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ABSTRACT

Building energy performance should be improved to reduce the impact of climate change. The energy
saving potential has been recently proved with adaptive setpoint temperatures. However, the accuracy
of thermostats hinders the achievement of the energy saving obtained in previous studies. For this rea-
son, this paper studies the influence of three types of thermostats according to their configuration accu-
racy: 0.1, 0.5, and 1 °C. Two case studies (with and without retrofitting) were analysed in three cities in
the current scenario, in 2050, and in 2100. The results showed that the implementation of adaptive set-
point temperatures in thermostats of 0.1 °C virtually obtains the same savings as the direct application of
thermal comfort limits. Nevertheless, obtaining considerable energy savings in the other two thermostats
depends on the type of energy consumption, climate, and the category of the thermal comfort model. The
application of adaptive setpoint temperatures in air conditioning systems obtains energy savings greater
than 40%, regardless of the type of thermostat and category, whereas in heating systems, only the cate-
gory III obtains energy savings with old thermostats.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The decarbonisation of the building stock by 2050 is among the
main goals established by the European Union in the roadmap to
move to a low carbon economy [1]. The building stock plays an
important role in the greenhouse gas emissions generated by its
high energy consumption [2,3]. Among other factors, this high
energy consumption is produced because most building stock
was built before the first standards on energy efficiency of each
country [4,5]. The improvement of building stock energy perfor-
mance is crucial to achieve the sustainable goals established by
the European Union and to eliminate other problems related to
high building energy consumption, such as energy poverty [6-8].

Likewise, the energy consumption of Heating, Ventilating and
Air Conditioning (HVAC) systems should be reduced [9,10] because
these systems are the main source of building energy consumption,
even above electrical household appliances and lighting systems.
For this purpose, the implementation of energy conservation mea-
sures (ECMs) improving either the envelope or HVAC systems is
the most used measure [11,12]. However, implementing this type
of ECM could be unfeasible for low-income families, such as those
in energy poverty [13]. Moreover, improving the energy perfor-
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mance of a building by implementing new technologies does not
necessarily reduce greenhouse gas emissions because of the
rebound effects that could be generated by the changes of users’
behaviour [14]. Users could think that, with the energy improve-
ment of their building, HVAC systems (e.g., heating systems) could
be more used, thus generating a greater energy consumption than
that generated before renovating the building [15].

ECMs focused on users’ behaviour should therefore be estab-
lished, thus using HVAC systems coherently and sustainably. One
of the possibilities to achieve an energy saving and to guarantee
a sustainable use of HVAC systems is by establishing appropriate
setpoint temperatures [16,17] because the setpoint temperature
and the energy consumption are directly related [18]. This measure
has been widely analysed in many studies conducted in office
buildings, such as Parry et al. [19], Wan et al. [20], and Spyropoulos
and Balaras [21]. Great savings in the energy consumption were
obtained by modifying setpoint temperatures of up to 4 °C. How-
ever, the possibility of implementing these modifications in resi-
dential buildings is not analysed, although their application in
low-income families could imply a huge potential as these ECMs
are economic [22]. Nevertheless, previous research studies focused
on office buildings used an approach of static thermal comfort
models in which users are passive subjects with no thermal adap-
tation. Adaptive thermal comfort models are suitable for spaces
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where people do not use air-conditioning systems, and these mod-
els could be more appropriate for residential buildings. These mod-
els consider individuals’ thermal adaptability depending on the
external climate variations and establish the adaptive comfort lim-
its based on daily thermal oscillations [23]. The implementation of
adaptive thermal comfort models could achieve significant energy
savings through various measures [24], including the use of adap-
tive setpoint temperatures. These adaptive setpoint temperatures
involve using the upper and lower limit values of the adaptive
thermal comfort model between which the internal operative tem-
perature should oscillate: the lower limit is used for the heating
setpoint temperature, and the upper limit for the cooling setpoint
temperature. Several studies have analysed the possibility of
applying these setpoint temperatures in both office buildings and
residential buildings: (i) Yun et al. [25] analysed the possibility of
applying adaptive thermal comfort models in the use of air condi-
tioning systems in office buildings located in South Korea. The
results showed percentage reductions of up to 22% in the energy
consumption; (ii) in another similar study, Sinchez-Garcia et al.
[17] analysed the possibility of using adaptive thermal comfort
models in an office building located in Seville (Spain) in the current
scenario and in the A2 climate change scenario. The use of adaptive
setpoint temperatures saved the energy consumption between
36.7 and 59.5%; (iii) this study was continued by Bienvenido-
Huertas et al. [26], in which the office building was analysed in
all the cities of the Iberian Peninsula. The results showed the rela-
tionship between the type of climate and the energy saving
achieved. Thus, zones with greater cooling energy consumption
obtained the greatest energy saving values; (iv) as for residential
buildings, Sanchez-Guevara Sanchez et al. [27] assessed the possi-
bility of using monthly adaptive setpoint temperatures in 3 resi-
dential buildings located in Seville, Madrid, and Avila. Savings
between 20 and 80% were obtained in the energy consumption;
and (v) in other two studies conducted in these cities, Sanchez-
Garcia et al. [28,29] assessed the possibility of modifying the oper-
ational profile of the Spanish Building Technical Code by using
adaptive setpoint temperatures. With these modifications, savings
between 10 and 46% were obtained.

Some studies have also analysed and optimised adaptive set-
point temperatures. Bienvenido-Huertas et al. [30] analysed the
optimal weight (a-value) to calculate the running mean outdoor
temperature in Avila, Madrid and Seville, thus achieving additional
energy savings with new setpoint temperatures. Furthermore,
Sanchez-Garcia et al. [29] analysed the possibilities of applying
an adaptive operational pattern in the Spanish Building Technical
Code through different approaches. Despite of this, the research
studies applied the upper and lower limits of adaptive thermal
comfort models directly. However, these limits could obtain values
up to 3 decimals that are unlikely to be configurable in the ther-
mostats of the existing buildings. Thus, the direct use of the
adaptive limit value could be difficult to be implemented in actual
thermostats, with limited accuracy values. Knowing the expected
energy savings in actual cases is something of a challenge when
applying an adaptive operational pattern. As a result, the limita-
tions related to the implementation of adaptive setpoint tempera-
tures should be analysed because of the accuracy of the
thermostat. This study analyses the variations in the energy saving
when implementing the adaptive setpoint temperatures in three
types of thermostats according to their accuracy: 0.1, 0.5, and
1 °C. Therefore, the results of this study represent an inflection
point as it assesses from an actual perspective the energy savings
obtained with the adaptive setpoint temperatures. The use of the
values obtained directly from the adaptive limits could present
limitations in actual thermostats (with limited accuracy values).
This type of approach has not been used in any previous study
on the application of adaptive strategies.
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Two existing buildings with a deficient behaviour of the envel-
opes were assessed, determining the energy consumption with
both an operational approach of a static thermal comfort model
and adaptive thermal comfort models (also including the direct
use of upper and lower limits, as in other research studies). The
analyses were performed in the main cities assessed in the scien-
tific literature (Avila, Madrid, and Seville), both in the current sce-
nario and in future scenarios (2050 and 2100), using the A2 climate
change scenario.

