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Abstract: The energy-supply crisis, aggravated by the war in Ukraine, has prompted EU governments
to approve urgent energy-saving measures. The new Spanish energy-saving standard aims to
reduce energy consumption by changing the regulatory limits for indoor hygrothermal conditions
in buildings. This regulation has provoked a great social debate about its real effectiveness and its
impact on user comfort. This work explores the hygrothermal performance of an office building in
southeastern Spain. The objective of this research is to determine qualitatively and quantitatively how
the new energy-saving standard in Spain influences energy efficiency and indoor thermal comfort,
by considering the characteristics of the dry Mediterranean climate (BShs) within a warm semi-arid
climate (BSh). The scientific novelty of the study is to demonstrate that the new Spanish standard not
only reduces energy costs but also makes the indoor comfort of buildings much worse; for this reason,
an improvement in the standard is also proposed. The study methodology consists of a comparative
study between the thermal performance, thermal comfort, and energy demand of the building,
considering both the new and previous standards’ requirements. It also includes the evaluation of a
proposal to improve the current standard. The results showed that the new energy-saving standard
reduced energy consumption by 21.78% in comparison to former standards, but the new comfort
ranges were not acceptable for 60% of the users. The proposed improvement does achieve acceptable
comfort for most users (75%) and an additional reduction in energy demand of 48.76% compared to
current standard. We conclude that the thermal comfort requirements of the current energy standard
should be modified to better adapt the design criteria to the dry Mediterranean climate.

Keywords: energy efficiency; indoor thermal comfort; warm semi-arid dry Mediterranean climate;
energy-saving regulations; indoor temperature limits

1. Introduction

The energy-supply crisis of recent years, intensified by the war in Ukraine, has
prompted governments in the European Union to approve urgent energy-saving mea-
sures [1]. Considering this, the Spanish government approved, in mid-2022, a new law to
reduce energy consumption by changing the regulatory limits for indoor hygrothermal
conditions in public buildings, such as offices and shops [2].

The new Spanish standard stipulates that the dry-bulb temperature of indoor air in
buildings must be a minimum of 27 ◦C in summer and a maximum of 19 ◦C in winter.
These temperatures are more extreme than those in previous standards. The aim of the new
standard is to consider that air-conditioning systems should remain on for fewer hours
during the year to save energy. However, this increase in the indoor air temperature in
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summer and decrease in winter negatively influences the thermal comfort of the users.
For this reason, this standard has caused a great deal of social debate about its impact
on the thermal comfort of building users and its real effectiveness in saving energy in
buildings. Other EU member countries have also promoted reducing the indoor dry-bulb
temperature in winter to 19 ◦C, such as Germany [3,4]. Since 1975, French standards have
also set an indoor dry-bulb temperature of 19 ◦C in winter and 26 ◦C in summer [5,6],
but these specifications are only recommended mean temperatures, and they should be
adapted to the needs and characteristics of the building’s occupants. However, the climatic
characteristics of Central and North European countries are very different from the BShs
climate, and these do not have the influence of high solar radiation and its effect on indoor
comfort in summer.

The differences between the new Spanish standard and previous standards are im-
portant. First, the current standard requires a cooler indoor air temperature in winter
and warmer indoor air temperature in summer than those in previous standards. The
former Royal Decree 1027/2007 [7] established an operating temperature between 21 ◦C
and 23 ◦C in winter and between 23 ◦C and 25 ◦C in summer. The former Royal Decree
1826/2009 [8], also abolished, established a dry-bulb indoor air temperature of 21 ◦C in
winter and 26 ◦C in summer in offices. Additionally, the new standard determines the
dry-bulb air temperature instead of the operating temperature. This is important because
the dry-bulb temperature does not consider the mean radiant temperature, which has a
strong influence on both the operating temperature and comfort [9–14]. In fact, for indoor
air velocities in buildings (less than 0.2 m/s) the operating temperature can be considered
as the average of the dry-bulb air temperature and the mean radiant temperature [15]. This
influence is especially strong in hot climates with high solar radiation on many days of the
year, such as the BShs climate within a warm semi-arid climate. In this climate, solar gains
have a major influence on the energy performance of buildings and lead to a significant
increase in the cooling-energy needs. In addition, areas close to façades and windows have
a higher mean radiant temperature, especially in buildings with considerable glazing, such
as office constructions. However, the standard sets the same dry-bulb air temperature for
the whole building. As a result, some areas of the building have higher operating temper-
atures than others and, consequently, comfort is very different from one area to another.
This aspect is very important because the lack of thermal comfort in office buildings affects
occupational health and work performance and is even related to psychological and mental
health problems as has been well demonstrated in many studies [16–20].

The characteristics of the BShs climate, such as the high annual solar radiation and low
thermal oscillation between the coldest and hottest days of the year [21,22], are decisive
for the energy performance of buildings. However, there are a lack of independent studies
analysing the influence of the new energy-saving standard on the energy efficiency and
comfort in buildings in the BShs climate. This is important because it is a climate for which
the geographical area is clearly expanding owing to climate change, as several studies have
shown [23–25].

Previous studies have demonstrated the effect of high solar radiation on the thermal
performance of buildings with considerable glazing in the BShs climate [26,27]. High solar
radiation increases the radiant temperature of interior façade surfaces, greenhouse effect
inside buildings, and operating temperature. This situation has a strong effect on indoor
comfort and cooling-energy costs in summer.

The influence of solar thermal radiation on energy consumption and the beneficial
effect of solar control are widely reported in the literature [28–30]. The impact of solar
radiation on the thermal comfort of the users has also been extensively demonstrated [10].
Fanger’s method for the assessment of thermal comfort considers a combination of pa-
rameters to determine thermal comfort: air dry-bulb temperature, thermal radiation, air
humidity content, relative air velocity, personal activity, and clothing level [31–34]. Other
studies have also investigated the influence of other factors, such as metabolic rate, gender,
age, and mood, on thermal comfort [35–44]. In Fanger’s equation, the thermal radiation
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factor is referred to as the mean radiant temperature (MRT). However, its effect on thermal
comfort is usually not considered, as in Spanish standards. Consequently, for conventional
air-conditioning systems, the dry-bulb temperature of the indoor air is the main parameter
that is normally controlled. All other parameters are supposed to be within the limits
specified in the design phase. However, the dry-bulb air temperature cannot accurately or
completely reflect the perceived thermal comfort [45].

Therefore, in sunny and dry climates, the influence of the surrounding buildings or
trees on the solar radiation affecting the building is also very important, as demonstrated
by Arboit and Betman [46]. However, proper control of solar radiation has also given rise
to specific solutions to optimise building energy efficiency and daylighting as a function of
solar radiation [47], highly technological developments by means of electrochromic and
thermochromic glasses for improving energy efficiency and comfort [48], and the use of
automatic solar control methods and shading systems by means of smart glazing [49–52].
These types of solutions allow solar radiation control by means of movable sun protection
systems adaptable year-round [53], preferably on the outside of the glazing because they
offer better thermal comfort compared to internal solar-shading devices [54]. Other studies
demonstrate the advantages of analysing direct and diffuse solar radiation separately to
improve the solar control of buildings while keeping lighting and indoor temperature at
the comfort level [55].

