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Abstract 

Ensuring optimal thermal comfort performance in low energy building retrofits 

during the shoulder and summer months is challenging. One of the reasons for this 

is overheating due to internal and solar heat gains. The prompt removal of this 

trapped heat, using natural ventilation only, is critical to ensuring adequate levels of 

thermal comfort in buildings. This study investigated and evaluated the thermal 

comfort performance of a retrofitted ventilation system in a low energy building. A 

control space was preheated in order to simulate an overheating scenario in 

shoulder season conditions. Four ventilation configurations were investigated with 

one control configuration (no ventilation). The thermal comfort performance of each 

configuration was evaluated subjectively using two standardised questionnaires 

based on ISO10551. Thermal comfort was also analysed objectively through the 

calculation of a variety of thermal comfort indices. The results of each configuration 

were categorised using ISO7730, where the actual and predicted thermal comfort 

were compared. Results showed that the Predicted Mean Vote model over-estimated 

neutral thermal sensation votes by over 100% throughout the study, while failing to 

register any thermal votes outside of the range -1 to +1. The calculated neutral 

temperature for participants in the study was seen to be 24.8°C.  Overall the results 

showed there was a difference in thermal comfort performance for two 

configurations of the same area but with different opening heights. Subjectively the 

best category of comfort from ISO 7730 was not achieved for any ventilation 

configuration during the study, with the highest category achieved being category B. 
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Nomenclature   

    
fcl clothing surface area factor PPD Percentage People Dissatisfied 

hc 
convective heat transfer coefficient 

(W/(m2.K)) 
RH relative humidity (%) 

Icl 
clothing thermal resistance (clo, 
m2K/W) 

ta air temperature (°C) 

M metabolic rate (met, W/m2) to operative temperature (°C) 

n sample size tr mean radiant temperature (°C) 

X̅ sample mean tcl clothing surface temperature (°C) 

mailto:1adam.odonnabhain@mycit.ie
mailto:2paul.osuillvan@cit.ie
mailto:3michaeld.murphy@cit.ie


s sample standard deviation va relative air velocity (m/s) 

pa water vapour partial pressure (Pa) W 
effective mechanical power 

(W/m2) 

PMV Predicted Mean Vote   

1. Introduction 

Buildings are estimated to be responsible for 32% of global final 
energy demand [1]. In order to reduce energy consumption in buildings as 
well as the inherent carbon emissions, there is a need for improvements to 
be made to existing building energy performance. From a European 
perspective the EPBD Recast requires all new buildings to be nearly zero 
energy buildings (NZEB) by 2020 [2]. Achieving a similar level of 
performance in existing buildings requires energy efficient retrofitting. 
Through improvements to a buildings fabric, increased air-tightness and the 
ability to utilise passive solar and internal gains significant reductions in 
thermal energy consumption can be made. The thermal comfort 
performance of these buildings can also be greatly enhanced during the 
heating season. However during the shoulder and summer months these low 
energy buildings can suffer from overheating due in part to solar and 
internal heat gains but also as a consequence of reduced heat loss through 
the building envelope.  

Guaranteeing both low energy performance and annualised thermal 
comfort in a retrofitted building is a major challenge, where the design 
solution can be approached in a variety of ways. In [3] the approach taken 
showed that considerable reductions in building energy consumption can be 
made by updating a 1970’s building through passive modifications. In [4] 
reductions in space heating energy consumption through fabric 
improvements through retrofitting buildings were seen in the UK. While [5-
6] highlighted the potential for large reductions in thermal energy 
consumption through retrofitting of existing buildings. Retrofitting of 
buildings has been seen to improve general thermal comfort levels [7]. 
However the risk of overheating still remains an issue for low energy 
refurbished buildings and improvements need to be made to mitigate any 
future overheating risks [8]. 

Studies on thermal comfort in buildings typically focus on either 
general thermal comfort [9-13], or investigate the effect of localised 
phenomena (eg. stratification, draughts) on thermal comfort [14-15]. 
Evaluating thermal comfort in buildings can be done both subjectively and 
objectively. Subjective comfort levels are assessed by surveying building 
occupants regarding a buildings thermal environment through standardised 
questionnaires. Questionnaires are typically developed in compliance with 
ISO 10551 [16-17] or ASHRAE guidelines [18].  

