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Abstract

This article presents a novel methodology that combines
energy simulation and the use of advanced comfort indi-
ces for assessing thermal comfort in buildings, with a spe-
cific focus on a historical office building in Catania (Italy).
The research methodology includes detailed modelling in
TRNSYS, supported by surveys and on-site measurements
of temperature and relative humidity. Then, suitable syn-
thetic indices are introduced that are adaptable to different
thermal comfort theories, in line with major standards
(ASHRAE 55 and EN 16798-1, namely). This provides a
versatile tool for assessing thermal discomfort in historical
buildings while easily identifying the rooms where apply-
ing possible mitigation strategies is most urgent. This ap-
proach also allows us to evaluate the effect of suitable ret-
rofitting options that could achieve good thermal comfort,
thus reducing energy consumption and contributing to

their adaptation to the evolving climate.

1. Introduction

The analysis of thermal comfort in the built environ-
ment is an increasingly prominent topic in engineer-
ing and architecture, driven by the need to enhance
indoor environmental quality and to reduce the en-
ergy consumption in buildings.

The quantification of thermal comfort is critical:
many studies have explored various indices, such as
Predicted Mean Vote (PMV), Predicted Percentage
of Dissatisfied (PPD) (Fanger, 1970), and Standard
Effective Temperature (SET) (ANSI and ASHRAE,
2020; Silva et al., 2016; Tartarini and Schiavon, 2020)
to assess comfort conditions in buildings. These in-
dices, along with others like Intensity of Thermal

Discomfort (ITD), Frequency of Thermal Comfort

Part of

(FTC), Frequency of Thermal Discomfort (FTD),
Fluctuation of thermal Discomfort (FD) (Detom-
maso et al., 2021; Evola et al., 2015; Sicurella et al.,
2012), Passive Discomfort Index (Indice de Descon-
forto Passivo) (Dos Reis et al., 2022), ASHRAE Like-
lihood of Dissatisfaction and Nicol et al.’s Overheat-
ing Risk (Nicol et al., 2009), provide a solid founda-
tion for optimizing building design and evaluating
their operational thermal performance. In the con-
text of historical buildings, these challenges are ag-
gravated by architectural and conservation con-
straints, thus calling for innovative solutions to
align thermal comfort with heritage preservation
(Martinez-Molina et al., 2016).

This paper presents a novel approach for evaluating
the thermal comfort in buildings over long time
spans that integrates dynamic energy simulation
with the application of advanced comfort indices to
a case study building in Catania. The results also
demonstrate that historical buildings, under current
climatic conditions, may suffer from thermal dis-

comfort issues, especially in the summer.

2. Material and Methods

2.1 Methodology

In this research, a comprehensive methodology was
developed to facilitate the analysis of thermal com-
fort in historical buildings. The methodology is
summarized in the flowchart of Figure 1.

Phase 1 requires detailed information to create a re-
liable virtual model, including the collection of geo-

metric, morphological and thermophysical data.
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Fig. 1 — Workflow of the methodology

The process involves also simplifying the building’s
geometry and constructing a virtual model using
the TRNSYS energy simulation software.

Phase 2 consists in carrying out preliminary experi-
mental measurements, which is instrumental for the
validation of the virtual model (phase 3). This step
requires the collection of local meteorological data
that is then used for a first run of simulations for
validation purposes. Data regarding indoor air tem-
perature and relative humidity are also collected to
compare them with the simulation results. The vali-
dation is based on different error indices (Baggio et
al., 2013), whose suggested thresholds (Huerto-Car-
denas et al., 2020) are indicated in Table 1: MAE
(Mean Absolute Error), RMSE (Root Mean Square
Error), r (Pearson's Correlation Coefficient), R?2
(Coefficient of Determination).