In conclusion, the strong solar radiation in the BShs climate [56] needs different energy-
saving solutions than those in continental and central European climates [57,58]. However,
the particularities of this climate are not considered enough by current Spanish standards.

The objective of this study is to determine both qualitatively and quantitatively how
the new Spanish energy-saving standard influences energy efficiency and indoor thermal
comfort, by considering the conditions of the dry Mediterranean climate (BShs) within
a warm semi-arid climate (BSh). For this purpose, how to reduce winter dry-bulb air
temperatures to 19 ◦C and increase summer dry-bulb air temperatures to 27 ◦C to influence
the thermal performance of buildings should be analysed and compared with previous
standards.

This study is about sustainability in buildings, but it focuses on energy savings in
air -conditioning systems and how the application of the new RDL 14/2022 standard [2]
affects thermal comfort. This standard only concerns the energy savings of HVAC systems
by modifying the indoor air temperature of the building and applies to new and existing
buildings. This standard does not address other important aspects of sustainability in
buildings, such as life-cycle analysis and the use of recycled or green materials [59,60],
because they are related to the construction and renovation of buildings.

The experimental design of this research consisted of a comparative study with on-
site measurements of thermal performance, thermal comfort, and energy needs using the
current and previous standards. For this, the operating and dry-bulb air temperatures
established by each standard were considered. This includes on-site measurements of the
building’s indoor temperatures and surveys of the thermal comfort of the building’s users.
The overall temperatures, thermal comfort of the entire office, and the thermal comfort
of each office zone were studied in detail. The study also includes the evaluation of the
comfort and energy efficiency of a proposed improvement in the current standard using
computer simulations. The proposed modification is to improve solar radiation control
in summer to reduce the mean radiant temperature and operating temperature in the
hottest months.

On-site measurements were complemented by computer simulations. Questionnaires
were complemented using the Fanger analytical method to study thermal comfort. This
method establishes the predicted mean vote (PMV) and predicted percentage of dissatisfied
users (PPD). PMV values considered in this method are: −3 (cold), −2 (fresh), −1 (slightly
cool), 0 (neutral), +1 (slightly warm), +2 (warm), and +3 (very hot). Values between −1
and +1 are considered as appropriate in the adaptive method defined by the ASRAHE
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55 standard [61]. For the PPD, values of less than 10% unsatisfactory were assumed to
be suitable.

The novelty of the study is to analyse and question the current energy-saving standard
in Spain, showing that it reduces energy costs but makes the indoor comfort of buildings
much worse. The research proposes a specific alternative for the BShs climate that improves
the energy savings of buildings without reducing the comfort of the users below acceptable
limits. This will lead to a greater social acceptance of the energy-saving standards, favouring
their effective compliance by users. The contributions and conclusions of this study can be
applied to many other office buildings in this climate.

2. Materials and Methods

The case study building is in the city of Alicante (Spain). This area has a dry Mediter-
ranean climate (BShs) within a warm semi-arid climate (BSh) according to the Köppen–
Geiger climate classification (Figure 1). It is a temperate climate owing to the Mediterranean
Sea breeze that acts as a natural thermal regulator. It is characterised by hot, dry summers
and mild winters. The average summer temperature is around 27 ◦C, and the average
winter temperature is around 18 ◦C. However, one of the most important characteristics of
this climate is the strong solar radiation throughout the year, exceeding 3000 h of annual
sunshine. The climate database of the weather station of El Altet (Alicante) was used for
the energy calculations.
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Figure 1. (a) Location in BShs climate zone (red) according to the Köppen–Geiger Climate Classi-
fication for the Iberian Peninsula, Balearic Islands, and Canary Islands of the State Meteorological
Agency of the Spanish Ministry for Ecological Transition; (b) location map.

The case study is for an office building dedicated to the Alicante Architects’ Council
headquarters. It is located in the urban centre of the city in an area where there are many
administrative and commercial buildings. It was a former housing building built at the end
of the 19th century and was refurbished for office use in 2000. The original façade walls
were maintained, but the structure, exterior carpentry, and entire interior of the building
were replaced. It is a five-storey building. The main façade is oriented to the southwest,
which is very sunny, and there is a square in front of the building. The other façades are
oriented to the east and west to narrow streets with little sunlight (Figure 2a). The studied
offices are located on the first floor of the building. The plan geometry is almost rectangular
(36 m long and 19 m wide) (Figure 2b).



Buildings 2023, 13, 2102 5 of 27Buildings 2023, 13, 2102 5 of 26 
 

  
(a) (b) 

Figure 2. Case study building: (a) external image of the building; (b) perspective of the office floor 
plan. 

This building was selected because it has characteristics similar to those of many of-
fice buildings located in central European cities, and these features allow the results to be 
extrapolated to many other case studies. It has a high proportion of glazing, with a win-
dow-to-wall ratio of 37.5%, allowing plenty of natural light inside the building. The char-
acteristics of the façades are typical of the vernacular architecture in the area, but the in-
terior has been adapted to the current needs of administrative buildings. The floor plan of 
the building is quite diaphanous, with several office spaces in the main area and a second-
ary area for stairs, elevators, and facilities. 

The methodology had three phases. First, a study of the constructive conditions of 
the building enclosures was conducted. Second, a systematised comparative study of ther-
mal performance, thermal comfort, and energy demand was carried out, considering the 
operating and dry-bulb air temperatures of the new and previous standards. This study 
included on-site temperature measurements, surveys of building users, and recordings of 
electricity consumption. Third, a proposal to improve the current standard was evaluated 
using computer simulations. This methodology made it possible to compare the thermal 
performance of the building under the previous and current standards, analyse its effects 
on thermal comfort and energy efficiency, and study possible improvements to the current 
standard. 

Phase 1. Two types of on-site measurements were taken to study the hygrothermal 
and constructive features of the building: thermographic photographs to identify areas of 
the building’s thermal envelope with different insulation characteristics and thermal 
bridges (Figure 3a) and the thermal transmittance of the façades using a thermal transmit-
tance flowmeter (Figure 3b). 

  
(a) (b) 

Figure 3. On-site measurements of the studied building enclosures: (a) thermographic photograph; 
(b) thermal transmittance measurement. 

Figure 2. Case study building: (a) external image of the building; (b) perspective of the office floor plan.

This building was selected because it has characteristics similar to those of many
office buildings located in central European cities, and these features allow the results to
be extrapolated to many other case studies. It has a high proportion of glazing, with a
window-to-wall ratio of 37.5%, allowing plenty of natural light inside the building. The
characteristics of the façades are typical of the vernacular architecture in the area, but
the interior has been adapted to the current needs of administrative buildings. The floor
plan of the building is quite diaphanous, with several office spaces in the main area and a
secondary area for stairs, elevators, and facilities.