This paper is structured as follows: Section 2 explains in detail
the adaptive thermal comfort model used and the approaches
analysed; Section 3 includes the methodology by describing the
climate zones and the case studies; Section 4 presents and
discusses the results; and Section 5 summarises the main
conclusions.

2. Adaptive thermal comfort model and the approaches
analysed for the adaptive setpoint temperatures

The thermal comfort approaches to regulate the operative tem-
perature of indoor spaces could be divided into two types: (i) the sta-
tic thermal comfort model based on the research studies by Fanger
[31], and (ii) adaptive thermal comfort models [32]. Regarding the
former, the studies by Fanger are based on the heat exchange
between the environment and the user. The main principle of these
models is that the user is the passive subject without the possibility
of adaptation, and the operational conditions are independent of cli-
mate variations. These models have been widely used through ISO
7730 [33] to establish the operational conditions of indoor spaces.
This type of thermal comfort model is different from the adaptive
thermal comfort model, in which the user is the active subject and
can adopt adaptive measures to achieve thermal comfort [34].

An essential aspect in adaptive thermal comfort models is that
the upper and lower limits between which the internal operative
temperature should oscillate depend on the external temperature
variations. To determine these limits, a mathematical model of
the adaptive thermal comfort models mainly based on linear
regressions should be used. There are various studies and stan-
dards that develop adaptive thermal comfort models. In Europe,
the standard that develops the adaptive thermal comfort model
is EN 16798-1:2019 [35]. This standard establishes 3 categories
of thermal comfort according to the type of user or building (see
Fig. 1): category I is related to users with low thermal adaptation
(e.g., elderly or children), category II is for new buildings, and cat-
egory Il is for existing buildings. Nonetheless, these categories go
from lower to greater thermal adaptation, and the application
depends on the actual possibilities of users’ adaptation. To deter-
mine the upper and lower limits between which the internal oper-
ative temperature should oscillate, the standard uses a variable
which is common in other adaptive thermal comfort models, i.e.,
the running mean outdoor temperature (T.,) (Eq. (1))). T is
obtained by a weighted average of the mean outdoor temperature
of the n previous days (Texq_n). After determining T,,, upper and
lower limits are calculated through the linear regressions related
to the category used (see Egs. (2) - (7)). For this purpose, the value
of T, should be between 10 and 30 °C; if not, the adaptive thermal
comfort model could not be applied (i.e., the user could not be
more adapted).

Trm = (Text.d—l + O-SText.d—Z + 0-6Text,d—3 + O-SText,d—4
+0.4Texi g5+ 0.3Texi a6 + 0.2Text‘d_7)/3.8[A‘-’C] (1)

Upperlimit(Categoryl) = 0.33 - Ty, + 20.8[A9C}(10 < Tm <30)
(2)



D. Bienvenido-Huertas

Energy & Buildings 244 (2021) 111024

w
o
L

N
o
L

20

Operative temperature (°C)

Category |
Category Il

5

10 15 20
Running mean outdoor temperature (°C)
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Fig. 2. Explanatory scheme of the approaches analysed for the adaptive setpoint temperatures according to the accuracy of the thermostat.

Lowerlimit(Categoryl) = 0.33 - Ty, + 15.8[A9C](10 <Tm <30)

Upperlimit(Categoryll) = 0.33 - T, + 21 .S[AQC](IO < T < 30)

Lowerlimit(Categoryll) = 0.33 - Ty, + 14.8[A9C](10 <Tm <30)

3)

(5)

Upperlimit(Categorylll) = 0.33 - Ty, + 22.8[A9C](10 <Tm < 30)

(4)

(6)
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Fig. 3. Case studies.

Lowerlimit(Categorylll) = 0.33 - Ty, + 13.8[A9C](10 <Tm < 30)
(7)
Energy saving measures based on the modification of users’
operational patterns could be established with these adaptive ther-
mal comfort models. One of the measures recently analysed is the
use of adaptive setpoint temperatures (i.e., setpoint temperatures
whose value is the upper or lower limit of the adaptive thermal
comfort model) [28,29]. Thus, modifying the setpoint temperature
of the thermostat of a dwelling could significantly save energy con-
sumption due to the saving obtained in the hourly heating or cool-
ing degrees [24]. However, adaptive thermal comfort limits have
been directly applied without considering the limitations related
to the accurate configuration of thermostats. By way of example,
when T, has a value of 19.6 °C, the lower limit of category I would
be 22.268 °C and the upper limit of category I would be 27.268 °C.
However, configuring a thermostat with this temperature value is
something of a challenge. The accuracy levels of thermostats are
usually limited, from 1 to 0.1 °C in the most recent thermostats.

