hadley
Centre [50,51].

Weather Morph allows the simulation of a locality climate in three scenarios (2020, 2050, and 2080)
and in four GHG emission sub-scenarios experienced and reported by the IPCC (B1, B2, A2 and A1F1).
These emission sub-scenarios have been widely used by the scientific community in the previously
exposed literature to analyze the future buildings’ energy demands. These sub-scenarios are based on
social trends, economic growth, technological development, and demographic factors. Sub-scenario B1
(low impact) is the most favorable; its simulation is based on a more homogeneous society involved in
global sustainability. It emphasizes global solutions to economic, social, and environmental problems.
Sub-scenario B2 (medium-low impact) focuses on a more fragmented society, which is involved in
environmental sustainability and prefers to solve local rather than global problems. Sub-scenario
A2 (medium-high impact) simulates a segmented society based on self-sufficiency, where economic
growth is regional and technological development is slower than in other families of scenarios. Finally,
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A1F1 (high impact) is the most pessimistic sub-scenario, which is characterized by rapid global
economic growth and continued use of fossil fuels in a homogeneous society [52].

Thus, twelve future climate files were obtained in different scenarios and sub-scenarios depending
on the social, economic, technological, and demographic progress of the planet. These files were used
to carry out present and future simulations of energy consumption and are referred to as 2020 scenario,
2050 scenario, and 2080 scenario in this research. The climatic parameters provided by these files were
also evaluated using the ElementsTM tool and are shown in the first part of the results. In this section
the changes in the average temperature and relative humidity of Málaga are analysed.

2.1.3. Production of Climate and Consumption Data in the Near Future

Once the climate data and the data from the energy simulations for the years 2020, 2050 and 2080
were obtained, the variation in the climate and the energy consumption pattern in each year within
this time range was calculated. MatLabTM was used to interpolate new data points of consumption
and climate in the near future. A polynomial interpolation between the known data was carried out to
estimate the values in the next years.

A polynomial interpolation is a method of estimating values between known data points, i.e.,
given n + 1 distinct points x0, x1, . . . , xn and corresponding values y0, y1, . . . , yn, there exists a unique
polynomial of degree at most n that interpolates the data {(x0, y0), . . . ,(xn, yn)} [53].

The polynomial trajectory was designed between the 2020, 2050 and 2080 data of each variable
(in each sub-scenario): average temperature, relative humidity, heating and cooling consumption,
and CO2 emissions. After prefixing the known set of points in the plane, the command polyfit and
polyval was used for their graphic representation.

P = polyfit(x,y,n) returns the coefficients for a polynomial p(x) of degree n which is the best solution
(in the sense of least squares) for the data of y. The coefficients of p are in descending powers and the
length of p is n + 1 [54].

p(x) = p1xn + p2xn−1 + ... + pnx + pn+1

The polynomial path that passed through the set of points was calculated. In this way, an
approximation of the evolution of the annual scenario until 2080 was obtained. Assuming the logical
uncertainty of very long-term scenarios, the interest was focused on the next decade. From the
mathematical functions generated, data for the years 2025 and 2030 were extracted and plotted
alongside the data for the baseline years. These are referred to as the 2025 scenario and the 2030
scenario in this research.

2.1.4. Case Study

The methodology proposed in this work has been applied in the energy simulation of a single-family
house located in a residential neighbourhood in the metropolitan area of the city of Málaga, in southern
Spain. It is a 3-storey residential building which was modelled in DesignBuilderTM (Figure 2). It has
a total constructed area of 291 m2 distributed in two floors above ground and one buried level.
The useful area is of 238 m2 distributed in a leisure area, a laundry room, and a home office with a
complete bathroom with sauna in the basement; a kitchen, a living room with a toilet on the ground
floor; and three double rooms with integrated bathrooms on the upper floor. The building program
was completed with an atrium in the south facade that orders the interior circulations connecting
vertically all floors. The main access to the house is made from the ground floor, although a buried
courtyard allows access inside through the basement level. The occupation of the building was set at
0.028 person/m2, which is equivalent to the capacity of the house according to the number of bedrooms
(3 bedrooms × 2 persons).
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Málaga is in the Csa climate zone according to the Köppen-Geiger climate classification [55].
This subtropical climate is characterized by hot, dry summers; mild, wet winters, and variable
temperatures and rainfall in spring and autumn. The complexity of optimizing the consumption
of a building in a subtropical climate lies in the variability of the outdoor climatic conditions. In a
cold climate, the main objective is to accumulate heat inside the building through solar radiation and
indoor thermal loads. But in subtropical climates—depending on the season—the building needs to
conserve heat or evacuate it exchanging with the outside. Due to the characteristics of this climate,
it was necessary to carefully modulate the passive and active strategies of the building to achieve the
energy efficiency established in the uhuMEB standard:

• Sun shading to prevent heat build-up from direct sunlight entering the building.
• The maximum thermal transmittance of the outer envelope (combining opaque walls and

openings), was set at Ue = 0.3 W/m2K.
• The airtightness was defined through an excellent crack template to limit the uncontrolled

infiltration airflow (equivalent to a n50 value < 0.6 h−1 EN 13829).
• The current range of indoor temperatures (20–24 ◦C) that are comfortable for users in Malaga,

was calculated using the Humphreys and Nicol [56] statistical model of adaptive comfort, with less
than a 10% of discomfort hours.