The methodology had three phases. First, a study of the constructive conditions of
the building enclosures was conducted. Second, a systematised comparative study of
thermal performance, thermal comfort, and energy demand was carried out, considering
the operating and dry-bulb air temperatures of the new and previous standards. This study
included on-site temperature measurements, surveys of building users, and recordings
of electricity consumption. Third, a proposal to improve the current standard was eval-
uated using computer simulations. This methodology made it possible to compare the
thermal performance of the building under the previous and current standards, analyse its
effects on thermal comfort and energy efficiency, and study possible improvements to the
current standard.

Phase 1. Two types of on-site measurements were taken to study the hygrothermal and
constructive features of the building: thermographic photographs to identify areas of the
building’s thermal envelope with different insulation characteristics and thermal bridges
(Figure 3a) and the thermal transmittance of the façades using a thermal transmittance
flowmeter (Figure 3b).
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The thermal transmittance flowmeter estimates the temperature of the indoor surface
of the wall from the ratio between the outside and indoor building temperatures. To obtain
accurate measurements according to the meter manufacturer’s instructions, the thermal
transmittance measurements were carried out in winter and with a thermal difference of
more than 15 ◦C between the outside temperature and inside temperature of the building.
In addition, thermal transmittance measurements were carried out with constant and stable
indoor and outdoor temperatures for several hours. The results obtained coincide with the
calculations made using computer simulations considering the thickness and materials of
the envelopes.

Phase 2. On-site measurements of daily and annual evolutions of indoor temperatures
were carried out to study the thermal performance. The dry-bulb air temperature was
measured using a hot-wire sensor (Figure 4a). The mean radiant temperature was also de-
termined using a black globe probe (Figure 4b) and by measuring the temperature of indoor
surfaces with a thermographic camera and thermocouples. Relative humidity, indoor air
velocity, and outdoor air temperature were also measured using a humidity/temperature
sensor with wireless handle.
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Questionnaire surveys were also conducted to study thermal comfort and test the
users’ perception and their thermal adaptation inside the office. The surveys were carried
out among the 20 office employees, who are regular users of the building throughout the
whole year.

Records of the current electricity consumption specific to the days analysed were taken
to study the energy needs. The HVAC system in the studied offices is a multi-zone system
with one outdoor heat pump unit and four indoor supply air units, and the only energy
source is electricity.

All the surveys and on-site measurements were carried out following the same proce-
dure. Measurements and surveys had to be conducted simultaneously at least half an hour
after all the employees were at their workstations to be acclimatised to the environmental
conditions. Measuring instruments were switched on 5 min before taking the measure-
ments to acclimatise to the ambient conditions. The air-conditioning units should have
been switched on at the set temperature at least one hour before the measurements, and
surveys were taken so that temperatures began to stabilise throughout the office.

The requirements of each standard were applied on different days to study the thermal
performance of the building using both the current Spanish thermal comfort standard
and previous standards. To this end, the operating temperatures and relative humidities
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established by Royal Decree 1027/2007 and the air temperatures and relative humidities
established by Royal Decree 1826/2009 and Royal Decree Law 14/2022 were used. To apply
Royal Decree 1027/2007, average operating temperatures of the indoor environment of
25 ◦C in summer and 21 ◦C in winter were considered. To obtain these operating tempera-
tures, the air temperature was adjusted by considering the average radiant temperature
obtained in the centre of the room. To analyse the thermal behaviour according to Royal
Decree 1826/2009, air temperatures of 26 ◦C in summer and 21 ◦C in winter were used.
In accordance with Royal Decree Law 14/2022, air temperatures of 27 ◦C in summer and
19 ◦C in winter were used.

In each case, daily evolutions of the dry-bulb air temperature, mean radiant tempera-
ture, and operating temperature were analysed, and their distributions in the office space
were studied. On-site measurements were taken on consecutive days with equal weather
conditions and with differences of less than 1 ◦C in the mean outdoor temperature and
mean outdoor radiant temperature to compare the influence of each standard on comfort
and energy consumption in the building. In this way, the outdoor temperature and radia-
tion conditions were very similar, and the only variable that was modified was the indoor
temperature according to each applied standard. On each day, the indoor temperatures set
by one of the standards were applied. Consequently, these requirements made it necessary
to carry out measurements on specific days. For this reason, it was not possible to use an
automatic data collection system. On-site measurements were taken every fortnight over a
period of twelve months to cover all the climatic conditions during the year.

A Testo 868 camera (Testo SE & Co. KGaA, Titisee, Germany) was used to take
thermographic photographs. The measurement of thermal transmittance, humidity, dry-
bulb temperature, and average radiant temperature were carried out using a Testo 435-2
multifunctional instrument (Testo SE & Co. KGaA, Titisee, Germany) calibrated at standard
settings (Table 1).

Table 1. Summary of measurement instrument features.

Model Measuring Range Accuracy

Thermographic camera Testo 868 −15–+50 ◦C ±2 ◦C/±2%
+10–+95% HR ±2% HR

Thermal transmittance flowmeter Testo 435-2 −20–+50 ◦C -
Humidity/temperature probe Testo −20–+70 ◦C ±0.3 ◦C

+10–+100% HR ±2% HR
Surface probe Testo −20–+70 ◦C ±0.1 ◦C
Hot-wire probe Testo −20–+70 ◦C ±0.3 ◦C

±0.3 m/s
Black globe temperature probe Testo +0–+120 ◦C Class 1 (EN 60584-1)

Phase 3. To study the proposed improvement in the current normative, computer
simulations were used. Before calculating the new proposal, the energy simulation tool’s
calculations were adjusted and validated. For this purpose, the current measurements were
then checked with computer calculations. The survey results were also compared with the
results obtained from the computer calculation of the estimated average vote (PMV) and
the percentage of dissatisfied users (PPD) using the Fanger analytical method for estimating
indoor comfort. In addition, the annual energy demand was calculated using computer
simulations by comparing the obtained results with current measurements.

DesignBuilder software (version v.7.0.1.006, DesignBuilder Software Limited, Stroud,
UK) was used for computer calculations. This software allows the simulation of the energy
efficiency and thermal comfort in buildings using the EnergyPlus calculation engine [62].
This software also provides for computational fluid dynamics (CFD) calculations to simulate
the mean radiant temperature distribution, operating temperature, and estimated thermal
comfort in different zones inside the building. For the computer simulations, the thermal
transmittances of the façade and air infiltrations of the window frames measured on-site
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were considered. Air infiltrations are quite high, as in many historic buildings in Spain [63].
This is due to the large proportion of wall openings in the façade and the characteristics of
the timber joinery used in renovations for aesthetic and heritage-protection reasons.

The computer model considered the geometrical and constructive features of the
building and climatic area. In accordance with current standards, the calculation method
considered the gains and losses due to the thermal transmittance of the enclosures, the
transmission of solar radiation considering the solar factor of the glazing, and the air
permeability and absorptivity of the frames [64]. The outdoor temperature and relative
humidity were also considered for virtual simulations of the hygrothermal performance
(Table 2).

Table 2. Summary of thermal properties of the building façades according to on-site measurements.

