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This paper investigates the status quo of the indoor comfort temperatures of a number of reference
churches in Malta, ranging from large and small Baroque buildings to more contemporary buildings,
throughout the twelve-month monitoring period of 2018. This is carried out as a first step towards un-
derstanding and evaluating the extent of comfort issues in these buildings. It was found that the thermal
mass of buildings plays a very important role in controlling indoor temperature in these free running
structures. The Baroque churches proved to have an overall high thermal mass when compared to the
mid-20th century neoRomanesque style architecture, and late 20th century (post Vatican Council II style)
contemporary architecture, with the result of a steadier indoor temperature in Baroque churches and
higher fluctuations in temperature for the more recent architectural styles. This behaviour is mainly at-
tributed to the lack of overall thermal mass of the building and higher solar gains through glazed el-
ements, providing minimal "inertia" against external temperature fluctuations. This is evidenced by the
results obtained in this study, which give a sound indication of the thermal comfort in naturally venti-

lated churches in a Mediterranean climate

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

To date, peer reviewed literature has given little attention to
the thermal comfort and energy performance of places of wor-
ship, such as churches in temperate climates of the Mediterranean
region. This, probably due to the fact that the European Energy
Performance for Buildings Directive (EPBD) [1], excludes religious
buildings from the requirement that all new and renovated build-
ings are to be nearly-zero energy by 1st January 2021, which also
applies to the Republic of Malta, a Southern European country in
the central Mediterranean. Malta is an archipelago of islands, some
80 km south of Sicily (Italy), 284 km east of Tunisia and 333 km
north of Libya, as shown in Fig. 1 below. [2], with a population of
about 475,000 over an area of 316 km?.

As a result, no attention has been given to the thermal and en-
ergy performance of such buildings, despite the fact that build-
ings occupy a significant floor area of public building space in
the Maltese archipelago. It is pertinent to point out that in Malta
there exists a ‘church density’ of one church per square kilome-

Abbreviations: RB, Reference Buildings; T, Temperature.
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tre. While, most of the existing churches are historic and have al-
ways been naturally ventilated, there is an ongoing trend to retrofit
these places of worship with mechanical space heating and cooling
equipment without due consideration to whether thermal com-
fort can be achieved through other natural means and passive en-
ergy efficiency measures. Natural ventilation is a traditional, and
well-accepted passive cooling technique used in hot-humid re-
gions [3] like Malta. In addition, little concern is given to the in-
creased energy consumption via the installation of such equip-
ment, and how the mechanically cooled and heated macro-climate
impacts the conservation of artefacts and the building structure
itself. In terms of the conservation of the building heritage and
works of art, the ideal solution would be to maintain suitable en-
vironmental conditions over a constant period to maintain a con-
stant macro-climate. However, the churches that opted to install
mechanical space heating and cooling equipment, have climatiza-
tion systems that are mainly used on cooling for very limited pe-
riods of time, coinciding with occupation during occasional events,
to the detriment of artefacts and the building structure itself. In
European countries where heating is of a major concern, localised
systems to address the micro-climate without drastically altering
the macro-climate have been introduced [4,5]. These include ra-
diant floors, infrared radiation heating and low-temperature radi-
ant emitters mounted in the pew. However, localised cooling sys-
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Fig. 1. The Location of Malta.

tems in warm climate regions to provide a desirable distribution of
ambient temperature to the people occupying that space without
drastically altering the macro-climate is so far sparsely addressed.

Up to now, publications to analyse thermal comfort in religious
and historical buildings have mainly focused on air conditioned
versus buildings in their natural thermal environment. Such stud-
ies have primarily assessed comfort using or adapting the ISO 7730
[6] Predicted Mean Vote (PMV) | Predicted Percentage Dissatisfied
(PPD) model.

M.S. Al-Homoud, et al. evaluated five representative mosques in
Saudi Arabia [7,8]. In this study, evaluation was based on utility
bills and power meters to measure total energy usage and energy
end use. It was established that for these mosques, which were
located in a hot, humid climate, the largest share of electricity use
(71-79%) was attributed to the HVAC system in space conditioning
[9].

Several other papers were later published on the energy and
comfort performance for three of the five mosques referred to
above [7,8]. Using representative days from the data samples, they
found that indoor conditions were often outside the comfort zone,
as defined by Fanger’s Predicted Mean Vote (PMV) model, de-
spite active space conditioning [10]. Another paper evaluated po-
tential energy efficiency measures through simulations of a typical
mosque [11], reinforcing the energy and comfort benefits of insu-
lation, whilst investigating the impact of operational zoning and
HVAC system intermittent operation strategies on the energy per-
formance of mosques, while thermal comfort is maintained.