For this reason, 4 approaches were assessed to apply the adaptive
setpoint temperatures (see Fig. 2). The approaches were designed
according to the types of thermostat: (i) the first approach (AP-1)
corresponded to the direct application of the thermal comfort lim-
its without establishing accuracy limitations in the thermostat
(like in previous studies); (ii) the second approach (AP-2) was
designed for thermostats with an accuracy of 0.1 °C; (iii) the third
approach (AP-3) corresponded to thermostats with an accuracy of
0.5 °C; and (iv) the fourth thermostat (AP-4) corresponded to the
application of the adaptive setpoint temperatures in thermostats
with an accuracy of 1 °C. An essential aspect when applying adap-
tive setpoint temperatures in the thermostats of the approaches
AP-2, AP-3 and AP-4 was that the operative temperature should
be always guaranteed to be within the thermal comfort limits.
For this purpose, the heating adaptive setpoint temperatures were
modified by increasing the lower limit value according to the lim-
itations of the thermostat (e.g., for the lower limit value of
22.268 °C, a value of 22.3 °C was used with AP-2, 22.5 °C with
AP-3, and 23 °C with AP-4), whereas in the case of the cooling
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Table 1
Thermal properties of the fagades of the case studies.
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Case study Thermal transmittance(W/ Layer Thickness Thermalconductivity (W/ Thermalresistance (m?K/
(m?K)) (m) (mK)) W)
Case study A(without 2.088 Mortar cement  0.020 0.70 -
retrofitting) Concrete block  0.200 0.923 -

Mortar cement  0.020 0.70 -
Gypsum 0.020 0.57 -
plaster
Case study B(without 1.291 Mortar cement 0.015 0.70 -
retrofitting) Solid brick 0.115 0.85 -
Mortar cement  0.010 0.70 B
Air gap 0.060 - 0.18
Hollow brick 0.070 0.32 -
Gypsum 0.020 0.57 -
plaster
Case study A(with retrofitting) 0.425 Insulation 0.060 0.032 -
Mortar cement  0.020 0.70 -
Concrete block  0.200 0.923 -
Mortar cement  0.020 0.70 -
Gypsum 0.020 0.57 -
plaster
Case study B(with retrofitting) 0.405 Mortar cement  0.015 0.70 -
Solid brick 0.115 0.85 -
Mortar cement  0.010 0.70 -
Insulation 0.060 0.032 -
Hollow brick 0.070 0.32 -
Gypsum 0.020 0.57 -
plaster
Table 2
Profiles with the load distribution according to the CTE.
Loads Time period
0:00-6:59 07:00-14:59 15:00-17:59 18:00-18:59 19:00-22:59 23:00-23:59
Sensible load (W/m?) Weekdays 2.15 0.54 1.08 1.08 1.08 2.15
Weekend 2.15 2.15 2.15 2.15 2.15 2.15
Latent load (W/m?) Weekdays 1.36 0.34 0.68 0.68 0.68 1.36
Weekend 1.36 1.36 1.36 1.36 1.36 1.36
Lighting (W/m?) Weekdays and weekend 0.44 1.32 1.32 2.20 4.40 2.20
Equipment (W/m?) Weekdays and weekend 0.44 1.32 1.32 2.20 4.40 2.20

adaptive setpoint temperatures, the upper limit value was
decreased according to the limitations of the thermostat (e.g., for
the upper limit value of 27.268 °C, a value of 27.2 °C was used with
AP-2, 27 °C with AP-3, and 27 °C with AP-4). Moreover, the accura-
cies of the thermostats were the same in all temperatures.

3. Material and methods
3.1. Climate zones

Several climate zones were analysed to study the influence of
the limitations of the thermostat on the energy saving obtained
with the adaptive setpoint temperatures. To select these climate
zones, the studies on the application of adaptive setpoint temper-
atures were analysed [16,27-30]. All these studies analysed case
studies located in Spain and were based on the climate classifica-
tion established by the Building technical Code in Spain (CTE in
Spanish) to select the cities analysed. In short, the climate classifi-
cation from the CTE is based on the winter and summer climate
severity of each city in Spain and establishes a classification for
each severity: (i) for the winter climate severity, a letter from A
(zones with mild climate) to E (zones with greater severity) is
established; and (ii) for the summer climate severity, a numeric
classification from 1 (zones with cool summers) to 4 (zones with
hot summers) is established. The climate classification of each
region of the country is obtained by combining these two classifi-
cations for seasonal severities. Based on this classification, the

previous studies analysed 3 climate zones which were also related
to various climates of the Koppen-Geiger classification [36]: B4
(corresponding to Csa class), D3 (corresponding to BSh class), and
E1 (corresponding to Csb class). Seville was selected for B4, Madrid
for D3, and Avila for E1.

Moreover, most studies on adaptive setpoint temperatures have
analysed the effectiveness of these strategies in future climate
change scenarios. In particular, the A2 scenario of emissions devel-
oped by the Intergovernmental Panel on Climate Change (IPCC) has
been used [37]. This scenario is among the most unfavourable sce-
narios predicted from the evolution of climate throughout the 21st
century [38], with an increase of the external temperature up to
5.4 °C by the end of that century. Climate data were also analysed
in the A2 scenario of the zones B4, D3, and E1. The years selected
were 2050 and 2100 because the former is the year established
to fulfil the goals of reducing greenhouse gas emissions, and the
latter is the year corresponding to the end of the 21st century. To
obtain climate data, the METEONORM software was used as it
obtains climate data of any location and scenario (current and
future) through stochastic processes [39].

3.2. Case studies and energy simulation

Two case studies were used (see Fig. 3). Buildings representing
the building stock built before 1979 were chosen for two reasons:
(i) most buildings of the country belong to this building period
[40]; and (ii) the buildings built in this period are characterized
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Table 3
Operational profiles of the HVAC systems.
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Model Standardand Approach Type Range Setpoint temperature [°C]
category January - May June - September October - December
23:00- 07:00- 15:00-  23:00- 07:00-  15:00- 23:00- 07:00-  15:00-
6:59 14:59 22:59 6:59 14:59 22:59 6:59 14:59 22:59
Static CTE - Cooling all - - - 27 - 25 - - -
model - Heating all 17 20 20 - - - 17 20 20
Adaptive  EN 16798-1:2019  AP-1 Cooling Ty <10 - - - Min - Min - - -
model (category I) AP-2 (Eq. (2)) (Eq. (2))
AP-3 10<Tym <30 - - - Eq. (2) - Eq. (2) - - -
AP-4 Tim greater - - - Max - Max - - -
than 30 (Eq. (2)) (Eq. (2))
Heating Ty, <10 Min (Eq. (3)) - - - Min (Eq. (3))
10<Tmm <30 Eg.(3) - - - Eq. (3)
Tym greater Max (Eq. (3)) - - - Max (Eq. (3))
than 30
EN 16798-1:2019  AP-1 Cooling Ty <10 - - - Min - Min - - -
(category II) AP-2 (Eq. (4)) (Eq. (4))
AP-3 10<T;m <30 - - - Eq. (4) - Eq. (4) - - -
AP-4 Tim greater - - - Max - Max - - -
than 30 (Eq. (4)) (Eq. (4))
Heating Ty, <10 Min (Eq. (5)) - - - Min (Eq. (5))
10<Tm <30 Eg.(5) - - - Eq. (5)
Trm greater Max (Eq. (5)) - - - Max (Eq. (5))
than 30
EN 16798-1:2019  AP-1 Cooling Ty, <10 - - - Min - Min - - -
(category III) AP-2 (Eq. (6)) (Eq. (6))
AP-3 10<Trm <30 - - - Eq.(6) - Eq.(6) - - -
AP-4 Trm greater - - - Max - Max - - -
than 30 (Eq. (6)) (Eq. (6))
Heating Ty, <10 Min (Eq. (7)) - - - Min (Eq. (7))
10<Twm <30 Eq.(7) - - - Eq. (7)
Trm greater Max (Eq. (7)) - - - Max (Eq. (7))
than 30
15
30 Limit value
10 Limit value §
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=
T
3 10-
| o |
A B A B
Case study Case study
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Fig. 4. Validation process of the energy simulation models: (a) photograph of the measurement carried out in case study B, and (b) values obtained in the statistical

