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Abstract 
Literature reveals several attempts to evaluate indoor 
environment (IE) using a single index or indicator. 
Variations in quality of included measurements and 
variations in weights between the included areas have 
challenged the models. The work presented in this paper 
defines the potential of having a comfortable and healthy 
IE. It filters out the uncertainty caused by the occupants 
by looking only at the physical frames given through the 
building. The occupants are instead included in the 
evaluation by questionnaires. The case presented shows 
how it is possible to identify possible IE improvements 
before a renovation and illustrates how this can be 
combined with the use of questionnaires. 

Introduction 
Today, there is a common understanding about the 
importance and effects of a comfortable and healthy 
indoor environment in our buildings between building 
professionals and researchers within the field. Several 
projects identify and document the benefits of this 
(MacNaughton et al., 2017; Mendell et al., 2002; 
Wargocki, Wyon, Sundell, Clausen, & Fanger, 2000), and 
the good news are often reported by newspapers and 
television to the general public. 
Even though the focus on this area is growing, indoor 
environmental quality (IEQ) is still an intangible subject 
for the main part of the users in today’s buildings. They 
seem to maintain a lack of understanding of the 
importance of simple actions such as venting, shading and 
controlling their own IEQ (Andersen, Toftum, Andersen, 
& Olesen, 2009; Frontczak, Andersen, & Wargocki, 
2012). On top of this, IEQ is often neglected or 
downgraded when design decisions are made since most 
decisions in building design focus on energy savings 
based on quantitative parameters which often leave the 
more qualitative parameters, such as IEQ, out of the 
decisions (Abdul Hamid, Farsäter, Wahlström, & 
Wallentén, 2018).  
The question now is how to increase the focus on IEQ and 
generate a demand for better solutions. This question was 
raised in the REBUS project (Renovating Buildings 
Sustainably) (REBUS, 2016), which targets deep 
renovations in the social housing sector. Behind the 
project is a dedicated partnership representing all parts of 
the value chain ranging from end users (tenants and social 
housing companies) through project developers and 

manufacturers to knowledge institutions. The REBUS 
project is carried out in a Danish context and has an 
overall target for the renovations initiated by the project 
to have a minimum of 50% energy saving, 30% reduction 
of resources and 20% increment in productivity. One part 
of this project was to develop tools or methods to increase 
focus on IEQ in the renovation process. Tools or methods 
targeted developers, designers, building owners (in this 
case social housing companies) and occupants/tenants. 
REBUS has a broad target group and one solution will not 
fit all for this case. However, the development of a tool 
and a strategy that can increase focus on IEQ is a shared 
goal for all stakeholders. As a result, clear communication 
about IEQ topics became a priority, and it was decided 
that the result should be comparable to the scale known 
from Energy Performance Certifications, which are well 
known for most people today. This decision was made 
well aware of the fact that earlier attempts to make a clear 
single index for IEQ had difficulties. Humphreys 
concluded in 2005 that this kind of indexes were highly 
dependent on the weightings between parameters, which 
would vary between nationalities, building types and even 
within one parameter alone (e.g. thermal comfort) 
(Humphreys, 2005). A literature review made by 
Heinzerling et al. compares the results of weightings 
between acoustics, indoor air quality (IAQ), lightning and 
thermal comfort from six different studies in office 
buildings. None of these results agree with each other and 
the review showed very large differences in weightings 
between the different studies (Heinzerling, Schiavon, 
Webster, & Arens, 2013).  
The amount of IEQ indexes proposed for dwellings are 
very few. A study by Lai et al was made under subtropical 
conditions and here temperatures seems to overrule most 
other parameters when reaching a certain level (Lai, Mui, 
Wong, & Law, 2009). Again, this may be climate-specific 
and could differ between climates.  
Despite the difficulties, the experiences and conclusion of 
earlier works created the foundation for the decisions 
made in the current project. The aim was to increase 
demands for, and priority of, IEQ during decision making  
for renovation projects. This paper will introduce the 
developed tools followed by a case showing the results for 
IEQ before and after renovation of a social housing multi 
storey dwelling. The tool was developed for multi storey 
dwellings, but shows potential for further development 
for other building types. 
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The tools 
Two new tools, IV20 and a questionnaire-survey-package 
(QSP), for evaluation of IEQ in dwellings were developed 
through the partnership project REBUS (Knudsen, 
Heebøll, Clausen, & Bekö, 2017; Knudsen & Larsen, 
2018; Larsen et al., 2017; REBUS, 2016). Figure 1 
illustrates the idea behind IV20 and the QSP.  
 

 
Figure 1: Definition of content in IV20 and the 

questionnaire-survey-package (QSP). 
The following sections describe the main concepts and 
ideas behind the tools. 
IV20 
The IV20 tool is developed for use in the early design 
phase of new buildings or before renovation of existing 
buildings. The aim of the tool is to increase focus on IE at 
a very early stage of the design where key issues 
important to the later on realized IE are locked. A key 
parameter for the development of the tool was to leave out 
all kinds of physical measurements of IE. This decision 
was due to 1.) leaving out the uncertainty of occupant 
behaviour by only considering the building alone and 2.) 
IE measurements are not possible at the stages where the 
tool will be applied. Thereby the IV20 tool identifies the 
potential of having a comfortable and healthy Indoor 
Environment (IE) in a building based on the physical 
frames setup by the building. The perceived IEQ 
including the occupant behaviour is evaluated by the QSP 
(see next section).  
IV20 evaluates the potential indoor environment (IE) 
separately for air quality (IAQ), thermal IE (THER), 
visual IE (VIS) and acoustic IE (ACO). The tool then 
weighs the four individual scores into a single value, the 
Indoor Environmental Quality, communicated by a letter 
as we know from e.g. Building Energy Performance 
Certificates. The four evaluation areas are presently 
weighted equally with 25% for each. This decision is 
made based on experiences from earlier work, which 
found large case to case deviations and lack of data, in 
order to establish the weights in a reliable matter 
(Heinzerling et al., 2013; Humphreys, 2005; Ncube & 
Riffat, 2012). The authors are confident that deviations 
between these weightings will exist between different 
building typologies (e.g. light in offices will be evaluated 
much differently from light and direct sunlight in private 
homes), but still do not have sufficient data to 
convincingly distinguish between weights.  
The IV20 evaluation is based on building geometry, data 
regarding constructions and visual inspection, which are 
entered into the tool. All analyses and calculations are 
integrated into IV20. Based on lessons learned from 
earlier studies and attempts to define a single index 
(Heinzerling et al., 2013; Humphreys, 2005), IV20 stands 

out from earlier tools by complementing the overall index 
with scores for each of the four individual evaluation 
areas (ACO, IAQ, THER, VIS). By showing each area 
separately, occupants are able evaluate their future home 
choosing from the parameters, which are of the greatest 
importance to them. Table 1 lists the evaluation areas and 
attached parameters. The parameters included in the tool 
were identified based on a thorough analysis on an 
extensive amount of IE parameters, which defined a gross 
list of parameters (Larsen et al., 2017). Scores of 
importance for health and comfort respectively were 
given to each parameter on the gross list by an expert 
panel. Based on this scoring, 12 traditional IE parameters 
were identified out of 16 parameters in total for the tool. 
Evaluation of these were later further detailed into 1-6 
criterias for each parameter. The last four parameters 
(parameter #4 for each area) considers the users’ 
possibilities of adjusting their own IE. This is included 
since the possibility for users to adjust their IE positively 
affects the satisfaction with the experienced IE (Yun, 
2018).  

Table 1: Evaluation areas, parameters and weights 
included in IV20. 

 Acoustic IE Air Quality Thermal IE Visual IE 

#
1 

Absence of 
noise from 

surroundings 
(35%) 

Impact from 
outdoor air 

(15%) 

Temperature, 
summer 
(30%) 

Daylight 
(35%) 

#
2 

Absence of 
noise from 
neighbors  

(35%) 

Impact from 
building and 

materials 
(35%) 

Temperature, 
winter 
(25%) 

Direct 
sunlight 
(25%) 

#
3 

Absence of 
noise in own 

dwelling 
(25%) 

Impact from 
activities (in 

dwelling) 
(30%) 

Absence of 
draft 

(20%) 

View out, 
view in, solar 

shading 
(30%) 

#
4 

User 
possibilities 

 to adjust own 
IE 

(5%) 

User 
possibilities 

to adjust own 
IE 

(20%) 

User 
possibilities 

to adjust own 
IE 

(25%) 

User 
possibilities 

to adjust own 
IE 

(10%) 
 
As mentioned, IV20 applies both for new buildings and 
for existing buildings to be renovated. In renovation, IV20 
shows the current IE state of the dwelling to the residents 
before renovation, and from the scores it identifies where 
the dwelling has the largest potential for improvements in 
IEQ. Based on the selected solutions for renovation, a new 
IV20 calculation is made showing the final result and the 
improvements realized by the renovation. The framework 
of the current version of IV20 for apartments is developed 
with an intension of further development into other 
building typologies (e.g. single family homes, offices, 
schools). In order to do this, the existing parameters need 
to be adjusted (eg. “reverberation times” under 
“Acoustics” will not be evaluated in the same way for 
schools) but it is the intension to keep the same overall 
parameters only adjusting the scoring in relation the each 
new building typology. 
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IV20 is developed for the early design process to help 
designers and building owners to implement solutions 
improving IEQ at an early stage. At this stage, the impact 
on the design is highest since many solutions improving 
the IEQ often exist in the construction itself and are hard 
and expensive to apply at a later stage of the building 
process. IV20 facilitates illustration of the 
interconnectivity between different design solutions and 
their impact on the IE parameters by dynamic updates in 
the IE compass, which shows all parameters included in 
IV20 (explained further in Figure 3 and the accompanying 
text). The IE Compass is communication directed towards 
the designers, with information on the score for all 
parameters included in IV20. 
A different communication level is used for occupants, 
that only shows the overall score and the separate scores 
for air quality, thermal IE, visual IE and acoustic IE. 
Questionnaire Survey Package 
The Questionnaire Survey Package is intended to be used 
in parallel with the IV20 tool to evaluate the perceived 
IEQ in social housing before and after renovation 
(Knudsen et al., 2017). The package includes a 
questionnaire and a distribution procedure of the 
questionnaire to the tenants to ensure the highest possible 
response rate. The intention is to use the questionnaire 
before the renovation in order to identify the initially most 
pronounced IEQ problems, thus allowing for targeted 
problem solving adding most value for the tenants. The 
questionnaire also evaluate tenants’ satisfaction and 
symptoms related to the IEQ. After the renovation, the 
questionnaire may be applied to document whether or not 
the defined goals for the indoor environment have been 
reached. 
The apartment test case 
The apartment used for illustration of IV20 is situated in 
Aalborg in the northern part of Denmark. The apartment 
is on the first floor in a 2-storey apartment building. The 
apartment has five rooms, a kitchen, a bathroom and a 
lavatory. The gross area is 111 m2, the net area 92m2. 
Figure 2 shows a floor plan of the apartment. 
 

 
Figure 2: Floor plan of the registered apartment. 

The focus for renovation was improving ventilation, 
facades and windows in order to reduce the energy 
consumption. IV20 was not developed when this 
renovation was planned, and the IEQ only had a minor 
focus during the design process. Before renovation, the 
apartment had a hybrid ventilation solution with  
mechanical exhaust from the lavatory and bathroom and 
inlet of fresh air through vents in the windows.  After 
renovation, this was changed to balanced mechanical 
ventilation with heat recovery and preheating of air. 
Although interior parts of the apartment were changed, 
this is not taken into consideration here since these 
solutions only affected the IV20 evaluation to a minor 
extent. For instance, no acoustic improvements were 
made, which could have improved the IEQ score. Table 2 
shows the major changes made during the renovation. 

Table 2: Changes applied during renovation of the 
apartment. 

 Before 
renovation 

After renovation 

Ventilation Hybrid with 
mechanical 
exhaust in 

bathroom and 
lavatory, 

 ACR 0.2 l/s per 
m2,  

no heat recovery 

Mechanical, 
balanced,   

ACR 0.3 l/s per 
m2,  

heat recovery 

U-value  
external walls 0.4 W/m2K 0.16 W/m2K 

U-value  
windows 1.5 W/m2K 0.52 W/m2K 

g-value  
windows 0.63 0.53 

LT-value 
windows 0.7 0.74 

  

Results 
The results are calculated using the IV20_beta version. 
Minor adjustments may be applied in the final version, but 
the overall setup is finished, and the results shown in this 
section are still considered reliable. The results section is 
divided into one section describing IV20 “before 
renovation” and another section describing “after 
renovation”. This is followed by an example of using the 
QSP. 
IV20 Before renovation 
An IV20 calculation was carried out for the existing 
conditions in the apartment. Figure 3 shows the result of 
this in the IE Compass developed for building designers 
and consultants.   
The IE Compass before renovation reveals a large need 
for IE improvements. Acoustics has the lowest potential 
with 49% but also acoustics is the hardest evaluation area 
to improve in a renovation since most conditions are 
defined by the construction. However, ACO1.1 concerned 
with external noise depends on the external wall and 
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Figure 3: IE Compass before renovation of the 

apartment. Criteria numbers according to Table 1. 
windows, which were changed later on during the 
renovation. ACO2.1 considers airborne noise from 
neighbours, which is much harder to change, especially in 
this renovation where focus was on facades. ACO3.2 
considers reverberation time in the dwelling. Also, here 
the score is low (0%), corresponding to long reverberation 
time and acoustic discomfort, another parameter that is 
difficult to influence in the present renovation. 
IAQ reached 53%. For IAQ, the low scores are found in 
IAQ1 due to no filtering of the outdoor air (the apartment 
was naturally ventilated). Natural ventilation and the 
resulting low air change rates (ACR) give low scores in 
IAQ2.2. In IAQ3.2, the type of exhaust hood in the 
kitchen causes the low score, and for IAQ4 the lack of 
possibilities for the user to increase the ACR causes the 
low score.  
The potential thermal IEQ (50%) before renovation 
reveals possible problems due to high temperatures during 
summer without shading possibilities in THER1.1. In 
THER3.1, the low score is caused by the natural 
ventilation, which might cause draft during winter, and in 
THER4 the lack of possibilities to increase the ACR, and 
thereby decrease the high temperatures during summer, 
are again causing a low score. 
VIS obtains 57% and here the low score is caused by 
VIS1.1 and a low amount of daylight caused by deep 
room with small windows. Also, VIS3.2 gives a low score 
due to high risk of annoyance from persons looking in 
from outside the dwelling. 
Together with the IE Compass, which is targeting the 
designers and building owners, IV20 generates a 
scorecard that is easily read for the occupants. Figure 4 
shows the scorecard before renovation. Here the overall 
score for the Indoor Environmental Quality before 
renovation is E. The overall score is shown together with 
the score for each evaluation area. Only visual IE obtains 
a D, the rest gets an E. Thereby great potential for 

improvements are identified within each of the four 
evaluation parameters. 
 

 
Figure 4: Scorecard for the apartment before 

renovation. 
IV20 after renovation 
IV20 is applied during the design process for estimations 
of how different design solutions will affect the IEQ. 
Figure 5 shows the IE Compass for the case apartment 
with the changes carried out during renovation 
implemented into the Compass. 
 

 
Figure 5: IE Compass after renovation of the apartment. 

Criteria numbers according to Table 1. 
To improve the IEQ in the apartment after renovation, 
focus is on the areas with low potential IEQ in the IE 
Compass, in Figure 3. Low scores were obtained for all of 
the evaluation areas, but some parameters within each 
area were lower than others. Solutions for improvements 
need to be considered and also linked to the price of the 
change/improvement since some improvements will be 
very expensive (e.g. improved acoustics due to air borne 
noise from neighbours) compared to others (e.g. improved 
U-values, where the demand energy savings were the 
driver). 
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The only improvement in acoustics is found in ACO1.1 
where new windows and external walls are the cause for 
the improvement. A new construction was made during 
renovation corresponding to a construction standard as 
new buildings. Figure 6 shows the building before, during 
and after renovation. No other acoustic improvements 
were included in the renovation mainly due to cost and 
lack of focus on these parameters. The change in acoustics 
was from 50% before renovation up to 60% after 
renovation. 