In other studies, Budaiwi explored in simulation, using building
energy modelling software, how different envelope parameters af-
fect the energy performance of mosques [12]. Ah-Homoud, also in
simulation, optimized envelope parameters for mosques in achiev-
ing minimal energy consumption [13]. A study on thermal comfort
in mosques in Kuwait found that the perceived comfort for the oc-
cupants was 2.6 °C above that predicted by Fanger's PMV model
[14].

In Northern Europe there was a growing concern in the 1960s
among antiquarians and architects that medieval stone churches
were suffering seriously from overheating [15]. Heating was said to
contribute significantly to particle deposition on walls and vaults
and to a dry climate, which was damaging wooden interiors and
objects [16]. Since 1887, a directive for managing churches in Swe-
den required that heating should be kept to a minimum and be

provided only during services [17]. In this regard there were con-
flicting views in Northern Europe on the need for heating in the
1960s and 1970s. In 1967, the Swedish National Institute of Build-
ing Research concluded that stone churches that had not been in-
tended to be heated should remain unheated [18]. However, this
advice does not seem to have had a noticeable influence on the
management of churches. To the contrary, the 1960s seems to have
been a time when many churches were permanently heated for the
first time. A transition to intermittent heating rather than a com-
plete shutdown of heating was seen as a solution [19-22].

Studies in Europe and the United States have also considered
thermal comfort and have monitored the indoor temperatures and
relative humidity (RH) levels. Loupa et al. [23] presented the re-
sults from two medieval churches in Cyprus and showed that the
fluctuations in indoor temperatures, humidity levels, and levels
of pollutants exceeded the recommended values. Niccolo* Aste et
al. [24] analysed the hygrothermal behaviour of the Duomo (Mi-
lano Cathedral) and reported that fluctuations in relative humid-
ity constitute a danger for the conservation of artefacts. Martinez-
Garrido et al. [25] analysed San Juan Bautista Church at Tala-
manca de Jarama, Madrid, Spain, and established that the walls
exhibit differences in water absorption, whose explanation is to
be found in the various types of construction involved in its over
seven centuries of building history, the weather conditions and the
walls orientation. Marika Vellei et al. [26] accentuated the impor-
tance of relative humidity in determining the sensitivity of occu-
pants within the adaptive comfort paradigm. Other papers anal-
ysed HVAC typologies [27], HVAC energy usage and occupant com-
fort and different heating systems in churches and religious facil-
ities [28,29]. Niccolo* Aste et al. [30] analysed the Basilica di S.
Maria di Collemaggio in L'Aquila, Italy. This work allows to con-
firm that pew-based friendly heating is an effective solution, com-
bining comfort at microclimate level with significant energy sav-
ings and low or no impact on the artworks and on the build-
ing structures. This argument was further corroborated by Dario
Camuffo et al. [31] following a detailed environmental monitor-
ing conducted in the church of Santa Maria Maddalena in Rocca
Pietore, Italy. The proposed heating approach in this study is to
provide a small amount of heat directly to people in the pew
area while leaving the macroclimatic conditions in the church
undisturbed.

These papers, amongst other, aimed not only to design an im-
proved heating system but also to verify its potential impact on
artworks, especially in comparison with other systems. Possible
impacts, on the microclimate and on artworks within the macro-
climate, have been studied in terms of cause-effect relationships
[32-34].

In Spain, churches first began to be heated in the nineteen six-
ties and seventies. In the absence of any regulation for this prac-
tice in such buildings until December 2012 (Spanish and European
standard UNE-EN 15,759-1:2012 [35]), heating systems have been
chosen in pursuit of occupants’ thermal comfort, with no regard
for the sustainable conservation of indoor church environments or
the artistic heritage. High temperature and low RH values concen-
trated in the upper part of the church, while the environment con-
ditions at the lower parts occupied by the congregation remained
unsatisfactory [36].

In contrast, a study on Spanish rural churches resulted in a se-
ries of recommendations for the preventive conservation of such
historic buildings, without compromising human comfort [36,37].
As these buildings were not originally designed or built for any
manner of HVAC technology, installing systems to temporarily sat-
isfy occupants’ thermal comfort was to the detriment of the in-
door conservation of the natural environmental conditions and
churches’ artistic and architectural heritage. The analogy between
preservation and conservation of historical heritage and thermal
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comfort, particularly in heritage buildings and museums, is further
evidenced in various works [38-40].