Thermal Properties Thickness
(cm)

U
(W/m2·K) g Absorptivity Air Permeability

m3/h·m2

Opaque façade enclosure 70 U = 0.582
Glass (80% of the window) 2.0 Ug = 2.543 0.85

Frames (20% of the window) 8.0 Uf = 1.850 0.75 100.00
Floor 40.0 U = 0.90
Roof 55.0 U = 0.65

Air change rates by natural ventilation = 0.7 ren/h
Frame air permeability = 50.00 m3/h·m2

The operating temperatures and dry-bulb air temperatures established by each stan-
dard were considered to calculate the influence of each standard on the thermal perfor-
mance of the building. Temperatures were progressively modified to calculate the impact
of each modification on the energy efficiency and thermal performance of the building
(Table 3).

Table 3. Summary of hygrothermal characteristics of previous and current standards.

Winter Operating
Temperature (◦C)

Summer Operating
Temperature (◦C)

Winter Dry-Bulb
Temperature (◦C)

Summer Dry-Bulb
Temperature (◦C)

Case 1 (RD 1027/2007) 21–23 23–25 - -
Case 2 (RD 1826/2009) - - max. 21 min. 26
Case 3 (RDL 14/2022) - - max. 19 min. 27

Calculations considered occupation, usage calendars and schedules, set-point tem-
peratures, air-conditioning equipment performance, ventilation air renewals required by
regulations, and indoor lighting loads (Table 4).

After verifying the validity of the computer simulations, the proposed new solution
and its influence on the thermal performance, thermal comfort, and energy efficiency of
the building were calculated. The proposed modification includes the use of passive solar
control systems with movable shading elements activated in summer. The parameters
considered were as follows (Table 5).
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Table 4. Parameters of computer calculations.

Parameter Applicable Regulation

People/m2 Metabolic rate Schedule DB-HE

Occupation 0.13 1.3 07:00–15:00
working Application Guide 2019 [65]

Cop Months Schedule DB-HE Annex D
Cooling equipment 4 6/7/8/9 07:00–15:00 27 ◦C Operational conditions and
Heating equipment 3.5 1/2/3/4/5/10/11/12 07:00–15:00 19 ◦C use profiles [66]

dm3/s Schedule RD1027/2007 [7]
Mechanical ventilation 250 07:00–15:00 RD1826/2009 [8]

RDL14/2022 [2]

Average illumination Power
Internal lightning loads 400 lux 4 W/m2 07:00–09:00 50% Royal Decree 486/1997

09:00–14:00 100% Annex IV [67]
14:00–15:00 50%

Table 5. Parameters of computer calculations.

Parameter Applicable Regulation

Type of control Thermal property Geometric property
Emissivity Distance to glass

Window shading Indoor air temperature. 0.20 15 cm DB-HE [57]

3. Results

This section shows the influences of the three analysed regulations on the indoor
temperatures, thermal comfort, and energy demand of the case-study offices. The results of
the proposed modification are also shown.

3.1. Indoor Temperatures
3.1.1. Overall Indoor Temperatures

The results obtained from on-site measurements of the hygrothermal performance
show significant differences between the dry-bulb air temperature, mean radiant tempera-
ture, and mean operating temperature over the year. These differences are also significant
over the course of the workday within a single day. These differences greatly vary depend-
ing on the regulations and time of year (Figure 5).

In the coldest weeks of winter, the mean radiant temperature and operating tempera-
ture are significantly lower than the dry-bulb air temperature.

If the current RDL 14/2022 standard [2] is applied, the dry-bulb air temperature is
maintained at 19 ◦C, but the mean operating temperature is below 18 ◦C for many hours.
This is 3 ◦C lower than that with the RD 1027/2007 standard [7] and 1.5 ◦C lower than that
with the RD 1826/2009 standard [8] (Table 6).

Table 6. Summary of on-site measurements of overall indoor temperatures during the work day in
the extreme winter week (3–7 January) by applying the three standards.

Standards Dry-Bulb Air Temperature (◦C)
Average (Min–Max)

Mean radiant Temperature (◦C)
Average (Min–Max)

Operating Temperature (◦C)
Average (Min–Max)

RD 1027/2007 [7] 22.5 (16.1–23.5) 18.8 (16.8–20.8) 21.0 (16.5–21.3)
RD 1826/2009 [8] 21.0 (15.6–21.3) 18.2 (16.5–20.0) 19.5 (16.1–21.3)
RDL 14/2022 [2] 19.0 (15.3–20.5) 17.5 (16.0–19.0) 18.0 (15.8–19.7)
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In the hottest weeks of summer, the mean radiant temperature and operating tempera-
ture are much higher than the dry-bulb air temperature (Figure 6).

Buildings 2023, 13, 2102 10 of 26 
 

Figure 5. On-site measurements of overall indoor temperatures during the work day in the extreme 
winter week (3–7 January) by applying the three analysed standards: mean dry-bulb air tempera-
ture, mean radiant temperature, and mean operating temperature [2,7,8]. 

If the current RDL 14/2022 standard [2] is applied, the dry-bulb air temperature is 
maintained at 19 °C, but the mean operating temperature is below 18 °C for many hours. 
This is 3 °C lower than that with the RD 1027/2007 standard [7] and 1.5 °C lower than that 
with the RD 1826/2009 standard [8] (Table 6). 

Table 6. Summary of on-site measurements of overall indoor temperatures during the work day in 
the extreme winter week (3–7 January) by applying the three standards. 

Standards Dry-Bulb Air Temperature (°C)  
Average (Min–Max) 

Mean radiant Temperature (°C)  
Average (Min–Max) 

Operating Temperature (°C)  
Average (Min–Max) 

RD 1027/2007 [7] 22.5 (16.1–23.5) 18.8 (16.8–20.8) 21.0 (16.5–21.3) 
RD 1826/2009 [8] 21.0 (15.6–21.3) 18.2 (16.5–20.0) 19.5 (16.1–21.3) 
RDL 14/2022 [2] 19.0 (15.3–20.5) 17.5 (16.0–19.0) 18.0 (15.8–19.7) 

In the hottest weeks of summer, the mean radiant temperature and operating tem-
perature are much higher than the dry-bulb air temperature (Figure 6). 

 
Figure 6. On-site measurements of overall indoor temperatures during the work day in the extreme 
summer week (25–29 July) by applying the three analysed standards: mean dry-bulb air tempera-
ture, mean radiant temperature, and mean operating temperature [2,7,8]. 

If the current RDL 14/2022 standard [2] is applied, the dry-bulb air temperature is 
maintained at 27 °C, but the mean operating temperature is above 30 °C every morning. 
This is more than 5 °C higher than that with the RD 1027/2007 standard [7] and more than 
1 °C higher than that with the RD 1826/2009 standard [8] (Table 7). 

Table 7. Summary of on-site measurements of overall indoor temperatures during the workday in 
the extreme summer week (25–29 July) by applying the three standards. 

Figure 6. On-site measurements of overall indoor temperatures during the work day in the extreme
summer week (25–29 July) by applying the three analysed standards: mean dry-bulb air temperature,
mean radiant temperature, and mean operating temperature [2,7,8].



