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Abstract: Where previously the thermal indoor climate in a Dutch office was mainly assessed on the basis of 
sedentary activities, one must now also take into account activities associated with a higher metabolic rate to 
improve health by reducing sitting. This subject is receiving attention in the Netherlands; so also in the context 
of the Well certification of buildings for instance. Several studies show that the deviation between the Predicted 
Mean Vote (PMV) and the experimental results increases as the temperature and/or the activity increases. This 
technical note is a proposal to modify the calculation of the PMV for metabolisms up to 2.1 met, on the warm 
side of the thermal sensation scale, in the same way as Fanger describes in his thesis, using research results as 
they are currently available in the literature, excluding the adaptive thermal comfort aspect.
Keywords: Mathematical modelling; Thermal comfort; Indoor environmental quality; HVAC systems; 
Workplace

1. Introduction

The Netherlands is ’European sitting champion’. 
In no other country does such a large part of 
the population spend so much time sitting. 

Namely, 26% of the population aged 15 years and older 
spends more than 8.5 hours sitting on an average day. 
In the rest of the European Union that is 11%.

Sitting too much is unhealthy. People who sit for 

more than eight hours a day and exercise little have 
a 74% greater risk of cardiovascular disease. The 
financial consequences for the Netherlands are now 
estimated at 1.2 billion euros per year. The number of 
people who die from it is estimated at 21.000 per year. 
This subject is receiving attention in the Netherlands[1,2]; 
so also in the context of the Well certification of 
buildings for instance[3]. Today, working standing or 
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on a treadmill is used in Dutch offices as a way to 
improve health by reducing sitting, as for instance 
promoted by the Well Building Standard[3]. Where 
previously the thermal indoor climate in an office 
building was mainly assessed on the basis of sedentary 
activities, one must now also take into account 
activities associated with a higher metabolic rate. 
For sedentary activities the prediction of the thermal 
sensation, in accordance with the Predicted Mean 
Vote (PMV) in the Fanger model[4], standardized in 
(NEN-)EN-ISO-7730[5], comes closely to experimental 
results, when we disregard adaptive thermal comfort[6]. 
In that respect, the current PMV equation is accurate 
enough, up to temperatures of approximately 27°C, 
according to Humpreys et al[7]. For the record, in some 
countries, such as Japan, it is legally prohibited to cool 
office buildings lower than an indoor temperature of 
28°C during the warm period of the year[9]. Could this 
also be the case in Dutch offices in the near future? 
After all, weather extremes put pressure on major 
heat and energy transition solutions and possibly also 
on capacity limits. Peak cold demand is becoming 
increasingly important on hot days. Several studies 
show that the deviation between the Predicted Mean 
Vote (PMV) and the experimental results increases as 
the temperature and/or the activity increases[6,7,9,10]. In 
other words, it is time for the calculation of the PMV 
to be examined and modified if possible, if it is to 
make sense to continue to use the standardized model 
for sizing and assessing the indoor thermal climate in 
a modern office building with moderate activities. The 
(NEN-)EN-ISO-7730 model has its origin in 1970, 
when Fanger obtained his doctorate. After 54 years, 
the model may well be modified. This technical note 
is intended to spark that discussion on the basis of a 
proposal to modify the calculation of the PMV for a 
metabolism up to 2.1 met, in the same way as Fanger 
describes in his thesis[4] using research results as they 
are currently available in the literature, excluding 
the adaptive thermal comfort aspect. Netherland 
has a temperate maritime climate, with relatively 
mild winters, mild summers and rain all year round. 
Moreover most of the Dutch offices have visible 
mechanical cooling and mechanical ventilation, where 
adaptive thermal comfort hardly has any influence[11,12]. 
It should be emphasized here that the paper is not 

meant to be a research paper but a technical note. 
A technical note is used for a brief description of a 
technical problem, with the aim of informing others to 
subsequently examine the problem in more detail, as a 
field of expertise.

2. Method
The modification of the calculation of the PMV, for 
metabolisms up to 2.1 met, on the warm side of the 
thermal sensation scale, is done in the same way as 
Fanger describes in his thesis (1), using research results 
as they are currently available in the literature (2), (3), 
excluding the adaptive thermal comfort aspect (4).

2.1 Predicted Mean Vote (PMV)
The Predicted Mean Vote (PMV) equation in the 
(NEN-)EN-ISO-7730 model stands among the most 
recognized thermal comfort models. It was developed 
using principles of heat balance and experimental data 
collected in a controlled climate chamber under steady 
state conditions.

