
infrastructures

Article

Design Corrections in Spanish Office Buildings
to Improve Energy Efficiency in the Face of
Climate Change

José A. Orosa 1,* , Diego Vergara 2 , Feliciano Fraguela 1 and Pablo Fernández-Arias 2

1 Department of N. S. and Marine Engineering, Universidade da Coruña, Paseo de Ronda, 51,
15011 A Coruña, Spain; jafraguela@udc.es

2 Department of Mechanical Engineering, Catholic University of Ávila, C/Canteros, s/n, 05005 Avila, Spain;
diego.vergara@ucavila.es (D.V.); pablo.fernandezarias@ucavila.es (P.F.-A.)

* Correspondence: jose.antonio.orosa@udc.es; Tel.: +34-981-167-000

Received: 19 November 2020; Accepted: 11 December 2020; Published: 13 December 2020 ����������
�������

Abstract: The majority of buildings in Europe are at present naturally ventilated and do not use
heating or cooling equipment throughout the summer. However, this idea is changing and as a result
heating ventilation air conditioning (HVAC) related energy consumption has been rising in the recent
years. On the other hand, predictions published by the intergovernmental Panel on Climate Change
(IPCC) indicate an annual warming rate ranging between 0.1 and 0.4 ◦C. In the present study, the ISO
13790:2011 standard has been employed to analyze the effect of building design corrections over the
energy saving of a real building during its mean life and under climatic change predictions. In this
sense, the effect of climate change, ventilation rate and its energetic and carbon dioxide emissions
implications are obtained for the next 15 years. The results obtained indicate that an increment
in the air changes by natural ventilation will be more effective than changing the wall structure
and, in consequence, the thermal inertia. In particular, it was obtained that an increase of natural
ventilation will always reduce the energy consumption and that this consumption will be lower
with time due to an increment of an average outdoor air temperature. This modification will allow
reduced cooling energy peak demands during the summer season and improve indoor ambiences in
mild regions and the energy efficiency.
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1. Introduction

Most buildings in Europe are currently naturally ventilated and do not use heating or cooling
equipment throughout the summer months [1]. However, this pattern is gradually changing. The global
contribution of buildings towards energy consumption, both residential and commercial, has steadily
increased reaching figures between 20% and 40% in developed countries, and has also exceeded the
energy consumption of the other major sectors: industrial and transportation [2].

In this sense, heating, ventilation, and air conditioning (HVAC) related energy consumption has
been rising in the recent years throughout Europe, principally for air conditioning during the summer
months in Southern Europe. This is related to the growth in population, the increasing demand for
building services, and the requirement for good comfort levels owing to the increase in the time spent
in such buildings [2]. In view of this rise, one incentive of the Energy Performance Building Directive
(EPBD) has been to prioritize those strategies that enhance the thermal performance of buildings during
the summer period and to encourage further development of passive cooling techniques, primarily
those that improve indoor climatic conditions and the microclimate around buildings [3].
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At the same time, the evolution of CO2 emissions in Spain has moved away from the goal
established by European Directive 2002/358/EC, 2002 [4], which ratified the Kyoto Protocol and limited
the increase in greenhouse for the years 2008–2012 with respect to that of 1990. In 2006, the Spanish
emissions of the six gases considered by the protocol were 48.05% higher than they were in 1990 [5].
Only in the case of SO2 have these changes been sufficient to counteract the effect of economic
growth [6].

On the other hand, predictions published by the Intergovernmental Panel on Climate Change
(IPCC) indicate an increase in the global average surface temperature in different scenario ranges of
1.1–2.9 ◦C to 2.4–6.4 ◦C from 1990s baseline towards the end of the 21st century [7,8]. In particular,
an annual warming rate ranging between 0.1 and 0.4 ◦C per decade has been estimated for
Southern Europe [9]. In consequence, the summers are expected to become dryer and the winters
wetter [10,11]. Furthermore, an increase of the levels of summer overheating is expected inside naturally
ventilated buildings, whereas additional cooling energy will be required in the case of air-conditioned
buildings [12].

To analyze the effect of all these parameters on the energy consumption of buildings, the European
Committee for Standardization (CEN) in collaboration with the International Organization for
Standardization (ISO) developed a study which deals with the calculation methodology of energy use
for space heating and cooling [13–16]. There are at least three types of building energetic analysis:
(i) monthly quasi-steady state, (ii) hourly calculation method and, finally, (iii) the more complex
detailed simulation procedure.