The European project “Friendly-Heating: Comfortable to Peo-
ple and Compatible with Conservation of Artworks Preserved in
Churches” [38], addressed the problems caused by the continu-
ous or intermittent heating of historic churches, which disturbs the
macroclimatic conditions to which the building and the artworks
preserved inside have acclimatised. The necessity to conserve the
unique features of these spaces of worship and their heritage has
prompted European regulations such as EN-15,757 [41] and EN-
15,759-1 [35].

More recent studies in Spain by Munoz-Gonzalez et al. [42],
focus on air conditioning and passive environmental techniques
in historic churches in Mediterranean climate, assessing damage
risk environmental conditioning techniques and their energy per-
formance. This research analysed several possibilities for heating
and cooling systems through simulation modelling of the unheated
church of San Francisco de Asisi in Seville and the church of Nues-
tra Sefiora de la Merced in Moron (Seville), using the Predicted
Mean Vote (PMV) |/ Predicted Percentage Dissatisfied (PPD) mod-
els.

The above review shows that there are very few stud-
ies/publications regarding religious facilities for the Mediterranean
region. Many of the studies referred to above were mainly con-
ducted for mosques in the hot-humid climates of the Eastern Re-
gion or for churches in the cool-summer humid climate of Western
Europe using or adapting the ISO 7730 [6] Predicted Mean Vote
(PMV) | Predicted Percentage Dissatisfied (PPD) model. However,
comfort analysis in Koppen climate classification Csa (hot sum-
mer Mediterranean climate) using the EN 16,798-1 (previously EN
15,251) [43] adaptive comfort model, applicable for naturally ven-
tilated buildings (without a mechanical cooling system) was not
researched in detail. To this effect, the relative effectiveness of the
findings is generally not applicable to the local scenario, whereby
the method of construction differs and due to the predominantly
hot climate, keeping the buildings cool as opposed to warm is of a
major concern [44].

This study provides a first-hand experience of the status quo
in a number of reference churches, which serve as the reference
scenario of the indoor temperature in churches within a Mediter-
ranean climate, using the EN 16,798-1 adaptive comfort model. Ac-
tual measured indoor/outdoor temperatures are used for the pur-
pose of this study. The first part of this study will only focus on
the thermal comfort aspect of these buildings. The specific aim of
this research is to conduct a comparative analysis of five selected
churches with varying characteristics, quantify and access the ther-
mal behaviour of each of the selected five churches and determine
their level of thermal comfort throughout the year (2018).

2. Method

This section explains the methodology that was adopted to per-
form a comfort analysis of church buildings in Malta. The church
buildings chosen for analysis, the onsite measurements taken, and
the comfort models used are all detailed below.

2.1. The church buildings under study

There are 359 churches in the Maltese Islands, with a church
density of slightly more than one church per square kilometre.
Hence, it is not practical to perform a comfort analysis on all of
them. Analysis was therefore carried out on a smaller number of
buildings, termed “reference buildings” (RBs), representing all cat-
egories of typical churches in Malta. RBs were chosen based on
“real example” buildings having average physical and occupational
characteristics for each of the church categories under study. The

Fig. 3. Stella Maris Parish Church, Sliema.

Fig. 4. St. Joseph Parish Church, Msida.

building stock categories were derived according to the location,
construction period, building size and shape RB classification ap-
proach, as proposed by Ballarini et al. [45]. With respect to lo-
cation, and given the small size of the islands (316 km?), only
one climatic zone is usually studied and defined [46]. The build-
ing style is also heavily influenced by the period of construction.
Thus, the main resulting criteria for classification were the follow-
ing: 17th to mid-18th century Baroque period, mid-20th century
neoRomanesque style architecture, and late 20th century (post Vat-
ican Council II style) contemporary architecture.

In total five RB churches were chosen as follows. The Annunci-
ation Parish Church of Balzan and the Stella Maris Parish Church
of Sliema represent typical urban inland size churches for the 17th
to mid-18th century Baroque period. The St. Joseph Parish Church
of Msida has the same building category but has a much larger
floor area and volume and is located by the sea. Santa Venera
Parish Church of Santa Venera represents the typical mid-20th
century neoRomanesque style architecture church, while Our Lady
of Mount Carmel Parish Church of Fgura represents the contem-
porary building. Further history and architecture information on
these churches can be found in [47]. Photographs depicting each
church building is shown in Figs. 2 to 6 below.