• The ventilation air conditioning (HVAC) systems were pre-sized choosing a multi-split system
(for heating and cooling), with a SCOP (Seasonal coefficient of performance) of 2.8 and a SEER
(Seasonal energy efficiency ratio) of 4.1. The house is equipped with a highly efficient heat recovery
mechanical ventilation system and a motorized natural ventilation system. The operation of
both facilities are modulated through the algorithm shown in Figure 3, which is implemented in
DesignBuilderTM and it works as follows:

(a) If the outside temperature is within the previously established comfort range (Ticmin < Text

< Ticmax), the natural ventilation system is activated. This allows the building to exchange
excess heat, thermoregulating its interior without energy consumption.

(b) If the outside temperature is out of the established comfort range, the mechanical ventilation
system is activated. This avoids wasting energy due to the simultaneous operation of
both vents. During periods of indoor thermal discomfort (Tint < Tsetpointheating or Tint
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> Tsetpointcooling), cooling and heating systems activate and work in conjunction with
mechanical ventilation.
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These passive and active strategies have been integrated into the energy model following the
Figure 2 algorithm, to make historical, present, and future simulations. The algorithm for HVAC
systems operation was recalculated in each scenario and sub-scenario, increasing the interior comfort
temperature ranges and the setpoint temperatures according to the changes in exterior temperature.
The uhuMEB standard requires the combination of a highly efficient external envelope with renewable
energies integration -such as geothermal, photovoltaic and aerothermal, among others—to become
a strict Zero Energy Building (ZEB), or even a building that produces more energy than required
(+ZEB) [57,58].

Sections 3.2 and 3.3 of this paper show the results of the energy simulations of the case study
in all the mentioned scenarios and sub-scenarios. The DesignBuilderTM information about heating
energy consumption, cooling energy consumption, final energy consumption and CO2 emissions
was extracted. Once the final energy consumed was known, the primary energy was obtained using
a conversion factor. Primary energy is the energy supplied to the building from renewable and
non-renewable sources, which has not undergone any previous conversion or transformation process.
It is the energy contained in fuels and other energy sources and includes the energy required to generate
the final energy consumed [59]. The conversion factor, specific to each geographical area, reflects the
effect of losses in the transformation, distribution and transport of primary energy (in this case study,
it was set at 1.95, the peninsular conventional electricity factor for non-renewable primary energy) [60].
The calculated CO2 emissions are those associated with the electricity of air conditioning systems.
DesignBuilderTM calculates the CO2 emissions of the building by multiplying the amount of energy
consumed (kWh) by the CO2 emission rate (kg CO2/kWh) of the fuel [61]. The values for domestic
hot water, lightning and appliances were kept constant in order to exclusively evaluate variations in
heating and cooling consumption with respect to final energy consumption in each scenario.
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3. Results

3.1. Assessment of the Historical, Present and Future Climate in Málaga

To evaluate the historical, present and future climate in Málaga, the climatic variables of average
temperature and relative humidity were extracted from the climate files for the historical 2020, 2050 and
2080 scenarios. These parameters were obtained mathematically for the 2025 and 2030 scenarios.
Current and future climate parameters were compared with climate data from the historical scenario
(mean values in the range 1961–1990).

The historical scenario referring to one year is shown in Figure 4. Monthly climate variables
show that extreme average temperatures are set at 25.3 ◦C in August and at 12.2 ◦C in January.
The coldest months are December, January, and February, with average temperatures around 12 ◦C.
The hottest months are July and August, with average temperatures around 25 ◦C. Regarding humidity,
the maximum relative humidity occurs in December (71.9%) and the minimum in June (59.2%).
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In the historical scenario, the average temperature is set at 18 ◦C and the annual relative humidity
at 66.1% (Table 1).

Table 1. Summary of average temperature and relative humidity in the historical scenario (1961–1990).

Scenario Average Temperature (◦C) Relative Humidity (%)

Historical 18.0 66.1

According to Figure 5, in the 2020 scenario, at the present day (June of 2020), the average
temperature is expected to vary around 18.9–19.4 ◦C (which represents a percentage increase of
5–8%) according to the different emissions sub-scenarios. Likewise, a decrease in relative humidity is
estimated in the range of 63.4–62.9% (4–5%).