Buildings 2023, 13, 2102 11 of 27

If the current RDL 14/2022 standard [2] is applied, the dry-bulb air temperature is
maintained at 27 ◦C, but the mean operating temperature is above 30 ◦C every morning.
This is more than 5 ◦C higher than that with the RD 1027/2007 standard [7] and more than
1 ◦C higher than that with the RD 1826/2009 standard [8] (Table 7).

Table 7. Summary of on-site measurements of overall indoor temperatures during the workday in
the extreme summer week (25–29 July) by applying the three standards.

Standards Dry-Bulb Air Temperature (◦C)
Average (min–max)

Mean Radiant Temperature (◦C)
Average (min–max)

Operating Temperature (◦C)
Average (min–max)

RD 1027/2007 [7] 22.1 (21.0–28.5) 29.2 (28.2–33.4) 25.0 (25.0–30.8)
RD 1826/2009 [8] 26.0 (26.0–31.1) 32.8 (31.9–36.0) 29.4 (29.0–33.4)
RDL 14/2022 [2] 27.0 (27.0–34.5) 33.5 (32.8–37.2) 30.6 (30.0–35.8)

3.1.2. Indoor Temperature Distribution

On-site measurements at different locations in the office show very significant differ-
ences in mean radiant temperatures and operating temperatures in different areas. These
differences greatly vary depending on the applied regulations and time of year.

In the coldest weeks of winter, the temperature of the interior glazed surfaces drops
below 14 ◦C in early morning hours. This causes that the mean radiant temperature in the
areas near windows to be much lower than that in interior areas of the office. The results
show differences of up to 3 ◦C.

If the current RDL 14/2022 standard [2] is applied, the mean radiant temperature drops
to 16 ◦C near the façade, while in the centre of the office, the average radiant temperature
is close to 19 ◦C. This is between 1 and 2 ◦C lower than that with the RD 1027/2007
standard [7]. Consequently, the operating temperature with the RDL 14/2022 standard [2]
drops to 17.5 ◦C near the façade. This is 1.5 ◦C lower than that with the RD 1027/2007
standard [7] (Figure 7).
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Figure 7. Distribution of the mean radiant temperature and operating temperature depending on
the location during the workday in the extreme winter week (3–7 January): (a) by applying the RD
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In the hottest weeks of summer, the temperatures of the interior glazed surfaces drop
more than 45 ◦C. This causes the mean radiant temperature to be much higher than that in
interior areas of the office. The results show differences of up to 6.5 ◦C.

If the current RDL 14/2022 standard [2] is applied, the mean radiant temperature
reaches 36 ◦C near the façade, while in the centre of the office, the average radiant tempera-
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ture is close to 29.5 ◦C. This is between 2 and 3.5 ◦C higher than that with the RD 1027/2007
standard [7]. Consequently, the operating temperature with the RDL 14/2022 standard [2]
reaches 31.5 ◦C near the façade. This is 3.5 ◦C higher than that with the RD 1027/2007
standard [7] (Figure 8).
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3.2. Thermal Comfort
3.2.1. Overall Thermal Comfort

Survey results from users show that the mean thermal sensation inside the building
is much worse under the current standard than under previous standards. As shown in
the graph (Figure 9a), if the temperatures established by the RD 1027/2007standard [7] are
applied to mean thermal sensation values above −1 (slightly cool) in winter and below +1
(slightly warm) in summer, the mean thermal sensation inside the building is perceived as
approximately neutral year-round. If the temperatures established by the RD 1826/2009
standard are applied to values reaching −1 in winter and exceeding +1 in summer and if
the temperatures established by the RDL 14/2022 standard [2] are applied to mean thermal
sensation values below −1 in winter and much higher than +1 in summer, with the RDL
14/2022 standard [2], the mean thermal sensation is perceived as slightly cool most of the
time in winter. In summer, the mean thermal sensation is perceived as warm.

According to these data, the results show that the temperatures established by the
RD 1027/2007 standard [7] do not exceed 10% of dissatisfied users throughout the year
(Figure 9b). However, if the RD 1826/2009 standard [8] is applied, the percentage of
dissatisfied people reaches 45% in summer and 25% in winter. Additionally, if the RDL
14/2022 standard [2] is applied, the percentage of dissatisfied people reaches almost 60% in
summer and 35% in winter.
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3.2.2. Indoor Comfort Distribution

The results of the comfort surveys show very important differences in the occupants’
thermal comfort sensation depending on their location in the office. These differences
greatly vary depending on the applied standard and time of year.

With the RD 1027/2007 standard [7], the mean thermal sensation in winter is perceived
as neutral by 75% of the employees and slightly cool by 25% in areas close to the façade.
However, with the RDL 14/2022 standard [2], the mean thermal sensation near the façades
is perceived as neutral by only 25% of employees, slightly cool by 50%, fresh by 12.5%,
and cold by 12.5%. Therefore, temperatures are not comfortable for 62.5% of the users
(Figure 10).

With the RD1027/2007 standard [7], the mean thermal sensation in summer is per-
ceived as neutral by 65% of the employees and slightly warm by 35% in areas close to the
façade. However, with the RDL 14/2022 standard [2], the mean thermal sensation near the
façades is perceived as slightly warm by 37.5% of the employees, warm by 50%, and very
hot by 12.5%. Therefore, temperatures are not comfortable for 90% of the users (Figure 11).

3.3. Energy Efficiency

The registers of the building’s energy consumption show very important differences in
the energy demand depending on the temperatures according to the applied standards. In
summer, daily cooling-energy needs are reduced by an average of 30% with the application
of the RD 1826/2009 standard [8] compared to the previous regulations and by more than
50% with the application of the RDL 14/2022 standard [2]. In winter, daily heating-energy
needs are reduced by around 30% with the application of the RD 1826/2009 standard [8]
and by more than 45% with the application of the RDL 14/2022 standard [2]. The on-site
measurements were complemented by computer simulations to calculate the annual energy
needs for cooling and heating. The obtained results confirm this significant decrease in
energy needs with the implementation of the latest energy-saving standards.
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Figure 11. Distribution of the results of thermal comfort surveys depending on the location during the
workday in the extreme summer week (25–29 July): (a) by applying the RD 1027/2007 standard [7];
(b) by applying the RDL 14/2022 standard [2].