parameters considered by the ASHRAE Guideline 14.

by having envelopes with poor thermal properties [41]. In addition,
the poor thermal properties of the envelope (mainly characterized
by a high thermal transmittance) imply that these buildings have a
high energy demand, thus contributing to energy poverty [42,43].
For these reasons, two case studies from the building period before
1979 were selected. Both buildings have four dwellings per floor.
The thermal properties of the facade are presented in Table 1.
Moreover, windows have a simple glazing, with a thermal trans-
mittance of 5.7 W/(m?K) and a metallic framework without ther-
mal bridge break. The buildings were modelled and simulated
with DesignBuilder (see Fig. 3). DesignBuilder is a graphical inter-
face of the energy simulation program EnergyPlus (developed by
the U.S. Department of Energy). EnergyPlus is one of the simulation
programs with the best performance to study building energy per-
formance. The HVAC systems of the buildings are heat pumps. For
this study, the performance of the heat pumps was 2.1 in heating
and 2.0 in cooling. For the energy analysis, an intermediate floor
of each building was assessed to dismiss the effect generated by
the heat transfers through the roof and the floor, similarly to the

study by Sadnchez-Garcia et al. [44]. The fourth floor of the case
study A was analysed, as well as the second floor of the case study
B. Likewise, the possibility that the case studies would have
improved their facade was assessed (see Table 1): (i) for the case
study A, the application of an external thermal insulation compos-
ite system (ETICS) was considered, and (ii) for the case study B, the
air gap was filled with insulating material. A total of 4 case studies
were analysed. These case studies were analysed with the various
climate data indicated in Subsection 3.1.

As for building load profile, the load profile for residential build-
ings included in the CTE was used (see Table 2). The use of this profile
was based on two reasons: (i) it represents how the Spanish family
units use buildings [45]; and (ii) it is used by studies related to this
subject, such as Sanchez-Guevara Sanchez et al. [27] or Sanchez-
Garcia et al. [28,29]. This profile is characterized by distinguishing
two load periods: one for weekdays and another for weekends. As
for the latter, the profile considers that equipment in the dwelling
are more used. In addition, Table 3 presents the types of operational
patterns analysed and the setpoint temperatures related to each.
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Case study A Case study A Case study B Case study B
(without retrofitting) (with retrofitting) (without retrofitting) (with retrofitting)

4,106.04 1,476.32 4,565.00 2,624.40
B4 13,126.44 9,683.61 11,910.42 11,211.97
17,232.48 11,159.94 16,475.50 13,836.38
= 11,786.19 14,000.48
£| D3 {1 5,258.76 4,076.74
S 26,821.60 15,862.93
16,982.63
e1 4 2,642.62 2,029.34 2,366.75 2,786.99
3271114 19,011.97 30,076.31 22,469.59
] | |
4,916.72 1,859.71 5,234.36 3,089.61
B4 15,059.39 11,329.03 13,254.58 12,522.23
19,976 11 13,188.75 18,488.94 15,611.83
[0
S o 17,708.31 9,004.43 16,654.72 11,254.38
28 D3 8,623.29 6,776.73 7,835.88 7,579.38
§ 15,871.16 24,490.60
14,107.63 16,617.42
E1 48 3,591.99 2,691.65
28,890.68 16,799.28 26,753.30 20,016.40
L | [ [
3,137.99 1,007.43 3,453.36 1,003.36
B4 16,118.35 17,547.19
17,125.78 22,715.85
- 12,655.47 6,235.37 12,148.29
2| b3 15,500.59 11,823.98 13,891.94 13,184.56
18,059.34 26,040.23 21,288.30
10,582.25 18,442.75 12,851.62
E1 8,857.98 6,692.15 7,823.37 7,562.46
28,415.03 17,274.40 26,266.12 20,414.08
S o ° o o o ° o o o ° o o o o °
o o o o o o o o (=] o o o
o o o o L | o | <o} o = o o =)
s o o 8 o 3 e =5 = 8 & o
~— N o -~ N [+2] - N [sp] - N [+2]

Energy consumption (kWh/year)
[ Heating energy consumption [l Cooling energy consumption ~ [_] Total energy consumption

Fig. 5. Energy consumption obtained with an operational pattern of HVAC systems based on static setpoint temperatures.

Table 4
Deviation percentage between the energy consumption obtained with the static setpoint temperatures and that obtained with the adaptive setpoint temperatures of the AP-1 in
the current scenario. Negative values correspond to a decrease in the energy consumption, and positive values to an increase.