 
Figure 6: The case building before, during and after 

renovation. 
The IAQ score changed from 53% to 74% after 
renovating. The biggest contribution lies in the changed 
ventilation strategy changing to mechanical ventilation, 
which improved both IAQ1 due to filtering of ventilation 
air and IAQ2 due to improved air change rates (ACR). 
The type of exhaust from the kitchen was not changed, 
and therefore the score on this parameter did not 
change/improve. The score in IAQ4 is still 0% and was 
not changed during the renovation.  
A great challenge for the thermal IE before renovation 
was high temperatures during summer. This was handled 
by lowering the g-value, which, in combination with the 
increased ACR, improved the score in THER1.1 and 
thereby a much more comfortable IE during warm 
summer days. The new windows, well-insulated facades 
and mechanical ventilation improved THER3 to 
maximum points by eliminating problems with leaky 
joints, cold downdraught and draft from ventilation. 
THER4 remains unchanged. The overall score for thermal 
IEQ is raised from 50% to 85% after the renovation. 
Before renovation, the visual IE was poor due to deep 
rooms and small windows. After renovation, the window 
area is slightly increased, which has a positive influence 
on the score in VIS. The overall score improves from 57% 

to 79%. The greatest change is found in VIS1.1, which 
evaluates the amount of daylight. Here, the score 
increases from 0% to 80% just within this parameter. In 
the parameters for visual IE under VIS3, some parameters 
will often be fixed before and after a renovation. This goes 
for the “view out” (VIS3.1) which most often not is 
changed during renovation. Also, the “view in” (VIS3.2) 
can be difficult to influence in the case with neighbouring 
block of apartments located just in front of the apartment. 
The overall score for the Indoor Environmental Quality is 
after renovation calculated to C, with the largest 
improvement found for thermal IE improving from E to 
B. As expected, the smallest improvement was within 
acoustic IE only changing from E to D. Figure 7 shows 
the IV20 scorecard for the apartment after renovation. 
 

 
Figure 7: Scorecard for the apartment after renovation. 

The Questionnaire-Survey-Package 
As an example of the results obtained from using a similar 
questionnaire in another case study (Knudsen & Jensen, 
2015), Figure 8 shows the percentages of tenants who 
have problems with different aspects of the indoor 
environmental parameters before and after renovation. It 
reveals problems with the temperature being too cold, 
noise from the outside and too little daylight before 
renovation. Based on this finding, it would have been 
possible to design solutions, which in a targeted manner 
solved the specific problems. Figure 8 shows that after 
renovation the identified problems were actually 
significantly reduced. The percentage of tenants who had 
problems with the temperature being too cold decreased 
from 58% to only 5% after the renovation. Likewise, the 
percentage of tenants who had problems with noise from 
the outside and too little daylight decreased from 44% and 
33% before to only 5% and 2%, respectively, after the 
renovation. As an interesting unforeseen exception, more 
tenants (35%) experienced problems with noise from 
technical installations (mainly the ventilation system 
according to comments) after the renovation compared to 
only 9% before the renovation. This underlines the need 
for a holistic approach when renovating existing 
buildings, so that solving one problem does not introduce 
other problems. Overall, the questionnaire survey 
revealed that problems with the various indoor 
environment aspects of the different parameters were 
reduced after the renovation. 
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Figure 8: The percentage of tenants who have problems with different aspects of the indoor environment parameters 

before and after the renovation work. 
 

Figure 9 shows the percentage of tenants satisfied with the 
IE parameters temperature, draught, air quality, noise and 
daylight and the IE as a whole before and after the 
renovation. For all the parameters, the number of satisfied 
tenants increased markedly. For the perceived indoor 
environment as a whole, the number of tenants who were 
satisfied rose from 17% before to 91% after the 
renovation. 
 

 
Figure 9: The percentage of tenants satisfied with the 

different indoor environment parameters and the indoor 
environment as a whole before and after the renovation 

work. 
Discussion 
During this project, the holistic nature of the IV20 tool 
and the combination of IAQ, thermal, acoustic and visual 
IE into a single parameter showing the combined IEQ 
potential for dwellings have positively affected the 
prioritization and realization of IE in the case presented. 
The tool clearly connects design solutions with their 
influence on the IE for all stakeholders (designers/ 
architects/engineers) during the early design process 
where the most important decisions are made. The authors 

are well aware that earlier work on combining all 
parameters into one index have had challenges (e.g. 
Heinzerling et al., 2013; Humphreys, 2005; Ncube & 
Riffat, 2012a; Residovic, 2017) with deviating weights as 
one of the results. However, IV20 considers the potential 
of obtaining a comfortable and healthy IE based purely on 
the physical framework setup by the building. Thereby, it 
leaves out the uncertainty that follows from the residents 
and their behavior, which will vary significantly between 
dwellings.  
As illustrated through the case in this paper, the use of 
IV20 together with the QSP complements each other very 
well. IV20 identifies the potential for improvements in the 
physical conditions of apartments while the QSP 
identifies the problems experienced by the occupants. The 
QSP can be used to strengthen the findings from IV20 for 
some large-scale projects, although the cost of carrying 
out QSP’s is high compared to the three to four hours 
needed to make an IV20 evaluation. At the same time, the 
engine behind IV20 calculates the detailed information 
necessary for designers and consultants to carry out their 
work and help them include IE at an earlier state in the 
design phase, than it is the case today. 
As mentioned before, the authors see the combination of 
IAQ, thermal, acoustic and visual IE into one parameter 
as one of the major assets of IV20. Both due to the 
evaluation method itself but also due to the strong and 
simple communication with a well-known single-letter 
indicator made familiar by the Energy Performance 
Certificates. Today, the optimization for energy savings 
in our buildings is very well handled and well integrated 
into our mindset during design. The market is now ready 
for increased focus on comfort and health centered in our 
indoor environment. Furthermore, an overall European 
target is to increase the rate of renovations, and the 
authors see IV20 as a contribution to reach this target by 

0

10

20

30

40

50

60

70

80

90

To
o 

ho
t

To
o 

co
ld

To
o 

va
ry

in
g 

te
m

pe
ra

tu
re

N
o,

 I 
ha

d 
no

 p
ro

bl
em

s

St
uf

fy
 a

ir

U
np

le
as

an
t s

m
el

ls

N
o,

 I 
ha

d 
no

 p
ro

bl
em

s

N
oi

se
 fr

om
 o

ut
sid

e,
 e

.g
. t

ra
ffi

c 
no

ise

N
oi

se
 fr

om
 a

ct
iv

iti
es

 in
sid

e 
th

e 
bu

ild
in

g

N
oi

se
 fr

om
 te

ch
ni

ca
l i

ns
ta

lla
tio

ns

N
o,

 I 
ha

d 
no

 p
ro

bl
em

s

To
o 

m
uc

h 
da

yl
ig

ht

To
o 

lit
tle

 d
ay

lig
ht

G
la

re
 fr

om
 su

n 
an

d 
sk

y

N
o,

 I 
ha

d 
no

 p
ro

bl
em

s

Temperature Air quality Noise Daylight

Before

After

Te
na

nt
s h

av
in

g 
pr

ob
le

m
s (

%
)

0

20

40

60

80

100

Te
m

pe
ra

tu
re

D
ra

ug
ht

Ai
r q

ua
lit

y

N
oi

se

D
ay

lig
ht

In
do

or
 e

nv
iro

nm
en

t
as

 a
 w

ho
le

Before

AfterSa
tis

fie
d 

te
na

nt
s (

%
)

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2417

 

 
  



visualizing the value of comfortable and healthy IE and 
thereby creating a demand for improvements through 
renovation.  

Conclusion 
Today IEQ is often neglected or rated with low priority 
when design decisions are made. Most decisions in a 
renovation project focus on energy savings based on 
quantitative parameters, neglecting the qualitative 
parameters, such as IEQ. This leaves IEQ of the early, and 
very important, first decisions regarding design. A design, 
which will greatly influence the realized IE in the 
dwelling. The results from this paper conclude, that IEQ 
can be included in the early decisions regarding 
renovation in a more tangible way, through clear 
communication of the results with a single letter and four 
letters/bars for each evaluation area presented to the 
residents, who decides whether to renovate or not. When 
the decision for renovation is made, IV20 will guide the 
designer on what to renovate by showing the potential for 
improvements and the potential effect of different 
solutions. 
IV20 has a great potential within the design phase, where 
the tool immediately shows changes in the design 
regarding IEQ and their interactions with other 
parameters. Several combinations of solutions will help 
improve the IEQ and if combined with cost, it can be used 
as an after-renovation value for money indicator.  
Furthermore, it is concluded, that IV20 results combined 
with the questionnaire-survey-package gives a more 
robust baseline for decisions. The combination of the 
tools evaluates the potential IEQ and includes occupant 
perception-based issues to be addressed during renovation 
not found by looking at the potential IEQ (e.g. smell of 
tobacco smoke between apartments). 
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Abstract

Some woodborers such as termites have harmful ef-
fects on the safety of structures. As the woodborers
produce some specific Volatile Organic Compounds
(VOC), they can be used as an indicator to early de-
tect their presence. Thus, innovative solutions com-
bining gas sensors outputs and Computational Fluid
Dynamics (CFD) are studied to localize indoor source
emissions. These strategies can also be applied to lo-
calize noxious indoor pollutants like formaldehyde. In
this paper, we focus on the optimal placement of air
quality sensors in view of localizing a maximum of
source emissions on the environment surfaces. We
present an adjoint-based numerical strategy taking
into account the sensor features such as the Limit Of
Detection (LOD). The main contribution of this arti-
cle is the application of the optimal sensor placement
strategy to a real 3D room and its validation by an
experimental campaign.

Introduction

As people spend approximately 80% of their time in
indoor environments, increasing attention has been
focused on indoor air quality (IAQ). Volatile organic
compounds (VOCs) are characteristic chemical
species present in indoor environments. Several
studies have shown that the concentration of VOCs
can be higher in indoor locations compared to
the concentrations outside (Hoang et al. (2017);
Godwin and Batterman (2006); Goodman et al.
(2018); Campagnolo et al. (2017); Bari et al. (2015)).
As permanent and occasional exposure, even at
low VOC levels, has an impact on human health
(Organization (2010)), it is important to monitor
indoor air quality and to precisely localize sources
to propose an appropriate action plan to improve
air quality. The monitoring of air quality is facil-
itated by the improvement in sensor technologies,
notably nanotechnologies. Hence, the gas sensors
become cheaper, smaller, more sensitive, less energy-
consuming, etc... The localization of VOC sources

can also be useful for the preservation of cultural
heritage, notably artwork, and for structural health
monitoring purposes. In most regions of France,
the presence of woodborers, such as termites, has
harmful effects on the safety of structures. The VOC
chemical signature of termites can be used for their
early detection and localization, which will provide
the ability to limit the use of termiticides and to
preserve the structure.

To efficiently monitor air quality, the number of
sensors and their positioning are crucial. In most
measurement campaigns, the gas sensors are placed
in an empirical way. For example, in a room, an air
quality sensor is usually positioned at the breathing
zone height or approximately 0.5m from the ceiling
in the middle of the room. Unfortunately, this place-
ment does not take into account the characteristics
of the room, i.e. the geometry and the ventilation.
As a consequence, bad sensor placement may lead to
the nondetection of some sources. To well-position
gas sensors, we can take advantage of numerical
simulations derived from physical models. In indoor
air quality applications, the gas concentration can
be predicted using multizone (Bourdin et al. (2014);
Dimitroulopoulou et al. (2006); Haghighat et al.
(1988); Nazaroff and G. (1986)) and CFD (Bourdin
et al. (2014); Yan et al. (2009); Gan and Awbi
(1994)) models. Multizone techniques, which provide
the time evolution of the averaged concentration in
each zone as output, are easy to use and run on a
standard laptop. Nevertheless, they consider strong
hypotheses, such as a well-mixed concentration.
With the ongoing improvement of computers and
numerical methods, CFD approaches appear to be
promising for the prediction of indoor air quality and
for optimal sensor placement. In fact, CFD provides
a fine description of the spatial concentration in the
indoor environment, but the computations are time
consuming. To the best of the authors’ knowledge,
few publications have addressed the optimal place-
ment of gas sensors for IAQ applications. The design
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of an optimal sensor network, i.e. the number and
positioning of sensors, has been studied in greater
depth in terms of chemical and biological warfare
(CBW) and transmission of infectious diseases (TID).
The sensor positions are chosen to early detect and
localize indoor contamination. Different methods
aim to maximize the coverage area of sensors and
to minimize the response time for various sets of
release scenarios. In (Liu and Zhai (2009)), the
sensor coverage area is evaluated using CFD and
an adjoint advection-diffusion equation, whereas
physical model-free approaches based on a dynamical
systems approach are preferred in (Fontanini et al.
(2016)).

Once the positions of the sensors are fixed, the
knowledge of the concentration given by the de-
ployed sensors is not sufficient for proposing efficient
solutions for indoor air quality improvement or for
localizing woodborers. One needs to localize and
to quantify the source emissions. To achieve this
purpose, two families of methods can be found in
the literature, i.e. data-driven methods and physical
model-based methods. Direct measurements of
the source emissions on different surfaces of the
environment (furniture, wall, floor, door, etc.) can
be planned using innovative sensors, such as fibers
placed in a specific device for on-site emission control
(Desauziers et al. (2015); Bourdin et al. (2014)).
This method enables accurate in-situ quantification
of the source emissions for building materials and
furniture, but it requires a large number of sensor
devices. Another data-driven method to evaluate
source emissions is indirect measurements. In con-
trast to the previous methods, the air quality sensors
are placed in the room volume and not directly
on a surface. Databases of the chemical signatures
of sources and a priori information of the studied
environment collected via questionnaire, including
the type and the age of the building materials,
renovations, cleaning products and ventilation, are
commonly considered in these methods. Finally,
the sensor outputs associated with various chemical
compounds are analyzed via statistical tools, such
as proper component analysis and linear regression,
to identify the source emissions (Campagnolo et al.
(2017); Bari et al. (2015); Wang et al. (2014); Clarisse
et al. (2003)). In practice, the chemical compounds
emitted by some items in the studied environment
may not be referenced in a database. Consequently,
these methods may only approximately identify the
sources. Physical model-based approaches via inverse
modeling techniques can also be valuable for the lo-
calization and the quantification of source emissions
but require a sufficient number of well-positioned
sensors.

In (Waeytens and Sadr (2018)), we propose a virtual

testing strategy, taking into account the specificities
of the indoor environment (geometry and ventilation)
via CFD and gas sensor features (limit of detection),
to efficiently select the number and positions of sen-
sors to localize indoor sources. We define the “op-
timal sensor placement” as the combination of gas
sensors that maximizes the coverage area. Herein, we
emphasize that the coverage area can be increased
not only by adding sensors but also by using sensors
with a lower limit of detection. The main novelty in
this proceeding concerns the validation of this numer-
ical strategy by an experimental campaign conducted
in a real room. It consists to inject a chemical com-
pound at a predefined location, which corresponds to
the source, and to measure the gas concentration at
the optimal sensor positions. We show that the gas
sensor, which covers the source area, correctly detects
the injected gas.

Ajoint-based Numerical Method for
Optimal Sensor Placement

Before presenting the numerical strategy for the opti-
mal placement of gas sensors, let us define the ad-
joint equations (1) which corresponds herein to a
backward-advection-diffusion problem with a source
emission fs located at a given sensor position xs.

−v(x) · ∇C̃(x)− ν(x)∆C̃(x) = fs(x− xs) in Ω

C̃(x) = 0 on ∂pΩ

C̃(x) = 0 on ∂uΩ

∇C̃(x) · n = 0 on ∂nΩ

ν∇C̃(x) · n + v(x) · n C̃(x) = 0 on ∂oΩ

(1)
In Eq. (1), C̃ denotes the adjoint concentration
field, v is the velocity field obtained from CFD
simulations and ν is the sum of the molecular and
the turbulent diffusivity. Four types of boundaries
can be distinguished. A boundary presenting a
known prescribed concentration Cp is denoted ∂pΩ.
Potential pollution emissions, to be precisely located
by the optimal placement of gas sensors, are on the
boundary ∂uΩ, whereas a boundary that does not
present source emission is ∂nΩ. Lastly, ∂oΩ denotes
the outgoing flow boundary.

The number and the position of gas sensors are se-
lected in view of maximizing the coverage area and
thus detecting a maximum of sources on the surfaces.
For a sensor located at a given position xs, its cover-
age area is estimated numerically using the following
criterion introduced in (Waeytens and Sadr (2018)):

x ∈ ∂uΩ such that |ν(x)∇C̃(x) · n|As S

dIm
> 1. (2)

where:

• C̃ is the adjoint concentration field computed by
solving Eq. (1)
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• As is the minimum source area expected to be
localized

• S is the order of magnitude of the source emission

• dIm is the limit of detection of the gas sensor

In the optimal sensor placement strategy, we first list
all potential sensor positions and we evaluate their
coverage area using the criterion (2). The gas sensor
having the highest coverage area is selected as opti-
mal. The first optimal sensor position is fixed and
the second sensor position is sought to maximize the
coverage area. The numerical method stops when the
maximum number of sensors or the expected coverage
area are reached.