If the former RD 1027/2007 standard [7] is applied, the heating-energy needs in winter
reach 16.32 KWh/m2 year, and the cooling-energy needs in summer reach 47.20 KWh/m2

year. Therefore, the overall annual energy needs (Cooling + Heating) reach 63.58 KWh/m2

year. If the RD 1826/2009 standard [8] is applied, the heating-energy needs in winter
decrease by up to 12.49 KWh/m2 year, and the cooling-energy needs in summer decrease
by up to 35.81 KWh/m2 year. Therefore, the overall annual energy needs (Cooling +
Heating) decrease by up to 48.30 KWh/m2 year. If the current RDL 14/2022 standard [2]
is applied, the heating-energy needs in winter decrease by up to 6.28 KWh/m2 year, and
the cooling-energy needs in summer decrease by up to 31.50 KWh/m2 year. Therefore, the
overall annual energy needs (Cooling + Heating) decrease by up to 37.78 KWh/m2 year
(Figure 12).
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These results from the simulation calculations confirm reductions in annual energy
needs of 24.03% with the application of the RD 1826/2009 standard [8] and 40.58% with
the application of the RDL 14/2022 standard [2]. The annual cooling-energy needs are
reduced by 24.13% with the application of the RD 1826/2009 standard [8] and 33.26% with
the application of the RDL 14/2022 standard [2]. The annual heating-energy needs are
reduced by 23.75% with the application of the RD 1826/2009 standard [8] and 61.66% with
the application of the RDL 14/2022 standard [2].

The reductions in energy needs obtained by computer simulations are similar to
the reduction in the current-energy consumption registers of the building. Comparative
analysis of actual measurements and computer results allows the validation of the computer
simulations because the deviations are small. The software provides more complete annual
data because the current energy-consumption records correspond to specific days.

3.4. Proposal to Improve Solar Radiation Control
3.4.1. Indoor Temperatures

Computer software was used to calculate improvements in comfort and energy effi-
ciency that would result from controlling the solar radiation. To this end, on-site measure-
ments of indoor temperatures were checked with computer results to adjust and validate
the computer calculations. The on-site measurements show that the mean operating tem-
perature is between 20.2 ◦C in winter and 26.7 ◦C in summer if the former RD 1027/2007
regulation is applied. If the RD 1826/2009 standard [8] is applied, the mean operative
temperature is between 18.4 ◦C in winter and 28.9 ◦C in summer. Additionally, if the current
RDL 14/2022 regulation is applied, the mean operating temperature drops to 16.6 ◦C in
winter and rises to 30 ◦C in summer. Clearly, the annual thermal oscillation increases with
the current standard because it allows for more extreme setpoint temperatures (Figure 13).

The computer simulations show more annual and daily thermal fluctuations because
the results show all the hourly temperatures throughout the day. However, the on-site mea-
surements and computer calculations show a very similar daily and monthly temperature
development. The variance between the actual and calculated temperatures in the same
time zone is less than 8%.

Based on these results, the effect of increasing the solar control of the glazing with
movable solar shading in summer on the indoor operating temperature was calculated.
The obtained results show a reduction of up to 2 ◦C in the indoor operating temperature in
summer. This allows the indoor operating temperature to remain below 28 ◦C almost all
the time in summer.
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Figure 13. Indoor temperatures considering the three studied standards and by increasing the solar
control of the glazing with movable solar shading in summer: on-site measurements and simulation
results [2,7,8].

The results obtained from CFD computer simulations show much lower mean radiant
temperatures and operating temperatures in summer than those without solar radiation
control. The differences between the temperatures in different areas of the office are also
smaller. Therefore, the temperature remains much more stable and uniform all around
the office. In the hottest week of summer, the average radiant temperature is between
30 ◦C near the façade and 27 ◦C in interior areas of the office. Therefore, the operating
temperature near the façade does not exceed 28.5 ◦C and is approximately 27 ◦C in the
centre of the room. These results show differences of only 1.5 ◦C between the different
zones (Figure 14).

3.4.2. Comfort

The comparison of on-site measurements and computer simulations gives quite similar
results to allow the validation of the computer calculations. The predicted mean vote (PMV)
and predicted percentage dissatisfied (PPD) simulations obtained according to the Fanger
method show a greater range of results than the current measurements. This is because
the simulations cover all the daily working hours, while the current measurements are the
mean daily thermal sensations of the occupants (Figure 15).
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Figure 15. Thermal comfort analysis considering the three studied standards: (a) comparison between
user surveys on thermal comfort and predicted mean vote (PMV) calculated using the Fanger
analytical method: −3 (cold), −2 (fresh), −1 (slightly cool), 0 (neutral), +1 (slightly warm), +2 (warm),
and +3 (very hot); (b) comparison between the percentage of dissatisfied users according to the
surveys and predicted percentage of dissatisfied users (PPD) calculated using the Fanger analytical
method [2,7,8].

If temperatures established by the RD 1027/2007 standard [7] are applied, analytical
calculations show that the mean thermal sensation inside the building is perceived as
approximately neutral year-round. However, with the RDL 14/2022 standard [2], the mean
thermal sensation is perceived as slightly cool most of the time in winter. In summer, the
mean thermal sensation is perceived from slightly warm to warm.

If temperatures established by the RD 1027/2007 standard [7] are applied, analytical
calculations of comfort estimation according to the Fanger method show PMV values
between −1 and +1 year-round. With the RD 1826/2009 standard [8], PMV values are
below −1 from January to February and above +1 from mid-June to mid-October. With the
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RDL 14/2022 standard [2], PMV values are below −1 from December to March and above
+1 from early June to November. In line with these data, PPD results obtained using RD
1027/2007 temperatures show mean values below 20% year-round. PPD results obtained
with the RD 1826/2009 standard [8] show values above 30% from January to February and
from June to October. Finally, PPD results obtained with the RDL 14/2022 standard [2]
show mean values of 35% from December to March and mean values of 65%, with same
values close to 90% from June to October.

Based on these results, the effect of improved solar control of glazing in summer on
thermal comfort was calculated. If the RDL 14/2022 standard [2] is applied by adding solar
control to the glazing, the comfort is significantly improved. The analytical calculations
show PMV values slightly above +1 (slightly warm) from the beginning of July to September.
The results are below +1 for the rest of the year (Figure 16a). As shown in the graph, the
values in winter do not change, but in summer, the values improve substantially with solar
control. Therefore, the PPD calculations with solar control show mean values of 25% all
summer (Figure 16b). This means a much lower dissatisfaction rate than that under the
current standard.
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Figure 16. Thermal comfort analysis by applying the current RDL 14/2022 standard [2] without
movable solar shading and with movable solar shading: (a) predicted mean vote (PMV) calculated
using the Fanger analytical method: −3 (cold), −2 (fresh), −1 (slightly cool), 0 (neutral), +1 (slightly
warm), +2 (warm), and +3 (very hot); (b) predicted percentage of dissatisfied users (PPD) calculated
using the Fanger analytical method [2].

The results obtained from CFD computer simulations show that thermal comfort
remains much more homogeneous between different areas of the office. PMV values are
around +1 and PPD values are below 25% in most of the office (Figure 17).
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Figure 17. Distribution of thermal comfort depending on the location during the workday in the
extreme summer week (25–29 July) by applying the RDL 14/2022 standard [2] with movable solar
shading: (a) predicted mean vote (PMV) calculated using the Fanger analytical method; (b) predicted
percentage of dissatisfied users (PPD) calculated using the Fanger analytical method.