Table 1 in Section 2.2 characterises each of these buildings in
terms of form, envelope, system and operation as per data col-
lection requirement for RBs identified in [48]. All the churches
were mainly analysed for thermal comfort in their natural venti-
lated environment with no space heating and cooling. The baroque



Table 1

Physical characteristics of the church buildings under study.

U-value Internal heat Thermal Surface area (m?)
(W/m?K) capacity diffusivity Window to and air volume Glazing area
Church Location Opening hours Envelope [49,50] (Kj/m2K) [51] (m?/s) [49-51]  wall ratio Floor area  (m?) System open (%)
The Inland Mon- Fri: 6:00-9:00am, External 0.54 180 11.44x10°7 N = 3.6% 718m? 1:2.25 (Sur. Area Naturally & 0%
Annunciation 18:00-20:00pm, Sat 6:00-9:00am, wall 3308m? & Vol. Mechanically
Parish Church, 17:00-20:00pm, Sun 6:00-13:00pm,  Glazing 3.4 x 1077 S =3.6% 8337m3) Ventilated
Balzan 17:00-20:00 pm Floor 1.92 154 2.42x10°6 E = 3.6%
Roof 180 9.69x10~7 W = 3.6%
Stella Maris Inland Mon- Fri: 6:00-9:00am, External 0.49 180 11.44x10°7 N = 2.6% 375m? 1:2.5 (Sur. Area Naturally & 20%
Parish Church, 18:00-20:00pm, Sat 6:00-9:00am, wall 2490m? & Vol. Mechanically
Sliema 17:00-20:00pm, Sun 6:00-13:00 pm, Glazing 6 3.4 x 1077 S =26% 5415m3) Ventilated
17:00-20:00 pm Floor 2.55 200 2.42x1076 E=24% (ACs installed on
Roof 2.33 180 9.69x107 W =24% 19/05/2018)
St. Joseph Seaside Mon- Fri: 6:00-9:00am, External 0.49 180 11.44x1077 SW =7% 1261.5m?  1:3 (Sur. Area Naturally 3%
Parish Church, 18:00-20:00pm, Sat 6:00-9:00am, wall 4525.2m? & Vol. Ventilated
Msida 17:00-20:00pm, Sun 6:00-13:00pm, Glazing 6 3.4 x 1077 SE = 2% 15,239m3)
17:00-20:00pm Floor 2.54 200 2.42x10°6 NW = 6%
Roof 2.2 180 9.69x10~7 NE = 7%
Santa Venera  Inland Mon- Fri: 6:00-9:00am, External 1.8 180 13.71x1077 SW = 0% 1137m? 1:5 (Sur. Area Naturally 2%
Parish Church, 18:00-20:00pm, Sat 6:00-9:00am, wall 4136m? & Vol. Ventilated
Santa Venera 17:00-20:00pm, Sun 6:00-13:00pm,  Glazing 6 3.4 x 1077 SE =11% 19,682m3)
17:00-20:00pm Floor 2.07 200 2.42x1076 NW = 0%
Roof 1.03 120 9.69x1077 NE = 11%
Our Lady of Inland Mon- Fri: 6:00-9:00am, External 2.52 227 7.6 x 1077 N =18% 661.4m? 1:3 (Sur. Area Naturally 23.5%
Mount Carmel 18:00-20:00pm, Sat 6:00-9:00am, wall 2185m? & Vol. Ventilated
Parish Church, 17:00-20:00pm, Sun 6:00-13:00pm,  Glazing 6 3.4 x 1077 S=18% 7446m?3)
Fgura 17:00-20:00pm Floor 2.24 200 2.42x10°6 E=18%
Roof 2.52 227 7.6 x 10~7 W= 18%

£¥8601 (020Z) €1z sSuppng B A31aug /b 32 fisnog ) pup zaunipjy Y14 ‘Dljap DY
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Fig. 6. Our Lady of Mount Carmel Parish Church, Fgura.

churches are mainly composed of thick masonry globigerina lime-
stone load bearing walls (varying in thickness between 1.5 m and
2.0 m) supporting a vaulted roof and dome structure. In contrast,
the neo Romanesque style church is composed of two leaf (0.23 m
each) load-bearing globigerina masonry walls with concrete infill
supporting reinforced precast planks forming the roof. The more
contemporary and modern church is built in concrete (with thick-
ness reduced to only 0.15 m), whereby the strength of the struc-
ture is derived from its form rather than its sheer mass. A depic-
tion of the different methodologies of constructions is shown be-
low.