In this sense, the ISO 13790:2011 shows a calculation procedure to define the annual energy use
in HVAC of buildings. In particular, this calculation considers the building heat transfer, ventilation,
heat gains and the annual energy needs in accordance with the defined set point temperature.

On the other hand, the method is applicable to existing buildings and to buildings at the design
stage, providing common rules for the boundary conditions and physical input data. Despite this,
more procedures must be provided for more detailed simulation and, in consequence, to ensure
compatibility and consistency between the application and results of the different types of methods.
To achieve this objective, the EPBD has stated that the energy efficiency of buildings must be calculated
in the member states considering local climate [17,18] and improving new and old calculation software
resources [19]. Simulation packages must be made available in the planning process for predicting
building performance in terms of energy and comfort.

However, the current industry standard weather files for building simulation are not suitable for
the assessment of the potential impacts of a changing climate—in particular, summer overheating risks
inside naturally ventilated buildings [10]. It is evident that a changing climate and its implications
will need to be reflected in future building designs and refurbishments in form, material choice,
thermal mass, and building services. To prevent a such situation, many decisions concerning long life
investments need to take into account the climate change.

Nevertheless, this is not an easy task since the new infrastructure will have to be able to cope
with a large range of changing climate conditions, which will make the design more difficult and the
construction more expensive. Furthermore, uncertainty regarding future climate makes it impossible
to directly use the output of a single climate model as the input for infrastructure design and therefore,
future infrastructure should be made more robust to the possible change in climate conditions.

To solve this problem, some authors like Hallegatte [20] have proposed five methods such as
selecting strategies that yield benefits even in the absence of climate change, favoring reversible and
flexible options, buying safety margins in new investments, promoting soft adaptation strategies,
and reducing decision time horizons.

To select the most adequate strategy among these solutions for energy saving, recent research
works have focused on looking for new methodologies while taking the actual standards and case
studies as reference, such as the case studies based on weather data [21–23], the net energy plus houses
case studies [24] and the software design builder [25]. In particular, more recent research works were
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centered on nearly zero energy buildings (NZEB) [26], showing practical solutions at the time of
decision making in energy saving in buildings based on energy rating software resources, which are
based on these previous standards.

The problem is that the energetic optimization of a building design based on an iterative
combination of all possibilities introduced in so complex energy rating software resources like Energy
Plus makes it really difficult to define the optimal building design. At the same time, natural ventilation
was requested by scientists and building engineers because of sick building syndrome and, with time,
this request is becoming increasingly more important due to its health implications [27].

In accordance with previous research works, in the present study results are presented about
climate change [11,22], building wall dimensions [24], internal coverings [23] natural ventilation [27],
NZEB design [26], and analysis about the effect of climate change over future energy consumption and
building design options to reduce it. Similar to previous works [23], particular climate change weather
conditions expected for the Galician region have been employed based on previous climate change
studies [10,28].

After initial works that validate the calculation procedure of the ISO 13790 standard [27],
and based on previous research works about climate change prediction in the Galicia region [8],
different simulations were done in accordance with different thermal inertia in wall construction and
different natural ventilation rates for both summer and winter seasons in the next years. The results
will show which is the better option at the time to improve indoor ambiences and energy consumption
in near future weather conditions.

Finally, it is interesting to highlight that the present paper aims to show an average tendency of
energy consumption for this particular geographical region. In this sense, a dynamic simulation may
be more accurate but, as previous research works have shown, dynamic simulations can consider the
effect of thermal inertia based on highly complex calculation procedures. At the same time, there are
no previous research works about this specific region, so it can be considered of interest, and enough
for an initial study, to define the average expected energy consumption for the Galicia region.

2. Materials and Methods

In accordance with previous indications, the objective of this research work is to define the
expected future energy consumption and its related carbon dioxide emissions in the air conditioning
of indoor ambiences. In particular, these buildings are placed in the Galicia region (northwest of Spain)
and in a very humid and mild climate so, the expected increment or decrement of average temperatures
and the consequences in building energy consumption must be defined to identify the expected
building design corrections that may compensate accordingly. To do this, the simplified calculation
procedure of the ISO 13790 standard was employed, as it is reflected in Figure 1. More in-depth detail
about the employed methodology is explained in the next sections.
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2.1. Sample and the Bulding

Temperature and humidity were measured using Tinytag Plus 2 dual channel dataloggers.
The thermistor and capacitive sensors were installed to record the temperature and relative humidity
values with accuracies ±0.2 ◦C and ±3% RH, respectively. The ventilation rate was calculated through
the concentration decay method, measuring SF6 as tracer gas with a Brüel&Kjaer multi-sampler.
The apparatus was equipped with a transducer to measure the temperature of the air at the point of
sampling and an SF6 filter U0988 with accuracy ±0.01 ppm and single point calibration with certified
calibration gas of concentration 10 ppm.

