
79 

 Koc. J. Sci. Eng., 4(1): (2021) 79-85                                      https://doi.org/10.34088/kojose.833707 
                                                                     

 
 

Kocaeli University 

 

  Kocaeli Journal of Science and Engineering 
 

http://dergipark.org.tr/kojose 
 

 

 

 

A Case Study on the Assumption of Mean Radiant Temperature Equals to Indoor 

Air Temperature in a Free-Running Building 
 

Mehmet Furkan ÖZBEY 1        , Cihan TURHAN 2, *               

 
1 Department of Mechanical Engineering, Atılım University, Ankara, 06830, Turkey, ORCID: 0000-0002-5813-3514 
2 Department of Energy Systems Engineering, Atılım University, Ankara, 06830, Turkey, ORCID: 0000-0002-4248-431X 

 

 

 
Article Info 

  

Research paper 

  

Received : November 30, 2020 

Accepted : March 15, 2021 

 

Keywords 
 

Adaptive Thermal Comfort 

Free Running Building 
Globe Thermometer 

Indoor Air Temperature 

Mean Radiant Temperature 
 

 

 
   Abstract 

 

Thermal comfort is basically affected by environmental (mean radiant temperature, indoor air 

temperature and relative humidity and air velocity) and personal parameters (clothing value and 

activity level). Mean Radiant Temperature is the most complicated parameter among all thermal 

comfort parameters due to the difficulty of measurement and calculation processes. Calculation 

methods are not preferred by the researchers because of the complexity of obtaining angle factors 

while the measurement methods require very expensive devices such as globe thermometers and 

radiometers. On the other hand, assumptions are commonly used in thermal comfort studies because 

of their simplicities. One of the most frequently used assumptions expresses the equality of mean 

radiant temperature to indoor air temperature. However, the accuracy of this assumption needs 

further experimental research in order to evaluate thermal comfort, especially in free-running 

buildings. To this aim, this study proposes to determine the accuracy of the assumption of mean 

radiant temperature equals to indoor air temperature in a free-running building where Adaptive 

Thermal Comfort approach is applied in summer condition. Environmental parameters are measured 

via objective sensors, while adaptive thermal comfort is assessed by a software program. The 

statistical results show that there are significant deviations between two parameters in summer 

conditions for a free-running building. 

 
 

 

 

1. Introduction* 

 

The main concerns on thermal comfort are 

traditionally assessed with Fanger’s Predicted Mean Vote 

(PMV) and Predicted Percentage of Dissatisfied (PPD) 

method for air-conditioned and/or mixed-mode buildings 

[1-3]. However, free-running buildings are without indoor 

climate control such as heating, cooling and ventilation [4]. 

Occupants have wider tolerance on their discomfort since 

windows and/or doors are allowed to be open when an 

occupant wants to re-satisfy thermal comfort in the indoor 

environment [5]. For free-running buildings, Adaptive 

Thermal Comfort (ATC) models are applied by using 

linear correlations linking an optimal comfort temperature 

to mean outdoor temperature [6-7]. Thus, obtaining 
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operative temperature (OT) is vital to obtain accurate 

thermal comfort for free-running buildings. In the 

calculation of OT, Mean Radiant Temperature (MRT), 

Indoor Air Temperature (Ti) and Air Velocity (va) are 

included [8]. In a free-running building, air velocity is 

uncontrolled since there is no ventilation controlling. For 

this reason, MRT and Ti values generally vary, which 

makes thermal comfort models difficult to obtain [9]. 

MRT is defined as “the temperature of a uniform, 

black enclosure that exchanges the same amount of heat by 

radiation with the occupant as the actual enclosure” in 

ASHRAE Standard 55 [1] and measured by globe 

thermometer, radiometers and constant air temperature 

sensors. However, the price of the sensors is very high, and 

the usage of these devices require highly skilled and expert 

users. On the other hand, calculation methods are very 

complicated due to determine the angle factors of the 

occupant [10,11]. Instead of calculation and measurement 

methods, the researchers prefer to use the assumption of 
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the equality of MRT and Ti [1,12-15]. However, the 

accuracy of the assumption is always a question mark for 

free running and/or air-conditioned buildings. To this aim, 

some researchers compare the assumption of the equality 

of MRT and Ti. In the studies, the comparison of the MRT 

and Ti values are assessed with an equivalent ratio [16]. 

