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Abstract – Periodic occupation of the mosque five prayer times per day 
throughout the year brings about the question: how can we improve prayers’ 
thermal comfort while preserving the heritage value? This paper investigates 
seasonal thermal comfort variations of a historic mosque in Mediterranean 
climate based on adaptive thermal comfort model by assessing different 
intervention strategies with specific attention on cultural heritage value. 
Salepçioğlu Mosque, located in Izmir-Turkey was monitored for thermal comfort 
parameters for one year. Calibrated dynamic model of the Mosque was created. 
Simulation results indicated that the mosque does not satisfy comfort levels 
for winter, while autumn is the most comfortable season. The utilization of an 
underfloor heating system is the most effective strategy in increasing seasonal 
comfort conditions by 55 percent in winter, while the night-time ventilation 
supports up to 6.1 percent in summer.
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1. INTRODUCTION

Historic buildings are inherently able to provide acceptable levels of thermal 
comfort for their occupants. The building itself may achieve a tolerable perfor-
mance of indoor environment through overall form, orientation, landscape, 
materials and thermal mass, external openings and natural ventilation. In addition, 
occupants’ behavioural habits such as opening and closing windows, or clothing 
choices are the variables for optimum human comfort.

Because of their cubic-like volume with a large-spanned dome, intermittent 
operation schedule and high thermal mass of building envelope, historic mosques 
have the intrinsic character of developing a microclimate. They function as the 
public place of worship for Muslims. Unlike other types of public buildings, historic 
mosques originally have no mechanical heating/cooling system, and for centuries 
the indoor climate of these buildings has been mainly determined by the outdoor 
climate. The periodic occupation based on five prayer times per day throughout 
the year brings about the question: How can we improve prayers’ thermal comfort 
while preserving the heritage value?
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Adaptive thermal comfort model defined in ASHRAE 55 can be used as a 
powerful tool to provide a full picture of occupants’ thermal comfort conditions 
in buildings without HVAC system and with natural ventilation [1–2]. It has an 
advantage over the conventional thermal comfort standard of the Fanger method 
[3]: a wider range of thermal comfort can be achieved by providing occupants 
with the ability of indoor climate control by operable windows and adjusting 
clothes as well as by psyching up to overheating or cooling [4–6].

A great number of studies have been conducted on possible intervention 
strategies for public buildings such as dwellings, offices and schools to improve 
occupants’ thermal comfort while a small number dealt with mosques. A mosque 
in Malaysia, for instance, was evaluated in terms of its insufficient thermal 
comfort conditions in hot and humid climate [7] and a scenario, by addition of 
new materials including thermal barrier to the roof, was assessed by a dynamic 
simulation software. Al-Homoud et al. [8] examined the quality of thermal comfort 
and energy efficiency of several mosques in Saudi Arabia. The authors proposed 
the addition of thermal insulation to the envelope and the use of an air-condi-
tioning system with intermittent operation as possible intervention strategies to 
enhance the comfort conditions with less energy consumption.

Salepçioğlu Mosque, built in 1906 in Izmir-Turkey, is registered as a monumental 
building which is protected by Directorate General of Foundations of Turkish 
Prime Ministry. This mosque differs from other well-known mosque typologies 
with its main prayer area located on the first floor. This worship space is covered 
with a single 12.5 m diameter dome that is characterized by its unique engravings 
and paintings. The ground floor houses a smaller worship space and classrooms. 
Women’s prayer area is just over the portico (Revak), and is directly connected 
with men’s worship space (Figure 1).

The latest restoration work was held in the main prayer area in 2012. The work 
was focused mainly on the deterioration of wall paintings caused by humidity and 
waterproofing problems arising from leakages in the roof and windows. Izmir #1 
Council for Conservation of Cultural Property (ICCCP)-Ministry of Culture and 
Tourism, the responsible official body for approval of restoration projects in the 
city centre of Izmir, restricts the type and qualification of any intervention which 
will influence indoor thermal balance and create possible risks on wall paintings.

Figure 1. Salepçioğlu Mosque (a) outer view, (b) dome paintings and engraving. Photos:  
(a) http://www.umart.com.tr/en/project-details.aspx?p=41&k=1, (b) Zeynep Durmuş Arsan.
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Izmir is located in Mediterranean climate (a.k.a Csa type climate zone under 
the Köppen Geiger climate classification) [9]. The Mediterranean climate has 
four seasons: hot and dry summers, mild to cool, and rainy winters, spring and 
autumn.

This paper presents the seasonal thermal comfort variations of Salepçioğlu 
Mosque, which has no mechanical HVAC system, based on adaptive thermal 
comfort model presented in ASHRAE 55 [2]. A measurement campaign was 
conducted to determine the existing thermal comfort condition of the mosque, 
then simulation tools were used for the evaluation of the impact of multiple inter-
vention strategies on the existing thermal comfort level. The compatibility and 
applicability of the intervention strategies were agreed with the local council.