In the 2025 and 2030 scenarios, in the near future, the average temperature is projected to increase
in a percentage of 6–12%, reaching an average temperature around 19.1–20.1 ◦C. A decrease in relative
humidity of 5–7% is predicted, which implies a relative humidity in the interval of 62.9–61.3%.

In the 2050 and 2080 scenarios, in the distant future, a significant increase in the average
temperature and a substantial decrease in relative humidity are estimated. In the 2050 scenario,
the average temperature is expected to be around 20.1–21.6 ◦C (increase in 12–20%) and that relative
humidity is in the range of 61–58.1% (decrease in 8–12%). Finally, in the 2080 scenario, the average
temperature is projected to rise by a percentage of 18–35% (21.2–24.3 ◦C) and that relative humidity
will decrease in an interval of 11–19% (59.1–53.8%) (Figure 5, Table A1).
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3.2. Evaluation of Historical, Present and Future Energy Consumption in the Building

To assess historical, present and future energy consumption in the case study building, the climate
files available for the historical scenario and for the 2020, 2050 and 2080 scenarios were used.
These parameters related to future energy consumption were obtained mathematically for the 2025
and 2030 scenarios. In this way, the heating, cooling, total consumption, and CO2 emissions data of the
building were obtained for each scenario. Present and future energy consumptions were compared
with the energy data of the historical scenario.

For the historical scenario, the data obtained from the building were: heating and cooling
consumption of 1 kWh/m2 and 9.1 kWh/m2 respectively; total primary energy demand of 77.79 kWh/m2

and CO2 emissions of 24,140 kgCO2/m2 (Table 2).

Table 2. Summary of energy consumption in the historical scenario.

Historical
Scenario

Energy Consumption
per Year
kWh/m2

Conversion
Factor *

Primary Energy
Demand
kWh/m2

CO2
Emissions
kgCO2/m2

Heating 1 1.95 1.95
Domestic hot water 3.8 1.95 7.41

Lighting 6.7 1.95 13.06
Cooling 9.1 1.95 17.74

Appliances and
others 19.3 1.95 37.63

Total 39.9 77.79 24,140

* Indicates that the energy consumed by the user must have been produced before, so that in the entire process,
the energy expended (due to the different losses) is practically double.

The monthly energy consumption (Figure 6) shows that heating is needed for four months
(December, January, February, March), while cooling needs extend to six months (May, June, July,
August, September, October). The minimum consumption of energy and, therefore, of CO2 emissions,
occurs in the months of April and November when no cooling or heating is needed. On the contrary,
due to the high cooling needs, the maximum energy consumption occurs in the summer months of
July and August.

Continuing with the historical scenario, Figure 6 shows the energy consumption for three typical
days with different climatic conditions. It demonstrates that the internal comfort in the building
is achieved following the procedure of the previous algorithm. In the upper graphs, the internal
temperature (light blue) is always in or near the range established as the interior comfort temperature.
When it exceeds that range (both lower and higher), the air conditioning system is activated and
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the heating and cooling consumption becomes visible in the lower graphs. The outside temperature
(dark blue), in the upper graphs, determines when natural ventilation or mechanical ventilation are
activated (indicated in grey in the lower graphs). When the outside temperature is within the indoor
comfort temperature range, the ventilation line reaches the maximum renewals/hour (which means that
natural ventilation is switched on). When it exceeds this range (both lower and higher) the ventilation
is sealed and marks a constant ventilation with few renewals/hour that indicates the activation of the
mechanical ventilation.Energies 2020, 13, x FOR PEER REVIEW 11 of 23 
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In a typical winter day (Figure 7a), heating is activated during the night and natural ventilation in
the early afternoon. In the typical spring/autumn day (Figure 7b), mechanical ventilation is switched
on during evening, night and morning and natural ventilation in the early afternoon. In the typical
summer day (Figure 7c), cooling is activated during the day and natural ventilation at night.
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According to Figure 8, in the 2020 scenario, it is currently the month of June, heating consumption
is expected to drop around 0.8–0.6 kWh/m2 (representing a percentage reduction of 20–40%). However,
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cooling consumption grows around 12.4–13.8 kWh/m2 (a percentage increase of 36–52%), according to
the different emissions sub-scenarios. An increase in primary energy consumption is estimated in the
range of 83.9–86.2 kWh/m2 (8–11%) and in CO2 emissions of 27,932–28,690 kgCO2/m2 (16–19%).
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Figure 8. Variation of energy consumption and CO2 emissions in historical, present, and future
scenarios and sub-scenarios.

In 2025 and 2030 scenarios—at near future—heating consumption is projected to decrease in a
percentage of 20–60%, reaching a heating consumption around 0.8–0.4 kWh/m2. Cooling consumption
is projected to increase in a percentage of 46–75% (13.3–15.9 kWh/m2). An increase in primary energy
consumption is predicted in the interval of 10–16% (85.6–89.9 kWh/m2) and in CO2 emissions of 18–24%
(28,440–29,854 kgCO2/m2).