Once the model is validated, simulations can be run
with the current climate (phase 4), which is done by
using the typical meteorological file of the city
where the building is placed.
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Table 1 — Suggested thresholds for error indices (Huerto-
Cardenas et al., 2020)

MAE RMSE r R?
<1[°C-g/k
LV1 g/kel >05 >0.75
<5[%]
<2 [°C - g/k
LV 2 g/kgl
<10 [%]

This step also includes the calculation of the Run-
ning Mean Outdoor Temperature (RMOT), which is
necessary to compute the thermal comfort thresh-
olds in line with the adaptive comfort theory (Hum-
phreys etal., 2015; Yao et al., 2022). After the numer-
ical simulations (phase 5), the outputs are then pro-
cessed, with a focus on the operative temperature.
The methodology requires two different analyses of
thermal comfort (phase 6): a first one looks at the
time trends of the indoor operative temperature,
while the second one relies on the adaptive comfort
approach in accordance with the American
ASHRAE 55 (ANSI & ASHRAE, 2020) and the Euro-
pean EN 16798-1 (EN 16798-1:2019) standards. This
second analysis requires the calculation of three dis-
comfort indices: ITD [°C h], FTD [%] and FD [°C]
(Evola et al., 2015; Sicurella et al., 2012), which refer
only to those time intervals when the presence of the
occupants is expected. More specifically, the ITD
quantifies the degree hours by which room temper-
atures exceed the predefined thermal comfort
thresholds:

ITD = fp AT, per(T) - dt where

AT () = Top (1) = Toper if Top (1) = Toyer
over (o if Top () < Toper

The subscript over refers to “overheating”, i.e. ther-
mal discomfort due to high indoor operative tem-
peratures. The FTD measures the percentage of time
within a given period when the indoor thermal com-
fort conditions are not met; it is determined by di-
viding the hours in which thermal discomfort is per-
ceived by the total number of occupancy hours. Fi-
nally, the FD is the ratio of the ITD to the length of

the period when thermal discomfort is perceived:

_ _Ib
Jpiqrdr
- {1 i Top(®) 2 Tover
0 if Top(t) < Tover

FD where



In case of high ITD and low FD, the room is most
probably often in the discomfort region, thus a gen-
eral improvement in the thermal performance of the
whole building fabric might be required. On the
contrary, a high FD means that discomfort occurs
rarely but in an intense way; in this case the problem
could be tackled with a single local tailored solution,
such as a higher ventilation rate or a more efficient
shading device (Sicurella et al., 2012).

2.2 Case Study

The selected case study for this research is an office
building belonging to the University of Catania,
Italy, built in the first half of the 19t century and re-
stored in the past decade. The building's masonry
walls are made of volcanic stones and mortar. Wall
thicknesses vary across different floors and for in-
ternal and external walls.

To create a reliable virtual model, detailed geomet-
ric, morphological, and thermophysical data were
meticulously gathered. The model creation in TRN-
SYS meant simplifying the complex geometry, par-
ticularly the windows, which are arched but are
modified to an equivalent rectangular shape while
retaining the proportion of glazing to frame area.
Afterwards, the U-value of the external walls was
measured, and an equivalent thermal conductivity
was calculated to treat masonry walls as a uniform
material. A detailed analysis of the occupancy rates
per unit area in each floor provided also insights
into utilization patterns. Validation of the virtual
model was then undertaken by measuring indoor
temperature and humidity in specific rooms during
May and June 2023. Outdoor weather data from a
local weather station were supplemented with solar
radiation data from an online source, were used in
the simulations (SIAS, 2023) (see Figure 2).
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Fig. 2 — Outdoor air temperature and solar irradiance from May 31t

to June 11, 2023
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After the construction and successful validation of
the model (Huerto-Cardenas et al., 2020), a thermal
comfort analysis was carried out. It aimed to iden-
tify the rooms with the greatest discomfort and the
origins of such discomfort, with a particular focus
on summer overheating during the months of June,
July, August, and September.