Case study Category Deviation percentage (%)
B4 D3 E1
Heating Cooling Total Heating Cooling Total Heating Cooling Total
Case study A(without retrofitting) I 419 -55.3 -32.1 11.0 -59.2 -2.8 3.8 —84.9 -34
1l -6.0 -67.5 -52.9 —-4.4 -78.5 -18.9 -85 -95.3 -15.5
il —44.8 -78.3 -70.3 -23.0 -92.9 -36.7 -22.6 -99.2 -28.8
Case study A(with retrofitting) I 271 -59.9 —48.4 5.8 -61.3 -114 -1.6 -86.9 -10.7
Il -355 —-70.5 —65.8 -16.9 -81.2 -334 -18.1 -98.2 -26.7
1 -77.4 —-80.0 -79.7 -36.9 -95.0 -51.8 -32.5 -99.9 -39.7
Case study B(without retrofitting) 1 40.5 -56.2 -294 11.2 -58.2 -2.1 4.7 -83.8 -2.2
Il -2.0 —-68.1 —49.8 -43 -77.4 -184 -7.3 -944 —14.2
11 -38.9 -78.3 —67.4 -22.3 -91.8 -35.6 -21.2 -99.0 -27.3
Case study B(with retrofitting) 1 27.8 -58.7 —42.3 -0.1 -58.8 -15.2 —-4.7 -76.3 -13.6
1l -20.1 -69.1 -59.8 -16.3 -70.6 -303 -20.2 -91.9 -29.1
il -57.3 -77.5 —73.7 -33.7 —86.0 —47.2 -33.2 -98.4 -41.3
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Percentage of deviation between the energy consumption obtained with adaptive setpoint temperatures and retrofitting with respect to the case study without retrofitting and
with static setpoint temperatures. Negative values correspond to a decrease in energy consumption, and positive values to an increase.

Case study Category Deviation percentage (%)
B4 D3 E1l
Heating Cooling Total Heating Cooling Total Heating Cooling Total
Case study A I -54.3 -70.4 —66.6 —42.2 -70.0 —47.6 —44.4 -90.0 -48.1
1l -76.8 -78.2 -77.9 —54.6 -85.5 —60.6 -53.8 —98.6 —57.4
il -91.9 -85.3 —86.8 —65.5 -96.2 -71.5 -61.9 —100.0 —65.0
Case study B I —26.6 -61.2 -51.6 -30.4 -58.1 -35.7 -32.3 -72.1 -35.5
1l —54.1 -70.9 —66.2 —41.7 -70.1 —47.2 —43.3 -90.5 —47.0
11 -75.5 —-78.9 -77.9 -53.9 -85.8 —-60.0 -52.6 -98.1 -56.1

Table 6

Deviation percentage between the energy consumption obtained with the static setpoint temperatures and that obtained with the adaptive setpoint temperatures of the AP-1 in
the 2050. Negative values correspond to a decrease in the energy consumption, and positive values to an increase.

Case study Category Deviation percentage (%)
B4 D3 E1
Heating Cooling Total Heating Cooling Total Heating Cooling Total
Case study A(without retrofitting) I 38.3 -56.3 -33.0 15.8 -58.4 -8.5 4.2 -714 -5.2
Il -34 -67.9 -52.1 -4.6 -72.0 -26.7 -94 -87.3 -19.1
i -39.3 —~78.0 —68.5 -25.6 -84.3 —44.8 —24.5 -96.2 -334
Case study A(with retrofitting) 1 253 -57.7 —46.0 7.4 -63.7 -22.9 -1.6 -75.0 -134
1l -31.5 —68.7 -63.4 -18.3 -75.3 -42.7 -19.1 -90.6 -30.6
111 -71.1 -78.3 -77.3 —40.2 -85.7 -59.6 -34.3 -98.7 —44.7
Case study B(without retrofitting) I 37.1 -57.1 -30.5 16.2 -58.1 -7.6 5.1 -69.5 -3.6
1l -0.3 -69.1 —49.6 -4.4 -71.8 -26.0 -7.6 -85.8 -16.7
111 —34.2 -79.1 —66.4 -24.5 -83.9 —43.5 -22.5 -95.4 -31.0
Case study B(with retrofitting) I 24.6 -58.2 —41.8 3.3 -60.9 -22.5 -4.7 —65.7 -15.0
1l -17.8 -68.8 -58.7 -17.6 -71.0 -39.1 -21.1 -81.1 -31.3
il -53.0 —~78.0 -73.1 -37.0 -80.4 —54.5 -34.8 -92.2 —44.5
Table 7

Deviation percentage between the energy consumption obtained with the static setpoint temperatures and that obtained with the adaptive setpoint temperatures of the AP-1 i

the 2100. Negative values correspond to a decrease in the energy consumption, and positive values to an increase.

Case study Category Deviation percentage (%)
B4 D3 E1
Heating Cooling Total Heating Cooling Total Heating Cooling Total
Case study A(without retrofitting) 1 53.8 -47.8 -35.0 229 -53.8 -19.3 10.1 -58.6 -11.3
Il 2.5 -58.0 -50.4 -2.2 —64.8 -36.7 -6.6 -71.0 -26.7
il -41.4 -67.7 —64.4 -26.7 ~74.2 -52.8 -25.5 -82.3 —43.2
Case study A(with retrofitting) 1 442 —43.7 —38.5 11.7 -55.8 -325 3.7 -60.7 -21.3
Il -353 -54.9 —53.7 —18.0 —66.7 —49.9 -194 —74.2 —40.7
il -82.6 —65.0 —66.1 —45.2 -76.0 —65.4 -39.8 —-85.0 -57.3
Case study B(without retrofitting) 1 52.1 —48.7 -333 219 —54.1 -18.6 11.6 -58.1 -9.2
Il 4.8 -58.9 —49.3 -13 -65.2 -354 -4.9 -71.3 —24.7
i -36.2 —68.8 -63.8 —24.5 ~74.5 -51.2 -23.5 -82.6 -41.1
Case study B(with retrofitting) 1 443 —47.2 -38.2 9.2 —54.6 -30.3 -2.8 -59.3 -23.8
Il -13.7 -57.2 -53.0 -15.9 -65.2 —46.4 -19.0 -69.8 -37.8
111 -58.5 —66.5 —65.7 -38.2 —74.2 —60.5 -36.5 -79.9 -52.5

These operational patterns were developed with the CTE operational
patterns. The four approaches of the adaptive thermal comfort
model indicated in Section 2 were analysed: AP-1, AP-2, AP-3, and
AP-4. Each was applied to each category of the adaptive thermal
comfort model. An aspect to be stressed is the value that should be
used when the adaptive thermal comfort model is not applicable
(i.e., when T, is lower than 10 °C or greater than 30 °C). In these
cases, the limit values obtained by the linear regressions were
applied (e.g., when T,,, was lower than 10 °C, the value of the upper
and lower limits was determined considering a T,,, of 10 °C). Further-
more, an operational pattern of the HVAC systems based on a static
thermal comfort model was analysed. The static setpoint tempera-
tures of this operational pattern were obtained with the operational
profile for residential buildings of the CTE, also used in other studies
[27-29].