Objectively, the built environment can be evaluated through the 
measurement of a variety of environmental and personal factors in order to 



calculate thermal comfort indices. The predicted mean vote (PMV) and 
percentage of persons dissatisfied (PPD) indices [19] are some of the most 
widely used indices for evaluating the internal environment of a building. 
Typically used to evaluate air-conditioned spaces, the universality of the 
PMV model has been questioned in its capabilities in evaluating naturally 
ventilated buildings [20], at times over predicting  of thermal sensation in 
warm climate field studies [21]. Several adaptations to this model have been 
proposed to make it more applicable to in naturally ventilated buildings [22-
23]. However typically thermal comfort in naturally ventilated buildings is 
evaluated using the adaptive method proposed in EN 15251 [24]. 
Developed by [25] the adaptive approach assesses comfort based on the 
operative temperature index, where a varying operative temperature limit 
applies to buildings in free running mode during the cooling season. The 
adaptive model can be adopted in assessing thermal comfort, assuming that 
occupants are allowed to adapt to their thermal environment freely through, 
clothing adjustments, the use of operable windows or blinds, or the 
consumption of hot or cold drinks [26]. The tolerance of building occupants 
to internal temperatures can be also be broadened through the use of mixed 
mode ventilation [27] or allowing occupants to adapt freely [28]. 

This paper presents the findings from a thermal comfort study in a 
recently retrofitted low energy building. The ventilative cooling system in 
this naturally ventilated building was assessed by examining the thermal 
comfort performance of four ventilation configurations. Typical mean 
ventilation rates and dominant driving forces for each of these 
configurations were previously investigated experimentally by [29-30]. The 
overall aim was to determine which configuration provided the best level of 
thermal comfort in a simulated overheating scenario during the shoulder 
season. 

Materials and Methods 

2.1 Experimental Setup 

      The study was conducted in a north facing seminar room of the 
“Zero2020 retrofit testbed” building [31] which is part of the wider campus 
of Cork Institute of Technology (CIT) in Cork, Ireland.  Figure 1 indicates 
the location of all sensors during the study.  All parameters were measured at 
heights in accordance with ISO 7726 [32]. Air temperature was measured at 
heights of 0.1m, 0.6m and 1.1m, while all other parameters including globe 
temperature, relative humidity and air velocity were measured at a height of 
1.1m. Air velocity was measured in both locations indicated using two bi- 
directional anemometers where one anemometer measured velocity in the x-
axis of the room and another measured velocity in the y-axis of the room. 
Table 1 below details the accuracy of all instruments used in the study. 



 
 

Fig. 1 Seminar room layout with parameter measurement points indicated 
 

Table 1. Accuracy and recording intervals for all instrumentation used 

Parameter Model 
Operating 

range 
Accuracy Interval 

Temperature Hanwell 4002T -40°C to 60°C 

 

±0.1°C (-10 to 40°C) 

 

1 min. 

 
    

Temperature QUESTemp 36 -5°C to 60°C ±0.5°C (0°C to 120°C) 1 min. 
 

    
RH 

Hanwell 

4115RHT 
0% to 100% 

±2% (0% to 90%) 

±3% (90% to 100%) 
1 min. 

 
    

Velocity 
E+E Elektronik, 

EE576-V3B2 
0m/s to 2m/s 

±0.08m/s (0.2m/s to 

2m/s) 
1 sec. 

2.2 Study description and procedure 

The field study took place during two study days  in May 2015. In total 
the thermal evaluations from 35 participants (n=35, females = 10, males = 
25) were gathered.  Each study day consisted of two thermal comfort 
assessment sessions, with one in the morning and one in the afternoon. The 
maximum number of participants allowable for each study session was 10, 
due to space limitations. Each session consisted of four 30 minute tests 
which evaluated four ventilation configurations as shown in Figure 2. 
Subjective evaluations during all tests were gathered using two standardised 
questionnaires based on ISO 10551. One questionnaire (Survey A) asked 
questions regarding the participants fixed parameters (eg. location, age, 
gender, etc). The second questionnaire (Survey B) was a subjective thermal 



comfort questionnaire, which evaluated each participants personal state 
during the study.  

 

RS – 01 (Test 1) RS – 02 (Test 2) RS – 03 (Test 3) RS – 04 (Test 4) 

Fig. 2 Ventilation configurations from left to right: RS-01 (no ventilation), RS-02 upper louvre 

only, RS-03 lower louvre only, RS-04 both louvres open.  