Presentation of the case study and op-
timal sensor placement

To validate the computer-aided method for the op-
timal placement of gas sensors, we consider a real
3D laboratory room (see Figure 1), including furni-
ture and ventilation systems, located at the IFST-
TAR research institute. The dimensions of the room
are 5.9m × 6.2m × 4.2m, which correspond to a vol-
ume of 150m3. The flow incomes into the room from
the heating duct, the two ventilation grids and the
door whereas it exits only from the extractor hood.
From the numerical mock-up, we simulate the sta-
tionary turbulent flow using the k−ω SST Reynolds
Average Navier-Stokes (RANS) model in the CFD
software “Code Saturne” (Archambeau et al. (2004)).
To impose representative CFD boundary conditions,
the incoming flows were measured using a 1D hot
wire anemometer. The values are reported in Figure
1. We can see in this figure that the airflow enter-
ing from the contour of the door is highly turbulent
in the vicinity of the door and that a portion of it
goes straight in the direction of the extractor hood.
In terms of the incoming flow from the second ven-
tilation grid, the main portion circulates close to the
ground between the wall and the furniture. Lastly,
the velocity flow from the heating duct oriented in
the z-direction impacts the top of the furniture im-
mediately below, which generates flow recirculation.
To check the numerical flow, it was compared in pre-
vious works with few pointwise measured velocities
using a 3D ultrasonic anemometer.

In the laboratory room, the optimal sensor positions
are sought from a set of 363 potential sensor posi-
tions equally distributed every 50cm at three heights
above the ground, namely, 0.5m, 1m and 1.5m. The
goal is to select the sensors maximizing the coverage
area on all the lateral surfaces (door face, furniture
face, extractor hood face, back face) defined in Figure
2. To quantify the coverage area associated to each
potential sensor positions, we use the observable cri-
terion (2), taking into account the sensor features and
source characteristics.

In the experimental campaign, we aim to reproduce

DOOR

HEATING DUCT

VENTILATION
GRID 1

VENTILATION
GRID 2

EXTRACTOR
HOOD

340m3/h

560m3/h

65m3/h

45m3/h

Figure 1: Picture of the laboratory room, Numeri-
cal mock-up with measured incoming flows and Flow
simulated by CFD software.

a source emission and to verify that it is properly de-
tected and localized thanks to the optimally placed
sensors. For convenience, we retain a CO2 source
emission at 10000ppm obtained from a reference gas
cylinder. The CO2 reference gas cylinder is linked
using a tube to a source emission device of 0.25m2

which is represented in Figure 4. Concerning the mea-
surement of CO2 concentration, we use Nondispersive
Infrared (NDIR) sensors. The measurement error of
these gas sensors at ambient air CO2 concentration
is about 50ppm. Thus, considering

As = 0.25m2, S = 10 000ppm and dIm = 50ppm
(3)

in the criterion (2), the CFD-based strategy selects
the 4 sensor positions represented in Figure 2.

In Figure 2, the sector colors indicates the faces ob-
servable by the sensor. Both S2 and S3 are sensitive
to gas emission on the furniture face whereas S1 (resp.
S4) mostly covers the back face (resp. the extractor
hood face). For the 4 optimal sensor positions, the
detail of the coverage areas is represented in Figure
3. We can see that S2 is able to detect a source in
the lower part of the furniture face while S3 covers a
small area in the upper part of this wall.
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Figure 2: Upper view of the laboratory room with the
definition of the four lateral faces - Representation of
the four optimal sensor positions (S1, S2, S3, S4) se-
lected by the CFD-based strategy, the vertical position
of the sensors is given in parenthesis.

SENSOR S4

SENSOR S2SENSOR S1

SENSOR S3

Figure 3: The observable areas (in red) associated to
the optimal sensor position S1, S2, S3 and S4 - White
rectangular denotes the position of the gas emission
device which is used in the experimental validation
campaign.

Experimental validation campaign for source
localization

To validate experimentally the results obtained from
the CFD-based method, we place a gas emission de-
vice of dimensions 0.5m × 0.5m in the white rectan-
gular area represented in Figure 3. Hence, we want
to verify that a gas emission in this area is only de-
tected by the sensor S2 as predicted by the proposed
numerical method.

In Figure 4, we give an overview of the experiment
conducted in the laboratory room.

Before the experimental campaign, the CO2 gas sen-
sors were calibrated using 2 reference gas concentra-
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Tube

Gas emission device
(0.5m*0.5m)

S3

S2

S4

CO2 gas sensors
hanged on a mast

Laptop to monitor
air quality sensors

Figure 4: Overview of the CO2 gas emission experi-
mental campaign in the laboratory room.

tions, i.e. 500ppm and 2000ppm, and a concentra-
tion verification point at 1000 ppm. Then, the CO2
gas sensors S1, S2, S3 and S4 are placed at the po-
sitions obtained from the CFD-base method. The
background CO2 concentrations are registered with
a time step of 10 min during two hours in controlled
conditions, i.e. no occupancy and closed door. The
mean values of the CO2 background concentration at
the sensor locations on two hours are given in Figure
5 and noted “B”. Then, we start injecting CO2 gas
at 10000ppm using the CO2 gas cylinder placed in
the corridor (outside the room) and the gas emission
device. This device has a squared shape of 0.5m by
0.5m and a thickness of 5cm. The CO2 is distributed
into the device via their fourth lateral faces and it
goes out from the front face constituted by a perfo-
rated plate R0.5 T1.09. The perforated plate allows
to diffuse the CO2 on a squared area of 0.5m by 0.5m
which aims to reproduce a local source emission. Two
hours after the beginning of the gas emission, we have
monitored the CO2 concentration for one hour with a
time step of 10 min. The mean values of the concen-
tration during this hour at the sensor locations are
reported in Figure 5 and noted “I”. Recalling that
the measurement error of the considered gas sensors
at ambient air CO2 concentration is about 50ppm, we
consider that a minimum variation of 50ppm between
the background concentration and the concentration
measured during the gas injection stage is required
to detect and to localize a source. We observe that
only the gas sensor S2 fulfills this condition. Hence,
according to the CFD-based approach, a source emis-
sion may be localized in the coverage area of the sen-
sor S2, represented in red in Figure 3. Indeed, the
predicted source localization information is correct re-
calling that the gas emission device was placed in the
coverage area of sensor S2 (see the white rectangu-
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lar in Figure 3). This constitutes a first experimental
validation of the proposed CFD-based to optimally
placed gas sensor and to localize indoor source emis-
sion.
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Figure 5: Background CO2 concentrations, noted
“B”, and CO2 concentrations measured at the optimal
sensor locations S1, S2, S3 and S4 after the injection
of gaz into the source emission device, noted “I”.

Conclusion

A CFD-based approach using adjoint framework has
been proposed to optimally placed gas sensor. The
objective is to place the sensors in view of maximiz-
ing the coverage area and of detecting a maximum
of indoor source emissions. The numerical technique
is applied to a real laboratory room under controlled
flow conditions. A first experimental campaign has
been conducted to validate the proposed numerical
strategy. It consists in reproducing a local indoor
source emission using a reference gas cylinder and a
squared-shaped gas emission device and in monitor-
ing the gas concentration at the optimal sensor posi-
tions. The gas emission device, which reproduces a
local source emission, is properly localized by the nu-
merical technique which gives first promising results.

Acknowledgments

This work was supported by the FUI 18 MIMESYS
funded by Region Ile-de-France, which involves sev-
eral partners: EcologicSense, TERA, ETHERA,
FLUIDYN, CSTB, ESIEE Paris, and IFSTTAR. We
also want to thank our colleagues Erick Merliot for
the realization of the numerical mock-up of the stud-
ied room and Rachida Chakir for the fruitful discus-
sions about the direct simulations of the air flow and
gas dispersion.

References
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Abstract 
Controlling the incoming solar radiation is one of the 
main responsibilities of sustainable building designers, in 
order to minimize glare and cooling loads and maximize 
thermal comfort and usable daylight. However most solar 
shading design neglects or underestimates the direct 
impact of indoor sunlight on occupant thermal comfort.  
In an effort to make the thermal impacts of transmitted 
solar radiation more accessible to designers, this research 
presents a new climate-based annual framework for the 
calculation of the hourly effective radiant field (ERF), and 
delta mean radiant temperature (ΔMRT) across indoor 
spaces with complex geometries and façade types. It also 
proposes a new “Annual Radiation Discomfort” (ARD) 
metric for comprehensively assessing the effect of solar 
radiation on comfort throughout a space. 
Introduction 
Large expanses of glass have become ubiquitous in 
modern design and are often rationalized as maximizing 
daylight and outdoor view and 40% of building occupants 
express dissatisfaction with the thermal environment 
(Karmann et al. 2018). In buildings characterized by high 
window-to-wall ratios (WWR), the critical design 
concerns about thermal comfort shift from the core to the 
daylit perimeter zone (Konis & Selkowitz, 2017), due to 
the effects of incoming solar radiation on the occupants.  
Incoming solar radiation, in the form of direct, diffuse and 
indoor-reflected components, is responsible for many 
things including solar heat gains absorbed by indoor 
surfaces that must be removed, localized temperature 
rises in sunlit areas at the subzone level that  challenge 
HVAC system design and overcool occupants in adjacent 
subzones shaded from the sun (Arens et al. 2015; Marino 
et al. 2017), and increases in the MRT and changed 
thermal perception of the occupants.  
As shown in previous publications (Arens et al., 2015; 
Marino et al., 2017) shortwave incoming radiation can be 
the most influential component driving human comfort 
close to the façade. Direct solar radiation on an occupant 
causes a substantial MRT increase may be beyond the 
HVAC system’s capacity to address.  
Several surveys have highlighted (Konis, 2013; Konis and 
Selkowitz, 2017) that in many buildings characterized by 
a high WWR, the daylit perimeter area is often 
unoccupied or the occupants are forced to deploy the 
shading for most of the day because of intolerable thermal 
conditions created by excess incoming solar radiation. In 

addition to the direct effect on occupants’ well-being and 
productivity (Akimoto et al., 2010; Huizenga et al., 2006; 
Frontczak et al., 2012), this phenomenon has profound 
impacts on daylight, energy building performance 
(Bessoudo et al, 2010; Marino et al., 2017), and economic 
efficiency because of the unused floor area near windows. 
Due to a lack of methods and standards, for many years 
sustainable designers and architects focused more on 
visual discomfort (Jakubiec and Reinhart, 2012; Nabil 
and Mardaljevic, 2005; Konstantzos and Tzempelikos, 
2014) and radiant temperature asymmetry (Bessoudo et 
al., 2010; Mackey et al., 2017); but did not grapple with 
the discomfort implications of solar radiation landing 
directly on the body. 
Only recently did ASHRAE standard 55-2017, through 
Appendix C, adopt two approaches to assess discomfort 
for occupants exposed to shortwave radiation: 
1. Prescriptive approach: assume an MRT equal to 2.8 

°C above the average air temperature. This method 
can be applied only when the design meets 
prescribed conditions such as glazing elements’ U-
value, maximum window size, maximum solar heat 
gain coefficient, blind solar transmission, and 
minimum distance from the facade. 

2. Performance approach based on the work of Arens 
(Arens et al., 2015) for the full calculation of MRT: 
first compute the longwave and shortwave MRT and 
then sum the two quantities in order to obtain the 
adjusted MRT. As explained in the standard, the 
shortwave MRT is a function of the context, solar 
transmittance of the fenestration system, occupant 
position and posture, body exposure, sun position 
and irradiance value and clothing absorptivity. 

The ASHRAE full calculation method is currently 
implemented in different tools such as the SolarCal 
module of the CBE Thermal Comfort Tool (Hoyt et al., 
2017) and Ladybug Comfort Component (Menchaca-
Brandan et al., 2017; Roudsari et al., 2013). Recently, to 
overcome limitations in the tools mentioned above, 
(point-in-time evaluation, arbitrary selection of 
representative occupant, and simplifications to the 
occupant’s exposure to sky vault and to direct sun in 
complex furniture and fenestration configurations), a new 
workflow based on Radiance and EnergyPlus has been 
developed by Zani et al (2018).  
The new method uses Radiance to assess the hourly 
intensity of solar radiation that passes through a façade 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2426

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210338 
 



and lands on the human body combined with EnergyPlus 
to calculate the longwave MRT.  
Currently, many research projects on daylight visual 
(Giovannini et al. 2018; Jakubiec, 2018) and thermal 
comfort (Mackey et al. 2017) attempt to develop and 
define new simulation frameworks to extend the results 
from a single position to the entire space in order to 
achieve a better understanding of whole building 
performance.   
With the same aim, in this paper, we present a new 
simulation framework, based on Zani’s paper (2018) and 
ASHRAE 55-17 appendix C. The framework predicts the 
variation in indoor thermal comfort of occupants exposed 
to solar radiation across the floor plan by computing the 
change in MRT as a function of the amount of the body’s 
exposed area and of the intensity of direct solar radiation. 
We present the results introducing a new metric called 
Annual Radiation Discomfort (ARD) index that describes 
the number of hours during the year that potential 
discomfort is caused by solar radiation, and the intensity 
of the thermal discomfort, in terms of delta Mean Radiant 
Temperature (ΔMRT).  
In the first part of this paper, we illustrate the main 
assumptions and characteristics of the simulation 
framework. In the second part, we apply the framework 
and the metric to a façade optimization case study with 
the goal of reducing the number and intensity of 
discomfort hours due to solar radiation while maintaining 
a high level of usable daylight. Finally, given that in 
architectural practice, facades and floor plan design 
choices are often driven by daylight analyses using 
metrics such as Useful Daylight Illuminance (UDI) 
(Reinhart and Walkenhorst, 2001) and Annual Sunlight 
Exposure (ASE), we compare the ARD metric to daylight 
metrics in order to capture possible similarities. In 
addition, hourly ΔMRT values are compared to 
illuminance values to determine whether reasonable 
horizontal illuminance thresholds exist that can express 
the influence of solar radiation on thermal comfort.     
Methods 
To calculate the MRT for an occupant in a space, we used 
the methodology defined by Zani (2018).  Radiance is 
used to calculate the radiation on a simplified manikin 
located in the space for every hour of the year. The total 
radiation on the manikin is then used to calculate the 
ΔMRT. The ΔMRT for each location throughout the 
space is then translated into ARD by determining the 
number of occupied hours in which the ΔMRT exceeds 
the acceptable threshold. A detailed descript of each step 
is included below. 
Mean Radiant Temperature 
The method established by Zani was used to simulate the 
change in MRT due to solar radiation. Only the relevant 
parts used to simulate the total radiation falling on a body 
and calculate ΔMRT were used for this framework. The 
following workflow is used to calculate ΔMRT: 
1. A complete space, including exterior obstructions 

and interior spatial conditions, is modelled in 
Rhinoceros, a 3d modelling software.  

Using Grasshopper, a visual programming plugin 
for Rhinoceros, simplified manikins are placed 
throughout the space. Zani had used a high-
resolution manikin in previously establishing the 
methodology; this was shown to faithfully reproduce 
the performance results given in ASHRAE standard 
55-2017 Appendix C. The complex manikin 
required substantial computational resources 
resulting in increased simulation times and model 
complexity, so to ensure that the methodology 
proposed in this paper could be used across multiple 
locations within a complex space, a low-resolution 
manikin was developed. The high-resolution model 
had 232 mesh faces, whereas the proposed low-
resolution model has only 28 (88% reduction).  The 
difference in the two models is seen in Figure 1. To 
ensure that the manikin simplification did not result 
in significant error, a detailed study was undertaken 
of the ΔMRT results from both manikins deployed 
in the standard ASHRAE BESTEST office space 
with a range external shading. The results in Figure 
2 show that the mean absolute error (MAE) remains 
above 0.90 under multiple façade and environmental 
conditions. Furthermore, the simulation time 
required decreased by up to 90%. In particular, in the 
range of ΔMRT between 2 and 5 °C that represents 
the tolerable range in the thermal comfort zone, the 
accuracy remains high with a MAE of less than half 
a degree. A visual inspection of the data and the 
residuals shows that the linear model assumptions 
are satisfied for the case with no shade and with 
medium density shade. This significant decrease in 
simulation time and negligible error made us 
confident that the simplified approach was 
appropriate. In the following tests of the framework 
the LR manikin is used exclusively on architectural 
examples that are typical but involving relatively 
simple glazing and medium-density shading 
configurations. 

 

 

 
Figure 1: Manikin geometrical and analytical 

simplification. 
2. Using Honeybee, a plugin for Grasshopper that 

provides an interface for Radiance, material 
properties can be assigned to the model of a space 
that has been imported into Grasshopper. Material 
properties including, solar transmittance, surface 
reflectances, and complex fenestration assemblies 
can be modelled. The Radiance simulation 
parameters appropriate for the simulated space can 
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also be set before the entire model is exported to 
Radiance for simulating the radiation falling on the 
manikin.  

  
Figure 2: Accuracy comparison between high and low-

resolution manikins for two facade configuration no 
shading (a), louvers (b). 