3.4.3. Energy Efficiency

The results obtained from the simulation calculations show a very important decrease
in the annual energy needs if RDL 14/2022 temperatures are applied with solar control of
the glazing in summer. The heating-energy needs in winter remain at 6.28 KWh/m2 year,
and the cooling-energy needs in summer decrease by up to 13.07 KWh/m2 year. These
results show a reduction of 72.30% in the cooling-energy needs in summer with respect to
the RD 1027/2007 standard [7] and 58.51% with respect to the RDL 14/2022 standard [2]
without solar control. Therefore, the overall annual energy needs (Cooling + Heating)
decrease by up to 19.36 KWh/m2 year (Figure 18). This represents a reduction of 69.55%
compared to the RD 1027/2007 standard [7] and 48.76% compared to the RDL 14/2022
standard [2] without solar control.
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4. Discussion
4.1. Indoor Temperature
4.1.1. Overall Indoor Temperature

The results obtained from the on-site measurements of the indoor temperatures show
that the dry-bulb air temperature, mean radiant temperature, and mean operating tem-
perature greatly vary from each other over the year and during working hours. These
variations are different depending on the standard used to choose the setpoint temperatures.
If the former RD 1027/2007 regulation is applied, the operating temperature reaches the
value set by the standard. However, the RD 1826/2009 and RDL 14/2022 standards [2]
set neither the operating temperature nor the dry-bulb air temperature. Consequently,
the current regulation does not consider the effect of thermal radiation from the interior
surfaces of the building. This effect is especially important in winter for cold climates or
in summer for hot climates with high solar radiation, such as the BShs climate, especially
for large, glazed surfaces, such as those of office buildings. The temperatures of interior
surfaces influence the mean radiant temperature inside the building, and this situation also
influences the operating temperature and thermal comfort. The analysis of the obtained
results shows that, in winter, the dry-bulb temperature of indoor air increases rapidly when
the heating system is activated. However, the mean radiant temperature and operating
temperature increase more slowly. This is because façades and windows remain much
cooler. In summer, the dry-bulb air temperature decreases rapidly by cooling. However,
the mean radiant temperature and operating temperature decrease more slowly. This is
because façades and windows are heated by solar radiation. Consequently, the operating
temperature varies throughout the day and is especially influenced by the variation in the
mean radiant temperature.

From the analysis of on-site measurements, the mean radiant temperature has a strong
influence on the operating temperature in buildings with a large façade and considerable
glazing, such as the case-study building. This influence is the highest in the first few
hours of occupancy of the building because the temperatures of the interior surfaces of
façades maintain the temperature that the building had in the previous hours when it was
unoccupied and not air-conditioned. Consequently, the operating temperature is lower
than the dry-bulb air temperature in winter and higher in summer. From this analysis,
the regulations that set the dry-bulb air temperature instead of the operating temperature,
such as the RD 1826/2009 and RDL 14/2022 standards [2], do not allow the control of the
influence of the mean radiant temperature on the operating temperature. Furthermore,
the current RDL 14/2022 standard [2] determines a much lower air temperature in winter
(19 ◦C) and much higher air temperature in summer (27 ◦C) than the previous standards.
Therefore, with the current standard, the mean operating temperature is quite low (18 ◦C)
during most of the morning hours in winter and too high (30 ◦C) during the whole workday
in summer.

4.1.2. Indoor Temperature Distribution

If we analyse the temperature distribution from on-site measurements at different
locations in the office, the differences between the dry-bulb air temperature, mean radiant
temperature, and mean operating temperature are even greater in different areas. Con-
sequently, operating temperatures are even more extreme in winter and summer. The
differences are greater between central areas of the office and areas close to façades. This is
because temperatures of interior surfaces of façades influence the mean radiant temperature
depending on proximity to the façade. The influence is greater especially near the windows
because glazing and frames have a higher thermal transmittance than enclosing walls. The
analysis of the obtained results shows that, in winter, the indoor air temperature increases
quickly when the heating system is activated, but the façades and windows remain much
colder. Therefore, the mean radiant temperature is lower near façades. In summer, although
the room maintains a cool air temperature owing to cooling, façades and windows are
heated by solar radiation. Therefore, the mean radiant temperature is much higher near
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façades. Consequently, near façades, the mean operating temperature is also much lower
in winter and much higher in summer than in the centre of the office. In winter, employees
located near windows feel up to 3 ◦C or 4 ◦C lower operating temperatures than employees
located in the centre of the room. In summer, because the building under study is in a BSH
climate, the difference is even greater, reaching more than 6 or 8 ◦C of operating temper-
ature compared to the operating temperature that the rest of their colleagues experience.
This means that the distribution of the operating temperature is not very homogeneous
between different areas of the office and reaches very extreme values in certain points of
the office.

Consistent with this data, the application of the dry-bulb temperatures established
by the latest RDL14/2022 regulation leads to operating temperatures that are too low in
winter and too high in summer in areas close to façades.

4.2. Comfort
4.2.1. Overall Comfort

The results of the comfort surveys show that the temperatures set by the former RD
1027/2007 standard [7] are comfortable for most employees year-round. However, the
temperatures set by the RD 1826/2009 standard [8] are not comfortable for almost half the
employees in summer and for 25% in winter. The results are even worse if the temperatures
set by the RDL 14/2022 standard [2] are applied, being uncomfortable for most employees
in summer and for 35% in winter.

The progressive deterioration in thermal comfort with the latest regulations is con-
sistent with the results of on-site measurements of indoor temperatures obtained with
each regulation. The comparative analysis between on-site temperature measurements
and surveys confirms that the application of energy-saving regulations with more extreme
setpoint temperatures significantly reduces the thermal comfort of the users. In the case of
the current RDL 14/2022 regulation, temperatures are not comfortable for most employees.
This means that, in the absence of control methods, employees apply setpoint temperatures
outside ranges established by the current regulation.

4.2.2. Indoor Comfort Distribution

The inhomogeneity of the operating temperature distribution shown by the on-site
measurement results implies a much greater discomfort in proximity of façades. This
contributes to the fact that the loss of comfort observed under the latest regulations is even
more severe in these areas. With the RDL 14/2022 standard [2], discomfort near façades is
almost double the average of discomfort of the office employees, reaching 90% in summer
and 62.5% in winter.

The results of the surveys are consistent with the temperature distribution obtained
from on-site measurements. The comparative analysis of the measurements and surveys
confirms that the application of energy-saving standards that only set dry-bulb tempera-
tures does not allow enough control of the operating temperature distribution and thermal
comfort. These standards, such as RD 1826/2009 and RDL 14/2022, do not consider the
significant differences in the radiant temperature and operating temperature depending on
the area of the office. Consequently, their influence on thermal comfort is also not taken
into account. This means that the use of more extreme setpoint temperatures, such as those
established by the current RD 14/2022 regulation, leads to unacceptable levels of thermal
discomfort in some areas of the office, causing discomfort in some employees and work
and health problems.