In 2050 and 2080 scenarios—at distant future—a significant decrease in heating consumption,
as well as a substantial increase both in cooling and total energy consumption and in CO2 emissions
are estimated. In 2050 scenario, heating consumption is expected to fall around 0.6–0.2 kWh/m2

(40–80%), and cooling consumption to rise around 17.4–21 kWh/m2 (91–131%). An increase in primary
energy consumption is estimated in the range of 93–99.5 kWh/m2 (20–28%) and in CO2 emissions
of 30,765–32,776 kgCO2/m2 (27–36%). In 2080 scenario, heating consumption is projected to drop
in a percentage of 70–100% (0.3–0 kWh/m2), while that cooling consumption will rise the 127–231%
(20.7–30.1 kWh/m2). An increase in primary energy consumption is predicted in the interval of 28–51%
(99.1–116.8 kWh/m2) and in CO2 emissions of 35–58% (32,620–38,150 kgCO2/m2) (Figure 8, Table A2).

3.3. Adaptation Strategies to Mitigate the Impact of Climate Change in Energy Consumption at Distant Future

Once the impact of climate change on the building was known, several strategies were proposed
and studied to mitigate it. It was developed in the distant future, 2080 scenario, which involves the
building life cycle. Four mitigation measures were applied in the DesignBuilderTM model generating
four new models of the 2080 scenario. Energy consumption and CO2 emissions were extracted from
the simulations of these models and the results were compared with the data obtained for the 2080
scenario in the previous section. The adaptation strategies proposed could be considered in the initial
stages of project design at present or incorporated in the future as the impact of climate change becomes
more pronounced. The different mitigation measures applied were:

(1) The improvement in the efficiency of heating and cooling appliances by modifying their seasonal
efficiency coefficient: SCOP for heating and SEER for cooling. The SCOP was set at 4 and the
SEER at 5.6. These are high energy efficiency values that correspond to A+ certification standards.
As technology advances, these values will become more optimal in the future. If the response
of the energy consumption of the building is effective for this increase of values according to
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the current ones, it will be possible to estimate how higher values of SCOP and SEER will
affect the energy performance. This mitigation measure was applied to the first model called:
(a) 2080 scenario.

(2) The control of the quality of the air that flows into the house through the installation of CO2

sensors. This mitigation measure was applied to the second model called: (b) 2080 scenario.
(3) The change of the hermetic properties of the dwelling by increasing and reducing the thermal

insulation of the envelope. It would be possible to add thermal insulation on the inside of the
envelope applying a panelling system, or on the outside using a SATE-type façade; as well as to
reduce it, extracting layers of the insulation.

3.1 The increase of the thermal insulation with a thermal transmittance in the opaque envelope
of U = 0.2 W/m2K and a thermal transmittance in the transparent envelope of U = 0.5 W/m2K.
This mitigation measure was applied to the third model called: (c) 2080 scenario.

3.2 The reduction of the thermal insulation with a thermal transmittance in the opaque
envelope of U = 0.4 W/m2K and a thermal transmittance in the transparent envelope
of U = 1.5 W/m2K. This mitigation measure was applied to the fourth model called:
(d) 2080 scenario.

According to Figure 9, in (a) 2080 scenario, heating consumption is expected to decrease around
0.2–0 kWh/m2, and cooling consumption around 15.1–22 kWh/m2, representing a reduction percentage
of 33–100% for heating and of 27% for cooling. A reduction in primary energy consumption is estimated
in the range of 87.9–101 kWh/m2 (11–14%) and in CO2 emissions of 29,240–33,240 kgCO2/m2 (10–13%).
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Figure 9. Variation of energy consumption and CO2 emissions in the adaptation models of 2080
scenario: (a) with the improvement in the efficiency of HVAC; (b) with the control of the quality of the
air; (c) with the increase of the thermal insulation; (d) with the reduction of the thermal insulation.

In (b) 2080 scenario, heating consumption is projected to decrease in a percentage of 50–100%,
reaching a heating consumption around 0.1–0 kWh/m2. Cooling consumption is projected to decrease
in a percentage of 5–7% (19.7–27.9 kWh/m2). A reduction in primary energy consumption is predicted
in the interval of 2–4% (96.7–112.5 kWh/m2) and in CO2 emissions of 2–3% (31,972–36,828 kgCO2/m2).

In (c) 2080 scenario, heating consumption is expected to be 0 kWh/m2 (a percentage reduction
of 100%). Also, cooling consumption is expected to grow around 21.8–30.2 kWh/m2 (a percentage
increase of 0–5%). So, an insignificant increase in primary energy consumption is estimated in the
range of 100.6–117 kWh/m2 (0–2%) and in CO2 emissions of 33,115–38,225 kgCO2/m2 (0–2%).