Models were calibrated according to the criteria of ASHRAE
Guideline 14 [46]. For this purpose, measurements were made
in situ in the study cases. The measurements lasted 1 month in
each case study, dividing the monitoring into 15 days in summer
and 15 days in winter (Fig. 4). These measurements were made
throughout 2017 and 2018. Moreover, a TESTO 435-2 datalogger
and an ALMEMO 2590-4AS datalogger with type K thermocouples
(temperature measurement range between —20 and 70 °C, resolu-
tion of 0.1 °C and accuracy of + 0.1 °C) were used. After monitoring
and simulating data, two statistical parameters of the ASHRAE
Guideline 14 were assessed: the Normalized Mean Bias Error
(NMBE) (Eq. (8)) and the Coefficient of Variation of the Root Mean
Square Error (CV(RMSE)) (Eq. (9)). For hourly validations, the limit
values were 10% for NMBE (in absolute values) and 30% for
CV(RMSE) [46]. The results of the validation process showed
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Fig. 6. Cloud points of the hourly heating energy consumption obtained with the theoretical approach of adaptive setpoint temperatures (AP-1) and those obtained by
applying the adaptive setpoint temperatures in thermostats with accuracy limitations (AP-2, AP-3, and AP-4). This figure shows the results obtained in all the case studies of

the climate zone B4 in the current scenario.

compliance with the standard’s validation criteria: NMBE was 6.11
in case study A, and 8.19% in case study B, whileCV (RMSE) obtained
values of 6.38% and 9.29% in case studies A and B, respectively.

NMBE = % . Z?:l (mi - Si)

e ®)

CV(RMSE) = 100 -

4. Results and discussion

First, the energy consumption related to the use of static oper-
ational patterns was analysed. Fig. 5 shows the annual heating,
cooling, and total energy consumption obtained in the combina-
tions of case study and climate zone in the current scenario, in
2050, and in 2100. In the case studies without improvements in
the envelope, the climate zones had different tendencies in energy
consumption according to their winter and summer climate sever-
ity. The climate zone B4 in the current scenario obtained the lowest
heating energy consumption and the greatest cooling energy con-
sumption, and in the climate zone E1, the sole contribution was
heating energy consumption. Likewise, there was an ascending
order in the total energy consumption as the climate zone had
greater winter severity, with an increase between 13,600.81 and
15,478.66 kWh in the total energy consumption of E1 in compar-
ison with that of B4. Moreover, the effect on energy consumption

by improving the envelope was also interesting, with different ten-
dencies according to the type of energy consumption. The
improvement of the facade clearly decreased the heating energy
consumption (with reductions between 1,940.68 and 13,085.89
kWh), but the reductions were low in cooling energy consumption
(obtaining reductions with maximum values of 3,442.83 kWh), so
this improvement was not an effective energy saving measure to
reduce cooling energy consumption. This aspect became more
important in the future tendencies of building energy performance
throughout the 21st century. In this regard, the external tempera-
ture with the A2 scenario of emissions increased cooling energy
consumption, although its impact on the total energy consumption
depended on the climatic severity of the region: (i) the warm cli-
matic zone (B4) was characterized by an increase in the total
energy consumption of 475.83 kWh in 2050 and of 7,829.89 kWh
in 2100; and (ii) the less warm climatic zones (D3 and E1),
although cooling energy consumption was increased between
949.37 and 10,241.83 kWh in future scenarios, the total energy
consumption decreased due to the savings obtained in heating.
The use of a static operational pattern would not allow ade-
quate energy performance to be achieved in retrofitted case stud-
ies. However, modifying the operational pattern with an adaptive
approach could be an opportunity to reduce the energy consump-
tion of the case studies. Table 4 presents the percentage deviation
obtained in the current scenario between the adaptive energy con-
sumption with the AP-1 (i.e., the approach on which the existing
studies are based) and the static energy consumption. The applica-
tion of the adaptive setpoint temperatures obtained various energy
savings according to the category used from EN 16708-1:2019 in
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Fig. 7. Cloud points of the hourly cooling energy consumption obtained with the theoretical approach of adaptive setpoint temperatures (AP-1) and those obtained by
applying the adaptive setpoint temperatures in thermostats with accuracy limitations (AP-2, AP-3, and AP-4). This figure shows the results obtained in all the case studies of

the climate zone B4 in the current scenario.

the case studies without retrofitting. Category I was related to a
lower energy saving due to the greater approach of the upper
and lower limits, even increasing heating energy consumption.
Despite this increase, the saving obtained in cooling energy con-
sumption (between 55.3 and 84.9%) saved the total energy con-
sumption between 2.1 and 32.1%. Thus, savings could also be
achieved by applying a category with a lower thermal adaptation
of users, and these savings could be increased if users could apply
category II or III. In this regard, the application of these two cate-
gories obtained savings between 2 and 44.8% in the heating energy
consumption, between 67.5 and 99.2% in cooling energy consump-
tion, and between 14.2 and 70.3% in the total energy consumption.
With respect to the case studies with retrofitting, the application of
adaptive strategies achieved saving percentages similar to those
obtained with the case studies without retrofitting: (i) category [
obtained heating energy savings between 0.1 and 4.7% (with
increases in energy consumption for heating in zone B4), cooling
energy savings between 58.7 and 86.9%, and total energy savings
between 10.7 and 48.4%, (ii) category Il obtained heating energy
savings between 16.3 and 35.5%, cooling energy savings between
69.1 and 98.2%, and total energy savings between 26.7 and
65.8%, and (iii) category IIl obtained heating energy savings
between 32.5 and 77.4%, cooling energy savings between 77.5
and 99.9%, and total energy savings between 39.7 and 79.7%.
Nonetheless, the results of combining retrofitting and adaptive set-
point temperatures with respect to the case study without retrofit-
ting with static setpoint temperatures achieved significant savings
(Table 5). The improvement of the envelope and the use of the
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adaptive setpoint temperatures achieved savings between 26.6
and 91.9% in heating, between 61.2 and 100% in cooling, and
between 35.5 and 86.8% in the total energy consumption. Varia-
tions in energy savings depend on the type of category used, with
the combination of retrofitting with adaptive setpoint tempera-
tures of category Il obtaining the greatest energy savings. In addi-
tion, these values were similar in future years: in 2050 there was
an average variation of 3.66% in the percentage deviations obtained
in comparison with the current scenario (Table 6), and in 2100 this
average value was 10.43% (Table 7).