4.3. Energy Efficiency

The records of the energy consumption of the building and results obtained from the
simulation calculations show a significant decrease in energy needs with the application of
the latest energy-saving regulations.
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The reduction in energy needs with the RD 1826/2009 standard [8] compared to
the previous regulation is explained by the fact that this standard increases the setpoint
temperature from 25 ◦C to 26 ◦C in summer. It is also influenced because this standard
fixes the dry-bulb air temperature instead of the operating temperature. This has an
impact on energy consumption because lower setpoint temperatures than those in previous
standards are applied in winter and higher setpoint temperatures are applied in summer.
The application of the current RDL14/2022 standard [2] produces an even greater reduction
in energy demand. This is because it fixes the dry-bulb temperature instead of the operating
temperature and reduces the setpoint temperature to 19 ◦C in winter and increases it to
27 ◦C in summer. By setting more extreme setpoint temperatures, the indoor temperature of
the building complies with the standard for more hours without activating air-conditioning
systems. This reduction is especially significant in temperate climates, such as the BShs
climate. The smaller thermal oscillation in this climate between the minimum outside
temperature in winter and maximum outside temperature in summer makes it possible
to reach the indoor temperatures of the new standard without using air-conditioning
equipment on many days during the year.

The analysis of the results leads to the conclusion that the application of regulations
that set more extreme dry-bulb air temperatures significantly reduces the energy demand
of the building.

4.4. Proposal to Improve Solar Radiation Control

From the obtained results, two main negative aspects for comfort can be deduced in
the current standards: the application of more extreme setpoint temperatures in winter and
summer and the lack of homogeneity in the distribution of operating temperatures. From
the analysis of on-site temperature measurements, the inhomogeneity of the operating
temperature distribution is mainly due to the influence of the mean radiant temperature.
From the analysis of the surveys, the worst comfort results are achieved in summer, when
outdoor temperatures and solar radiation are the highest.

Considering these data, and with the aim of modifying the current standard as little
as possible, it was proposed to analyse how the use of passive solar control systems for
solar radiation in summer would affect thermal comfort and energy efficiency. The ob-
tained results show a significant reduction in operating temperatures and an improvement
in comfort. This is explained by the fact that the improved solar control reduces solar
gains through the glazing. This significantly reduces the mean radiant temperatures in
different areas of the room, especially near the glazing. The differences between the mean
radiant temperatures in different areas of the office are also reduced, resulting in a more
homogeneous operating temperature.

In conclusion, the use of sun shading elements in summer would allow the implemen-
tation of the RDL 14/2022 standard [2] while maintaining adequate thermal comfort all
summer and reducing percentage of unsatisfied people. In relation to energy efficiency, the
application of the RDL 14/2022 standard [2] with mobile sun shading elements only in
summer allows the maintenance of the same heating-energy needs in winter and further
reducing the cooling-energy needs in summer.

In climates with high solar radiation, such as the BShs climate, the standards should
promote greater control of the distribution of the mean indoor radiant temperature in
summer to guarantee a more homogeneous operating temperature inside the building.
To this end, it is necessary for the standards to be more detailed, considering the solar
radiation received by the façades owing to their orientation and surroundings and the
proportion of glazing. It is also necessary to promote solar control solutions to reduce the
mean radiant temperature in summer. In this way, the operating temperature would be
lower and more homogeneous throughout the interior areas of the office, preserving the
thermal comfort for all the occupants.

RDL 14/2022 [2] is a standard for all commercial and office buildings, both new and
existing buildings. For this reason, it is important to evaluate how it affects comfort and the
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importance of emphasising that in BShs climates it causes unacceptable discomfort, espe-
cially in summer. Applying this regulation, if the building analysed were to be refurbished
by improving the thermal insulation, comfort would improve in winter but would worsen
even more in summer owing to an increase in the greenhouse effect. Improving the energy
efficiency of the HVAC system would reduce energy consumption but would not improve
comfort because the indoor temperatures would be the same to comply with the standard.
Only if the standard is modified considering the important effect of solar radiation in this
climate zone would comfort be improved as recommended in this paper.

The research had several limitations. The comparative study of three different regula-
tions meant that different setpoint temperatures had to be applied using different days with
similar outdoor temperatures and solar radiation. This meant that the measurement days
had to be selected to have very similar weather conditions. This prevented the use of auto-
mated measurement systems. On the other hand, there was a high level of refusal by some
workers to apply the temperatures imposed by the current standard. This circumstance
conditioned and limited the number of testing days during the year.

This research did not consider other aspects that influence temperature distribution,
such as localised heat gains caused by computer equipment. Nor is it within the scope of
this work to detect and analyse specific problems in the distribution and diffusion of air
through existing air-conditioning ducts.

Finally, it is important to mention that the improvement proposal focused on passive
systems, such as solar control, to reduce the mean radiant temperature and homogenise the
operating temperature. Further work will consider other types of active system solutions,
such as sectorised dry-bulb air temperature control by specific zones to help homogenising
the operating temperature.

5. Conclusions

(1) This work demonstrates that the current RDL 14/2022 standard [2] has an important
real effectiveness in the energy savings of the building. The application of the new standard
leads to a 61.66% reduction in heating-energy needs and a 33.26% reduction in cooling-
energy needs compared to the RD 1027/2007 standard [7]. It also means a reduction of
49.72% in heating-energy needs and 12.04% reduction in cooling-energy needs compared
to the RD 1826/2009 standard [8]. This represents a 40.58% reduction in annual energy
consumption compared to the RD 1027/2007 standard [7] and a 21.78% reduction compared
to the RD 1826/2009 standard [8].

(2) The current energy-saving standard has a very negative impact on the comfort of
building users, increasing the percentage of dissatisfied people up to 60%. The operating
temperatures are too low in winter and too high in summer, especially near façades and
many users are comfortable depending on the area of the office. The study shows that the
mean radiant temperature has a strong influence on the operative temperature in build-
ings with considerable glazing in the BShs climate zone, and the current RDL 14/2022
standard does not sufficiently consider the important influence of the mean radiant temper-
ature. Consequently, this standard does not sufficiently control the operating temperature
distribution and thermal comfort.

(3) This article proposes to modify the current RDL 14/2022 standard [2] to consider
the importance of the distribution of the mean indoor radiant temperature and operating
temperature in office spaces. To this end, it is recommended that the standard promotes
the use of passive solar control systems in climates with high solar radiation, such as
the BShs climate. The modification of the standard proposed in this work achieves an
acceptable comfort for most users (75%) throughout the whole summer and reduces the
energy demand by 48.76% compared to the current regulations and 69.55% compared
to the former standard. Through data analysis, it is concluded that improving the solar
control of glazing in summer reduces the mean radiant temperature and the operating
temperature and provides more homogeneous temperatures throughout the office. This
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improves the thermal comfort of the users and reduces cooling needs by reducing heat
gains from solar radiation.

(4) This work demonstrates the influence of the high solar radiation in the BShs climate
on the thermal performance of the building and the need for more precise and specific
standards for this climate. This work opens the possibility of applying alternative solutions
to the standards, which consider the effects of solar radiation. Using the contributions of
this study, new research is currently being conducted in the Alicante Provincial Council
Music Auditorium, the largest public building in the region with high air-conditioning
costs and comfort problems. The findings of this work will be the subject of a future paper.
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