In order to simulate an overheating scenario for each test, the centre of 
the room was preheated to 26°C (±1°C) using six electrical space heaters 
(2000W each). Three desk fans (30W each) were used to ensure that the 
temperature of the air in the room was sufficiently distributed spatially 
(using 14 temperature sensors), assuring uniform temperature conditions for 
each participant. Once the set-point was reached, the space heaters were 
removed, the participants were seated and the test began.  

 

 
 

Fig. 3 Image of study conducted on the 28th-29th of May 2015. A maximum of 10 participants 
were seated at any one time during each test and all subjective evaluations and objective data 

were gathered at the end of each 30 minute test.  

In order to evaluate the effect of adaptive ventilative actions only on 
occupants in a low energy space, participants were told to choose their 
clothing level at the beginning of each session and maintain this clothing 
level until the end of the study. Participants undertook typical sedentary 



activities throughout the study (i.e. reading, writing, watching etc.) as 
shown in Figure 3. Subjective data from questionnaires was collected via an 
online survey. Survey A was gathered first at the start of each session and 
Survey B was gathered at the end of each test. Internal environmental data 
was gathered continuously throughout each test. External weather data was 
gathered at 5 minute intervals, at a height of 10m on the roof of the 
building.   

 
2.3 Thermal comfort models utilised 

Three thermal comfort indices were used to evaluate the thermal 
comfort performance of this low energy building in a simulated shoulder 
season overheating scenario. The PMV index was used to calculate the 
predicted comfort utilising six parameters, four environmental parameters 
(air temperature, relative humidity, mean radiant temperature) and two 
personal parameters (clothing level and activity). The mean radiant 
temperature was determined using equation 8 in Annex B of ISO 7726 [32]. 
The PMV model is used to determine the mean vote of participants 
evaluating a thermal environment using a 7-point thermal sensation scale 
(cold (-3), cool (-2), slightly cool (-1), neutral (0), slightly warm (+1), warm 
(+2), hot (+3)).  The PMV was calculated using an algorithim based on the 
source code for ISO 7730 shown in Equation 1 and was validated against 
the sample outputs presented in Table D.1 [33].  The PPD index was 
calculated using Equation 2.  

 

𝑃𝑀𝑉 = [0.303𝑒((−0.036∙𝑀)+0.028)]{(𝑀 − 𝑊)

− 3.0510−3[5733 − 6.99  (𝑀 − 𝑊) − 𝑝𝑎]
− 0.42[(𝑀 − 𝑊) − 58.15]
− 1.710−5𝑀(5867 − 𝑝𝑎) − 0.0014𝑀(34 − 𝑡𝑎)
− 3.9610−8𝑓𝑐𝑙[(𝑡𝑐𝑙 + 273)4 − (𝑡𝑟 + 273)4]
− 𝑓𝑐𝑙ℎ𝑐(𝑡𝑐𝑙 − 𝑡𝑎)} 

(1) 

 

 

The operative temperature for each minute during each test was also 

calculated using Equation 3, in order to show the dynamic response of the 

internal environment to each natural ventilation configuration. This index 

was used also to calculate the neutral temperature of occupants during the 

study. In order to compare configurations regarding predicted and actual 

performance, the categories of thermal environment [33] stated in ISO 7730 

where used.  

𝑃𝑃𝐷 =   100 − 95𝑒(−0.3353(𝑃𝑀𝑉4)−0.2179(𝑃𝑀𝑉2))   (2) 



3. Results and Discussion 

In order to represent the environmental conditions as study participants 
were completing the online questionnaires the average of the last two 
minutes of environmental parameters were taken when calculating the PMV 
and mean operative temperatures for all test results shown in this paper. The 
clothing level for males (X̅ = 0.70, s = 0.18) in the study was slightly higher 

than that of females (X ̅= 0.66, s = 0.22). Table 2 shows the actual thermal 
votes of participants in the study where the PPD is calculated using the 
actual mean vote (AMV) shown. 

 
Table 2. Descriptive statistics and percentage of persons dissatisfied for thermal sensation 

votes during the study 

  Test No. 

  1 2 3 4 

Actual Mean Vote 1.29 -0.40 -0.49 -1.06 

Median 1 0 0 -1 

Std. Deviation 0.893 0.946 0.981 1.083 

Minimum 0 -2 -2 -3 

Maximum 3 1 1 1 

PPD (%) 40% 8% 10% 29% 

 
The PMV was calculated using the average of four temperature sensors 

that were at a height of 1.1m. A metabolic rate for sedentary activities 
(1.2met, 70W/m

2
)  were taken for all study participants. While the specific 

clothing levels of each participant as used to determine the PMV, this was 
without the inclusion of additional clothing for the chairs used. Table 3 
indicates the averaged environmental parameters after 28 minutes. 