It predicts the average thermal sensation of a large 
group of healthy people on the commonly used seven 
point psycho-physical ASHRAE scale:

+3 = hot
+2 = warm
+1 = slightly warm
  0 = neutral
-1 = slightly cool
-2 = cool
-3  = cold
The PMV index is expressed as:
PMV = TS*U
Where:
PMV = Predicted Mean Vote[-]
TS = Thermal Sensation coefficient = 0.303* 

 Exp(-0.036M) + 0.028 [m2/W]
M = Metabolic rate [W/m2]
U = External thermal load - defined as the difference 

between the internal heat production and the heat loss 
to the actual environment - for a person at comfort skin 
temperature and evaporative heat loss by sweating at 
the actual activity level [W/m2].

The PMV equation in the model is mainly based on 
the research of Nevins et al.[13] (seated activity of 1 met) 
and the research of McNall et al.[14] (moderate activity 
up to 2.7 met). To date, with the exception of the 
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research by Rohles[15] and Yang et al.[10], the research by 
Nevins et al. and McNall et al. has not been completely 
updated. This means that we cannot simply replace the 
aforementioned datasets of Nevins et al. and McNall 
et al. with new and better ones, on the basis of which 
we could derive a new and better PMV equation, in 
accordance with the method described by Fanger in his 
thesis.

2.2 Deviation with the experiments
That the calculation results of the PMV deviate from 
reality and that the model underestimates the thermal 
sensation, at certain metabolic rates, can be seen at a 
glance when the calculation results are compared with 
the results of the experiments on the basis of which the 
PMV equation is developed (Figures 1 to 4).

Figure 1. Thermal sensation. Metabolic rate = 1.0 met Figure 2. Thermal sensation. Metabolic rate = 1.6 met

Figure 3. Thermal sensation. Metabolic rate = 2.1 met Figure 4. Thermal sensation. Metabolic rate = 2.7 met

Therefore, the current PMV is suitable for use at a 
metabolic rate of approximately 1 met and 2.1 met it 
seems, and underestimates the thermal sensation at the 
other metabolic rates, on which the model is based.

2.3 Thermal sensation at sedentary activity
As for the activity with a metabolic rate of 1 met, 
we can be brief. In principle, the PMV equation is 
accurate enough in that situation (see Figure 1), up 
to temperatures of approximately 27°C, according to 
Humpreys and Nicol[7]. The only modification that 
could be made here is the validity of the PMV equation 
in a wider temperature range than it was developed for, 
i.e. 18.9 – 27.8°C; in accordance with the experiments 
of Nevins et al.[13]. In practice it appears that the PMV 
equation is regularly used outside the aforementioned 
temperature limits[16-20]. Practice shows that there is 

apparently a need for a PMV equation with a broader 
field of application than currently applies to the 
equation. For this reason, Roelofsen et al.[21] proposed 
to base the PMV equation, at a metabolic rate of 1 met, 
not on the research of Nevins et al.[13],but on the later 
published research of Rohles[15]. Rohles has explored 
a wider temperature range, i.e. 15.6-36.7°C instead of 
18.9 – 27.8°C, and surveyed more subjects, i.e. 1600 
instead of 720. Therefore, for the modification of the 
PMV, at a metabolic rate of 1 met, the research results 
of Rohles are proposed instead of the research results 
of Nevins et al. In (Figure 5) it can be seen that the 
slope of the thermal sensation regression lines based 
on Fanger’s own experiments (each line applies to 128 
test subjects) (4) are, like Rohles’ thermal sensation 
regression line, smaller than the slope of Nevins’ 



Journal of Building Design and Environment

thermal sensation regression line. This is also consistent 
with research by Cheung et al.[22], Du et al.[23], as well 
as Humpreys and Nicol[7], who found that the (NEN-)
EN-ISO-7730 model would calculate the PMV too 
high at temperatures from approximately 27°C; ergo, 
outside the area considered by Nevins et al.[13]. The 

slope of the thermal sensation regression line of Yang 
et al.[10] (28 test subjects) seems to correspond to that of 
Nevins et al, only the position vector differs markedly 
from that of the other regression lines. Why this is the 
case cannot be immediately explained.

Figure 5. Thermal sensation. Metabolic rate = 1 met.