2. METHODOLOGY

2.1 MONITORING

An extensive measurement campaign was performed to determine seasonal 
thermal comfort variations in the mosque, recording indoor and outdoor tempe-
rature (T) and relative humidity (RH) data over a one-year period from October 
2014 to October 2015. While three Onset Hobo U12 mini data-loggers were 
situated in the main prayer area at different heights (M1 at 1.5 m; M2 at 3 m; M3 
at 5 m) and positions, one data-logger was installed on the outer surface of the 
mosque (O) to generate a local weather file for the modelling (Figure 2).

Figure 2. (a) First floor plan of the mosque and location of measurement points in horizontal 
plane (M1, M2, M3, O), (b) cross-section of the mosque and location of measurement points 
in vertical plane (M1, M2, M3, O). Source: Modified from the drawings provided by ENVAR 
Architecture and Engineering Inc.
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2.2 MODELING, CALIBRATION AND SIMULATION

The mosque was modelled (baseline model) by DesignBuilder v.4.2 and 
EnergyPlus v.8.1 [10–11] and then calibrated with measured temperature data.

The calibration process is defined by ASHRAE Guideline 14 [12] which proposes 
the calculation of two statistical error indices; Mean Bias Error (MBE) and 
Coefficient of Variation of the Root Mean Squared Error CV(RMSE) with several 
iterations until the model reaches acceptable level of error ratios. Considering 
the availability of measurement cycle, the calibration with hourly data approach is 
done by using (1) for MBE and (2) for CV(RMSE).

where:

• N    is the number of observations;
• Tma    is the average measured temperature for N observations;
• Ts    is the simulated hourly temperature;
• Tm    is the measured hourly temperature.

The upper limit for CV(RMSE) and MBE values were defined in ASHRAE 
Guideline 14 [12] as 30 % and ±10 % for hourly measurements, respectively. The 
upper limits were used to decide whether the model is calibrated, or not.

The calibrated model was used to simulate the existing thermal comfort condition 
and to exhibit the effect of intervention strategies on existing thermal comfort 
condition. All the data needed for the software were obtained from the actual 
measurements, detailed site surveys, and authors’ personal observations.

The structure of the mosque consists of stone masonry. Construction materials 
were defined by X-ray fluorescence (XRF) and X-ray powder diffraction (XRD) 
tests. Overall heat transfer coefficients of the materials were calculated based on 
the material information indicated in the architectural drawings.

2.3 INTERVENTION STRATEGIES

Simulation results on the baseline model showed that improvement of thermal 
comfort conditions in the mosque is essential. Therefore, four different inter-
vention strategies were proposed to ICCCP, three of which have been approved. 
These are change of window panes, addition of Khorasan mortar to the roof, 
and utilization of night-time ventilation. Although rejected by ICCCP, the fourth 
proposed intervention, application of an underfloor heating system to the main 
prayer area, was still included in this study to demonstrate the performance of 
an active heating system. The proposed intervention strategies are summarised 
below:

1) To replace all single window panes with 6–12-6 mm double-glazed ones  
(low-e) which have a solar heat gain coefficient (SHGC) of 0.43 and an overall 
heat transfer coefficient (U) of 1.6 W/m2K. U value of single pane windows is 
5.77 W/m2K;
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2) To add a 2.5 cm Khorasan mortar layer under the copper layer of the dome to 
decrease the U value from 1.096 to 1.042 W/m2K);

3) To leave all upper level windows open from 20:00 to 06:00 every day to bene-
fit from lower outdoor temperatures at night-time during spring, summer and  
autumn seasons;

4) To lay out a low-temperature underfloor heating system under the carpet, 
which consists of electrical resistance wire embedded into a foldable mat. The 
15 kW heating system is operated during autumn, winter and spring seasons 
every day from 10:00 to 22:00. Heating set point temperature is 22 °C.

3. RESULTS AND DISCUSSION

3.1 MONITORING

Indoor and outdoor T and RH values were recorded during the monitoring 
campaign for one year (October 2014 to October 2015) covering four seasons 
(Figure 3). Outdoor and indoor T and RH values showed the same trend since  
the mosque has no HVAC system. Outdoor T values ranged from –2.4 °C to  
38.3 °C with the yearly average of 19.7 °C, while indoor T values of the main 
prayer area varied between 4.9 °C and 35.9 °C with a yearly mean of 21.5 °C. 
Outdoor RH data vary from 12 % to 99.2 % with the yearly average of 60.5 %, 
while RH values for the main prayer area ranges between 18.9 % and 83.0 % 
with a 56.1 % yearly average.

Figure 3. (a) Temperature (T), (b) relative humidity (RH) values for outdoor and main prayer 
area.

(a) (b)
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3.2 MODELING AND CALIBRATION

Salepçioğlu Mosque was modelled along with surrounding buildings, trees, and 
the minaret by DesignBuilder v.4.2 and EnergyPlus v.8.1 [10–11], and composed 
of 26 inner thermal zones (Figure 4).