3. Once exported to Radiance, the radiation falling on 
the manikin can be simulated. Using reverse ray 
tracing, Radiance calculates the rate of hourly 
radiation falling on each center point of the manikin 
mesh faces. Radiance produces an illuminance file 
output that consists of the rate of radiation in W/m2 
at each point for each hour of the year.  

4. The illuminance file is processed using a simple 
Python script. The script reads the radiation rate 
falling on each point and multiplies it by the area of 
the corresponding mesh face to determine the total 
radiation falling on the surface. This is then totalled 
for each manikin to determine the total radiation 
falling on the body in each hour of the year. To 
calculate hourly ERF and ΔMRT for each manikin, 
we used the formulas described in (Arens et al., 
2015). To create visualizations, the Python code 
then writes a comma-separated value file with the 
hourly results for each manikin. 

This simulation framework allows a designer to quickly 
and effectively calculate the ΔMRT of an occupant in 
multiple locations throughout a space at multiple times 
throughout the year.  
Calculation of Annual Radiation Discomfort (ARD) 
Broadly, the Annual Discomfort Radiation (ARD) metric 
can be described as the percentage of occupied hours that 
are above the acceptable ΔMRT range. The ADR metric 
is based on a metric like Daylight Autonomy (DA) that 
coveys the percentage of time a condition is met 
(Carlucci, Causone, De Rosa, & Pagliano, 2015). The 
ADR index is defined as the percentage of the occupied 
hours (from 8 to 18) throughout the year when the ΔMRT 
for each manikin position is over a threshold of 4 °C as 
shown in the formula below. 

𝐴𝑅𝐷 = %&(()*	⋅	-*)

%&-*	
					8𝑎𝑚 <	 t4 < 6𝑝𝑚         (1) 

with wfi  = 1 if ΔMRT > 4°C or wfi  = 0 if ΔMRT < 4°C 
Where the ti is each occupied hour in a year; and the 
ΔMRTi is the hourly value of shortwave mean radiant 
temperature for each point of the grid. 
A threshold of 4°C ΔMRT was selected for the ARD 
metric because, starting from a neutral thermal condition 

with a PMV value between -0.1 and 0.1, a MRT increase 
of this magnitude produces a shift in an occupant's 
comfort zone that moves the occupant outside the 
acceptable boundaries, causing slightly warm conditions 
(see Figure 3). Underlying the definition of the ARD 
index is the assumption that the overall space, and in 
particular the area close to the façade, is properly 
thermally controlled by the HVAC system. Specifically, 
the HVAC system is able to maintain the comfort 
conditions of occupants when the sun is not striking the 
space. The actual definition has not been evaluated for 
other comfort methods such as the adaptive method (de 
Dear and Brager, 1998). Given the variability in the 
thermal comfort range based on façade configuration, 
space activities space subdivision, and effectiveness of 
mechanical systems, the ΔMRT threshold can be adjusted 
on a case by case basis. By deliberately only using ΔMRT 
in the calculation of the ARD metric, the results are 
decoupled from the HVAC system. This allows designers 
to isolate the effect of direct solar radiation on the comfort 
of occupants across the spaces they design, providing 
specific insight that was unavailable before.  

 
Figure 3: Comfort zone shift due to the increment of 

MRT caused by incoming solar radiation. 
To calculate the ARD for a space, a Python script was 
developed to process the previously produced ΔMRT 
using the formula described above. This script evaluates 
each location of a manikin for the percentage of hours that 
exceeds the acceptable threshold and records it to a .csv 
output. This output can then be loaded back into 
Grasshopper for color scale visualizations or assess to 
determine percentile assessments as shown in Figure 4.  

 
Figure 4: Framework results: ARD spatial color map 

(left) and ΔMRT intensity distribution (right). 
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Case study description and simulation method 
Following the preliminary test presented in the previous 
section and in (Zani et al., 2018), we applied the new 
metric presented in the previous section to the design 
workflow for an airport renovation in New York City 
(40.71° N, 74.00° W). The airport terminal concourse 
consists of a double height open space 30 meters wide and 
200 meters long divided into two sitting areas and one 
central transit area. The area is sidelit from two fully 
glazed curtain walls 5 meters high and two clerestory 
windows facing south-east and north-west as shown in the 
section and plan in Figure 5. 
The facade configurations investigated consist of a 
baseline glazing build-up (solar transmission 0.49) with 
different solar shading systems applied. As summarized 
in table 1, we tested 4 different configurations for the 
south facing facade and one option for the north facing. 

 

 
Figure 5: Plan and section view - concourse area. 

The baseline is characterized by a fully glazed curtain 
wall without an external screen. We have simulated two 
additional shading systems consisting of 1.5 meter 
overhang and 25 cm wide louvers. In the fourth options, 
in order to reduce the WWR without modifying the visual 
appearance, we introduced a 1 meter high shadowbox 
coupled with external louvers.  
Additionally, in order to show the influence of the coating 
selection to the design team, we simulated a solar control 
glazing with a solar transmittance of 0.36. No internal 
operable shading, such as venetian blinds or roller shades, 
have been considered given the high installation and 
maintenance costs of a fully automated system and lack 
of regular visitors. In addition to the typical daylight (75% 
sDA and 10% ASE) and thermal comfort (ASHRAE 
Standard 55–2010) standards used by LEED V4, we 
evaluated the facade performance following the 
guidelines included in ASHRAE 55-2017 appendix C in 
order to minimize the effect of incoming shortwave 
radiation on the mean radiant temperature experienced by 
the occupants. Given the high WWR and limitations in 
glass selection (highly neutral color coating) set by the 

architects, the final objective of the study was to define an 
external solar shading solution that was capable of the 
greatest reductions in magnitude of discomfort in the 
space and number of hours of discomfort near the facade. 
Moreover, we investigated the correlation between ARD 
and illuminance-based metrics such as UDI and ASE, 
using a fault detection approach and comparing the spatial 
distribution over a typical section of the airport. 
Table 1: Facade configurations and material definition. 

Facade type Code Glazing 
(VLT/Tsol) 

Shading 
(refl) 

No shading (Baseline) B 0.81/0.49 - 

Overhang O 0.81/0.49 0.20 

Louvers L 0.81/0.49 0.20 

Louvers+Shadowbox L-S 0.81/0.49 0.20 

Vertical fins - North 
facade 

- 0.81/0.49 0.20 

Solar Control Glazing 
- (No shading) 

SCG 0.72/0.36 - 

Results 
Figure 6 and 7 show respectively the ARD profile across 
the space and the box-plot visualization of ΔMRT range 
for the five cases analyzed. In the baseline case with a 
typical Low-E glass (B), the number of uncomfortable 
hours due to incoming solar radiation falling on the 
occupants reaches peaks of 50-60% in the first two meters 
and around 30-40% in the following two meters. An 
acceptable threshold of 10%  (Carlucci, Pagliano, and 
Sangalli, 2014) is reached after 6 meters.  At the north-
west facade, only in the first meter is ARD over 10%. As 
shown in the box-plot representation, fig. 7, for the 
baseline, the median value in the first four meters is 3.2 
°C; close to the critical threshold of 4 °C. In addition, we 
note a wide variation in the third and upper quartiles, with 
a peak of 14 °C.  
The introduction of 0.2 m wide vertical louvers on the 
north-west facade, was able to guarantee comfortable 
space close to the facade for the entire year.   
For the south façade, by adding external solar shading 
such as Overhang (O) and Louvers (L), we were able to 
reduce the number of uncomfortable hours near the façade 
by 15% in the first meter and by 25% in the second meter. 
We achieved a consistent reduction also in the third 
quartile and median values of ΔMRT. In addition, the 
boxplot shows that 75% of ΔMRT values are below the 
critical threshold of 4 °C.  
Finally, coupling a shadowbox with the external louvers 
(L-S), we achieved a further improvement in the control 
of incoming shortwave with an average value of ARD in 
the first three meters equal to 10% and a peak of 13% in 
the first meter. The overall improvement can be visualized 
also in the box-plot, with a significant reduction in the 
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peak value (9 °C) and limited variation between the 
median (1.2 °C) and the third quartile.  
In addition to ARD results, the space was assessed for 
daylight performance. Table 2 shows for the same cases 
presented for ARD, the overall daylight performance. 
Considering the three metrics, we can understand that the 
louvers+shadowbox configuration (L-S) presents the best 
daylight performance with the highest level of UDI and 
the lowest ASE compared to the other solutions, while at 
the same time maintaining similar levels of spatial 
Daylight Autonomy (sDA). 

 
Figure 7: ΔMRT distribution over the year in the first 4 

m from the facade for different facade layout. 
Taking into account both “thermal” and daylight 
performance, the façade configuration with reduced 
WWR and shading system performs better by decreasing 
the number of uncomfortable hours near the glazing and 
eliminating potential unusable seating space due to the 
uncomfortable increases in MRT. 
Comparison between Annual Radiation Discomfort 
and Illuminance metrics 
The daylight results were also assessed to determine a 
threshold for horizontal illuminance that could be used as 
a proxy for ΔMRT. The most suitable values of horizontal 
illuminance (Eh) values to be used as a threshold to assess 

thermal discomfort from solar radiation were found 
through the application of a fault-detection technique. We 
applied the fault-detection technique to the simulation 
points within the first six meters from the facade for three 
different cases: baseline, louvers, and solar control 
glazing.  

Table 2: Daylight performance scores. 
 

sDA 
[%] 

UDI 
[%] 

UDI>3000 
[%] 

ASE 
[%] 

Baseline (B) 91.3 73.1 20.8 21.6 

Overhang (O) 91 78.4 14.9 18.3 

Louvers (L) 90.7 79.3 13.8 15 

Louvers+Shadow
box (L-S) 

89.7 86.9 5.2 9.6 

Solar Control 
Glass (SCG) 

90.7 79.5 13.5 21.3 

This analysis identified an illuminance threshold suitable 
for estimating the ΔMRT calculation output. As shown in 
the scatter plot graphs in fig. 8, replacing the ΔMRT 
calculation with illuminance threshold allows designers to 
identify the potential discomfort and the frequency, but 
not the actual magnitude. Table 3 summarizes the error, 
for each of the three cases, when evaluating the ΔMRT 
using an illuminance threshold of 4000 and 5000 lux. The 
error is expressed in terms of False Positive + False 
Negative percentage, representing the percentage of hours 
during year within the first six meters from the facade in 
which the 4 °C ΔMRT threshold is overestimated (FP) or 
underestimated (FN) by using the illuminance threshold. 
Both thresholds for all the cases present a total error less 
than 10%, close to the threshold defined in the EN 15251. 
4000 Lux threshold gives a lower error for the louvered 
facade configuration, but the 5000 lux threshold more 
accurately estimates the baseline and solar control glass 
cases. Considering the overall error trend, we recommend 
a threshold of 5000 lux for a spatial distribution 
comparison if using this approach. 

Figure 6: ARD profile across a typical section of the airport waiting area. 
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Table 3: Error made when evaluating ΔMRT using 
illuminance threshold for different facade configurations 
in the first 6 m from the facade. The errors are expressed 

as FP+FN percentage. 
 

Baseline Louvers Solar control 
glass 

Thr 4000 lux 8% 5% 8% 

Thr 5000 lux 6% 8% 4% 

Finally, we investigated the spatial distribution between 
ARD, UDI>5000 and ASE. Fig. 9 shows that UDI over 
5000 lux and ARD present a similar spatial distribution of 
potential discomfort hours for both cases (Baseline and 
Solar control glazing) across the entire floor plan. On the 
south facade, it is possible to notice that UDI 
overestimates the amount of discomfort of hours close to 
the facade, but it decreases more rapidly in comparison to 
ARD. The magnitude and falloff of UDI is greater than 
that of ARD. For instance, the area of the baseline 
exceeding the 50% threshold only extends 2 m for ARD 
while it extends up to 3 m for UDI>5000. Conversely, 
ARD exceeds 10% up to 7 meters into the space while 
UDI >5000 greater than 10% stops near 6 m deep into the 
space. 
The Annual Sunlight Exposure (ASE) metric is able to 
identify potential areas of discomfort (indicated in dark 
purple) but does not provide clear information about the 
actual number of discomfort hours. The distribution of 
ASE hours (color shading) has a similar trend to ARD for 
the 10% threshold. In addition, it appears that complying 
with the ASE threshold of 10% stated in LEED V4 is 
sufficient to ensure that the space will be thermally 
comfortable because of the strictness of the metric.   
Discussion 
The case study shows the effectiveness of the ARD metric 
in the design process by identifying which strategies are 
most effective at creating spaces without discomfort 
caused by the sun impacting occupants. In this particular 
design case, vertical louvers on the north façade and a 

reduced WWR with horizontal louvers over the remaining 
glazing on the south façade were effective at reducing 
incoming solar radiation and improving comfort 
conditions. The use of the ARD metric helped to easily 
identify the best strategies. The results showed an 
improvement of about 130% compared to the baseline 
configurations, while at the same time enabling well-
daylit spaces where sDA exceeded 85%.  

 

 
Figure 9: False color spatial comparison between ARD, 

UDI5000, ASE. 
The comparison of the case study ARD results with 
daylight metrics showed that while the daylight metrics 
are indicative of thermal comfort performance, they 
diverge in details in both magnitude and distribution. The 
UDI>5000 metric provides useful insight, but compresses 
the affected area when compared to ARD. Because the 
ASE has a hard 250 hours compliance threshold, it does 
not fully capture the variation in direct sunlight across the 
floor. When the ASE metric shows compliance with the 

Figure 8: ΔMRT vs. Illuminance value through fault detection technique for three different facade configurations in 
the first 6 m from the facade. No Shading (a), Louvers (b), Solar control glass (c). 
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LEED standard, thermal discomfort caused by direct 
sunlight is not likely to be a problem due to the strictness 
of the ASE metric. However, if the ASE metric does not 
show compliance, there is not enough granularity to 
provide insight into how potential discomfort might be 
distributed across the space.  
While daylighting metrics can be considered indicative of 
thermal comfort performance, metrics like ΔMRT and 
ARD should be used in cases specifically looking at 
thermal performance.  
This case study shows the flexibility of the ARD metric 
in the design process and how it can be applied to many 
design conditions.  
Conclusion  
The paper presents a new framework and metric to assess 
the influence of solar radiation on thermal comfort across 
the floor plate and includes a preliminary comparison 
between ARD and daylight metrics based on a case study. 
The case study results show that the integration of the new 
framework into the design process, in addition to classic 
daylight metrics, can help designers optimize façade 
systems and propose effective strategies that reduce 
thermal discomfort hours.  
Because the ARD metric is unmoored from mechanical 
considerations, it shows the isolated effect of facade on 
comfort due to direct sun. Thus, it can be used in the 
design process to further refine glazed facades to optimize 
for comfort as well as usable daylight and reduce unused 
space near the façade caused by increased temperatures. 
This adds a new tool for environmental designers to 
communicate the impacts of design decisions and focuses 
the conversation on comfort as well as the other daylight 
and heat control considerations that are typically 
considered. 
Fundamentally, as shown in the comparison of ARD with 
the daylighting metrics, the appearance of direct sunlight 
on a floor plate indicates that discomfort might 
occur.  While existing daylight metrics can be used to 
approximate if and where solar discomfort may occur, 
they do not fully capture the complexity and duration of 
the potential solar discomfort shown through the ARD 
metric. The ARD metric provides particular insight into 
potential discomfort caused by direct sunlight and 
provides insight that can be used by designers to propose 
design solutions to address it.  
The new framework was tested on a limited number of 
cases and therefore, future studies will focus on more 
extensive testing of façade and space configurations. 
Additionally, integrating the tool and python script 
directly into grasshopper will ease the use of ΔMRT and 
the ARD metric in the design process.  
Acknowledgement 
We thank all the people that provided helpful comments 
on previous versions of this document. A special thanks 
to Andrea G. Mainini and Juan Blanco Cadena for the 
support during the preliminary tests of the workflow. 
References 
Akimoto, T., Tanabe, S. ichi, Yanai, T., & Sasaki, M. 

(2010). Thermal comfort and productivity - 
Evaluation of workplace environment in a task 
conditioned office. Building and Environment, 
45(1), 45–50.  

Alejandra Menchaca-Brandan, M., Baranova, V., 
Petermann, L., Koltun, S., & Mackey, C. (2017). 
Glazing and Winter Comfort Part 1: An Accessible 
Web Tool for Early Design Decision-Making, 
2326–2333. 

Arens, E., Hoyt, T., Zhou, X., Huang, L., Zhang, H., & 
Schiavon, S. (2015). Modeling the comfort effects 
of short-wave solar radiation indoors. Building and 
Environment, 88, 3–9.  