The building objective of this study is 120 m2 office building placed in the northwest of Spain,
specifically in Galicia. What is more, the case study is centered in a basement oriented to the west, as it
can be observed in Figure 2. The interior distribution is divided into two zones; the employee’s zone
and the clients’ zone.
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Figure 2. Office building distribution used in this study.

For simulation purposes, it is necessary to define the wall construction materials and distribution
with an internal heat capacity of 150 kJ/m2 K. This distribution is reflected in Figure 3. Finally, the U
value of solar protection windows is 1.8 W/m2K in accordance with the minimum requirement of the
building code for windows of 1.4 W/m2 K.
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Figure 3. The concrete office building section.

2.2. Method

2.2.1. EN ISO 13790

In the present study, the general equation of energy certification of buildings has been employed,
in accordance with EN ISO 13790, to define the principal design corrections to prevent future climatic
change effects on energy consumption. Owing to the difficulty of repeating several instantaneous



Infrastructures 2020, 5, 114 5 of 13

simulations, the simplified monthly method has been employed in which the heat demand of the
building is defined for each calculation period, as in Equation (1):

QH = QL − ηQG (1)

where, QL is the heat loss of the building, η is the utilization factor of heat gains, and QG is the total
heat gain. The ISO 13790 standard specifies similar expressions to determine the gain utilization factor
for heating and cooling, as shown in Equations (2) and (3):

ηG,H =
1− γaH

H

1 + γaH
H

(2)

ηL,C =
1− γaC

C

1 + γaC
C

(3)

where, the heat gains and loss ratios are as shown in Equations (4) and (5).

γH =
QG,H

QL,H
(4)

λH =
QL,C

QG,C
(5)

At the same time, the utilization factor, defined by the Equation (6), is a function of a0 and
time constant.

a = a0 +
τ
τ0

(6)

Coefficients aH and aC are related with the time constant τ, as it can be observed in Equation (6),
where, a0 is a numerical parameter and τ0 is a reference time constant that depends on the building
category, with default values defined by the ISO 13790 standard. For example, Equation (7) has been
proposed for office buildings, both for heating and cooling.

a = a0 +
τ
τ0

(7)

2.2.2. Climatic Change Predictions

The value of the outdoor conditions was obtained from weather stations close to the city, to avoid
the effect of buildings on the measured values of the outer conditions. Climatic data was obtained from
the Environment Information system of Galicia [18] and from the Forest and Environmental Research
Center of Lourizán.

In this case study, climatic change models were obtained from the previous research works [11]
where a curve fit was employed for each season, in accordance with Equations (8)–(11), with an adequate
correlation factor. Furthermore, an adequate accuracy is expected since this same methodology was
employed for predicting future climate change in Mediterranean areas in previous research works [9].

∆twinter = 0.05τ (8)

∆tspring = 0.07τ (9)

∆tsummer = 0.05τ (10)

∆tautumn = 0.03τ (11)

where, ∆t is the mean seasonal temperature increment (◦C) and τ is the time (years).
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2.2.3. Building Energetic Simulation

Based on real sampled data of the indoor conditions of temperature and humidity and in setpoint
temperatures, the energy consumption was defined [12,28–33]. At the same time, the ventilation rate
was sampled by the tracer gas concentration decay method with SF6. As a reference value, the Ashrae
Standard 62 [34] proposes for office spaces an air change of 10 l/s which represents about 1 ach for a
maximum of ten persons in this ambience.

To define the coefficients of the certification model, the sampled energy consumption data and the
standard recommendations were employed. In this sense, a constant of 70 and an a0 value was defined
with real energy consumption.

Thus, the principal input data for the certification model were obtained for the building and
simulated and compared with real sampled data; subsequently, new design corrections for future
climatic change in accordance with Hallegatte [20] were proposed.

As it was explained before, the office was identified as a single thermal zone in the basement due
to that there is a lower difference of temperature of 4 K between both indoor zones, as it is defined
by standards. Adiabatic floor and ceiling and set point temperatures of 18 and 23 ◦C for winter and
summer seasons were defined.