Unlike the fixed comfort bands of non-adaptive the-
ory, the adaptive comfort theory considers time-
evolving comfort ranges that are based on outdoor
conditions (Humphreys et al.,, 2015). An essential
element in the calculation of adaptive comfort
bands is the Running Mean Outdoor Temperature
(RMOT), i.e. the mean outdoor temperature over a
specified period (Yao et al.,, 2022). In this paper,
RMOT has been calculated through the web tool
developed by Tartarini and Schiavon (Tartarini &
Schiavon, 2020). This tool allowed us to compute the
adaptive comfort bands under different scenarios
and considering two specific standards, the
ASHRAE 55 and EN 16798-1 namely. ASHRAE 55
includes two performance categories, "80" and "90":
"80" denotes comfort levels suitable for 80% of indi-
viduals while "90" indicates 90% of people satisfied
(ANSI and ASHRAE, 2020). Instead, the EN 16798-1
defines three performance categories: "Category
IIL," "Category II," and "Category I". "Category III"
represents lower comfort levels, accepted by a
smaller percentage of occupants; "Category I" con-
cerns the highest comfort performance, while "Cat-
egory II" stands as an intermediate category (EN
16798-1:2019). After calculating the adaptive com-
fort bands, the operative temperatures of the room
were evaluated, examining whether they fell within
or exceeded these comfort thresholds. Further anal-
yses quantified discomfort in the thermal zones by
using the Intensity of Thermal Discomfort (ITD),
Frequency of Thermal Discomfort (FTD), and Fluc-
tuation of thermal Discomfort (FD), specifically dur-

ing occupancy hours (8 AM to 6 PM).
2.3 Simplification and Modelling of the
Case Study Building

The modelling was carried out within the TRNSYS
energy simulation software tool (Figure 3 shows an

axonometric view of the real virtual building).
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Fig. 3 — Case study building and model

To accurately capture the intricacies of the historical
building's thermal behaviour, several considera-
tions and simplifications were made. Notably, the
thermal zones within the building were defined by
merging the rooms sharing common attributes, such
as orientation (North, South, East, or West) and
function, resulting in 41 thermal zones (the actual
number of rooms is 70 instead).

Coherently, internal partitions between rooms per-
taining to the same thermal zone were omitted from
the geometric model. These thermal zones were,
however, manually assigned augmented thermal
capacity to compensate for the absence of the mas-
sive internal walls. To quantify the thermal capacity
of the omitted walls, the computation of volumes of
walls included in each thermal zone was carried out,
while the specific heat capacity (cp) is set to 1 kJ-kg-
LK1 and the density (p) is 2400 kg-m- (Gagliano et
al., 2014; UNI 10351:2021; UNI 10355:1994). Wall
thicknesses vary across different floors and across
internal and external walls. The following measure-
ments were adopted: for external walls facing the
street, the masonry thicknesses are 120 cm (ground
floor), 105 cm (first floor), 90 cm (second floor), and
75 c¢m (third floor). In contrast, for external walls
facing the courtyard the masonry thicknesses are 90
cm (ground floor), 80 cm (first floor), 70 cm (second
floor), and 60 cm (third floor). For internal walls sep-
arating individual rooms the thicknesses are 80 cm
(ground floor), 65 cm (first floor), 45 cm (second
floor), and 30 cm (third floor).

Additionally, architectural features such as light
wells on the second and third floors were repre-
sented as void spaces. A shading surface was intro-
duced above these light wells, emulating the grilled
structure where the thermal systems are placed.
Distinct net height measurements were attributed to
each floor, because on some floors there are counter