In (d) 2080 scenario, heating consumption is projected to increase in a percentage of 200–300%
(0.2–1.1 kWh/m2). However, cooling consumption is projected to decrease in a percentage of 0–1%
(20.4–30.1 kWh/m2). So, again, an insignificant increase in primary energy consumption is predicted
in the interval of 0–1% (100–117.2 kWh/m2) and in CO2 emissions of 1% (32,954–38,508 kgCO2/m2)
(Figure 9, Table A3).
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4. Discussion

In this section, the results in the range of time obtained (2020–2080) are discussed to know the
evolution of average temperature, relative humidity, consumed energy, and CO2 emissions during the
building life cycle. The results generally show an increase in temperature due to progressive global
warming over the years. This is reflected in the energy consumption of the building, mainly due to the
increase in cooling consumption as time passes.

The results of the climate variation shows that the subtropical climate of southern Spain is expected
to evolve into a warmer and drier climate with an increase in average temperature and a decrease
in relative humidity. The results project a maximum average temperature increase in: 0.9–1.4 ◦C in
2020, 1.1–2.1 ◦C between 2025 and 2030, 2.1–3.6 ◦C in 2050, and 3.2–6.3 ◦C in 2080. The reduction in
relative humidity is estimated at: 2.7–3.2% in 2020, 3.2–4.8% between 2025 and 2030, 5.1–8% in 2050,
and 7–12.3% in 2080.

This variation in the climate pattern was similar in other investigations located in the Mediterranean
area: the average temperatures in Rome, Valencia and Seville are expected to increase by 4.9 ◦C, 5.17 ◦C
and 4.1 ◦C, respectively, in the time period of 2050–2100 [32,41,43].

Climate change projections suggest that heat waves will be more frequent and severe during this
century in southern Europe as a result of rising night-time temperatures and their direct relationship
with relative humidity. In the case of Spain and the Mediterranean region, [62] it shows that the
frequency of heat wave days will increase by an average of 13 days per summer by 2021–2050 and
40 days by 2071–2100. Other global simulations show that the increase in temperature and the reduction
in relative humidity will cause a 10% increase in drylands by 2100 [63].

The results of the future simulations carried on indicate high percentages of variation in the
building’s total energy consumption. Although heating is not expected to be necessary when the
building’s life cycle is completed (reducing its consumption in a range of 70–100%), cooling consumption
is expected to increase in the range of 11.6–21 kWh/m2 (127–231%). This significant increase in
cooling demand overlaps the marginal reduction in heating consumption, boosting the building’s
total electricity consumption and CO2 emissions. Thus, a maximum change in primary energy
consumption of 21.4–39.1 kWh/m2 (28–51%) and for CO2 emissions of 8480–140,010 kgCO2/m2 is
estimated. Despite the high percentage of energy consumption, it is necessary to take into account
that countries’ regulations on energy issues are becoming increasingly strict. If the introduction of
renewable energies into the global electricity mix continues along the same lines, energy consumption
would increase to the estimated minimum (28%—related to sub-scenario B1). Thus, 23% of primary
energy would be compensated through the use of renewable energies.

The reduction in heating consumption is estimated at: 0.2–0.4 kWh/m2 in 2020, 0.2–0.6 kWh/m2

between 2025 and 2030, and 0.4–0.8 kWh/m2 in 2050. The results project a cooling consumption increase
in: 3.3–4.7 kWh/m2 in 2020, 4.2–6.8 kWh/m2 between 2025 and 2030, and 8.3–11.9 kWh/m2 in 2050.
The increment in primary energy consumption is set at: 6.1–8.4 kWh/m2 in 2020, 7.8–12.1 kWh/m2

between 2025 and 2030, and 15.2–21.7 kWh/m2 in 2050. Finally, CO2 emissions are projected to increase
in: 3792–4550 kgCO2/m2 in 2020, 4300–4550 kgCO2/m2 between 2025 and 2030, and 6625–8636 kgCO2/m2

in 2050.
In global terms, Wong et al. [64] and Invidiata and Ghisi [65] estimated increases in energy

consumption about 54–75% and 185% in residential buildings located in subtropical climates typical
from Singapore and Brazil respectively for 2080 scenario. In regional terms, Pérez-Andreu et al. [41],
Escandon et al. [43], and Suarez et al. [42] predicted increases in cooling consumption of 30 kWh/m2,
41 kWh/m2 and 20 kWh/m2 in Valencia, Seville, and Cordoba respectively, in the time frame between
2050 and 2100.

An inherent aspect of predicting future building performance is the uncertainty associated with
the building itself and the operating conditions of the materials and systems (i.e., they may deteriorate
over time and be replaced or upgraded) [66]. The evaluation of historical, present and future energy
consumption in the building was carried out maintaining the starting materials and systems. In other
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words, the obsolescence of these is assumed in future simulations. For this reason, mitigation measures
were proposed a posteriori by updating the characteristics of the systems, changing some materials and
introducing new technological control devices to analyse how these could improve the consumption
trend. As mentioned previously, the building was designed to meet the uhuMEB standard whose
methodology proposes a monitoring of the building constructed to maintain its energy classification
during its lifetime and may require successive energy renovations. This methodology proposes a
corrective maintenance (specific reviews), preventive (periodic reviews) and predictive (constant
monitoring) of the built building [45,47].