2.2. On site measurements

The five churches were monitored for one year during the pe-
riod between January and December 2018, both months included.
The two parameters measured for all churches at 5-minute inter-
vals were the air temperature ( °C) and the percentage relative hu-
midity (RH) for both the interior and exterior environment. How-
ever, for the purpose of this study comfort analysis according to EN
16,798-1 has considered the internal and external temperatures.
The physical characteristics of the church buildings under study are
tabulated in Table 1 below.

Onset’s HOBO MX1101 data loggers were used to measure and
transmit dry bulb temperature and relative humidity (RH) data
wireless to mobile devices via Bluetooth Low Energy (BLE) tech-
nology. The MX1101 data logger measures RH and Temperature.
Technical specifications of the adopted instruments are shown in
Table 2 below [52] and the location of the sensors is depicted in
Figs. 7 to 11 below.

2.3. Thermal comfort analysis

Current thermal comfort standards are based on either heat
balance or adaptive models. The EN 16,798-1 standard includes
both the heat balance model (PMV/PPD Model) and the Adap-
tive Comfort Model. According to EN 16,798-1 [43], the PMV/PPD
Model is applicable for mechanically heated and Jor cooled build-

ings, while the adaptive comfort model should be applied to build-
ings without mechanical cooling (naturally ventilated).

The PMV/PPD Model is a heat balance model that examines
thermal physiology by presuming controlled uniform conditions
and precise analysed variables such as activity level, thermal resis-
tance of clothing, air temperature, mean radiant temperature, rel-
ative air velocity, and water vapour pressure in ambient air [53].
In this model, comfort conditions are fixed (i.e. independent of ex-
ternal factors such as outdoor temperature) and occupants are as-
sumed not able to adapt to the external environment.

In contrast, the adaptive model investigates the dynamic rela-
tionship between occupants and their general environments based
on the principle that people tend to react to changes that pro-
duce discomfort by seeking methods of restoring their comfort
levels [54]. Such adaptation includes physiological, psychological,
and behavioural adjustments simultaneously [54-56]. Therefore,
the adaptive model provides greater flexibility in matching optimal
indoor temperatures with outdoor climate, particularly in naturally
ventilated buildings [57-60]. Adaptive standards can therefore be
considered more appropriate for supporting comfort in low energy
buildings [56,57,61-63].

The EN 16,798-1 Adaptive Comfort Model provides accept-
able indoor temperature limits as a function of the exponential
weighted running mean of the outdoor temperature. Given that
this study assesses thermal comfort mainly in naturally ventilated
churches, with Balzan and Sliema Parish Churches being mechan-
ically cooled for interim periods during the summer and autumn,
the EN 16,798-1 Adaptive Comfort Model is the model of interest
for this study. It must be noted that for the scope of this study the
deviation between the operative temperature, which is employed
in standard EN 16,798-1 Adaptive Comfort Model and the dry-bulb
air temperature, which was directly measured from the sensors is
negligible, as already demonstrated in previous published literature
[64].

The churches under study also meet the criteria that allows
application of the adaptive model, namely that buildings are
used mainly for human occupancy having sedentary activities and
where occupancy may have flexibility to adapt their clothing to
the indoor and/or outdoor thermal conditions. The relationship
adopted by EN 16,798-1 between the operative comfort temper-
ature and the outdoor running mean temperature are depicted in
Fig. 12 below.

2.4. Key

®rm = Running mean outdoor temperature °C.

®, = Indoor operative temperature °C.

The equations representing the lines in the figure are:

Category I upper limit: ®, = 0.330;,+ 18.8 + 2 lower limit:
®p =0.33 Oy + 188 -3

Category II upper limit: ®, = 0.33 O, + 18.8 + 3 lower limit:
® =033 Oy + 188 -4

Category III upper limit: ®, = 0.33 Oy, + 18.8 + 4 lower limit:
®y = 0.33 Oy + 18.8 - 5 where ®, = indoor operative tempera-
ture, °C

®rm = running mean outdoor temperature, °C

These limits apply when 10 <®, < 30 °C for upper limit and
15 <®m < 30 °C for lower limit.

As can be identified from the Fig. 12, the model provides com-
fort limits according to three different categories depending on the
level of expectations of the occupants. For churches, category III
level has been selected, which reflects an acceptable, moderate
level of expectation for existing buildings. Description of the ap-
plicability of the categories I to IV as per EN 16,798-1 is explained
in Table 3 below.
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Table 2
Accuracy and resolution of the adopted measure instrument.