ceilings and on other vaults: 5.30 m for the ground
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floor, 4.70 m for the first floor, and 5.70 m for both
the second and third floors. Many rooms featured
vaulted ceilings and non-rectangular doors and
windows: these complexities were simplified by
approximating rooms as rectangular boxes, but
ensuring the same floor surface area and room vol-
ume (Elhadad et al., 2020). The same applies to
doors and windows, where the simplifications did
not affect the glazing and frame surfaces. The build-
ing has different types of windows, in terms of
frame materials, geometric shape and ratio of
opaque and transparent surfaces. Primarily, some
windows have wooden frames, with a thickness of
6 cm and a thermal transmittance U = 1.67 W-m2-K-
1, whereas others have metal frames without a ther-
mal break, with a thickness of 7 cm and U = 5.85
W-m2K-.. The type of glass employed is consistent
across all window types, comprising laminated
glass with 8 mm thickness. This glass has thermal
transmittance Ug = 5.6 W-m>K-!, and g = 0.89 (solar
heat gain coefficient). As previously written, the di-
versity of window types encompasses variances in
geometric shape and size (Figure 4), leading to a
simplification process: Table 2 describes in detail the
areas of transparent and opaque surfaces for each
type. Furthermore, balconies were simplified: they
were merged into a single longer surface. Surround-
ing buildings were incorporated as shading ele-

ments (see Figure 3).

Fig. 4 — Simplification of windows geometry (Type D)

Table 2 — Transparent and opaque surface areas for windows

Transparent Opaque Transparent Opaque
surface area surface Type surface area surface
area area
[m?] [m?] [m?] [m?]
A 417 241 I 0.56 0.25
B 4.92 1.20 J 6.46 1.83
C 3.64 2.48 K 1.53 1.41
D 4.05 1.97 L 3.30 3.74
E 2.76 1.72 M 1.72 1.14
F 3.36 2.70 N 2.12 2.05
G 2.89 4.08 O 4.64 0.29
H 2.03 2.13




The attic space was not included in the model, so the
last floor ceiling surfaces were assigned specific
boundary conditions for heat exchange with the un-
derlying zones. Subsequently, settings for infiltra-
tion were established, specifying an infiltration rate
of 0.30 air changes per hour (UNI/TS 11300:2014).
The number of luminaires, each hosting two 55 W
halogen lamps, is reported in Table 3 for each ther-
mal zone: the lighting schedule is aligned with
standard office hours, activated from 7:00 AM to
6:00 PM. Electrical equipment generates 5 W-m?
heat gains.

Table 3 — Number of light points for each thermal zone

T. Light T. Light T. Light T. Light
Zone points Zone points Zone points Zone points

001 4 101 4 201 8 301 8
002 7 102 4 202 4 302 4
003 23 103 4 203 12 303 12
004 2 104 20 204 16 304 16
005 2 105 10 205 10 305 10
006 10 106 4 206 2 306 2
007 6 107 2 207 11 307 8
008 10 108 6 208 4 308 4

109 10 209 2 309 2

110 2 210 2 310 2

111 4 211 3 311 3

2.3.1 Experimental Measurement for
modelling and validation purpose

An experimental campaign to measure the U-value
of external walls was conducted between 6t and 13t
March 2023 by using a Thermozig heat flow meter,
whose technical features are listed in Table 4.

The U-value measurements specifically targeted the
walls of selected rooms that were unoccupied due
to staff absence. In adherence to (ISO 9869:2014), the
selected walls were north-facing, and space heating
was turned on during the campaign to increase the
indoor-outdoor temperature drop. The duration of
the measurements amounted to 167 hours. The re-
sults of these measurements revealed that the U-
value of the external walls was around 1.15 W-m2-K-
1. Since the wall thickness is 0.70 m, this corresponds
to an equivalent thermal conductivity Aeq =1 W-m-
LK1, Between May 31st and June 11t%, 2023, another
monitoring campaign was performed in two unoc-
cupied thermal zones, denoted as 203 and 303, lo-

cated respectively at the second and third floor.

Thermal Comfort in Historical Buildings:
An Application to a Historical Building in Catania

Table 4 — Technical features of Thermozig heat flow meter

Temperature Heat Flow
M -
Rae:s:““g from -50°C to 125°C  from -300 to 300 W-m?2
& (from -20°C to 60°C)
Resolution  0.01°C 0.01 W-m?2

Accuracy +(0.10+0.0017tl) °C +5% (@T =20°C)

More specifically, two Wohler CDL 210 dataloggers
(technical features are listed in Table 5) were used
for measuring air Temperature and Relative Hu-
midity that were then used to validate the virtual
model. A graph of the temperature and relative hu-
midity achieved in the measurement campaign is in-

cluded in Figure 5.