3. Results and Discussion

3.1. Future Weather Conditions

The results indicate that the Northwest of Spain presents a mild climate and a high relative
humidity all through the year as a consequence of Atlantic winds, as shown in Figures 4 and 5.
This relative humidity will reach a mean value of 85% all through the year and the outdoor temperature
presents a mean value of 20.5 and 9.3 ◦C in the summer and winter seasons, respectively.

On the other hand, recent research works and the Intergovernmental Panel on Climate Change
(IPCC) show an annual warming rate ranging between 0.1 and 0.4 ◦C per decade in Southern Europe.
Regional studies were employed to predict seasonal temperature increment in the northwest of Spain;
as shown in Figure 6, it has been predicted that the winter season will experience an increment from
9.3 to 10.7 ◦C and the summer will reach the maximum temperature of 22.1 ◦C in the next twenty years.
Consequently, an increment of temperatures of 1 ◦C in the summer and winter seasons was obtained.
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This result is in accordance with that obtained by other authors indicating that climatic conditions
will become more extreme and, in consequence, spring and autumn seasons will trend to summer and
winter conditions, respectively [11]. For example, in the northwest of Spain the spring season will
present a high temperature increment from 17 to 19 ◦C in the next twenty years, while the autumn will
present the lowest temperature increment for the next twenty years with a mean value of 14.5 ◦C.

3.2. ISO 13790 Standard

As a consequence of this imminent outdoor mean temperature increment, the EPBD has led
incentives to avoid energy intensive building service equipment and to promote energy efficient
building design throughout Europe [35,36].
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Furthermore, urbanization plans will influence city structures over long time scales and will
be vulnerable to changes in climate conditions and sea level rise. As an actuation guide, the recent
research work of Hallegatte [20] indicates the list of sectors in which decisions should already take into
account climate change with respect to a time scale. This research indicates a time scaling of 30 to 150
for buildings, for example, insulation design and windows selection. In consequence, actual building
designs will be exposed to future climatic change and thus adequate building design corrections must
be done at this point.

After analyzing the future climate effect over outdoor temperature and to present possible solutions
for reducing energy consumption in each extreme season, the ISO 13790:2011 monthly procedure was
employed to predict the energy consumption, the utilization factor, and the CO2 production in the near
future for north of Spain. This simple monthly method was selected because it is as accurate as more
sophisticated methods, and is not very sensitive to input errors in relation to the other sophisticated
simulation models [37,38].

3.3. Validation of the Energy Ratio Calculation Procedure

To adjust the certification model to the building in this study the indoor temperature and relative
humidity were sampled during a year and the real energy consumption for each season was calculated.
An iterative calculation of the certification model process was done to define the coefficients of
Equation (6) for this building, in accordance with its energy consumption. In this calculation process,
the values proposed by the standard for this kind of building and activity were employed as reference.
The ventilation flow rate was set in accordance with sampled data, to 1 h−1 from 9:00 to 14:00 and to
0.5 h−1 during weekends and night periods.

It should be noted that once the building simulation is adjusted to this particular case study, it can
be simulated under the predicted temperatures for the following years, in accordance with the climatic
change predictions. Thus, the energy consumption for winter and summer seasons, the utilization
factor, and the CO2 production were obtained and are represented in Figures 7–9, respectively. It can
be seen in Figure 7 that under the actual building design, a reduction in energy consumption will occur
during winter and a clear increment will occur during the summer season. In consequence, the net
energy consumption will reach a constant value of 4.3 kW/m2 year.
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the other sophisticated simulation models [37,38]. 

3.3. Validation of the Energy Ratio Calculation Procedure 

To adjust the certification model to the building in this study the indoor temperature and relative 
humidity were sampled during a year and the real energy consumption for each season was 
calculated. An iterative calculation of the certification model process was done to define the 
coefficients of Equation (6) for this building, in accordance with its energy consumption. In this 
calculation process, the values proposed by the standard for this kind of building and activity were 
employed as reference. The ventilation flow rate was set in accordance with sampled data, to 1 h−1 
from 9:00 to 14:00 and to 0.5 h−1 during weekends and night periods. 