For instance, Koch [17] studied the relationship between 

the MRT and Ti in ranges of 22.7°C to 29.9°C and 21.2°C 

to 26.9°C for Ti and MRT, respectively, in mechanically 

ventilated buildings with 12 different measurement data. 

As a result of the study, MRT and Ti had a difference up to 

1.5°C, and the equivalent ratio was found as 0.669. In 

another study, McIntyre et al. [18] used 33 measurements 

between a range of 20.8°C to 23.8°C and 24°C to 28.5°C 

for Ti and MRT, respectively. The authors found the 

equivalent ratio as 0.791. Lin et al. [19] conducted research 

in mixed type buildings that have different heating systems 

of the radiator, radiant floor heating and all-air heating 

systems. The results showed that the difference between 

MRT and Ti was between -0.5°C to +0.5°C. Catalina et al. 

[20] handled research in the mixed type test chamber by 

using radiant ceiling panels and found 0.8°C difference 

between Ti and OT. The most blazing research was 

conducted by Dave et al. [15] that used over 200.000 

measurement data in 48 different mechanically conditioned 

office buildings. The results demonstrated that the median 

absolute difference between the MRT and Ti was 0.4°C.  

The assumption of the equality of MRT to Ti causes 

uncertainty on thermal comfort results. For instance, 

Chaudhuri et al. [21] investigated the effect of using the 

equality of MRT and Ti on the PMV in air-conditioned 

buildings. The experiments proved that using this 

assumption cause an error to the PMV value up to 1.54 

PMV difference. Furthermore, De Dear and Brager [5] 

found that this assumption overestimated the occupant 

responses on ASHRAE 55 scales in high temperatures 

while using PMV/PPD method, which was originally 

created for air-conditioned buildings, in free-running 

buildings. 

Even though the studies on the accuracy of the 

equality of MRT to Ti are common in air-conditioned 

buildings, the studies on the accuracy of the assumption 

are very limited for free-running buildings, especially in 

temperate climate zone. To this aim, this study investigates 

the accuracy of the assumption of MRT to Ti for a free-

running building in a temperate climate zone by using ATC 

approach. 

 

2. Materials and Methods 

 

A free-running case-building (4.7m depth x3.25m 

width x 2.75m height) was selected in a university campus 

in Ankara, Turkey which is located in Csb-type climate 

zone according to the Köppen-Geiger Climate 

Classification [22]. The case building includes a large-

glazed window (window to wall ratio is 3.6) in the south 

direction. Since the case building is a free-running 

building, Heating Ventilating, and Air Conditioning 

(HVAC) system does not exist, and the building is 

ventilated naturally. An outlook and architectural drawing 

of the case building are depicted in Figures 1 and 2, 

respectively. 

 

 
 Figure 1. The outlook of the case building. 

 
Figure 2. Architectural drawing of the case building. 

 

The methodology of the study consists of three 

separate sub-sections, namely, measurements of Ti, Tg and 

va, determining the MRT and OT via using Eq. (1) and Eq. 

(2) and comparison of the results to determine the accuracy 

of the assumption as shown in Figure 3. 
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Figure 3. The methodology of the study. 

The MRT, va, and Ti measurements were taken on 

weekdays from 09:00 to12:00 and from 13:00 to 17:00 

with a 10-min interval between 15th of July 2020 and 6th of 

October 2020 including summer season. During the 

measurements, one male occupant was seated (metabolic 

rate value: 1 met) and occupant could open and/or closed 

the window and door, and the occupant was allowed to 

freely adopt clothing insulation to ensure thermal comfort 

since ATC standards were applied [23]. Besides, the 

outdoor temperature (To) values were taken from 

Meteorological Station of the university. 

Ti values were taken with an infrared thermometer –

EXTECH Measurements 42530 [24] – and va was 

measured with an anemometer – TESTO 425 [25] –inside 

the case building. The utilized devices in the measurement 

campaign and their specifications are indicated in Table 1. 

Table 1. Utilized devices for measurements of Ti and va. 