Table 5 — Technical features of Wéhler CDL 210 datalogger

Temperature Relative Humidity
M -
CASUHE from -10°C to 60°C 5% to 95%
Range
Resolution  0.1°C 0.1%

+ 3% for 10% and 90%

A +0.6°
ceuracy +0.6°C + 5% otherwise
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Fig. 5 — Temperature and relative humidity values (from May 31st

to June 11t, 2023) (Thermal Zone 203)

2.3.2 Occupancy profiles of rooms

In the simulations, sedentary office workers were
considered, with a thermal power of approximately
115 W per person (Sansaniwal et al., 2022). To calcu-
late the total heating load for each thermal zone, this
per-person power value was multiplied by the num-
ber of workstations and by the actual occupancy
rate of workstations (Figure 6). Due to privacy and
the lack of more granular data, these calculations
were detailed at the floor level rather than at the
room level. There are 17 workstations on the ground
floor, 31 on the first floor, 34 on the second floor, and
28 on the third floor.
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Fig. 6 — Workstations’ occupancy rate for each floor

3. Results and Discussion

3.1 Validation of the Virtual Model

As a result of this simulation, air temperature and
relative humidity values were obtained and are
shown in Figure 5. Moreover, Table 6 and Table 7
show the error index regarding the validation. The
error index values were compared with the values
suggested by (Huerto-Cardenas et al., 2020) and, as
they fall within acceptable ranges, the model shows

good agreement with real-world measurements.

Table 6 — Temperature error indices

Thermal —\/pr MAE  RMSE r R
Zone
[°C] [°C] [°C]
203 0.35 0.35 0.38 0.96 0.93
303 0.14 0.26 0.31 0.92 0.85

Table 7 — Relative humidity error indices

Thermal

MBE MAE RMSE r R?
Zone
[%] [%] [%]
203 0.03 1.74 2.11 0.85 0.78
303 2.12 2.38 2.83 0.84 0.76

3.2 Comfort Analysis

By using the validated model, a set of free-floating
dynamic simulations was conducted. First, the fre-
quency distribution of the operative temperature
was analysed in each thermal zone: Figure 7 reports
the results in Zone 204 (second floor, facing West)
and Zone 207 (facing East towards the internal
courtyard) in June, July, August, and September.
These zones show high levels of discomfort: in Zone
204 the most frequent operative temperature range
is 31 °C and 33 °C, with a total of almost 550 hours;
in Zone 207 the most frequent range is also between
31 °C and 33 °C with a total of over 600 hours, but

here we also observe 175 hours above 33 °C.
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Fig. 7 — Operative temperature distribution (Zone 204 and 207)

Based on these results only, identifying the thermal
zones with the most severe thermal condition is not
straightforward, even because the building has 70
rooms divided into 41 thermal zones. This is pre-
cisely the point where the utility of the ITD becomes
evident: indeed, with a single number it provides a
clear indication of both intensity and duration of
thermal discomfort.

In this case, the ITD, FTD and FD were computed
for each thermal zone against the adaptive comfort
bands, whereby the comfort thresholds are not con-
stant with time. In principle, all possible perfor-
mance categories were considered (“90” and “80” in
ASHRAE 55 plus “Category 1”7, “Category II” and
“Category III” in EN 16798-1). However, since this
is an office building it is reasonable to refer mostly
to "Category II" in the EN 16798-1 Standard and "80"
in the ASHRAE 55 Standard.