Bessoudo, M., Tzempelikos,  a., Athienitis,  a. K., & 
Zmeureanu, R. (2010). Indoor thermal 
environmental conditions near glazed facades with 
shading devices - Part I: Experiments and building 
thermal model. Building and Environment, 45(11), 
2506–2516.  

Carlucci, S., Causone, F., De Rosa, F., & Pagliano, L. 
(2015). A review of indices for assessing visual 
comfort with a view to their use in optimization 
processes to support building integrated design. 
Renewable and Sustainable Energy Reviews, 
47(7491), 1016–1033.  

Carlucci, S., Pagliano, L., & Sangalli, A. (2014). 
Statistical analysis of the ranking capability of long-
term thermal discomfort indices and their adoption 
in optimization processes to support building 
design. Building and Environment, 75, 114–131.  

Christopher Mackey, Vera Baranova, Lynn Petermann, 
M. A. M.-B. (2017). Glazing and Winter Comfort 
Part 2 : An Advanced Tool for Complex Spatial and 
Temporal Conditions (pp. 2317–2325). 

Dear, R. J. De, Brager, G. S., Reardon, J., Nicol, F., & Ph, 
D. (1998). Developing an Adaptive Model of 
Thermal Comfort and Preference. The American 
Society of Heating, Refrigerating and Air 
Conditioning Engineers, Inc., and Macquarie 
Research, Ltd, 4106(March). 

Giovannini, L., Favoino, F., Lo Verso, V., Pellegrino, A., 
& Serra, V. (2018). A Simplified Approach for the 
Annual and Spatial Evaluation of the Comfort 
Classes of Daylight Glare Using Vertical 
Illuminances. Buildings, 8(12), 171.  

Hoyt T., Schiavon S., Piccioli A., Cheung T., Moon D., S. 
K. (2017). CBE Thermal Comfort Tool. Retrieved 
from http://comfort.cbe.berkeley.edu/ 

Huizenga, C., Abbaszadeh, S., Zagreus, L., & Arens, E. 
(2006). Air quality and thermal comfort in office 
buildings : Results of a large indoor environmental 
quality survey. Proceedings of Healthy Buildings, 
III, 393–397. https://doi.org/10.12659/PJR.894050 

Jakubiec, J. A. (2018). Validation of Simplified Visual 
Discomfort Calculations. Building Simulation and 
Optimization Conference (BSO2018), (September), 
11–12. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2432

 

 
  



Jakubiec, J., & Reinhart, C. (2012). The “adaptive zone” 
– A concept for assessing discomfort glare 
throughout daylit spaces. Lighting Research & 
Technology, 44(2), 149–170.  

Konis, K. (2013). Evaluating daylighting effectiveness 
and occupant visual comfort in a side-lit open-plan 
office building in San Francisco, California. 
Building and Environment, 59(January 2013), 662–
677.  

Konis, K., & Selkowitz, S. (2017). Effective Daylighting 
with High-Performance Facades. (Springer, Ed.).  

Konstantzos, I., & Tzempelikos, A. (2014). Daylight 
Glare Probability Measurements And Correlation 
With Indoor Illuminances In A Full- Scale Office 
With Dynamic Shading Controls. International 
High Performance Buildings Conference, 147.  

Marino, C., Nucara, A., & Pietrafesa, M. (2017). Thermal 
comfort in indoor environment: Effect of the solar 
radiation on the radiant temperature asymmetry. 
Solar Energy, 144, 295–309.  

Marino, C., Nucara, A., Pietrafesa, M., & Polimeni, E. 
(2017). The effect of the short wave radiation and 
its reflected components on the mean radiant 
temperature: modelling and preliminary 
experimental results. Journal of Building 
Engineering, 9 (November 2016), 42–51.  

Mostapha Sadeghipour Roudsari, Michelle Pak, Smith, A. 
(2013). Ladybug: a Parametric Environmental 
Plugin for Grasshopper To Help Designers Create 
an Environmentally-Conscious Design. 13th 
Conference of International Building Performance 
Simulation Association, 3129–3135. 

Nabil, A., Mardaljevic J., (2005). Useful Daylight 
Illuminance: A new paradigm for assessing daylight 
in buildings. Lighting Research and Technology, 
41-59. 

Reinhart, C. F., & Walkenhorst, O. (2001). Validation of 
dynamic RADIANCE-based daylight simulations 
for a test office with external blinds. Energy and 
Buildings, 33(7), 683–697.  

Zani, A., Mainini, A. G., Cadena, J. D. B., Schiavon, S., 
& Arens, E. (2018). A New Modeling Approach for 
the Assessment of the Effect of Solar Radiation on 
Indoor Thermal Comfort. Building Performance 
Analysis Conference and SimBuild. 

 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2433

 

 
  



Dynamic Simulation of a Lighting System Based on the Hue-Heat Hypothesis  

 

Laura Bellia1, Francesca Romana d'Ambrosio Alfano2, Francesca Fragliasso1, Boris Igor Palella1, 

Giuseppe Riccio1  
1Department of Industrial Engineering of the University of Naples “Federico II”, Naples, Italy 

2Department of Industrial Engineering of the University of Salerno, Salerno, Italy 

 

 

 

 

Abstract 

It is by now accepted that light has significant effects on 

people well-being in terms of both visual and non-visual 

comfort. According to the Hue Heat Hypothesis, 

Correlated Colour Temperature can affect people 

thermal perception: a cool light would determine a cool 

sensation and a warm light a warmth sensation. Despite 

several studies investigated this issue, published results 

are conflicting. The paper shows outcomes of laboratory 

surveys that are in good agreement with the HHH. 

Moreover, it presents results of dynamic daylight 

simulations aiming at studying the way design strategies, 

implementing the HHH, modify indoor luminous 

environment and energy consumptions due to lighting.  

Introduction 

The Hue Heat Hypothesis (HHH) is based on the idea 

that light and colours of the environment can affect 

thermal perception and influence thermal comfort. 

Specifically, it states that, when spectral power 

distribution of light reaching an observer’s eye is 

characterized by long wavelengths in the visible 

spectrum, the space is perceived as warmer; conversely, 

when small wavelengths are predominant, the space is 

perceived as cooler.  

Despite several studies tried to investigate the effects of 

light on thermal perception, obtained results are 

conflicting (Candas and Dufour, 2005).  

For example, Berry (1961) carried out experiments in a 

test-room where 25 volunteers were exposed to five 

differently coloured light (amber, yellow, white, green 

and blue) and were asked about their thermal comfort 

conditions. Bennet and Rey (1972) performed similar 

tests, but in this case the spectrum of the light achieving 

volunteers’ eyes was changed thanks to the use of red, 

blue and clear goggles. Both studies did not reveal an 

interaction between the thermal perception and the 

colour of light. Similar conclusions were obtained by a 

more recent study by Baniya et al. (2018).  

On the contrary, the HHH is supported by the studies of 

Itten (1970) and Clark (1975), underlining a relationship 

between indoor spaces wall colours and occupants’ 

thermal sensation. Moreover, Fanger et al. (1975) 

performed surveys on 16 subjects under an extreme red 

and an extreme blue light. He found that in the former 

case, people preferred an about 0.4 °C lower 

temperature. Positive results were found by recent 

studies as well. Winzen et al. (2014) carried out 

experiments in a test-room arranged to simulate an 

aircraft cabin alternatively equipped with two different 

light sources (a yellowish one and a bluish one). 

Huebner et al. (2016) observed the behaviour of 32 

people in a climatic chamber exposed to warm and cool 

lights and evaluated their thermal conditions by 

observing the additional clothing subjects putted on. 

Hettiarachchi and Emmanuel (2017) performed a series 

of experiments in Sri Lanka and observed the 

consequences of using red colour in indoor spaces both 

in cool tropical uplands and in humid coastal areas. The 

results of all these studies seem to confirm that light 

affects the thermal comfort as well and it is widely 

accepted that conflicting results are often related to 

insufficient control of lighting and thermo-hygrometric 

parameters in test rooms (Huebner et al., 2016). 

If the HHH basics are verified, changing light 

characteristics could influence people’s perception. 

Comfort conditions could be improved increasing 

warmth sensation during winter and cool sensation 

during summer. This would determine a consequence in 

terms of energy consumptions as well. Taking advantage 

of thermal sensation alterations determined by light, it 

would be possible to increase or reduce indoor 

temperature set-points used for air-conditioning systems 

design and consequently to save energy.  

To practically obtain these results, the following 

strategies can be adopted: changing electric light 

characteristics seasonally (e.g. varying electric lights 

Correlated Colour Temperatures -CCTs-); modifying 

daylight spectrum entering through windows (e.g. 

applying different filtering systems such as curtains); 

varying colours of indoor architectural surfaces (e.g. 

using movable panels covering perimeter walls).  

Despite HHH implementation mainly aims at reducing 

energy consumptions due to air conditioning, it can 

affect energy consumptions due to lighting as well. 

Indeed, the use of curtains reduces daylight entering the 

space and the variation of luminaires CCT determines 

changes in the absorbed power (Beccali et al. 2018). 

Given these premises, the goal of the paper is to analyse 

the effect of design strategies applying the HHH on 

luminous environment characteristics and on energy 

consumptions due to lighting. The paper is divided in 

two parts. In the former one results of laboratory 

experiments, partly presented in a previous work 
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(d’Ambrosio Alfano et al., 2019), are shown. They 

consist in surveys performed in a test-room, where 

humidity and temperature are controlled and maintained 

constant, whereas luminaires CCT is varied. Testers are 

asked to answer a questionnaire about thermal comfort 

sensation for each considered CCT and then results are 

compared to verify the HHH. Given that the obtained 

data are in good agreement with the HHH, in the latter 

part of the paper, using light simulations, two design 

strategies, useful to put into practice HHH basics are 

tested: 1) installing luminaires characterized by 

changeable CCT; 2) shading windows by means of 

differently coloured curtains. At this purpose, DIVA for 

Rhinoceros is used to calculate daylight availability in 

the same laboratory used for the experiments, 

considering that the window is equipped alternatively 

with a bluish and an orangish curtain. The reduction in 

daylight availability due to the filtering systems use is 

evaluated. Then dynamic simulations are performed to 

model the yearly functioning of two different lighting 

systems: a base case study (from now on called B-C) and 

an experimental case study implementing the above-

mentioned design strategies (from now on called HHH-

C). As for the B-C, it is considered that the window is 

not equipped with coloured curtains and that the 

luminaires are characterized by a stable 4000 K CCT. 

On the contrary, as for the HHH-C the window is 

equipped with the orangish curtain from November the 

15th to March the 31st and with the bluish one from June 

the 15th to September the 15th. When the curtain is 

orangish luminaires CCT is 3000 K, when it is blue, 

CCT is 6000 K. In the rest of the year, curtains are not 

used and luminaires CCT is equal to 4000 K.  

HHH verification under laboratory 

conditions 

The test room 

The test room used to verify the HHH hypothesis is 

placed at the Photometry and Lighting Laboratory of the 

Department of Industrial Engineering of the University 

of Naples Federico II (Italy). It is characterized by an L 

shape (see Figure 1). A door allows the access in a sort 

of anteroom, connected with a wider space that is the 

very test-room. This space is equipped with a south-

oriented balcony window 1.5 m wide and 2.6 m high. 

Four white and not light-transmitting curtains cover the 

laboratory perimeter walls, allowing completely 

shielding the entering daylight and separating the space 

from the anteroom. A desk and a chair are located in the 

test-room. The false-ceiling is equipped with different 

light sources, all managed by a DALI control unit, 

consisting in a touch panel installed in the anteroom, 

allowing to modify both the intensity of the emitted 

luminous flux and the CCT of the sources. During the 

experiment two recessed white-tuning dimmable LED 

luminaires were used (luminous flux according to the 

manufacturer’s technical sheet equal to 4820 lm). Their 

photometry is reported in Figure 2. Spectral radiance, 

illuminance and power measurements were performed to 

characterize the sources. The luminous light output was 

regulated in order to obtain at the desk an illuminance 

value equal to about 300 lx, corresponding to filing and 

copying office activities according to the EN 12464-

1:2011 Standard, whereas CCT was varied according to 

three set points: 3000 K (warm light), 4000 K 

(intermediate light) and 6000 K (cool light). A Konica 

Minolta CS 2000 spectroradiometer was used to measure 

luminaires spectral power distribution, from which CRI 

and CCT were derived. At the same time illuminance at 

the desk (corresponding to the point P (see Figure 1) and 

the absorbed power were measured by means of a 

Konica Minolta T-10 A illuminance meter and of an 

electronic power-meter connected to the laboratory fuse-

box. Measurements results are reported in Table 1.  

 

Figure 1: Measured plan of the test-room 
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Figure 2: LED photometry 

Table 1: Measured characteristics of the light sources 

 
Warm 

light 

Intermediate 

light 

Cool 

light 

CRI 83 86 85 

CCT 3038 K 4035 K 6076 K 

Work-plane 

illuminance 
305 lx 301 lx 302 lx 

Absorbed 

power 
59.5 W 56.0 W 52.5 W 

The microclimatic characterization of the test room, 

preliminary calibrated in the range of air temperature 

from 18 to 25 °C,  was carried out by measuring all 

physical parameters affecting the thermal sensation  by 

means of a special Comfort Data Logger INNOVA 1221 

provided with sensors for the air temperature, the plane 

radiant temperatures, the air velocity, the dew point and 

the floor temperature all compliant with ISO 7726:1998 

Standard accuracy requirements. 

The measurements campaign was based upon a special 

and robust protocol designed consistently to the 

International Standard in the field (d’Ambrosio Alfano et 

al., 2007), involved the main physical variables affecting 

the thermal sensation. The questionnaire, designed with 

the assistance of a team of psychologists and doctors 

(Alfano et al., 2013) consists of two sections:  

• personal information (in this section subjects have to 

describe their clothing at the moment of the survey. 

This is to assess the clothing insulation according to 

the ISO 9920:2007 Standard); 

• thermal comfort. The questions of this section have 

been formulated in compliance with the 

recommendations of the ISO 10551:1995 Standard 

and deal with the thermal status in terms of the 

thermal perception (how are you feeling now?), 

evaluation (do you find this?) and preference (how 

would you prefer to be now?) scales. 

In this investigation only the answer to the thermal 

perception (overall thermal state) was considered. It was 

expressed in terms of a Thermal Sensation Vote (TSV) 

on the typical 7-point scale ranging from -3 (cold) to +3 

(hot) and calculated as a mean value of the votes 

attributed to the environment. 

Laboratory experiments 

66 subjects (31 females and 35 males) took part in the 

experiments. They were all volunteers and were selected 

among University students, their friends and people 

working at the department. For this reason they were all 

aged between 18 and 35. None of the subjects had a 

background in the lighting field.  

Once arrived at the department where the laboratory is 

situated, subjects were hosted in a conditioned meeting 

room and stayed there, seated at the conference table 

here located. Generally, groups of 4-6 people were 

brought together to the department. Before starting the 

experiment, one of the researchers responsible of tests 

organization explained to the subjects how the test will 

be carried out, giving only the information useful to put 

people at ease, without mentioning the actual goal of the 

test, in order to not influence their judgment. Then a 

paper containing the authorization to use subjects’ 

answers for research purposes was delivered to each 

subject to be signed. Finally, the researcher let people in 

the meeting room for about 15 minutes, explaining that 

the test-room setting needed to be accomplished. During 

the wait, subjects spoke one each other, read some 

magazines available on the table or used their smart 

phones. Then one subject in turn was brought to the 

laboratory, while the others kept waiting in the meeting 

room. All this procedure (lasting about 30 minutes for 

the first subject performing the test) was necessary not 

only to practically organize the experiment, but also to 

let people adapting to the same thermal conditions (they 

stayed all in the same room) and to the same activity 

levels (they stayed all seated at a desk listening, writing 

or reading). Differently, it would have been difficult to 

evaluate the effect of the activities performed by each 

subject before reaching the laboratory on the answers to 

the test.  

Once led in the test room (settled at 20 °C in this 

investigation), subjects were invited to fill a short 

questionnaire with general information (e.g. age, height, 

weight, nationality, health problems if they have). Then 

they were asked to stay inside the test-room for a time of 

10 minutes to adapt to the environmental conditions. 

During this short period, they were also invited to play 

word puzzle. This served as a distraction with respect to 

the surrounding environment in such a way that they 

would not have had memory of it in the next test.  

After the subjects experienced the test room conditions, 

a sound signal was given to prompt them to fill a 

questionnaire focused on the thermal perception. 

Immediately after completing the questionnaire, the 

subjects were invited to leave the test room for 10-15 

minutes in order to interview another subject and then 

change the light scene. During the break period subjects 
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came back to the meeting room, where they waited for 

the next session of the test. Then they were accompanied 

again in the test room, and the procedures of adaptation 

and administration of the questionnaire were repeated. 