Device Model Specification 

Infrared 

Thermometer 

EXTECH 

Measurements 

42530 [24] 

Accuracy ±2% 

Resolution: 0.1 °C 

Anemometer 
TESTO 425 

[25] 

Accuracy: ± (0.03 m/s 

+ 5% of Measured

Value) 

Resolution: 0.1 m/s 

On the other hand, the MRT values were obtained 

from a developed Globe Thermometer (GT) by the authors. 

The developed GT has 135 mm diameter with 0.6mm thick 

matt-black copper globe and k-type thermometer in the 

middle of the copper sphere. It is worth to note that the GT 

was calibrated with an industrial well-known globe 

thermometer.  The MRT was calculated by using the Eq. 

(1), which is also indicated in ISO 7726 [26].  

𝑀𝑅𝑇 =  [(𝑇𝑔 + 273)4 +
0.25×108

𝜀𝑔
(

|𝑇𝑔−𝑇𝑖|

𝐷
)

1

4
(𝑇𝑔 − 𝑇𝑖)]

1

4

− 273 (1) 

where Tg represents the globe temperature, 𝜀𝑔 defines

emissivity of the globe, which is 0.95 for matt-black 

copper [26], and D is the diameter of the globe.  

In ATC models, the OT, defined as the temperatures 

of a body that can achieve in its natural environment, was 

used [1,27,28] and calculated, as shown in Eq. (2). 

𝑂𝑇 =  𝑇𝑖 + (1 − 𝐴)(𝑀𝑅𝑇 − 𝑇𝑖) (2) 

where A is equal to 0.5 if va is lower than 0.2 m/s, 0.6 if the 

va is between 0.2 m/s to 0.6 m/s and 0.7 if the va between 

0.7 m/s to 1 m/s. 

In order to check the accuracy of the assumption, the 

null hypothesis (Ho) and the alternative hypothesis (H1) 

were constructed as; “There is no difference between the 

MRT and Ti in a free-running building (MRT=Ti)” and 

“There is a difference between the MRT and Ti in a free-

running building (MRT≠Ti)”, respectively. 

The determination of the accuracy of assumption was 

provided with well-known statistical criteria which are 

Mean Squared Error (MSE) (Eq. (3)) and Determination of 

Multiple Coefficient (R2) (Eq. (4)) by using the MRT data 

stem from GT and Ti. 

𝑀𝑆𝐸 =
1

𝑝
∑|𝑧𝑖 − 𝑜𝑖| (3) 

𝑅2 =  1 − (
∑ |𝑧𝑖−𝑜𝑖|2

𝑖

∑ 𝑜𝑖𝑖
) (4) 

where 𝑜𝑖  represents the output, 𝑧𝑖 defines the target, and 𝑝

is the number of input-output pairs of 𝑖𝑡ℎ data [29,30].

Moreover, two-tailed t-test was used in the study in 

order to check the accuracy of the hypotheses (Eq. (5)). 

The significance level was selected as 5% [31,32]. 

𝑡 =  
𝑥𝑎̅̅ ̅̅ −𝑥𝑏̅̅ ̅̅

√𝑆𝑎
2

𝑛𝑎
+

𝑆𝑏
2

𝑛𝑏

(5) 

where 𝑥𝑎̅̅ ̅ and 𝑥𝑏̅̅ ̅ represents the means, 𝑆𝑎
2 and 𝑆𝑏

2 defines
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standard deviation and 𝑛𝑎 and 𝑛𝑏 are the sample sizes of Ti

and MRT, respectively. 

In the final step, ATC graphs were drawn in order to 

compare both cases in different acceptance levels of 80% 

and 90%. The ATC acceptable upper and lower limits were 

described in Eqs. (6) and (7) for 80% acceptance limits and 

Eqs. (8) and (9) for 90% acceptance limits [1,33]. 

𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑖𝑡80% =  0.31 𝑇𝑜𝑢𝑡 + 21.3 (6) 

𝐿𝑜𝑤𝑒𝑟 𝐿𝑖𝑚𝑖𝑡80% = 0.31 𝑇𝑜𝑢𝑡 + 14.3 (7) 

𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑖𝑡90% =  0.31 𝑇𝑜𝑢𝑡 + 20.3 (8) 

𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑖𝑡90% =  0.31 𝑇𝑜𝑢𝑡 + 15.3 (9) 

3. Results and Discussion

The MRT and Ti data were examined in order to 

determine the variation between two parameters and to 

check the accuracy of the null hypothesis, which was 

identified in Eq. (5). Moreover, Figure 4 represents the 

comparison of MRT and Ti data while the results of 

regression analysis are expressed in Table 2.  