As mentioned in previous sections, the actual possibilities of
applying adaptive setpoint temperatures depend on the accuracy
of the thermostat. The application of the adaptive setpoint temper-
atures with values greater than one decimal is therefore something
of a challenge in actual applications. For this reason, 3 approaches
were analysed to apply the adaptive setpoint temperatures accord-
ing to the accuracy of the thermostat: AP-2 when the thermostat
had an accuracy of 0.1 °C, AP-3 when the thermostat had an accu-
racy of 0.5 °C, and AP-4 when the thermostat had an accuracy of
1 °C. The adaptive setpoint temperatures were used with these
approaches to always guarantee users’ thermal comfort. The heat-
ing setpoint temperatures were obtained by increasing the lower
limit value according to the accuracy of the thermostat (e.g., a
value of 22.5 °C in AP-3 was used for a lower limit value of
22.268 °C), and the cooling setpoint temperatures were obtained
by decreasing the upper limit value. These variations also varied
the building energy consumption, with a significant increase from
the application of AP-2 to the application of AP-4. This aspect is
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Fig. 8. Distribution of the annual energy consumption obtained in the case studies with the approaches of adaptive setpoint temperatures in the current scenario.

shown by the point clouds included in Figs. 6 and 7., which repre-
sent the variation obtained in the hourly energy consumption of
the accuracy approaches of the thermostat in comparison with
the approach not considering the accuracy in the thermostat (AP-
1). The following average increases in the hourly energy consump-
tion were found by analysing the results: (i) with AP-2, heating
energy consumption increased between 0.002 and 0.007 kWh,
and cooling energy consumption between 0.001 and 0.005 kWh;
(ii) with AP-3, the energy consumption increased between 0.038
and 0.145 kWh, and cooling energy consumption between 0.02
and 0.033; and (iii) with AP-4, heating energy consumption
increased between 0.08 and 0.31 kWh, and cooling energy con-
sumption between 0.004 and 0.079 kWh.

The AP-2 did not significantly increase the hourly energy con-
sumption, unlike the other approaches. These variations influenced
the annual energy consumption obtained by the adaptive
approaches (Figs. 8-10). AP-2, AP-3, and AP-4 increased cooling
and heating energy consumption in comparison with that obtained
with AP-1. In the current scenario, an average increase in annual
heating energy consumption of 1.02, 10.47 and 22.44% was obtained
with AP-2, AP-3, and AP-4, respectively, and in the annual cooling
energy consumption, the increase percentages were greater: 5.09%
with AP-2,41.40% with AP-3, and 76.44% with AP-4. The percentages
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of the variation of heating energy consumption in 2050 and 2100
were like those obtained in the current scenario, with variations
between 0.06 and 6.22%. However, there were variations in cooling
energy consumption because of the accuracy of the thermostat in
2050 and 2100, as the percentage deviation tended to decrease in
comparison with AP-1. In 2050, there was a percentage variation
in cooling energy consumption of 2.69% with AP-1, 15.16% with
AP-3, and 38% with AP-4, and in 2100, there was a percentage varia-
tion in cooling energy consumption of 0.88% with AP-1, 8.02% with
AP-3,and 6.22% with AP-4. Thus, the application of adaptive setpoint
temperatures presented limitations according to the type of ther-
mostat available in the dwelling. The application of adaptive strate-
giesin dwellings with a thermostat with an accuracy of 0.1 °C almost
obtained the energy savings presented in previous research studies.
However, their use in dwellings with HVAC systems with lower
accuracy in the configuration of the thermostat could limit the effec-
tiveness of this energy saving strategy. This aspect is shown by the
heatmaps with the percentage deviation achieved with the energy
consumption of the approaches of the adaptive setpoint tempera-
tures in comparison with the energy consumption of the static
approach (Figs. 11-13).

As for heating energy consumption, category I did not obtain
savings with respect to the operational pattern of static setpoint
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Fig. 9. Distribution of the annual energy consumption obtained in the case studies with the approaches of adaptive setpoint temperatures in 2050.

temperatures used. Thus, the limitations related to the accuracy of
the thermostat could significantly increase energy consumption,
even doubling it in some cases (AP-4 in the climate zone B4 of
the year 2100). Category Il decreased energy consumption in com-
parison to the static setpoint temperatures, and its application in
HVAC systems with an accuracy of 0.5 °C or 1 °C could increase
energy consumption between 0.2 and 31.9%. In this regard, cate-
gory Il only guaranteed an energy saving with all types of ther-
mostat according to the possible accuracy, obtaining a minimum
value of 7.8% in the saving of heating energy consumption (AP-4)
and a saving greater than 15% in the other two approaches (AP-2
and AP-3). As for the saving in cooling energy consumption, the
application of adaptive setpoint temperatures with all the
approaches obtained appropriate energy saving values. The use
of adaptive operational patterns achieved savings in cooling energy
consumption greater than 40%, regardless of the type of thermo-
stat. Finally, as for the total energy consumption, there were cases
with category I in which the application of adaptive setpoint tem-
peratures in HVAC systems with thermostat with low accuracy did
not obtain energy savings (an increase between 0.5 and 6.5% was
obtained in these cases). These increase results were related to
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the zones in which heating energy consumption significantly con-
tributed to the total energy consumption (i.e., climate zones D3
and E1). However, the application of the adaptive setpoint temper-
atures in thermostats with low accuracy achieved significant sav-
ings in the climate zone B4 (greater than 18.4%). Nonetheless, the
application of categories II or IIl was the most appropriate frame-
work to use the adaptive setpoint temperatures to guarantee the
energy saving in all case studies with thermostats with low accu-
racy. Nevertheless, the application of these measures in ther-
mostats with an accuracy of 0.1 °C obtained energy savings
almost identical to those obtained with the theoretical approach
of the adaptive setpoint temperatures (AP-1). Therefore, an eco-
nomic assessment by engineers and architects about the suitability
of renovating the HVAC system of the case study and implement-
ing another with greater accuracy of the thermostat would ensure
a greater effectiveness to apply these strategies. As for low-income
families (such as those at energy poverty risk), the use of the adap-
tive setpoint temperatures obtained with categories II or Il from
EN 16798-1:2019 would be the most appropriate option to save
energy consumption without an economic investment that could
affect the remaining economic expenses of the family unit.
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5. Conclusions

Adaptive thermal comfort models are an appropriate tool to
obtain building energy savings. One of the possibilities of applying
adaptive thermal comfort models is by using adaptive setpoint
temperatures. Most studies have shown significant savings in cool-
ing energy consumption, whereas savings in heating energy con-
sumption are lower. Nonetheless, the tendencies of climate
evolution throughout the 21st century, with a greater impact on
cooling energy consumption, show the huge potential of applying
adaptive setpoint temperatures to achieve a building stock with
greater resilience.