Light simulations 

Static and dynamic daylight simulations were performed 

referring to a model with the same geometrical and 

optical characteristics of the laboratory used for the 

experiments by using DIVA, a highly optimized 

daylighting modelling plug-in for Rhinoceros based on 

Radiance engine. The used weather data file was the 

Naples IWEC one, downloaded from the Energy Plus 

web site. According to what suggested by Reinhart 

(2006), calculation parameters are the following: 

ambient bounces 7, ambient division 1500, ambient 

sampling 100, ambient resolution 300, ambient accuracy 

0.05. The spectral reflectances of the laboratory surfaces 

were measured by means of a Konica Minolta CM 

2600d spectrophotometer. From the obtained data, the 

XYZ coordinates related to the D65 illuminant were 

inferred (see Table 2) and then the Colour Picker for 

Radiance was used to obtain the reflectance value in the 

RGB channels, to set in DIVA (see Table 3).   

Table 2: Measured XYZ coordinates of laboratory 

surfaces 

 X Y Z 

Ceiling  76.39 80.73 85.28 

Floor 53.03 55.31 46.85 

Interior walls 77.82 82.03 83.47 

Desk top 54.02 56.99 57.32 

Window frame 15.80 13.06 4.20 

Exterior walls 71.70 75.07 66.30 

Exterior floor 53.03 55.31 46.85 

Table 3: R, G and B components of reflectance in DIVA 

 R refl.  G refl.  B refl. 

Ceiling  0.69 0.87 0.88 

Floor 0.56 0.61 0.49 

Interior walls 0.72 0.88 0.85 

Desk top 0.49 0.60 0.57 

Window frame 0.26 0.12 0.05 

Exterior walls 0.71 0.80 0.66 

Exterior floor 0.56 0.61 0.49 

As for the window, a generic double pane glazing was 

considered (visual transmittance equal to 0.8).   

Two types of simulations were performed: static and 

dynamic ones. As for the static simulations, they were 

useful to understand how DIVA accounts for the spectral 

characteristics of modelled surfaces, when it calculates 

illuminances. As it was previously mentioned, the 

software is based on the Radiance engine. Radiance 

cannot precisely simulate the light spectrum (Larson and 

Shakespeare, 1998), however it determines illuminance 

values as the sum of three different components: red 

light, green light and blue light, by applying the 

following calculation model: 

� = ���,� · 0.265 +  ��,� · 0.67 + ��,� · 0.065� · 179      (1) 

Where EE,R, EE,G and EE,B are the red, green and blue 

components of the irradiance; 0.265, 0.67 and 0.065 are 

coefficients that account for different spectral sensitivity 

of the human eye and 179 lm/W is the applied luminous 

efficacy. Using this model, it is possible to understand 

with a certain approximation, how the variations of the 

R, G and B reflectances or transmittances of the 

architectural surfaces affect the final illuminance values. 

Regarding the specific applications, it has been possible 

to evaluate the capability of the curtains in filtering 

daylight only in specific channels (the red and the blue 

one alternatively). To deepen this issue the winter and 

the summer solstices were considered and the 

illuminances at the eye level of a user seated at the desk 

and looking forward were calculated each hour from 

9:00 to 18:00 considering the CIE clear sky model. For 

each day, the simulations were repeated twice: the 

former time considering that the window was not shaded 

and the latter one considering that it was equipped with 

an orangish curtain during the winter solstice and with a 

bluish one during the summer solstice. The curtains were 

modelled as a planar surface located in front of the 

window, to which a transparent Radiance material was 

applied. The RGB transmittances of the orangish curtain 

were 0.9, 0.4 and 0.2, whereas those of the bluish one 

were 0.3, 0.6 and 0.9. The R, G and B components of 

daylight illuminances (ER, EG and EB) were evaluated for 

both cases (B-C and HHH-C) and the percentage 

incidence of each component on the total illuminance 

was calculated.  

Dynamic simulations were used to evaluate daylight 

illuminances at six different points of the desk (W1, W2, 

W3, W4, W5 and W6 in Figure 1) and at a point located 

at the ceiling, positioned like a typical photosensor used 

to manage the lighting system according to daylight 

availability (see point C in Figure 1). For the dynamic 

simulations a typical office scheduling was considered, 

i.e. it was assumed that the room was occupied from 

Monday to Friday, from 9:00 to 18:00. Daylight saving 

time ranges from April the 1st to October the 31st. 

Simulations were repeated three times. In the first one, 

corresponding to B-C, the window was not equipped 

with any curtain. However, to account for the risk of 

glare and overheating due to direct radiation penetration, 

the conceptual shading device calculation model 

implemented in DIVA was used. It accounts for the 

presence of a generic shading device controlled 

according to Ligthswitch model (Reinhart, 2004):  every 

time direct irradiance at the work-plane is higher than 50 

W/m2, an ideal shading is activated. It completely shields 

direct radiation and reduces of 75% the diffuse one. 

Once activated, the shading device stays closed for the 

entire day. The second and the third simulations were 

performed considering at the same time the effect of two 

shading systems: the DIVA conceptual shading device 

and the coloured curtains (orangish in the second 

simulations and bluish in the third one). The coloured 

curtains were used to modify the spectrum of the 

entering daylight, the DIVA shading system was used to 

reduce daylight penetration when the curtains alone were 
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not sufficient to prevent glare and overheating risks. To 

obtain the yearly illuminance trend related to the HHH-

C, results of the three simulations were merged together. 

Specifically, it was considered that the window was 

equipped with the orangish curtain plus the DIVA 

conceptual shading from November the 15th to March the 

31st, with the bluish one plus the DIVA conceptual 

shading from June the 15th to September the 15th and 

exclusively with the DIVA conceptual shading for the 

rest of the year.  

Finally, daylight availability was evaluated in terms of 

Useful Daylight Illuminance according to the definition 

reported by Nabil and Mardaljevic (2006), considering a 

task illuminance equal to 300 lx for both the B-C and the 

HHH-C. Moreover, the annual functioning of the 

lighting system was simulated. It was assumed that the 

two luminaires of the laboratory were managed by an 

automated on-off switching system that turns luminaires 

on and off, based on indoor daylight availability. By 

using the calculation tool proposed by Bellia and 

Fragliasso (2017), the yearly absorbed power trend was 

calculated starting from the daylight photosensor 

detections, i.e. from the illuminance values calculated by 

means of the three dynamic simulations at the point C 

(see Figure 1). To simulate the lighting system, it was 

considered that luminaires CCT was equal to 3000 K and 

6000 K, when the window was equipped with the 

orangish curtain and the bluish one respectively and 

4000 K when it was not shaded. To obtain the HHH-C 

yearly absorbed power trend, results of the three 

simulations were put together again. According to the 

measured data reported in Table 1, it was considered that 

the absorbed power was different depending on the used 

CCT. Finally, starting from the hourly absorbed power 

trends, energy consumptions related to B-C and HHH-C 

were obtained and compared.   

Results and discussion 

Laboratory experiments 

The results of the subjective investigation in terms of the 

thermal perception are reported in Table 4 and in Figure 

3 for a set point temperature of the test room of 20 °C 

(winter case). 
According to data in Table 4, with reference to the 

sample as a whole, for the light scene at 3000 K (warm 

light, indicated as (W)) thermal sensation by 

questionnaires is typical of slightly warm conditions 

with a percentage of persons who voted a TSV≥1 equal 

to 60%. To the contrary, in the presence of cool light 

(6000 K, indicated as (C)) the percentage of those who 

felt slightly warm or warm decreased to 38%. In 

addition, a growth of respondents under neutral 

conditions from 32 to 49% and an increasing of 

respondents who felt slightly cold (from 6 to 14%) have 

been observed. In addition, recorded TSV data, seem to 

confirm a certain gender related perception of thermal 

conditions resulting in a high sensitivity of women to  

low  temperatures  (Kim et al., 2013, Rupp et al., 2015) 

with a more pronounced effect of colour temperature on 

the thermal perception of females. 

Table 4. Percentage of persons who voted a single 

option to the question on the thermal sensation ASHRAE 

scale (How are you feeling now?). (W) light scene at 

3000 K, (C) light scene at 6000 K. 

Sensation 

Females Males Overall 

Light scene 

(W) (C) (W) (C) (W) (C) 

Cold (-3) 0 0 0 0 0 0 

Cool (-2) 3 0 0 0 2 0 

Slightly cool (-1) 10 16 3 11 6 14 

Neutral (0) 32 55 31 43 32 49 

Slightly warm (+1) 35 26 37 37 36 32 

warm (+2) 19 3 29 9 24 6 

Hot (+3) 0 0 0 0 0 0 

Figure 3: Results of the subjective investigation with the 

two light scenes under winter condition (air temperature 

in the test room settled at 20 °C). 

Based upon data in Table 4, in case of the “warm” light 

scene, 54% of women (66% of men) voted warm o 

slightly warm with 32% of respondents under neutral 

conditions (43% for men), whereas, under “cool” light 

conditions, the percentage of women who voted TSV≥1 

decreased to 29% (46% in case of men). Thus, the 

percentage of women who felt neither cold nor warm 

increased from 32 to 55% (from 31 to 43% in case of 

men). 

Simulations 

Figure 4 presents results of daily daylight simulations 

referred to winter and summer solstices. Graphs report 

illuminance values calculated at the eye level (point E in 

Figure 1) as a function of the time, considering that 

simulations were repeated with a one-hour time step. 

Specifically, they report the R, G and B components of 

the illuminance (ER, EG, EB) and the total illuminance 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2438

 

 
  



(E), sum of the three above-mentioned components, both 

for the simple window and for the window equipped 

with the curtains.  

During winter the use of the orangish curtain reduces the 

EB in a percentage equal to about 84%-86% depending 

on the time of the day, bringing it to values close to 0 for 

most of the day. On the contrary, the trend of the red 

component of the illuminance remains close to the curve 

related to the simple window, with a percentage 

reduction ranging from 18% to 20%, depending on the 

time of the day. The percentage reduction of the green 

component is comprised between 67% and 69%. As a 

consequence, the daylight availability is globally 

reduced. Considering the total illuminance (black lines 

in Figure 4), the use of the curtain determines a 

percentage reduction ranging from 55% to 62%, 

depending on the considered hour. The variations of the 

percentage reduction during the day, depend on the fact 

that the indoor surfaces play their own role in increasing 

or reducing the ER, EG, EB components at the work-

plane. Depending on the moment of the day, daylight is 

differently reflected by the architectural surfaces and 

consequently each one of the three illuminance 

components assumes a higher or lower weight in 

determining the total illuminance. This is clearer looking 

at Figure 5, where the percentage ratio of the ER, EG, EB 

to the E are represented. It can be noticed that the red 

component has a significant weight, ranging from 35% 

to 45%, whereas the blue one is generally equal to 2%. It 

must be observed that these differences in ER/E, EG/E 

and EB/E, are exclusively due to the effect of daylight 

interactions with architectural surfaces, since the 

luminous efficacy model, used by the software to 

calculate illuminances, does not change on time varying. 

If illuminances are outdoor calculated, the ER, EG, EB 

components have always the same weight in determining 

E. For each component, the weight is equal to the 

corresponding coefficient reported in the (1).  

During summer, the use of the bluish curtain determines 

an opposite luminous scenario. As it can be inferred 

from Figure 5 the red component is strictly reduced 

compared to the winter case, and it weighs about 10% in 

determining the total illuminance. Conversely, the blue 

one has a more significant impact in defining E 

compared to the winter case (about 9%). This is clear 

looking at Figure 4 as well, where it is possible to 

observe that the EB trends are very similar with and 

without curtain, whereas the ER is strictly reduced (about 

76%-77%) when the window is shaded by the curtain. 

Overall, in this case the reductions of global 

illuminances are about 54%.   

Based on these findings, it was possible to evaluate how 

the curtains use affects the yearly indoor daylight 

availability. Figure 6 reports results of dynamic daylight 

simulations in terms of UDI, referred to the 6 points of 

the calculation grid and calculated for both B-C and 

HHH-C. It can be noticed that the use of the curtains has 

a positive effect in reducing illuminances higher than 

2000 lx, i.e. too high illuminances that can determine 

discomfort. 

 
Figure 4: Eye level illuminances as a function of the 

time during winter and summer solstices 

On the other hand, the annual percentage of the hours 

during which illuminances range from 300 lx to 2000 lx 

increases. These values correspond to daylight levels 

higher than the prescribed illuminance but not disturbing 

people, i.e. sufficient to perform visual task without 

using electric light. As a consequence, there is an 

increasing of the yearly percentage of hours 

corresponding to daylight illuminances lower than the 

prescribed one (comprised between 0 lx and 100 lx and 

between 100 lx and 300 lx), determining the need of 

electric light use. In the B-C the annual percentage of 

hours for which the electric light is needed is at most 

16.59% (see point W1), whereas in the HHH-C it ranges 

from 16.90% to 20.61%. Obviously, this affects energy 

consumptions. According to simulations results, using a 

switching daylight-linked control system, annual energy 

consumptions of the B-C are equal to 32.73 kWh 

corresponding to 3.34 kWh/m2. As for the HHH-C, 

annual consumptions are equal to 40.56 kWh 

corresponding to 4.14 kWh/m2, i.e. 24% plus compared 

with the B-C. As it was mentioned in the introduction, 

the implementation of design strategies based on HHH 

aims at reducing energy consumptions due to air 

conditioning. So, the energy savings achievable thanks 

to the reduction of the temperature set-points to design 

the air conditioning systems should be compared to the 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2439

 

 
  



increment of energy consumptions due to lighting, in 

order to identify the design optimum.    

Conclusions 

The paper presents results of laboratory surveys aiming 

at verifying the effectiveness of the Hue Heat 

Hypothesis (HHH). Moreover, it reports outcomes of 

dynamic daylight simulations, evaluating the effects on 

lighting systems functioning of design strategies 

implementing the HHH: the use of coloured curtains and 

the variation of luminaires CCT depending on the 

season.  

Based upon obtained results it is possible to confirm 

that, under winter conditions, cooler light (6000 K) 

induces a shift of the thermal sensation toward cold. The 

effect seems to be more pronounced in case of women 

whose percentage under neutral conditions has almost 

doubled by changing the CCT from 3000 K (warm light) 

to 6000 K (cool light). Dynamic daylight simulations 

demonstrate that the strategies aiming at applying the 

HHH affect not only the characteristics of the luminous 

environment but also the energy consumptions due to 

lighting. Specifically, the use of coloured curtains, 

besides the changes in the spectral characteristics of the 

entering daylight, globally reduces indoor daylight 

levels. Consequently, on one hand it has a positive effect 

in reducing the annual percentage of hours during which 

daylight levels are too high and can create discomfort; 

on the other hand, the reduction of the daylight levels 

determines an increasing of the annual amount of hours, 

during which daylight alone is not sufficient to guarantee 

the visual task performance and electric light is needed. 

The CCT variation determines changes in the absorbed 

power: the higher the CCT, the lower the absorbed 

power is. However, for the specific applications, 

considering that the lighting system is managed by a 

switching daylight-linked control system, it was found 

that the design strategies imply an annual energy 

consumption increasing equal to about 1 kWh/m2.  

The application of the HHH is an interesting integrated 

approach to evaluate the indoor environmental quality. 

The use of dynamic simulations is a useful tool to assess 

the effects of the connected design strategies, in terms of 

both energy consumptions and alteration of indoor 

environmental parameters affecting people comfort 

conditions. To obtain an integrated evaluation it is 

necessary to perform integrated simulations, associating 

results of software specifically developed for lighting 

design and those provided by software for energetic 

simulations. In this way it is possible to globally 

evaluate the effectiveness of design strategies and to 

optimize the technical choices. Specifically, regarding 

lighting, it must not be forgotten that, currently, light 

simulations in HHH field are limited by the 

impossibilities to in-depth evaluate the light spectral 

distribution. This research is a pioneer one, but further 

studies should aim at validating the calculation model 

based on the decomposition of light in the three R, G and 

B components and at comparing it with a more accurate 

spectral analysis.  

 
Figure 5: Percentage ratio of ER, EG and EB to E as a 

function of the time during winter and summer solstices 

 
Figure 6: UDI values for the six work-plane calculation 

points 
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Abstract 

A smart skin system is proposed for passive 

dehumidification in summer and solar heat collection in 

winter. To reduce the heat load, an efficient air 

conditioning system was developed in the roof ventilation 

layer that separates latent and sensible heat using fibrous 

insulation materials with moisture conditioning properties. 

The potential-based principle of this system is based on 

non-equivalent thermodynamics. Performance and 

thermal load reduction were demonstrated in a detached 

house using a heat, air, and moisture (HAM) simulation 

software called THERB for HAM. This system can 

reduce 80% of latent heat load in summer and 30% of 

sensible heat load in winter. 