Temperature Sensor

Range —20° to 70 °C (—4° to 158°F)

Accuracy +0.21 °C from 0° to 50 °C (£0.38°F from 32° to 122°F)
Resolution  0.024 °C at 25 °C (0.04°F at 77°F)

Drift <0.1 °C (0.18°F) per year

RH Sensor*

Range 1% to 90%, non-condensing

Accuracy

Resolution  0.01%

Drift <1% per year typical

+2.0% from 20% RH to 80% RH typical to a maximum of +4.5% including hysteresis at 25°C (77°F); below 20% RH and above 80% RH +6% typical

* As per RH sensor manufacturer data sheet.
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Fig. 12. Design values for the indoor operative temperature for buildings without mechanical cooling systems as a function of the exponentially weighted running mean of

the outdoor temperature [43].

Table 3
Description of the applicability of the categories used (EN 16,798-1).

Category  Description

I High level of expectation and is recommended for spaces occupied by very sensitive and fragile persons with special requirements
1l Normal level of expectation and should be used for new building and renovations

11 An acceptable, moderate level of expectation and may be used for existing buildings

v Values outside the criteria for the above categories. This category should only be accepted for a limited part of the year

Sample dry-bulb air temperatures was recorded at five-minute
interval for the year 2018 and retrieved from three HOBO cali-
brated sensors located along the main nave. These were situated
at a height that reflects the actual environment experienced by the
church occupants and avoiding the influence of direct solar radia-
tion. As mentioned above, comparative studies between the three
sensors were carried out. As an example, the comparative analysis

for Stella Maris Parish Church (Sliema) is graphically depicted in
Fig. 13 below. The results of the other churches under review also
proved to be giving similar results.

The temperature readings obtained for the internal and external
environments of the five churches were tabulated in excel format.
These measurements were then transposed from 5-minute inter-
vals to hourly values by taking the respective mean per hour from
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Fig. 13. Comparative analysis of hourly data retrieved from centrally located sen-
sors on the main nave and outdoor station at Stella Maris Parish Church, Sliema.

the readings once any data outliers were omitted. Each dot on the
represented graphs below mark the hourly mean values and the
resulting sinusoidal wave between the vertical axes mark the diur-
nal cycle.

The annual readings throughout Spring, Summer, Autumn and
Winter, were further analysed to establish which period of the year
for each selected church is within the comfort limit of category
Il level. The following formula was used to generate the outdoor
mean temperature in conformity with EN 16,798-1 standard and
the resulting values were interpolated into the category IIl formu-
lae referred to above:

Om = (Ogg.7 + 08 Opgy + 06 Opg3 + 05 Opy4 + 04
Opg-5 + 0,3 Opg6 + 0,2 Opy.7)/3.8 where:

®rm=Outdoor Running mean temperature for the considered
day ( °C)

®eq.1 = daily mean outdoor air temperature for previous day

o = constant between 0 and 1 (recommended value is 0.8)

®,4.; = daily mean outdoor air temperature for the i th previous
day

The upper limits for the summer design and typical weeks were
increased by 1.2 °C due to the presence of fans with 0.6 m/s wind
speed as shown in the formula below:

Category Il Summer design and typical upper limits: ®, = 0.33
Om + 188 + 4 + 1.2

The typical weeks for all four seasons and the design weeks for
both summer and winter seasons were determined through the
use of the statistical function tool of EnergyPlus engine through
Design Builder using the 2018 Malta weather file. An hourly EPW
file containing the actual data collected for the measured outdoor
conditions of each church was created to comply with EnergyPlus
requirements. This enabled the (EPW) weather file designed for
2018 to be processed in Design Builder and to automatically iden-
tify the design and typical weeks based on statistical data [65].

The typical week was considered in addition to the design week
to compare the resulting difference in comfort during a typical
week (the week that is composed with the most frequently oc-
curring/repetitive temperatures out of a whole season) versus the
worst case (hottest or coldest) design week. For the typical and
design weeks, a time series plot was then carried out by plotting
the measured hourly outdoor air temperatures and indoor air tem-
peratures on the same graph as the comfort temperature limits to
identify the extent to which the buildings can meet EN 16,798-1
adaptive comfort limits. It must be noted, that the comfort analysis
has concentrated on Winter, Spring, Summer and Autumn typical
and design weeks, as it can be reasonably assumed that if comfort
is met in these reference weeks, it can be met for all the other
weeks throughout the year. The results to the above are graphically
shown in Section 3 below for each respective church, reflecting the
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level of comfort for existing buildings within selected category in
conformity to EN 16,798-1.