2.4 Thermal sensation at moderate activity
The PMV has been compared countless times in 
the literature with all kinds of practical situations, 
predominantly with sedentary activities[24];  in 
everyday situations always at the risk that different 
circumstances have also influenced the perception 
of the test subjects. The number of times in the 
literature that the PMV has been compared, under 
well-monitored conditions, at moderate activities is 
significantly less[6,9,10].

The limitations mentioned in these researches are 
often the same. The subjects were young, healthy 
undergraduates who may not be as discerning about 
comfort conditions as a general cross-section of the 
population. The studies consist of a small sample 
size of various age groups, ethnic backgrounds, 

and geographic locations. Additionally, some of the 
subjects were not familiar with the test equipment used 
(e.g. treadmill), which may have influenced subjects’ 
evaluations. Conducting the tests in an actual office 
environment for longer periods in future research is 
advised[10]. The research results cannot be directly 
compared, for example, because a different sensation 
scale was chosen (e.g. a nine-point scale instead of a 
seven-point scale)[6,9].

Finally, it turns out that the research results are 
at odds with each other. While one study concludes 
that the PMV equation underestimates the thermal 
sensation[9], the other study concludes that the PMV 
equation overestimates the thermal sensation[6], on 
the warm side of the thermal sensation scale, at 
rising metabolic rates. It should be noted that the last 
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mentioned research[6] investigated metabolisms that 
were outside the scope of the Fanger model.

In short, there are not many useful studies to find in 
the literature comparable to the experiments of McNall 
et al.[14], on which the PMV is based at moderate 
metabolic rates. At the moment, the research of Yang 
et al.[10] seems to be the most appropriate. The study 
is comparable to the experiments of McNall et al., 
thoroughly performed and the results can be compared 
directly, without transformation, with the starting 
points and calculation results of the Fanger model. 
Unfortunately, the research was limited to 28 test 
subjects (i.e.14 males and 14 females) and moderate 
activities with a metabolic rate of 1.7 and 2.1 met 
instead of 1.6, 2.1 and 2.7 met, in accordance with the 
study of McNall et al.

A major advantage, however, is that Yang et al. 
has maintained a wider temperature range in their 
experiments (i.e. 20 – 29°C at 1.7 and 2.1 met), in 
comparison with the study of McNall et al., especially 
on the warm side of the thermal sensation scale. The 
temperature range maintained by McNall et al. is quite 
limited, at each of the metabolic rates (i.e. 12.2-18.9°C 

at 2.7 met; 15.6°C – 22.2°C at 2.1 met; 18.9-25.6°C 
at 1.6 met). In that aspect, the study by Yang et al. is a 
good complement to the study by McNall et al.

Yang et al.’s study used a variable walking speed 
treadmill in combination with reading and typing, 
corresponding to a standing activity as may occur in a 
modern office environment, in order to reduce sitting. 
McNall et al. used a modified step test for each activity 
level, a stand walk cycle was developed by varying 
the stand period and using a five minute walk over two 
nine inch steps; an activity that is not easily expected in 
a workplace in a modern office environment.

It is suggested that 1.6, 1.7 and 2.1 met be based on 
both research results. For a metabolic rate of 2.7 met, 
the study by McNall et al. is used. There is currently 
no new comparable research available for metabolisms 
above 2.1 met. By making use of the research of 
McNall et al. and Yang et al. in modifying  the PMV 
equation, the temperature range within which the 
model can be reliably applied increases, especially on 
the warm side of the thermal sensation scale, as can be 
seen in the (Figures 6 to 7).

 

Figure 6. Thermal sensation, Metabolic rate=1.65 met.
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Figure 7. Thermal sensation. Metabolic rate = 2.1 met.

The PMV underestimation, on the warm side of 
the thermal sensation scale, at a metabolic rate of 2.3 
met, as first demonstrated by Jones et al.[9], is also 
demonstrated by Yang et al.[7] (Figures 3 and 7). Here 
the ISO-7730 model could be improved, it turns out.

2.5 Convective heat transfer as a function of 
metabolic rate
In the (NEN-)EN-ISO-7730 model, the convective heat 
transfer coefficient is not a function of metabolic rate, 
as is the case in the Gagge model[25]. This is relevant 
for metabolic rates higher than 1 met. For this reason, 
it is proposed to use the formula as used in the Gagge 
model, in addition to the formulas already in use in the 
(NEN-)EN-ISO-7730 model, namely:

- CHC=5.66*(M-0.85)^0.39
In this is:
- CHC = Convective heat transfer coefficient [W/ 

  m2.K]
- M = Metabolic rate [met].