The model was calibrated with hourly measured indoor T data with respect to 
ASHRAE Guideline 14 [12]. The calibrated error ratios for the model is given in 
Table 1.

3.3 SIMULATION RESULTS

Following the calibration, the model was simulated for existing conditions (base 
case) and the four proposed intervention strategies. Simulation results were used 
to create adaptive comfort charts for each season based on the adaptive comfort 
model (with 80 % acceptability limit) of ASHRAE 55 [2], shown in Figure 5.

Table 2 exhibits season periods and the share of discomfort hours (%) in that 
period. Considering the baseline, it can be clearly seen from Figure 5 and Table 
2 that the most comfortable season is autumn (42.4 % discomfort hours), while 
higher thermal discomfort is experienced during winter (100 % discomfort hours).

As far as the winter season is analysed, the best result is obtained by introducing 
an underfloor heating system, decreasing the discomfort hours to 45 % meaning 
significant improvement compared to the baseline. All other strategies failed to 
provide any improvement. The spring season was slightly more comfortable than 
winter, yet still more than half of the period is out of the 80 % comfort range  
(57.6 % discomfort hours). The application of underfloor heating effectively 

Figure 4. DesignBuilder model of the mosque and defined thermal zones.

Table 1. Errors of DesignBuilder model calibration

Error Indices
Months (2014–2015)

ASHRAE 
Guide- 
line 14

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

MBE (%) -5.6 -9.3 -6.7 -8.8 1.7 -5 5.5 0.6 1 1.3 1.9 4.1 ±10

CV(RMSE) (%) 6.9 10.6 9.5 14.1 7.6 12 9.4 3.7 3.5 4.5 3.9 6.8 30
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minimized the levels of discomfort down to 31.8 %, while addition of Khorasan 
mortar to the roof has an insignificant improvement (0.2 %). Change of window 
panes and utilization of night-time ventilation only led to worsened thermal 
comfort. During summer, baseline discomfort hours determined as 57.1 % were 
found to be improved by 6.1 % and 4.6 % with night-time ventilation and change 
of window panes, respectively. In autumn, which is the most comfortable season, 
only one of the intervention strategies, i.e. the use of underfloor heating system, 
strongly reduced the discomfort levels by 29.3 %.

Figure 5. Seasonal adaptive comfort charts for baseline model and intervention strategies 
(BM: Baseline Model, CWP: Change of Window Panes, AKMR: Addition of Khorasan Mortar 
to the Roof, UNTV: Utilization of Night-Time Ventilation, AUHS: Application of Underfloor 
Heating System).

Table 2. Seasonal results of discomfort hours. Numbers in parenthesis indicate percentage 
improvements compared to the baseline model

Adaptive Discomfort (ASHRAE 55)

(%)

Winter 

(12.2014, 
01-02.2015)

Spring

(03-05.2015)

Summer

(06-08.2015)

Autumn

(9.2015, 
10-11.2014)

Baseline Model 100 57.6 57.1 42.4

Change of Window Panes 100 (0%) 59.8 (-2.2%) 52.5 (4.6%) 41.8 (0.6%)

Addition of Khorasan Mortar to 
the Roof

100 (0%) 57.4 (0.2%) 57.1 (0%) 42.2 (0.2%)

Utilization of Night-Time 
Ventilation

- 59.3 (-1.7%) 51 (6.1%) 41 (1.4%)

Application of Underfloor Heating 
System

45 (55%) 31.8 (25.8%) - 13.1 (29.3%)
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4. CONCLUSIONS

Conservation of cultural and heritage values of historic buildings may predo-
minate the thermal requirements of occupants. Salepçioğlu Mosque presents a 
vital case to search for an optimum balance between the preservation require-
ments and human comfort needs. The mosque underwent restoration between 
March and September 2012, with a specific attention to its conservation problems 
related to humidity, dampness and waterproofing.

The objective of this study was to emphasize that the intervention strategies 
should be implemented without any compromise of culture heritage value of 
historic buildings, while also considering the thermal comfort of the occupants. 
The results indicated that reaching thermal comfort levels in winter is the main 
problem of the mosque. The most comfortable season for main prayer area is the 
autumn period, while half of summers and springs are slightly below the accep-
table levels of comfort which is tolerable by the occupants.

The utilization of underfloor heating is the most effective strategy for improving 
comfort conditions in winter, autumn and spring even though it was not approved 
by the local council, concerned as they were that it would cause damage to the 
wall paintings. A further study should be conducted on the risk assessment of 
micro-climate on the wall paintings and other objects in the mosque to show if the 
intervention strategies are acceptable.

Night-time ventilation improves indoor thermal comfort by 6.1 % in a passive 
manner in summer. Therefore, scheduling the night-time ventilation may be more 
preferable strategy in the Mediterranean climate. The other applicable strategies 
requiring physical interventions, such as change of window panes and addition of 
a layer to the roof, should be taken as the secondary retrofit actions, considering 
their lower impact.
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