Figure 5 depicts the results of Ti, MRT, OT with 

respect to To values.  Since the study was conducted in the 

summer season, the MRT values were found higher than Ti 

values.  

Figure 4. Comparison of measured MRT and Ti data with 

linear comparison method. 

Table 2. Results of Regression Analysis 

Slope 0.63 

Intercept 11.08 

MSE 1.22 

R2 0.66 

The linear comparison analysis demonstrated that 

MRT and Ti had exceedingly different values with a R2 

value of 0.66 and MSE of 1.22. MRT is generally bigger 

than Ti because the temperature of the glazing surface is 

greater than Ti and the short-wave solar radiation is 

significantly high in the summer season. The equivalent 

ratio was found as 0.85. In comparison with the 

mechanically ventilated buildings, the equivalent ratio was 

found slightly higher. 

Figure 5. An example of measured values of Ti, MRT, OT and To. 
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Table 3 indicates the standard deviations (SD), mean 

values of MRT and Ti and t & p values. 

Table 3. Statistical values of the study. 

MRT Ti 

SD 1.27 1.64 

Mean 29.05 28.45 

t-value 4.18 

p-value .001 

The two-tailed t-test revealed that the null hypothesis 

was rejected since the p-value was found lower than the 

significance value, which was selected .05 in the study. 

Therefore, the equality of MRT and Ti hypothesis was 

rejected, and the alternative hypothesis was accepted.   

Figure 6 depicts the effect of using the assumption of 

the equality of MRT and Ti to the ATC standards for 

acceptable limits of 80% and 90%, respectively. A 

significant difference was observed in both 80% and 90% 

acceptable limits. While comparing the OT data for 80% 

acceptance limit, using assumption changes the OT data of 

30.4% to the out of the upper and lower acceptable limits. 

In the other side, the assumption changes the OT data of 

27.4% out of the upper and lower acceptable limits of 

90%. 

Figure 6. Adaptive thermal comfort charts for 80% and 90% acceptance limits with temperature data. 

4. Conclusions

The MRT is the most crucial and difficult to obtain 

one of the environmental parameters which affect 

thermal comfort. There are three different methods to 

obtain to MRT in the indoor environment, which are 

calculation, measurement method and assumptions. The 

calculation methods are not preferred since its 

complexity and challenging calculation steps, and 

measurement methods are not chosen to obtain MRT due 

to the cost of equipment. Therefore, the MRT values are 

generally obtained by using the assumption of the 

equality of MRT and Ti in various studies because of its 

easiness. However, using this assumption brings along 

the uncertainty about the accuracy of the assumption. 

The evidence from this study discussed the 

accuracy of the assumption. The findings of this study do 

not support the idea of using the assumption of the 

equality of MRT and Ti in summer conditions for free-

running buildings by using the linear comparative 

method and two-sample t-test method. 

As a result of applied methods, R2 was found 0.66 

and p-value was found .001. Besides, the equivalent ratio 

was depicted 0.853, which slightly higher than previous 

findings of mechanically ventilated buildings [16-18]. 

This study clearly has some limitations. As a first 

limitation, the occupant, who was inside the case 

building while taking the measurements, was an 

Mehmet Furkan ÖZBEY et al. / Koc. J. Sci. Eng., 4(1): (2021) 79-85 
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additional heat source to the environment. Therefore, the 

MRT and Ti values could be affected from the occupant. 

Secondly, this study only examined the accuracy of the 

assumption in the summer season. The result should be 

discussed for winter condition in a free-running building. 

In winter conditions, since the radiative heat diffuses 

from the human body to the outside, the MRT is 

expected to be lower than the indoor air temperature. 

Furthermore, solar radiation values will be different as 

discussed in [1,34]. 

As future work, further experimental studies will 

determine the accuracy of the assumption also for the 

lower values of the MRT and Ti. 
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