Introduction 

Energy consumed in the household sector usually 

accounts for 30% of the energy consumption of the entire 

house. However, in recent years, energy consumption 

trended to decrease due to individual energy savings and 

development of new energy-efficient technologies. 

Nevertheless, 30% of residential energy consumed in 

Japan is used for cooling and heating (Agency for Natural 

Resources and Energy at METI, 2016). Furthermore, it is 

obligatory for all new houses and buildings to conform to 

the energy conservation standards by 2020 (Agency of 

Natural Resources and Energy, Energy Conservation and 

Renewable Energy Department in Japan, 2011).  

The climate of Japan differs from region to region, but is 

generally hot and humid in summer months and cold and 

dry in winter months. Domestic heat pump air-conditioner 

system and dehumidifiers are used to dehumidify air 

during summer. However, air-conditioner equipment has 

high running costs and energy consumption, and heating 

using the air conditioner during winter can cause over-dry 

indoor environment. Moreover, recent high-efficiency 

air-conditioners perform cooling by keeping relatively 

high temperature refrigerant compared with conventional 

equipment in order to reduce energy consumption, which 

can weaken the dehumidifying effect. Several studies 

have reported the effects of passive dehumidification 

using solar heat, but suggest that the moisture capacity of 

houses should be increased (Parker et al, 2008), (Areemit, 

Sakamoto, 2007). The research on passive house using 

solar radiation heat through air circulation has been 

actively reported, but it is not enough for houses that are 

designed and analyzed considering both heat and 

humidity (Ibañez-Puy M., et al, 2017).  

In this paper, we propose an intelligent building skin 

system that can perform passive dehumidification and 

radiative cooling in summer and solar heat collection and 

humidity control in winter using air circulation in the roof 

ventilation layer and utilizing solar heat. A highly 

efficient air conditioning system that separates latent and 

sensible heat was developed using fibrous insulation with 

excellent humidity control. Based on numerical analysis, 

we aimed to develop an intelligent building skin system 

able to reduce the heat load of the entire building. We plan 

to use the results of this study to investigate the actual 

application and optimization of this system for real houses. 

Smart building skin system 

In our previous research, the basic principles of passive 

dehumidification in summer were explained using the 

theory and the effects of the system and were verified 

through laboratory experiments and numerical simulation 

(Lee et al, 2017). The laboratory experiment was 

conducted using a model of a roof, and the heat and 

moisture transfer is theoretically analyzed and the 

parameters (flow rate, length of ventilation layer, 

moisture capacity, etc.) affecting the dehumidifying effect 

were examined 

In this paper, we aimed to apply the proposed system to 

actual houses based on the fundamental results of the 

previous research. The fundamental principle is reiterated 

to understand the summer mode of the system (passive 

dehumidification). Moreover, solar heat collection and 

humidity control principle, which is the main function of 

the winter mode, is further explained. 

Driving force of water vapor: Water potential 

The thermodynamic equilibrium condition occurs when 

temperature, pressure, and chemical potential of each 

component are uniform. In a non-equilibrium state, the 

matter flows towards a lower chemical potential 

(substances move if there is no chemical change). This 

chemical potential is applied to 1 kg of water vapor as an 

index of mass equilibrium condition: water potential. 

Water potential is a type of non-equilibrium 

thermodynamic energy that is a function of water vapor 

concentration, the internal energy of water vapor 

molecules, the force acting on the water vapor molecules 

(adhesive power or capillary action), and field energy 

(stresses such as external forces) (Ozaki et al, 2001). Thus, 
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water potential gradient is the driving force of moisture 

flux. It enables the combined analysis of heat and 

moisture movement in this system. Figure 1 shows the 

relation between water potential (µw), temperature (T), 

and humidity. Water potential at a certain temperature and 

humidity is the sum of the saturated water potential (µ0
w) 

and the unsaturated water potential (µ) The basic 

thermodynamic principles are defined in (1) – (3): 

 

     , ,o
w wp T T p T                   (1) 
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where cp,w is the specific heat, expressed in units of J/(kg 

K); pw is the vapor pressure of the humid air; ps is the 

saturated vapor pressure at temperature T;  and Rw = 

461.50 [J/(kg K)], calculated by dividing the gas constant 

R = 8.31441 [J/(mol K)] by the molecular weight of water 

18.016×10-3 [kg/mol]. 

 

 

Figure 1: Water potential, temperature and humidity. 

Function of summer mode: Dehumidification and 

radiative cooling 

Figure 2 shows the changes in the temperature, humidity, 

and water potential of the ventilation layer in the roof that 

is filled with fibrous insulation material with high water 

capacity. The initial indoor condition is assumed to be 24 

h air conditioning for cooling at a temperature of 27℃ and 

a relative humidity of 60%.  

[Passive dehumidification during the daytime] 

 A: The ventilation layer temperature increase due to 

solar radiation heat during daytime. (e.g. 

27℃→40℃, ①→②)  

(a) Cycle of temperature, humidity, and water 

potential in ventilation layer 

(b) Moisture movement and exhaust in the daytime 

(passive dehumidification) 

(c) Moisture adsorption at night 

Figure 2: Cycle of moisture movement during summer. 
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 B: Water vapor from the fibrous insulation material 

is desorbed and diffused due to A. If the advection 

by air circulation (marked C) in the ventilation layer 

is ignored, the absolute humidity inside the 

ventilation layer increases to the same level as that 

in the heat insulation (①→②). 

 C: When the indoor air is circulated into the 

ventilation layer, the absolute humidity in the 

ventilation layer decreases close to the absolute 

humidity of the indoor air (②→③).  

 D: As a result of C, a difference in water potential 

(between ① and ③) occurs between the room and 

the inside of the ventilation layer. Therefore, 

moisture transfers from the room to the ventilation 

layer. 

 E: The air containing moisture in the ventilation 

layer is exhausted to the outside by air circulation 

marked C, the dehumidifying effect can be obtained 

in the indoor space during the daytime. 

[Dehumidification by moisture adsorption during the 

night time] 

 F: The ventilation layer temperature decrease by the 

temperature of the outside air decreases. 

 G: The heat insulation material adsorbs moisture, 

and the absolute humidity inside the wall, which 

includes the air ventilation layer, decreases (3→4). 

Furthermore, the water potential within the wall is 

maintained lower than in the room.  

 H: Water vapor from the room enters the interior of 

the wall due to the water potential difference 

(between 1 and 4), but the absolute humidity 

gradually increases with time (4→1).  

 I: The air in the ventilation layer is returned to the 

room, which enables cooling by radiative cooling 

and dehumidification by moisture adsorption. 

In the periodic steady state of one-day cycle, the above 

process is repeated. Due to the solar radiation received 

during the day and the air circulation layer of indoor air 

into the ventilation layer, moisture is discharged from 

inside the wall to outside, allowing moisture permeation  

during the all day from the room to the inside of the wall. 

Function of winter mode: Solar heat collection and 

humidity control 

Although the indoor temperature and humidity (assumed 

to be 20℃ and 50%) and the wall temperature and 

humidity distribution in winter are different from those in 

summer, the water potential difference follows the same 

pattern.  

 A: The ventilation layer temperature increase due to 

solar radiation heat during daytime (e.g. 

27℃→40℃, ①→②). 

 B: Water vapor from the fibrous insulation material 

is desorbed and diffused due to A. 

 C: The warm and humid air in the ventilation layer 

is circulated to the room. 

 D: The ventilation layer temperature decrease by the 

temperature of the outside air decreases 

(a) Cycle of temperature, humidity, and water 

potential in ventilation layer 

(b) Advection and moisture flow during daytime 

(c) Moisture flow at night 

Figure 3: Cycle of moisture movement during winter. 
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 E : Water vapor in the ventilation layer is adsorbed 

to the fibrous insulation due to ventilation layer 

temperature decrease (③→④). 

 F: Water vapor in the room is adsorbed to the fibrous 

material. 

The periodic moisture flow phenomenon occurs within a 

one day cycle from the interior to the inside of the wall, 

and from the inside of the wall to the ventilation layer. 

 

System configuration and air circulation 

routes 

Passive dehumidification in summer 

Figure 4(a) shows the air circulation route for the passive 

dehumidification during daytime in summer. During 

daytime, the roof ventilation layer temperature increases 

due to solar radiation. Therefore, moisture desorption 

occurs from the fibrous insulation material to the 

ventilation layer, and the temperature and humidity inside 

the ventilation layer increases.  

(1): When the air temperature of the roof ventilation layer 

is higher than the set temperature (for example, 27℃), the 

fan A operates to take the indoor air into the roof 

ventilation layer and exhaust the air to the outdoor via the 

fan unit.  

(2): When the indoor air passes through the roof 

ventilation layer, although the indoor and roof ventilation 

layers become equal absolute humidity conditions, the 

water potential of the roof ventilation layer is lower than 

that of the room. Therefore, moisture transfer to the roof 

ventilation layer.  

(3): Exhausting the ventilation layer air outdoor may 

reduce the increase of the room temperature and 

dehumidify the indoor space simultaneously.   

(4): Furthermore, the fan A and C operate together and 

the dehumidified air in the attic space is sent to the indoor 

staircase. Therefore, the effect of reducing the latent heat 

load in the house may be expected.  

(5): The operation of fan C promotes the circulation of 

indoor air to the attic space. Therefore, the air, which is 

sucked into the roof ventilation layer from the indoor 

space, and the air in the attic space become identical.  

(6): When the air conditioner installed in the attic is 

activated, in addition to the function of Fan C, the entire 

interior space has passive dehumidification effect. 

Radiative cooling in summer 

Figure 4(b) shows the air circulation route in the radiative 

cooling mode during night in summer. During nighttime, 

the roof ventilation layer temperature is decreased due to 

radiative cooling.  

(1): When the air temperature of the roof ventilation layer 

is lower than the set temperature (for example 23°C), the 

fan B operates and the room air is taken into the roof 

ventilation layer.  

(2): The air circulated in the ventilation layer is cooled by 

radiative cooling and dehumidified by moisture 

adsorption to fibrous insulation material due to outside air 

temperature decrease. 

(3): The cooled and dehumidified air in the ventilation 

layer returns to the room, which reduce the sensible and 

latent heat load. 

(4): When the air conditioner installed in the attic is 

activated, the air, which is cooled and dehumidified, is air-

conditioned and circulated to the entire indoor space, 

therefore all interior spaces can achieve radiative cooling 

and dehumidification effects. 

(a) 

(b) 

(c) 

Figure 4: Diagram of the summer and winter system: 

(a) summer/day mode, (b) summer/night mode, and 

(c) winter/day mode. 
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Solar heat collection in winter 

Figure 4(c) shows the air circulation route of the solar heat 

collection mode during daytime in winter. During 

daytime, the temperature of the roof ventilation layer is 

expected to increase due to solar radiation.  

(1): When the roof ventilation layer temperature is equal 

to or higher than the set temperature (for example, 30°C), 

the fan B operates to take room air into the roof ventilation 

layer.  

(2): The air circulated in the ventilation layer is heated by 

solar radiation heat. 

(3): The heated air is returned to the room through the fan 

unit, thus the sensible heat load is reduced 

(4): When the air conditioner installed in the attic is 

activated, through the air conditioner, the heated air is 

blown into the entire interior space, and all interior space 

gets solar heat collection and heating effect. 

Humidity control in winter 

In winter, the water potential difference between the 

interior and the inside of the wall is low. Therefore, the 

moisture flux is lower in winter than in summer. During 

daytime in winter, the indoor air is sucked into the 

ventilation layer, and the ventilation layer air is circulated 

into the room. The indoor humidity is kept constant 

because the water vapor, which transmits from the room 

to the ventilation layer and returns to the room. Because 

the water vapor retention inside the roof is suppressed by 

the air circulation during daytime, internal condensation, 

that is a concern in the winter season, is prevented. 

Moreover, when moisture generated indoors is stored in 

the fibrous insulation at night, moisture content is 

desorbed due to solar radiation received during daytime. 

Therefore, it is possible to adjust the humidity in a room 

that is easy to dry in the heating period.  

Heat load reduction of housing model 

Calculation parameters and conditions 

Figures 5 and 6 show the house model plan and the 

elevation. Table 1 shows the roof and wall composition of 

the house model and Table 2 shows physical properties of 

fibrous insulation for simulation. This house model 

adopts roof insulation. In order to arrange facilities related 

to the central air conditioning and air circulation systems, 

an attic space was set up. The roof in which the system 

was introduced is indicated by the red broken line in the 

elevation. Numerical analysis using THERB for HAM 

(Ozaki et al, 2005), a coupled analysis software for heat, 

moisture, and air, examined the reduction of heat load 

during summer and winter in the house model. The water 

potential required based on thermodynamics was used as 

the driving force of the moisture flow, and it was 

calculated as a combined heat and moisture movement 

model. The balance equations of moisture and heat are 

shown as follow, respectively:  

𝜌𝑙𝑤
𝜕𝜙

𝜕𝜇

𝜕𝜇

𝜕𝑡
= ∇𝜆′𝑔∇(𝜇𝑤 + 𝐹) + ∇𝜆′𝑙∇(𝜇 + 𝐹)              (4) 

𝐶𝜌
𝜕𝑇

𝜕𝑡
+ (𝑐𝑙𝑤𝑗𝑙𝑤)∇𝑇 = ∇λ∇𝑇 + 𝑟𝑣∇𝜆

′
𝑔∇(𝜇𝑤 + 𝐹)               (5) 

Figure 5: Calculation model floor plan: 

(a) second floor and (b) first floor. 

Figure 6: Elevation of housing model: 

(a) west side and (b) south side. 

 

(a) 

(b) 

(a) (b) 
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where C and ρ are specific heat and specific weight of 

material containing water; 𝑐𝑙𝑤  , 𝜌𝑙𝑤  and 𝑗𝑙𝑤  are specific 

heat, specific weight and flux of liquid phase water; λ is 

thermal conductivity; 𝜆′𝑔  and 𝜆′𝑙  are gaseous and liquid 

phase water conductivity for 𝜇𝑤  and 𝜇  gradients; 𝑟𝑣  is 

heat of sorption (latent heat of evaporation).  

The air conditioning loads of conventional air 

conditioning and this air circulation system were 

compared in two rooms of the second floor. Figure 7 

shows the target areas of the calculation, table 3 shows the 

calculation conditions. Figure 8 shows the climate 

information of the cities.The calculation model is 

assumed to be unoccupied condition, thus there is no 

internal heat and moisture and only thermal load due to 

outside air is considered.  

 

 

 

Figure 7: Area classification in "Residential building 

energy standard” and calculation area. 

(http://www.ibec.or.jp/ee_standard/build_standard.html, 

Institute for Building Environment and Energy) 

 

 

Figure 8: Annual average temperature and precipitation 

of target areas for simulation (Climate-Data.org). 

 

 

 

Area classification 
Calculation 

area 

1  
Kushiro 

2  
Hakodate 

3  
Ueda 

4  
Kesennuma 

5  
Sagamihara 

6  
Fuchu 

7  Fukuoka 

Figure 7: Area classification in "Residential 

building energy standard” and calculation area. 

(http://www.ibec.or.jp/ee_standard/build_standar

d.html, Institute for Building Environment and 

Energy conservation) 
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Table 1: Composition of roof and wall. 

Roof Exterior wall 

Galvalume Sidings 

Structural plywood Ventilation layer 

Ventilation layer 
Moisture-permeable and 

waterproof sheet 

Structural plywood Structural plywood 

Moisture-permeable and 

airtight sheets 
Moisture-permeable sheet 

Cellulose fiber insulation Cellulose fiber insulation 

Moisture-permeable sheet Moisture-permeable sheet 

 Plaster board 

 Vinyl cloth 

Table 2:  Physical properties of fibrous insulation 

(Cellulose fiber insulation) for calculation 

Thermal insulation [m] 0.185 

Thermal conductivity [W/(m‧K)] 0.039 

Specific heat 

[J/(kg‧K)] 
1880.0 

Specific weight [kg/m3] 35.0 

Moisture conductivity [kg/(m‧s‧Pa)] 1.550e-10 

Moisture capacity [m3/(m3(kJ/kg))] 3.219e-05 

Table 3: Calculation conditions 

Item Parameter 

Flow velocity in ventilation layer 0.06 m/s, 0.12 m/s 

 Calculation conditions 

Circulation route Summer 
Indoor → Roof ventilation layer → Outside (above 30°C ) 

Indoor → Roof ventilation layer → Indoor (below 26°C ) 

 Winter Indoor → Roof ventilation layer → Indoor (above 25°C ) 

Indoor temperature Summer/Winter 27°C / 20°C 

Indoor humidity Summer/Winter 70% / 50% 

Calculation period Summer/Winter July 1 – September 31 / January 1 – March 31 

Calculation interval 60 s 

Weather data Expanded AMeDAS Weather Data 
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Previous studies (Lee and Ozaki, 2018) have shown that 

the dehumidification effect increases with increasing air 

flow rate through the roof ventilation layer. However, 

considering the exhaust-only ventilation system, if the 

amount of air exhaust increases, the amount of ventilation 

introduced into the room from the outside is increased, 

thereby increasing the thermal load from the outside air. 