3. Result
3.1 Thermal sensation as a function of external load
(Table 1) below shows, per metabolic rate, the 
equations of the thermal sensation as a function of the 
external load as well as the temperature range within 
which the equation applies, in accordance with the 
method described in Fanger’s thesis[4].

Table 1. Thermal sensation as a function of the external load and the applicable temperature range.

Model
Metabolic Rate

Reference
Number of 

subjects Equation 1) Applicable 
temperature range

Applicable PMV
range

[met] [-] [-] [°C] [-]

Current PMV

1.0 (13) 720 Y=0.0623.U-0.0303 18.9/27.8 -2.1/1.0
1.6 (14) 420 Y=0.0303.U+0.239 18.9/25.6 -0.3/1.2
2.1 (14) 420 Y=0.0295U–0.0029 15.6/22.2 -0.7/0.5
2.7 (14) 420 Y=0.0435.U+0.071 12.2/18.9 -0.8/1.0
Total test subjects 1140

Modified	PMV 1.0 (15) 1600 Y=0.0501.U–0.1239 15.6/36.7 -2.8/2.9



 Vol 3 Issue 2 2024

Continuation Table:

Model
Metabolic Rate

Reference
Number of 

subjects Equation 1) Applicable 
temperature range

Applicable PMV
range

[met] [-] [-] [°C] [-]
1.65 (14) + (10) 448 Y=0.0481.U+0.037 18.9/29.0 -0.7/2.1
2.1 (14) + (10) 448 Y=0.0407.U–0.2711 15.6/29.0 -1.2/2.1
2.7 (14) 420 Y=0.0429.U+0.2315 12.2/18.9 -0.8/1.0
Total test subjects 2048

1) Y= Thermal sensation, U=external load [W/m2].

(Table 1) shows that the slope in the Thermal 
sensation equations (Y) for the PMV model differ 
more from each other than is the case in the modified 
model. This means that in the modified PMV model the 
subjects have more similar sensitivity to changes in the 
external load at the metabolic rates than in the current 
PMV model. Contrary to the study by Yang et al., the 
area on the warm side of the thermal sensation scale, up 
to a PMV of about 2, has not actually been extensively 
investigated by McNall et al. It is therefore obvious to 
use the results of Yang et al. to supplement the research 

by McNall et al.
Intermediate values for the thermal sensation (Y), as 

a function of the external load (U) can be determined 
by means of linear interpolation, between the metabolic 
rates.

To get an idea of how the modified model relates to 
the current (NEN-)EN-ISO 7730 / Fanger model and 
the experimental results, a variant calculation was made 
for the situation with a metabolic rate of 1.7 met. 
The calculation results are graphically presented in 
(Figure 8).

 
Figure 8. Thermal sensation. Metabolic rate = 1.7 met

As can be seen in (Figure 8), for moderate activities, 
the modified PMV model is a midway between the 
experimental results of McNall et al. and Yang et 
al. in the region where both experiments overlap, 
in operative temperature. As a result, especially on 
the discomfort warm side of the thermal sensation 
scale (PMV > 0.5), the temperature range not really 
considered by McNall et al., the modified PMV model 
follows Yang’s experimental results more than is the 
case with the current PMV equation in the (NEN-)EN-

ISO-7730 model. On the neutral and cold side of the 
thermal sensation scale, the results still correspond well 
with those of the (NEN-)EN-ISO-7730 model.

3.2 Discrepancy calculation results (NEN-)EN-
ISO-7730 model with the experimental results
The discrepancy between the calculation results of the 
PMV equation in the (NEN-)EN-ISO-7730 model and 
the experimental results of McNall et al (Figures 2 to 4) 
is caused by the way in which the thermal sensation 



Journal of Building Design and Environment

coefficient (TS = 0.303*Exp(-0.036M) + 0.028 [m2/W]) 
in the PMV equation is derived. Two assumptions are 
made in the derivation, namely:

1. If the external load (L) is zero then the thermal 
sensation is zero

2. The slope in the equation of the thermal sensation as 
a function of the external load decreases monotonically 
with increasing metabolic rate.