The future development of systems installed in buildings is expected to follow lines related to
digitisation, automation and sensorics [67]. On the other hand, the future development of building
materials focuses on the recycling, reuse and recovery of building waste due to its potential to save
energy in global terms [68]. Other research points to the use of nanotechnology in the properties of
materials to generate green building materials [69].

The results of the adaptation strategies to mitigate the impact of climate change on the building’s
energy consumption during its life cycle shows that the first two measures carry on a reduction in total
electricity consumption: the increase of the efficiency of HVAC systems indicate a reduction of 11–14%
whilst the control of the air renovation flow into the dwelling reduces 2–4%. It has to be highlighted
the importance of an efficient mechanical systems operation, and the airtightness in buildings to ensure
a more sustainable future.

However, the last two measures related to the increase and reduction of the thermal insulation of
the building envelope make insignificant changes in terms of energy consumption: approximately an
increase of 1% in both cases. What corresponds to the related scientific literature. Indeed,
Barbosa et al. [33] and Escandon et al. [43] concluded that the effect of insulation strategies in the future
scenarios appears to be limited. They are not effective in resolving issues in overheating, and even
cause a slight increase in the percentage of discomfort hours when the projected building is close to
efficiency like in this case study. Fosas et al. [70] demonstrate that the risk of overheating not only
depends on the thermal insulation envelope. Other parameters like latitude, climate, thermal mass,
sun shading, window to wall ratio, occupancy, infiltration, ventilation, orientation, and thermal
comfort are relevant to estimate if insulation led improvements in energy consumption.

Another adaptation strategies related to the lighting load, which is not evaluated in this research
and is supposed at a constant value in each scenario and changes in the window to wall ratio which
has provided improvements in results in other research could be studied in future investigations [9,64].

There are some constraints in this research related to the methodology applied. It should be noted
that neither EPW, TMY nor HadCM3 projection is sufficient to represent extreme weather conditions
(such as heatwaves, storms, or seasonal precipitations), since extreme weather occurs more randomly
and is hard to predict through GCM models [13]. Another constraint of the historical climate files
available on the EnergyPlus website derives from their origin: they are measurements made at airports
located in rural areas near large cities. If the building to be simulated is located in a city centre,
it may be affected by the local heat island, and the database used as input to the software should take
this phenomenon into account. Ciancio et al. [71] made a review of this problematic and created its
appropriate input climate file through a WRF (Weather Research and Forecasting) with measurements
of the centre city of Rome. They concluded that the climate data of the interior of the city affected by the
local heat island differed from the climate data measured at the airport: the last ones underestimated
consumption for cooling by 35–50% and overestimated consumption for heating by 3–7%. The change
in temperature between the inside and outside of the city affects energy consumption differently.
This methodology offers an alternative to solve the problem proposed if the case study is located
in the centre of a large city. However, it requires obtaining specific meteorological data that is not
always easily accessible. In this particular case, the dwelling is located in the suburban area of Málaga,
near the airport. For this reason, data from EnergyPlus website was used.
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Through the literature review about the impact of climate change in locations around the world it
is concluded that each type of building requires a detailed study. Type of climate is the most important
but many factors such as the function of the building and its design parameters are decisive to know
the real impact on energy consumption. For example, Wan et al. [9], Chan [10], Wang et al. [14],
Shen [15], Kapsomenakis et al. [35] and Pierangioli et al. [36] found that larger buildings such as office
centres or malls with small windows and lower window to wall ratio are not as sensitive to climate
change as small buildings such as residential, like in this case study, where more energy is lost through
the envelope.

5. Conclusions

Global climate change has increased public awareness of energy use and its environmental
consequences. It has generated a great interest in the energy consumption of buildings. Building designers,
construction companies, developers, and environmental policymakers need to determine new strategies
and energy efficiency measures for the building sector, able to mitigate the impact of climate change in
future scenarios to reduce the energy consumption in buildings.

In this paper, an investigation of the impact of climate change on energy consumption in the next
decades was conducted and the conclusions drawn from the experiment are set out below:

(1) Current energy consumptions will change noticeably for the worse in a situation of global warming,
and building designers are underestimating the consequences of this problem. This research
finds out that climate parameters traditionally been used by architects and engineers for new
buildings design in subtropical climates are clearly underestimated because of global warming.