However, these studies are based on the direct application of
the upper and lower limits of the adaptive thermal comfort mod-
els, without considering the limitations of the adaptive setpoint
temperatures because of the type of HVAC system in the dwelling.
Specifically, the accuracy of the thermostat could significantly
influence the effectiveness of measures. For this purpose, 3 typolo-
gies of thermostats were analysed according to their accuracy: 0.1,
0.5, and 1 °C. The thermostats of 0.1 °C virtually obtained the same
results of energy saving as those obtained by directly applying the
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Distribution of the annual energy consumption obtained in the case studies with the approaches of adaptive setpoint temperatures in 2100.

upper and lower limits of each adaptive thermal comfort model.
However, the thermostats of 0.1 °C are related to new HVAC sys-
tems with smart thermostat systems, and the thermostats with
an accuracy of 0.5 and 1 °C correspond to old HVAC systems, the
most common in existing buildings. In these cases, there are differ-
ent tendencies in the limitations to apply adaptive setpoint tem-
peratures. This application mainly depends on the type of energy
consumption, the climate zone, and the category from EN
16798-1:2019 which best fit to the users of the dwelling. Based
on these three aspects, the application of categories I and II in
the heating setpoint temperature is not advisable in thermostats
with an accuracy of 0.5 or 1 °C because of the increase generated
in energy consumption in comparison with the static operational
patterns, even obtaining increases of up to 103.7%. Consequently,
category III from EN 16798-1:2019 is the feasible option to obtain
heating energy savings in dwellings with thermostat systems with
low accuracy. As for cooling energy consumption, the possibilities
of energy saving were greater and less influenced by the type of
thermostat. Although the application in thermostats with an accu-
racy of 0.5 or 1 °C decreased the cooling energy saving obtained,
the energy saving was always greater than 40% (even in the year



D. Bienvenido-Huertas Energy & Buildings 244 (2021) 111024

2050 Current Current Current Current

2050

2050 2050

2100 2100

2100

CB-02 CB-01 CA-02 CA-01 CB-02 CB-01 CA-02 CA-01 CB-02 CB-01 CA-02 CA-01

g 92 | 98 |
S 2 2.6 37 . 8 36.5 36.3 30
AP-1  AP2  AP-3 ' AP-1  AP-2 AP-1  AP2  AP3
Category | Category Il Category IlI
CA-01: Case study A (without retrofitting) CA-02: Case study A (with retrofitting)
CB-01: Case study B (without retrofitting) CB-02: Case study B (with retrofitting)

Fig. 11. Heatmap with the percentage deviation obtained in the annual heating energy consumption of the adaptive models in comparison with the static model. Positive
values correspond to an increase in energy consumption, and negative values correspond to a saving in energy consumption. This figure represents the results for the 3
scenarios (current, 2050, and 2100).

2100 2100 2050 2050 2050 2050 Current Current Current Current

CB-02 CB-01 CA-02 CA-01 CB-02 CB-01 CA-02 CA-01 CB-02 CB-01 CA-02 CA-01
2100

2100

AP-1  AP2 AP3 AP4 AP-1  AP2 AP3 AP4 AP-1  AP2 AP3  AP4

Category | Category Il Category IlI
CA-01: Case study A (without retrofitting) CA-02: Case study A (with retrofitting)
CB-01: Case study B (without retrofitting) CB-02: Case study B (with retrofitting)

Fig. 12. Heatmap with the percentage deviation obtained in the annual cooling energy consumption of the adaptive models in comparison with the static model. Positive
values correspond to an increase in energy consumption, and negative values correspond to a saving in energy consumption. This figure represents the results for the 3
scenarios (current, 2050, and 2100).
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AP-3

AP-3  AP-4 AP-2

Category |

CA-01: Case study A (without retrofitting)
CB-01: Case study B (without retrofitting)

Category Il

Category IlI

CA-02: Case study A (with retrofitting)
CB-02: Case study B (with retrofitting)

Fig. 13. Heatmap with the percentage deviation obtained in the annual energy consumption of the adaptive models in comparison with the static model. Positive values
correspond to an increase in energy consumption, and negative values correspond to a saving in energy consumption. This figure represents the results for the 3 scenarios

(current, 2050, and 2100).

2100). This aspect is in accordance with the great effectiveness of
the adaptive setpoint temperatures to obtain savings in cooling
energy consumption and guarantees the huge potential to apply
these strategies in the case studies with old HVAC systems. In addi-
tion, the use of these measures would allow energy poverty to be
reduced in low-income families that cannot pay building
energy renovations. If payments are available to improve the build-
ing, replacing the existing HVAC system with another to adjust the
thermostat with an accuracy of 0.1 °C (among other aspects) would
be an option of energy saving to obtain energy saving results very
similar to those obtained in previous studies on adaptive setpoint
temperatures.

To conclude, the results of this study are of great interest to
engineers and architects with a more accurate knowledge of the
potential of applying adaptive setpoint temperatures in existing
buildings. Based on both the type of thermostat and the results,
the suitability of applying adaptive setpoint temperatures could
be estimated if the adaptation capacity of the users of the case
study is known beforehand (i.e., the type of category from EN
16798-1:2019 that could be applied). Thus, a low-carbon building
stock would be reached more quickly, and a lower energy poverty
risk would be guaranteed for low-income families without financ-
ing expensive energy conservation measures. However, there are
some limitations. On the one hand, the study was carried out in
two residential buildings. Although it is expected that similar
results are obtained in buildings for other uses (e.g., offices), future
studies should consider the variability that energy savings could
present according to the type of building. On the other hand, the
use of automation systems would allow this type of measures to
be adequately implemented. Thus, future studies could analyse
the possibility of using automation systems based on dataloggers
that process information and provide an automatic thermostat
configuration.
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