3. Results & discussions

Results graphically represented in Figs. 14-18 below clearly il-
lustrate significant variations in the mean hourly temperatures (T)
between the different churches. These variations were also evi-
denced between the mean indoor and outdoor T recorded through-
out 2018 depicted in Figs. 19-23 below. In all churches, it is appar-
ent from the results obtained that the presence of a large congre-
gation induced limited sporadic fluctuations in the church interior
ambient conditions.

In addition to the above observations, the plots for both Balzan
and Sliema Parish Churches (Figs. 14 and 15), also highlight the
use of mechanical cooling due to abrupt decrease in the internal T,
when the external T is increasing. This is mainly depicted in both
summer design and typical weekends (4-5th August and 15-16th
September), when the air-conditioners were switched on for inter-
mittent cooling periods. The use of mechanical cooling was used
only in weekends and feast days, as the expected number of peo-
ple attending Holy Mass is higher in weekends when compared to
weekdays. More importantly, this graphical representation of free
running structures with intermittent mechanical cooling, highlights
the fact that notwithstanding indoor temperature was recorded
within comfort limits, the requirement for mechanical cooling is
still sought after.

For the winter design week, where the outdoor T is at its min-
imum, all churches had the internal T below the lower limit of
comfort. However, as the Baroque churches have an overall high
thermal mass when compared to the mid-20th century neoRo-
manesque style architecture, and late 20th century (post Vatican
Council II style) contemporary architecture, the internal T showed
steady behaviour throughout the days, while it fluctuated between
day and night for the more recent architectural style churches. This
behaviour is also evident in those churches for respective seasonal
typical weeks, as shown in Figs. 14-18 above. The lower overall
thermal mass in contemporary churches is further aggravated by
the higher percentage of glazing. Glazing causes solar overheating
in summer, especially for East and West directions, as in the case
of Santa Venera and Fgura Churches. Also, given that the U-value of
glazing is high (around 6 W/m?K), it serves as a medium for heat
losses from within the church to the outside atmosphere, during
winter.

In contrast to the winter typical week, the spring typical week
showed a significant improvement in comfort. The overall recorded
indoor and outdoor T are higher due to recorded exterior warmer
temperatures on approaching the summer season, thus result-
ing with an indoor air temperature within the comfort limit for
all churches. However, indoor T readings show fluctuations with
higher amplitude for more contemporary churches (Santa Venera
and Fgura), when compared to Baroque churches (Sliema, Msida
and Balzan). This behaviour is once again mainly attributed to
lower overall thermal mass of the building, providing minimal "in-
ertia” against temperature fluctuations. This is evidenced by the
fact that the indoor T fluctuates in tandem with the outdoor T.

During the summer design and typical weeks, the Baroque
churches satisfy the thermal comfort levels, given that all recorded
indoor T fall within the EN 16,798-1 [43] category Il comfort zone
even when the outdoor T reached peak temperatures ranging from
30 °C to 37 °C. This highlights an important difference in the con-
struction methodology from the Baroque churches in relation to
the more contemporary structures, which prove to be thermally
unconfortable. The difference is mainly in the building envelope
which is made up of masonry blocks (high thermal mass) with
thick walls ranging from 1.5 - 2 m, thus having low heat trans-
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Fig. 20. Graphical comparison showing the daily average internal and the external temperature for The Stella Maris Parish Church, Sliema.

fer (U-value) through the structure, which prevents the indoor T
from fluctuating.

Moreover, the glazing to wall area ratio is trivial in Baroque
churches when compared to more contemporary styles, compris-
ing only 3% of the total external surface area of the church (Table 1
refer). Conversely, the more contemporary churches depict a more
fluctuating indoor T, which works in tandem with the outdoor T,
resulting in uncomfortable conditions (Figs. 17 and 18 as compared
to Figs. 14-16), for summer design weeks. During mornings for the
design and typical weeks, the Fgura Parish Church conformed with
EN 16,798-1 [43] Category IIl thermal comfort requirements, how-

ever the recorded afternoon temperatures tend to increase to the
extent of exceeding the comfort limit making the church thermally
uncomfortable. In this case, the role of glazing is more prominent
in increasing indoor thermal discomfort, when compared to the
Baroque churches. Moreover, the wall U-value of the Fgura Parish
Church is the highest among all churches.