(2) According to the experimentation carried out in the case study (a brand new building), as a
consequence of the global warming, the energy demand of the building, in terms of primary
energy, grows significantly from a chosen historical scenario (average value from 1961 to 1990):
8–11% kWh/m2y (2020 scenario), 10–16% kWh/m2y (2025 and 2030 scenario), 20–28% kWh/m2y
(2050 scenario), and 28–51% kWh/m2y (2080 scenario). In terms of CO2 emissions, this increases
continuously over time: 16–19% kgCO2/m2y (2020 scenario), 18–24% kgCO2/m2y (2025 and 2030
scenario), 27–36% kgCO2/m2y (2050 scenario), and 35–58% kgCO2/m2y (2080 scenario).

(3) Global warming effects results in a slight reduction in energy consumption for heating and an
important increment in energy consumption for cooling. That is because of heating loads are
no significant compared to cooling loads in the studied subtropical location: Malaga (Spain).
The reduction in heating consumption in relation to the historical scenario (average value from
1961 to 1990) is: 20–40% kWh/m2y (2020 scenario), 20–60% kWh/m2y (2025 and 2030 scenario),
40–80% kWh/m2y (2050 scenario), and 70–100% kWh/m2y (2080 scenario). In terms of cooling
consumption, the increase is: 36–49% kWh/m2y (2020 scenario), 46–75% kWh/m2y (2025 and 2030
scenario), 91–131% kWh/m2y (2050 scenario), and 127–231% kWh/m2y (2080 scenario).

(4) This research demonstrates that in subtropical climate little can be made in the outer envelope of
the building (combining opaque walls and openings and under the 2020 constructive criteria)
to improve its efficiency in the face of future global warming, i.e., little can be improved using
passive criteria.

(5) Therefore, the available routes are:

(a) To improve the exchange with the outside air (if the quality of this air allows it) at certain
times of the day at certain times of the year. This really breaks the current trend that tries
to build increasingly isolated buildings.

(b) To improve the efficiency of HVAC systems, appliances and, in general, all the active
systems in the building. This is a way to compensate for the growing cooling needs, so that
the total demand for W/m2 is not increased.

(c) To increase the building’s capacity to produce its own energy in a renewable way.
This, on the one hand, practically equates primary energy with the energy consumed,
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because the losses will be 15% or even less, and on the other, it will avoid CO2 emissions
and, consequently, contributions to global warming. Obviously, the possibilities of each
building to house renewable energy systems are different, so it will be necessary to plan
cities at the block, neighborhood or district level to take advantage of the common spaces
or available to install renewable energy systems. Of course, it should be understood that
renewable energy systems themselves do not make the building more efficient, but rather
avoid CO2 emissions, contribute to improving global warming, and achieve a more
environmentally friendly building.

The results shown in this research about the impact of climate change in highly efficient buildings
can be carefully extrapolated to other buildings of similar design and identical climates with comparable
parameters like latitude, altitude and proximity to the coast. Really, although the type of climate is the
most important factor to consider, the building design and its use can be also key factors to take into
account in order to analyze its behavior in the face of future global warming.
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Appendix A

Table A1. Summary of average temperature and relative humidity in present and future scenarios
and sub-scenarios.

Scenario Average
Temperature (◦C)

Change Compared
to Historical

Scenario

Relative
Humidity (%)

Change Compared
to Historical

Scenario

2020 B1 18.9 5% 63.3 −4%
2020 B2 19.4 8% 63.4 −4%
2020 A2 19.2 7% 63.2 −4%

2020 A1F1 19.4 8% 62.9 −5%

2025 B1 19.1 6% 62.9 −5%
2025 B2 19.6 9% 62.9 −5%
2025 A2 19.7 9% 62.1 −6%

2025 A1F1 19.4 8% 62.7 −5%

2030 B1 19.3 7% 62.5 −5%
2030 B2 19.8 10% 62.4 −6%
2030 A2 20.1 12% 61.3 −7%

2030 A1F1 19.7 9% 62.3 −6%

2050 B1 20.1 12% 61 −8%
2050 B2 20.5 14% 60.7 −8%
2050 A2 20.8 16% 60.1 −9%

2050 A1F1 21.6 20% 58.1 −12%

2080 B1 21.2 18% 59.1 −11%
2080 B2 21.7 21% 59.1 −11%
2080 A2 23 28% 56.2 −15%

2080 A1F1 24.3 35% 53.8 −19%
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Table A2. Summary of energy consumption and CO2 emissions in present and future scenarios
and sub-scenarios.