It should be noted that once the building simulation is adjusted to this particular case study, it 
can be simulated under the predicted temperatures for the following years, in accordance with the 
climatic change predictions. Thus, the energy consumption for winter and summer seasons, the 
utilization factor, and the CO2 production were obtained and are represented in Figures 7–9, 
respectively. It can be seen in Figure 7 that under the actual building design, a reduction in energy 
consumption will occur during winter and a clear increment will occur during the summer season. 
In consequence, the net energy consumption will reach a constant value of 4.3 kW/m2 year. 
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3.4. Building Design Corrections

One typically proposed solution for this problematic situation is to change the design insulation
thickness. This energy saving is related to the conservation of heat energy, and the corresponding cost
savings and thermal comfort are achieved by minimizing heat losses to outside from the walls and
ceiling by improved insulation. The more energy that there is to be conserved, the more expensive it is
for adding extra layers of insulation. However, beyond a certain thickness of insulation, the potential
energy saving does not justify the extra cost. This is because adding more insulation by increasing
thickness gives diminishing returns on the energy saved, whereas the cost of installation continues
to increase linearly. The variation in the results of different cities for a given climate zone indicates
that the insulation calculations should be done separately for each city and not for a climate zone [39].
Similar to the earlier research, the energy effect of the thermal inertia over the energy consumption
was analyzed in the present study. This thermal inertia, identified with the time constant, shows the
tendency of a building not to vary its internal temperature as a consequence of an internal dynamic
solicitation and calculated in accordance with Equation (12):

τ =
C
H

(12)

where, C is the internal heat capacity of the building and H is the total heat loss coefficient of the
building caused by transmission and ventilation heat losses.

In consequence, when the effect of climate change was simulated over the same building with
higher thermal inertia (400 kJ/m2 K), it was found that there was no effect on the energy consumption
and, in consequence, on CO2 production and the utilization factor in the winter and summer seasons.

Another option to prevent and adjust the indoor ambience to future climatic change effect is to
modify the air changes per hour [35]. In this sense, for non-domestic buildings, natural ventilation
regimes and advanced natural ventilation concepts are an increasingly attractive option [36,40].

Similarly, an increment of air changes from 1 to 1.6 h−1 was proposed and simulated for
future climatic change effects in accordance with ISO 13790:2011 building certification standard.
In consequence, a new distribution of the building energy consumption was obtained in the following
years, as shown in Figure 7. It can be seen in the figure that lower energy consumption was obtained
during the summer season than with the present conditions for the entire simulation period. At the
same time, higher energy consumption during winter can be observed. Furthermore, this change will
originate nearly constant energy consumption of 2 kWh/m2 year during the whole year. This value is
equal to that obtained for the present conditions under the same climatic change; however, despite this,
the new energy distribution for the following years will help to reduce the energy peak loads in the
summer season.

By analyzing the evolution of the utilization factor in the following years for the present and the
proposed designs, it can be concluded that the utilization factor will experience an increment when the
air changes are incremented, as shown in Figure 8. Consequently, an increment of the mean summer
utilization factor (h) from 0.56 to 0.66 was observed when the air changes were incremented and an
increment during the winter season from 0.67 to 0.79.

To understand this result it must be considered that the utilization factor represents the portion
of gains (during the heating season) or of losses (during the cooling season) that contribute to the
reduction in the heating demand (during the heating season) or in the cooling demand (during the
cooling season) [32]. In consequence, this increment of the utilization factor implies that an increment
of air changes improves the dynamic mismatch that exist in the balance of heat losses and gains.

Finally, a drastic increment in CO2 production was observed with the increment of air changes
during the winter season, as shown in Figure 9. This effect is related to the low efficiency of actual
heating systems. Thus, it can be seen that air renovation is a feasible factor that will aid in improving
energy consumption in the following years. This increment of air changes during summer can be
obtained by a mechanical system or by use of passive methods like windows or night ventilation.
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Furthermore, optimal energy saving can be achieved with a variable air renovation with values of
1 h−1 during winter and 1.6 h−1 during the summer season.

4. Conclusions

In the present study, new information about the effect of climate change over energy consumption
in Galician office buildings was introduced based on the ISO 13790:2011. This simulation was adjusted
to particular Spanish office buildings, and then the future climate change effect over energy saving was
analyzed. It can be concluded that sampled data is an adequate way to adjust the model of certification
with the particular parameters of each building. Furthermore, the ISO 13790:2011 standard monthly
method indicated the feasibility of an iterative calculation with adequate accuracy to be employed for
predicting future climatic change effect over energy consumption and for evaluating new building
design corrections. The results obtained indicated that an increment of building thermal inertia will
not exert a clear influence over the energy consumption. On the other hand, when the air changes
were proposed to reach a value of 1.6, a clear improvement was observed. To conclude, for the office
buildings of this region, there is a need to increment the number of air changes during the summer
season and to maintain the present air renovation during winter.

Finally, there are some limitations of this research work due to that it is centered in a particular
region under mild climatic conditions. Consequently, more detailed studies must be done in this and
other regions, under more extreme weather conditions.
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