Although the Fgura Parish Church has a higher percentage of
glazing when compared to the other RBs, the absolute total area
of glazing is higher in Santa Venera Parish Church. This makes the
internal temperatures of this church the highest on average among
all churches. Glass by itself has a very low thermal mass value and



R.C. Vella, EJ.R. Martinez and C. Yousif et al./Energy & Buildings 213 (2020) 109843 19

33

31

y =0.8488x + 3.302
29 R?=0.9377

23
21

19

Indoor Temperature (°C)

17
15
13

11
9 11 13 15 17 19

21 23 25 27 29 31 33

Outdoor Temperature (°C)

O January @ February
® May ® June
O September O  October

® March ® April
® July © August
© November O  December

Fig. 21. Graphical comparison showing the daily average internal and the external temperature for The St. Joseph Parish Church, Msida.
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Fig. 22. Graphical comparison showing the daily average internal and the external temperature for The Santa Venera Parish Church, Santa Venera.

at the same time allows solar radiation to pass through and over-
heat internal space, especially in summer. This is augmented by
the fact that the windows are facing south-east and south-west,
which are the most critical directions that contribute to highest
solar radiation infiltration in the late morning and early afternoon
hours, when the solar radiation is relatively high and falling di-
rectly on the windows and walls. Furthermore, Santa Venera Parish
Church is the only church out of the five under review whereby
the antiporta (that is a door placed behind the main door to cre-
ate a small porch) is missing, resulting in induced significant fluc-

tuations in indoor environmental conditions by natural infiltration
during service hours.

In Autumn, the Baroque churches prove to be thermally com-
fortable as all the internal T lie within the thermal comfort zone.
The internal T is maintained constant even though the external T
fluctuates beyond the comfort limits. On the other hand, the typi-
cal week of the Santa Venera Parish Church lies within the comfort
limits, but the indoor T fluctuates with the outdoor T. The Fgura
Parish Church has proven to be thermally uncomfortable for the
typical week, as for most of the time the recorded internal T lies
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Fig. 23. Graphical comparison showing the daily average internal and the external temperature for Our Lady of Mount Carmel Parish Church, Fgura.

outside the comfort zone, making it non-compliant with the EN
16,798-1 [43] thermal comfort requirements.

Figs. 19-23 show the daily average internal dry-bulb tempera-
ture versus the external dry-bulb temperature for the five selected
churches, for the period January to December 2018. A strong posi-
tive linear relation between the two variables is observed (Pearson
correlation (R) > 0.94) This strong linear relation clearly indicates
that these churches may be considered as free-running buildings,
whereby the external temperature has a marked effect on the in-
ternal temperature.

One also notes that the derived linear regression equations for
both contemporary churches of Fgura and Santa Venera showed
that the indoor temperature was higher than the corresponding
outdoor temperature, depicted by the gradient value being larger
than 1. This shows that there seems to be at least another fac-
tor that is present in these churches that drives the temperatures
higher than the ambient temperature. This could be the effect of
solar gains, given that these two churches have larger window to
wall ratios, when compared to the other three baroque churches.

4. Conclusion

This paper has studied the status-quo of five different churches
with respect to thermal behaviour over one full year of analy-
sis (2018). The results attained during this study were mainly de-
rived from a comparison of outdoor T to indoor T by applying the
EN 16,798-1 adaptive comfort model. The study has shown that
baroque churches, having a higher thermal mass than contempo-
rary churches, exhibit lower indoor temperature fluctuations and
comply better with the EN adaptive comfort model especially dur-
ing the summer period. In contrast for the winter typical and de-
sign weeks, the observed hourly temperatures during the occu-
pancy period are below the EN 16,798-1 thermal comfort limits for
all churches, implying thermal discomfort. Given that the buildings
are free running, for all churches both in winter and summer, a
strong positive correlation between the outdoor and indoor hourly
dry bulb temperatures was observed.

The study anticipates that regions within the subtropical zone,
such as the Mediterranean, require the integration of new crite-
ria for improved applicability in terms of a better way to pre-
dict comfort and to better relate to the occupants’ level of ex-
pectation and comfort levels. All churches in Malta, in particular
Baroque churches, were not designed to be mechanically heated or
cooled. Today’s elevated comfort thresholds threaten the conserva-
tion of the fabric and artefacts in the historic churches. In order
to address these problems a tailor-made solution for each church
would be beneficial not to alter the general indoor macro-climate,
whilst addressing the micro-climate where the worshipers congre-
gate. One equation does not fit all, and any intervention should
consider the adoption of energy-efficient and preservation-friendly
measures. To this effect, an interdisciplinary study needs to be car-
ried out for churches in Malta prior to considering a mechanical
air-conditioning system as results from this study show that HVAC
systems are not always necessary.
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