Scenario
Energy

Consumption
Type

kWh/m2

per Year

Change Compared
to Historical

Scenario

Primary Energy
Consumption

kWh/m2

CO2 Emissions
kgCO2/m2

Change Compared
to Historical

Scenario

2020 B1
Heating 0.8 −20%
Cooling 12.4 36%

Total 43.0 8% 83.9 27,932 16%

2020 B2
Heating 0.6 −40%
Cooling 13.8 52%

Total 44.2 11% 86.2 28,690 19%

2020 A2
Heating 0.7 −30%
Cooling 13.2 45%

Total 43.7 10% 85.2 28,363 17%

2020 A1F1
Heating 0.6 −40%
Cooling 13.6 49%

Total 44.0 11% 85.8 28,514 18%

2025 B1
Heating 0.8 −20%
Cooling 13.3 46%

Total 43.9 10% 85.6 28,440 18%

2025 B2
Heating 0.6 −40%
Cooling 14.5 59%

Total 44.9 13% 87.6 29,045 20%

2025 A2
Heating 0.6 −40%
Cooling 14.0 54%

Total 44.4 12% 86.6 28,775 19%

2025 A1F1
Heating 0.5 −50%
Cooling 14.7 62%

Total 45.0 13% 87.8 29,159 21%

2030 B1
Heating 0.8 −20%
Cooling 14.2 56%

Total 44.8 13% 87.4 28,930 20%

2030 B2
Heating 0.5 −50%
Cooling 15.1 66%

Total 45.4 14% 88.5 29,400 22%

2030 A2
Heating 0.6 −40%
Cooling 14.7 62%

Total 45.1 13% 87.9 29,240 21%

2030 A1F1
Heating 0.4 −60%
Cooling 15.9 75%

Total 46.1 16% 89.9 29,854 24%

2050 B1
Heating 0.6 −40%
Cooling 17.4 91%

Total 47.8 20% 93.2 30,795 28%

2050 B2
Heating 0.3 −70%
Cooling 17.6 93%

Total 47.7 20% 93.0 30,765 27%

2050 A2
Heating 0.3 −70%
Cooling 18.3 101%

Total 48.4 22% 94.4 31,189 29%

2050 A1F1
Heating 0.2 −80%
Cooling 21.0 131%

Total 51.0 28% 99.5 32,776 36%

2080 B1
Heating 0.3 −70%
Cooling 20.7 127%

Total 50.8 28% 99.1 32,620 35%

2080 B2
Heating 0.2 −80%
Cooling 21.0 131%

Total 51.0 28% 99.5 32,776 36%

2080 A2
Heating 0.1 −90%
Cooling 24.9 174%

Total 54.8 38% 106.9 34,981 45%

2080 A1F1
Heating 0.0 −100%
Cooling 30.1 231%

Total 59.9 51% 116.8 38,150 58%
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Table A3. Summary of energy consumption and CO2 emissions in the adaptation models to mitigate
the impact of climate change of 2080 scenario.

Scenario
Energy

Consumption
Type

kWh/m2

per Year

Change
Compared to
2080 Scenario

Primary Energy
Consumption

kWh/m2

CO2
Emissions
kgCO2/m2

Change
Compared to
2080 Scenario

(a) 2080 B1
Heating 0.2 −33%
Cooling 15.1 −27%

Total 45.1 −11% 87.9 29,240 −10%

(a) 2080 B2
Heating 0.1 −50%
Cooling 15.3 −27%

Total 45.2 −11% 88.1 29,293 −11%

(a) 2080 A2
Heating 0.0 −100%
Cooling 18.2 −27%

Total 48.0 −12% 93.6 30,926 −12%

(a) 2080 A1F1
Heating 0.0 0%
Cooling 22.0 −27%

Total 51.8 −14% 101.0 33,240 −13%

(b) 2080 B1
Heating 0.1 −67%
Cooling 19.7 −5%

Total 49.6 −2% 96.7 31,972 −2%

(b) 2080 B2
Heating 0.1 −50%
Cooling 20.0 −5%

Total 49.9 −2% 97.3 32,090 −2%

(b) 2080 A2
Heating 0.0 −100%
Cooling 23.4 −6%

Total 53.2 −3% 103.7 34,091 −3%

(b) 2080 A1F1
Heating 0.0 0%
Cooling 27.9 −7%

Total 57.7 −4% 112.5 36,828 −3%

(c) 2080 B1
Heating 0.0 −100%
Cooling 21.8 5%

Total 51.6 2% 100.6 33,115 2%

(c) 2080 B2
Heating 0.0 −100%
Cooling 21.8 4%

Total 51.6 1% 100.6 33,115 1%

(c) 2080 A2
Heating 0.0 −100%
Cooling 25.4 2%

Total 55.2 1% 107.6 35,262 1%

(c) 2080 A1F1
Heating 0.0 0%
Cooling 30.2 0%

Total 60.0 0% 117.0 38,225 0%

(d) 2080 B1
Heating 1.1 267%
Cooling 20.4 −1%

Total 51.3 1% 100.0 32,954 1%

(d) 2080 B2
Heating 0.8 300%
Cooling 20.8 −1%

Total 51.4 1% 100.2 33,020 1%

(d) 2080 A2
Heating 0.4 300%
Cooling 25.0 0%

Total 55.2 1% 107.6 35,262 1%

(d) 2080 A1F1
Heating 0.2 200%
Cooling 30.1 0%

Total 60.1 0% 117.2 38,508 1%
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