Figure 8 shows the ITD values across all thermal
zones, reflecting also the variations within perfor-
mance categories. These results confirm that the ITD
is a valid synthetic index and they emphasize that —
even when employing the more flexible adaptive
comfort approach — several thermal zones may still
experience thermal discomfort due to overheating
in the absence of cooling systems. For instance, the
ITD values in Zone 204 (ITD = 2387) and Zone 207
(ITD = 1876) are high, if compared e.g. with Zone
206 (ITD = 653) and Zone 211 (ITD = 441). There is
currently no official reference to a maximum al-
lowed ITD value, but in comparative terms this in-
dex immediately identifies the critical rooms where
measures are urgently needed to improve thermal
comfort. For instance, the rooms on the third floor
are on average far less comfortable than on the

ground floor.
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Fig. 8 — Intensity of Thermal Discomfort in the 41 thermal zones
(purple: ASHRAE 55 - red: EN 16798-1)

Table 8 — Frequency of Thermal Discomfort (Zones 204 and 207)

FTD - “Category I1” FTD - Category “80”
EN 16798-1 ASHRAE 55
Thermal Thermal Thermal Thermal
Zone 204 Zone 207 Zone 204 Zone 207

June 11% 4% 55% 30%
July 98% 92% 100% 100%
August 100% 100% 100% 100%
September 99% 100% 100% 100%

Table 9 — Fluctuation of thermal Discomfort (Zones 204 and 207)

FD - “Category 11” FD - Category “80”
EN 16798-1 ASHRAE 55
Thermal Thermal Thermal Thermal
Zone 204 Zone 207 Zone 204 Zone 207

June 0.5 0.1 0.6 0.4
July 1.6 1.1 2.6 2.0
August 2.3 1.5 3.3 2.5
September 1.4 1.1 2.4 2.1

Of course, ITD = 0 indicates that a room does not
show any overheating issue (Zone 007). Still focus-
ing on Zone 204 and Zone 207, Table 8 and Table 9
report the FTD and FD values, according to "Cate-
gory II" of EN 16798-1 and Category "80" of
ASHRAE 55. The FTD values in Table 8 show that

discomfort conditions occur very frequently in both

Thermal Comfort in Historical Buildings:
An Application to a Historical Building in Catania

zones, especially in light of the ASHRAE 55 Stand-
ard, which is more stringent than “Category II” of
EN 16798-1. The FD values are low (Table 9), which

suggests steady thermal discomfort.

4. Conclusion

This research developed a simulation framework in
TRNSYS to build up and validate a multi-zone
model for complex historical buildings with the aim
of appraising thermal discomfort in summer. A se-
ries of suitable modelling simplifications in terms of
geometry and thermal features are introduced in or-
der to keep a reasonable level of detail while reduc-
ing the burden of the modelling task. Then, syn-
thetic thermal comfort indices such as the Intensity
of Thermal Discomfort (ITD) and the Frequency of
Thermal Discomfort (FID) are applied based on the
adaptive comfort theory, to quickly identify the
thermal zones that suffer the most from thermal dis-
comfort. The application to a case study in Catania
(Southern Italy) proved very effective to easily iden-
tify those rooms that urgently call for passive solu-
tions to mitigate indoor overheating, while also in-
forming if discomfort is frequent and steady. The
methodology can be extended to other multi-zone
buildings even other than offices. Future research is
planned to include also the effect of climate change
in the simulation framework, by suitably modifying

the weather data input.

Nomenclature
Cp Specific heat capacity (J-kg1-K)
FD Fluctuation of thermal Discomfort

FTD Frequency of Thermal Discomfort

ITD Intensity of Thermal Discomfort

MAE Mean Absolute Error

PMV Predicted Mean Vote

PPD Predicted Percentage of Dissatisfied

r Pearson's Correlation Coefficient
RMSE  Root Mean Square Error

RMOT  Running Mean Outdoor Temperature (°C)

R2 Coefficient of Determination

T Temperature (°C)

U Thermal transmittance (W-m-2K-1)
A Thermal conductivity (W-m1K)
p Density (kg:m)
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