 
Table 3. Calculated averaged environmental and external parameters for each test. Parameters 

presented are the average of 4 independent tests. 

Time averaged test parameter Test No. 

1 2 3 4 

Ta (°C) 25.6 24.2 23.6 22.4 

RH (%) 45 41 38 36 

Globe Temperature (°C) 25.9 24.9 24.3 23.4 

Tr (°C) 26.1 25.6 25.0 24.3 

To (°C) 25.9 24.8 24.2 23.3 

Velocity (m/s) 0.07 0.16 0.11 0.10 

External Air Temperature (°C) 11.5 12.2 12.4 12.9 

External Wind Speed (m/s) 3.4 3.4 3.3 4.3 

 𝑡𝑜 =
𝑡𝑎√10(𝑣𝑎) + 𝑡𝑟

1 + √10(𝑣𝑎)
 (3) 



Wind Direction (Degrees) 146.3 139.8 138.3 151.1 

PMV 0.53 0.12 0.06 -0.17 

PPD (%) 11% 5% 5% 6% 

Figure 4 shows a comparison of predicted and actual thermal votes for 
each test configuration using the average environmental parameters for the 
last two minutes. It can be seen that a large number of neutral votes were 
predicted using the PMV model. Overall neutral responses were over-
predicted by 100%. The PMV model failed to register thermal votes outside 
of the range +1 to -1. Table 2 and 3 indicate a difference between the actual 
PPD and predicted PPD of 29% in test 1, 3% in test 2, 5% in test 3, and 23% 
in test 4. Table 3 shows the same predicted performance for tests 2 and 3, 
however this differs in practise. This suggests perhaps a difference in thermal 
sensation exists due to the height of the louvre opening for low energy 
buildings. Subjectively, test 1 and test 4 are outside of the categories 
presented in ISO 7730. Test 2 and test 3 are in categories B and C, 
respectively. 

 
Fig. 4 Bar charts of actual versus predicted thermal votes for each test configuration 

 
Figure 5 shows the dynamic response of each ventilation configuration 

tested in the study. If the categorisation following ISO 7730 is adopted, the 
predicted final results categorically for test 1 is category B, test 2 and test 3 
are predicted to be in category A, while test 4 is in category B. The no 
ventilation configuration shows that, if ventilation is not utilised, the control 
space will remain in category B. If ventilation is applied to resolve the 
discomfort experienced, RS-02 (Test 2) and RS-03 (Test 3) are seen as better 



options to restore comfort as RS-04 (Test 4) has with it the risk of 
overcooling in shoulder season conditions.   

 

 
Fig. 5 Average operative temperatures for each minute for each ventilation configuration 

 

 
Fig. 6 Observed relationships between mean thermal sensation votes and binned operative 

temperatures for each test during each thermal comfort session. The linear trend-line shown is 
for the mean thermal sensation votes for all participants during each test   

 
Figure 6 depicts mean thermal sensation votes (MTSV) for all tests in 

the study against the operative temperature (binned in 0.5°C intervals). All 
correlations drawn between MTSV and operative temperatures for average, 
male and female scenarios were seen to have a statistically large effect size 
(r

2
 ≥ 0.25).  The average neutral temperature calculated was 24.8°C while the 

male neutral temperature was 24.7°C and the female neutral temperature was 
25.2°C. These temperatures are comparable with the optimal scenario 
presented in ISO 7730 for cooling season performance of 24.5°C. 

4. Conclusions 

This study presented results from a general thermal comfort evaluation 
of a natural ventilation system in a low energy space. It evaluated the 



comfort both subjectively and objectively of four ventilation configurations. 
Subjectively the highest level of thermal comfort performance detailed in the 
standards used was not achieved with PPD being greater than 6% for all test 
configurations. From an objective perspective the study showed that the 
PMV model did not predict the actual category of comfort that was 
subjectively indicated. The PMV model failed to register any votes outside 
of the range +1 to -1 and overestimated the tendency of votes towards 
neutrality by 100%. The subjective results show that for two louvres of the 
same opening area that thermal comfort performance can be different where 
test 2 achieved Category B and test 3 achieved Category C. Overall it can be 
seen that maintaining high levels of comfort using a natural ventilation 
system in shoulder seasons is challenging as when cooling is required there 
is a potential to overcool buildings due to the high climatic cooling potential 
of the outside air.  
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