Both assumptions are not really supported by the 
experimental results (see Table 1). The assumptions 
are attractive to introduce, as it allows an analytical 
solution of the PMV equation, only introducing a 
deviation from the experimental results (Figures 2 
to 4). Since the use of the model requires a computer 
anyway, it is obvious to omit the analytical solution 
and to perform the interpolation, between the modified 
equations for the thermal sensation as a function of the 
external load, numerically. In this way, the discrepancy 
between the calculation results and the experimental 
results (Figures 2 to 4) has at least disappeared.

4. Discussion
Nowadays, working standing or on a treadmill is used 
in Dutch offices as a way to improve health by reducing 
sitting, as, for instance, promoted by the Well Building 
Standard. Where previously the thermal indoor 
climate in an office was mainly assessed on the basis 
of sedentary activities, activities that are associated 
with a higher metabolism must now also be taken into 
account. At a metabolic rate of 1 met, the current PMV 
equation is accurate enough, up to temperatures of 
approximately 27°C. In the Netherlands however, the 
indoor climate in office buildings is currently designed 
based on temperature exceedance calculations, where a 
temperature above 27°C is also permitted. Besides that 
the Cool Biz campaign, as conducted in Japan, could 
also take place in the Netherlands; where an indoor 
temperature lower than 28°C, achieved by mechanical 
cooling, is not permitted, for example during a heat 
wave. After all, weather extremes put pressure on 
major heat and energy transition solutions and possibly 
also on capacity limits. Peak cold demand is becoming 
increasingly important on hot days. In that situation 
one must be fully aware that  the (NEN-)EN-ISO-7730 
model for evaluating the thermal indoor climate 
appears to estimate the thermal sensation too low, 
on the warm side of the seven point psycho-physical 

ASHRAE scale and higher metabolisms than 1 met.
According to Fanger’s thesis the (NEN-)EN-ISO 

7730 model is mainly tailored to sedentary activity, 
because most research data was available for this. 
The model is reliable, especially in the case of higher 
metabolisms, in the neutral area (-0.5 < PMV < 0.5). 
Particularly on the warm side, deviations appear to 
occur compared to other more extensive research into 
ambient temperature. This technical note has attempted 
to overcome the above mentioned shortcomings by 
using existing research on the warm side of the seven 
point psycho-physical ASHRAE scale and the same 
methodology as described in Fanger’s thesis.

5. Conclusion
A proposal has been made to indicate how the (NEN-)
EN-ISO-7730 model, for sedentary and moderate 
metabolisms, could be modified so that the model 
is more applicable in a wider temperature range; 
especially on the warm side of the thermal sensation 
scale, excluding the adaptive thermal comfort aspect. 

With this modified PMV model (see the bolded 
equations in Table 1), the applicability, up to a 
metabolism of 2.1, is increased and substantiated with 
more test subjects (2048 test subjects) than is the case 
with the current PMV equation (1396 test subjects), as 
shown in (NEN-)EN-ISO 7730, thanks to the research 
of Rohles and Yang et al (see Table 1). In order to 
be able to include the influence of metabolism in the 
calculation of the convective heat transfer coefficient, 
a formula in the Gagge model was used, in addition to 
the heat transfer equations already used in the (NEN-)
EN-ISO-7730 model (please note: the largest applies). 
Since the use of the model requires a computer 
anyway, it is obvious to omit the analytical solution of 
the thermal sensation coefficient  in the (NEN-)EN-
ISO-7730 model (Namely: TS = 0.303*Exp(-0.036M) +  
0.028 [m2/W]) and to perform the interpolation 
numerically, between the modified equations for the 
thermal sensation as a function of the external load, 
also in view of the almost equal slope of the lines.

In this way, the discrepancy between the calculation 
results and the experimental results (see Figures 2 
to 4) has at least disappeared. For moderate activities, 
the modified PMV model is a midway between the 
experimental results of McNall et al. and Yang et 
al. in the region where both experiments overlap, 
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in operative temperature. As a result, especially on 
the discomfort warm side of the thermal sensation 
scale (PMV > 0.5), the temperature range not really 
considered by McNall et al., the modified PMV model 
follows Yang’s experimental results more than is the 
case with the current PMV equation in the (NEN-)EN-
ISO-7730 model. On the neutral and cold side of the 
thermal sensation scale, the results still correspond well 
with those of the (NEN-)EN-ISO-7730 model. It is 
recommended to extend future experiments, like Yang’s 
et al., with regard to the:

• number of test subjects with a metabolic rate larger 
than 1 met

• temperature range.
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