According to the standard for 0.5 air-change per hour, the 

air velocity of the exhaust air through the roof ventilation 

layer in the proposed model should be controlled to not 

exceed 0.16 m/s. Therefore, at first, the dehumidifying 

effect was confirmed under the conditions of 0.06 m/s and 

0.12 m/s. Therefore, at first, the dehumidifying effect was 

confirmed under the conditions of 0.06 m/s and 0.12 m/s 

as the condition below. 

Dehumidification and heat dissipation in 

summer and solar heat collection in winter 

Figure 9 shows the temporal changes as an example of 

the results when the cooling temperature was set at  27°C 

and the relative humidity in natural condition. In summer, 

air circulation to the roof ventilation layer reduced the 

relative humidity in the LDK (Living room and Dining 

Kitchen) 10% to 15% compared to the conventional air 

conditioning. The dehumidification effect all day long can 

be confirmed by the passive dehumidification due to the 

exhuast of moisture transferred through the fibrous 

insulation by solar radiation heat during the daytime and 

the dehumidification by moisture adsorption into the 

fibrous insulation at nighttime. Figures 10 shows the 

temporal change of temperature and humidity in 

ventilation layer based on the calculation conditions. As 

the air velocity is increased, the ventilation and humidity 

layer temperature is decreased during daytime because the 

heat and moisuture in the venilation layer is exhausted. At 

night, the lower the flow velocity, the better the 

dehumidification effect by moisture adsorption. However, 

it is necessary to consider the cooling effect by radiative 

cooling, which improved as flow rate increase. In this 

paper, the temperal changes by numerical simulation are 

expressed. However, the fibrous insulation material with 

a high moisture capacity particularly in the actual 

phenomenon has an unsteady physical property which 

greatly changes depanding on the range of the humidity 

change. Therefore, there is a limit to the detailed analysis 

of the phenomena inside the roof, especially fibrous 

material, through the steady physical properties. 

Therefore, it is planned to investigate the change of 

temperature and humidity by this system more closely 

through comparison with measured values obtained from 

experiments conducted in actual houses and numerical 

simulation using unsteady physical properties. Figure11 

and 12 show the effect of latent and sensible heat load 

reduction in summer respectively. Figure 13 shows the 

effect of sensible heat load reduction in winter. In the area 

where the latent heat load occurs (excluding one area), the 

latent heat load reduction was 80–95% in the house model 

that uses the system. The sensible heat load reduction 

effect was 4–10% during the summer. In winter, the 

sensible heat load decreased 22–28% in all areas. The 

sensible heat load effect by radiant cooling was relatively 

not significant compared to winter. It was considered 

because the temperature change due to radiative cooling 

was smaller than the temperature change due to solar heat 

and due to the high heat storage of the insulating material. 

To enhance the effect, further research is needed on the 

set temperature as a reference for fan unit operation and 

the air flow rate through the roof ventilation layer. 

Conclusion 

This study proposes an intelligent skin system for a 

detached house able of dehumidification in summer and 

solar heat collection in winter using air circulation in the 

roof ventilation layer and solar energy. Based on our 

previous research results and supported by theory and 

basic laboratory experiments, a single house with a 

passive conditioning system was designed. The thermal 

load reduction effect of system operation in the model 

house was simulated. Compared to the conventional room 

air conditioning, the latent heat load was reduced 80–95% 

and the sensible heat load was reduced 4–10% in summer, 

while sensible heat load was reduced 22–28% in winter.  

We currently build detached houses based on this research. 

To investigate the actual application and optimization of 

this system for real houses, measurements and analysis of 

the temperature, humidity, and power consumption of the 

houses are in progress. Therefore, the effectiveness of the 

proposed system is under verification through 

comparative experiments. Moreover, in order to optimize 

its effectiveness, the temperature setting as a reference for 

operation and the flow rate of the air circulation in the roof 

ventilation layer is being studied. In addition, further 

studies are under consideration to take into account the 

occurrence of internal humidity caused by human 

activities in the residence. 

 

Figure 9: Comparison indoor humidity change in 2F 

LDK during summer (Fukuoka, flow velocity: 0.12m/s ).  
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(b) Relative humidity in ventilation layer 

 

(c) Absolute humidity in ventilation layer 

Figure 10: Tempal changes of ventilation layer 

temperature and humidity (Area 7: Fukuoka). 

 

 

Figure 11: Latent heat load reduction during summer. 

 

 

Figure 12: Sensible heat load reduction effect during 

summer. 

Figure 13: Sensible heat load reduction during winter. 
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Abstract 

To evaluate the dynamic thermal environments induced 

by Demand Response (DR) events, researchers have so 

far mainly relied on the steady-state PMV/PPD method. 

In this paper, different types of set-point modulations in 

two case study buildings are used to evaluate Fanger’s 

PPD predictions against those of a novel dynamic thermal 

comfort model. The new model is built on the conceptual 

frameworks of thermal alliesthesia and thermal 

habituation. It is shown that Fanger’s model is not able to 

predict the pleasure and displeasure sides of the 

intermittent modulations. Based on the evaluation of the 

novel model, the intermittent modulations are found to be 

particularly beneficial for maintaining thermal comfort in 

buildings with a low-performance thermal envelope. 

Introduction 

Future electricity systems will see an increase in the share 

of intermittent renewable generation and a growing 

electrification of energy demand. To sustain these 

changes without investing in carbon-intensive traditional 

power plants and/or in expensive network reinforcements, 

they will need to increase their flexibility. Flexibility in 

electric power consumption can be inexpensively and 

efficiently secured via DR programs, which can be 

implemented at industrial, commercial and residential 

level. DR can be defined as – a concept describing an 

incentivizing of customers by costs, ecological 

information or others in order to initiate a change in their 

consumption or feed-in pattern (CEN-CENELEC-ETSI, 

2012) –. 

At residential level, thermal systems and hot water storage 

tanks have the largest flexibility potentials. They provide 

homes with an energy rather than a power service and, 

thus, the power drawn from the grid can be adjusted and 

shifted significantly in time without affecting the energy 

service (Gottwalt et al., 2011). To exploit the flexibility 

potential of electric heating and/or cooling systems, DR-

activated smart thermostats are relatively easy and cheap 

to implement compared to other solutions, which usually 

involve the use of active storage systems or alternative 

fuel sources (Leduc, Daoud, and Le Bel, 2011). For these 

reasons, smart thermostats are likely to become the first 

residential appliance to offer significant DR capacity 

worldwide (Vanthournout et al., 2017). In France, it is 

estimated that 75% of all the electric thermal systems will 

be flexible by 2050 (Fournié et al., 2018). 

Occupants’ acceptance of smart thermostats depends on 

how their thermal comfort is affected by the dynamic 

thermal conditions induced during DR events. Current 

standards only offer indications on the maximum 

temperature changes allowed over certain periods 

(ASHRAE, 2017; ISO, 2005) and, thus, do not allow to 

directly compare different dynamic thermal 

environments. To evaluate such dynamic conditions, 

researchers have so far mainly relied on the traditional 

PMV/PPD method. Examples are: (Agapoff, Jandon, and 

Guiot, 2017; Le Dréau and Heiselberg, 2016; Leduc et al., 

2011; Masy et al., 2015; Morales-Valdés, Flores-

Tlacuahuac, and Zavala, 2014; Péan, Ortiz, and Salom, 

2017; Da Silva, 2011; Weiß, Fulterer, and Knotzer, 2017). 

However, Fanger’s model is derived from a steady-state 

heat balance equation (Fanger, 1972) and is, thus, mainly 

suited to predict thermal comfort under steady-state 

and/or slowly changing dynamic thermal conditions 

(Koelblen et al., 2018). 

A novel model, which predicts the percentage of 

dissatisfied occupants (𝑃𝑃𝐷) from the steady-state 𝑃𝑀𝑉 

index, was recently proposed to evaluate occupants’ 

thermal comfort under dynamic thermal environments 

(Vellei and Le Dréau, 2019). The new PPD index was 

built based on experimental data collected at the Indoor 

Environmental Quality Laboratory of the University of 

Sydney as part of a study investigating the comfort impact 

of DR events (Zhang, de Dear, and Candido, 2016). 

Among the recent literature of dynamic thermal comfort 

laboratory studies, this is the laboratory experiment 

employing the greatest number of participants (fifty-six 

students) exposed to the highest rates of temperature 

change (up to 30°C/h). 

In this paper, the new model is applied for the first time 

to evaluate occupants’ thermal comfort under different 

types of DR set-point control strategies in two case study 

buildings, which represent typical archetypes of old and 

new single-family houses in France. The simulated DR 

events are used for modulating the heating load in winter. 

The aim of the paper is twofold. Firstly, to show how the 

new proposed model is able to better account for the 

different dynamic thermal conditions introduced in the 

building. Secondly, to compare the new comfort 

predictions against the building energy performances 

under different types of DR events. 
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A novel dynamic thermal comfort model 

A novel statistical model to predict 𝑃𝑃𝐷 from the steady-

state 𝑃𝑀𝑉 index was recently developed based on the 

conceptual frameworks of thermal alliesthesia and 

thermal habituation (Vellei and Le Dréau, 2019). 

According to Cabanan, alliesthesia is – the property of a 

given stimulus to arouse pleasure or displeasure 

according to the internal state of the subject (Cabanac, 

1979) –. Occupants can experience alliesthesia when 

undergoing a variation of any environmental and/or 

personal variable influencing thermal comfort. During 

DR events and depending on the type of emitter used, 

usually the air and/or the mean radiant temperature is 

varied. Positive alliesthesia, i.e. pleasure, is due to the 

temperature either decreasing, when occupants are on the 

warm side of the thermoneutral zone, or increasing, when 

occupants are on the cold side of the thermoneutral zone. 

For characterizing the whole-body steady-state thermal 

state of a person, the more general Fanger’s PMV index 

can be used. The 𝑃𝑀𝑉 index takes into account the 

influence of all six thermal parameters (clothing, activity, 

air- and mean radiant temperature, air velocity and 

humidity). Negative alliesthesia then occurs when moving 

away from a 𝑃𝑀𝑉 equal to zero (thus exacerbating the 

thermoregulatory load-error) and positive alliesthesia 

when moving towards it (thus minimizing the 

thermoregulatory load-error). Alliesthesia is further 

characterized by |
 𝜕𝑃𝑀𝑉

𝜕𝑡
|, the rate of change or gradient of 

𝑃𝑀𝑉, which measures – in vote/h – the intensity of the 

alliesthesial effect at each thermal state. If the thermal 

state stays unchanged or changes very slowly neither a 

pleasant nor an unpleasant sensation arises. To model this 

state of indifferent sensation we set the additional level of 

𝑛𝑜 𝑎𝑙𝑙𝑖𝑒𝑠𝑡ℎ𝑒𝑠𝑖𝑎 for |
 𝜕𝑃𝑀𝑉

𝜕𝑡
|<1vote/h. 1vote/h corresponds 

to a rate of change of the operative temperature of about 

3°C/h, the other conditions (clothing, activity, air velocity 

and humidity) being constant. Thus, 𝑎𝑙𝑙𝑖𝑒𝑠𝑡ℎ𝑒𝑠𝑖𝑎 is a 

factor with three possible levels: 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 and 

𝑛𝑜. 

Under repeated exposure to either warm or cool stimuli, 

humans experience a form of non-associative learning, 

called habituation, which leads to a progressive reduction 

of the normal response (Rankin et al., 2009). The 

phenomenon of perceptual habituation has been already 

observed in several thermal comfort laboratory 

experiments (Arens, Zhang, and Huizenga, 2006a, 2006b; 

Parkinson and de Dear, 2017; Stevens and Stevens, 1960) 

and can be modelled by introducing a predictor, called 

𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒, which measures – in discomfort2 minutes – 

how much and for how long (in minutes) 𝑃𝑀𝑉 differs 

from zero. As an example, 50 discomfort2 minutes 

corresponds to being exposed for about 60 minutes to a 

thermal state varying sinusoidally between a PMV of 0 

and 2. 

In the new model it is found that 𝑃𝑀𝑉, 𝑎𝑙𝑙𝑖𝑒𝑠𝑡ℎ𝑒𝑠𝑖𝑎, 

|
 𝜕𝑃𝑀𝑉

𝜕𝑡
| and 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 significantly affect 𝑃𝑃𝐷, while 

Fanger’s 𝑃𝑃𝐷 only depends on 𝑃𝑀𝑉 index. In Figure 1, 

only the case of 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒=0 discomfort2 minutes is 

shown since the temperature modulations studied in this 

paper are too short and limited in magnitude for eliciting 

a significant thermal habituation effect. From Figure 1 we 

can notice that for |
 𝜕𝑃𝑀𝑉

𝜕𝑡
|<1vote/h, i.e. no alliesthesia in 

yellow, the new model nearly coincides with Fanger’s 

PPD. We can also observe that on the warm side (𝑃𝑀𝑉>0) 

the thermal comfort zone extends when the cooling 

gradients are faster, while on the cold side (𝑃𝑀𝑉<0) the 

thermal comfort zone has the opposite behaviour and 

shrinks as the temperature decreases faster. Also, in the 

case of positive alliesthesia and for a thermal environment 

that is rapidly changing (i.e. high values of |
 𝜕𝑃𝑀𝑉

𝜕𝑡
|), the 

predicted percentage of dissatisfied occupants is less than 

5%, which is the minimum value obtainable using 

Fanger’s PPD. This aligns well with the hypothesis of 

alliesthesia: “higher levels of occupant satisfaction in 

transient or textured thermal environments may be 

explained by the hedonic overtones from the alliesthesial 

effect” (Parkinson, de Dear, and Candido, 2012) –. A 

zoom between a PMV of -0.5 and 0.5 on the aggregated 

experimental data used to derive the model is provided in 

Figure 2; we can notice that the observed percentages of 

dissatisfied occupants get values lower than 5%. 

 

Figure 1: 𝑃𝑃𝐷 as a function of 𝑃𝑀𝑉 for 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 

equal to 0 discomfort2 minutes and |
 𝜕𝑃𝑀𝑉

𝜕𝑡
| equal to 1, 4 

and 6 vote/h. 

 

Figure 2: Observed and predicted percentage of 

dissatisfied occupants as a function of 𝑃𝑀𝑉 for the three 

levels of positive (P), negative (N) and no alliesthesia. 
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Methods 

Two typical buildings are chosen according to the French 

building regulation (BR): BR 1982 (first building 

regulation) and BR 2012. The main thermal 

characteristics of the simulated buildings can be found in 

Table 1. They are insulated from the inside, a common 

feature in France, and are equipped with mechanical 

extraction, which is automatic for the old building (BR 

1982) and humidity-controlled for the new building (BR 

2012). Both buildings are single-family houses but they 

have different geometries and a floor area of 141 and 118 

m² for the old and the new building, respectively. The 

assumed occupation and internal loads scenarios result in 

a total sensible heat of around 5 MWh/year, which 

corresponds to an average load of 4.8 W/m2
floor. Due to 

these different characteristics, the space heating needs in 

Nancy, France (continental climate) are equal to 141 and 

41 kWh/m²floor/year for the old and the new building, 

respectively. More details on the studied buildings can be 

found in (Le Dréau and Meulemans, 2018). 

Table 1: Main thermal characteristics of the simulated 

buildings. 

Thermal 

characteristic 
BR 1982 BR 2012 

Insulation 

Walls 

4 cm IWI 18 cm IWI 

(U=0.64 W/m²K) (U=0.18 W/m²K) 

Insulation 

Roof 

8 cm 28 cm 

(U=0.58 W/m²K) (U=0.13 W/m²K) 

Insulation 

Floor 

8 cm 16 cm 

(U=0.45 W/m²K) (U=0.23 W/m²K) 

Windows 
double glazing double glazing 

(Uw=3.1W/m²K,g=0.75) (Uw=1.5W/m²K,g=0.63) 

Thermal Mass 
medium heavy 

(Cm=46 Wh/m²K) (Cm=67 Wh/m²K) 

Infiltration 0.35 ACH 

 
0.12 ACH 

HLC 336 W/K 

 
122 W/K 

G 0.93 W/m³heatedK 

 
0.40 W/m³heatedK 

τISO 13790 19 h 

 
65 h 

Each building is modelled by 11 thermal zones using a 

Building Energy Simulation (BES) software (EnergyPlus 

8.8). The results for the living rooms are here reported and 

analysed. The buildings are only simulated during the 

winter months of December, January and February for the 

year 2012 in Nancy, France. The simulation time-step is 

set to 1 minute. 

Regarding the type of emitter, convectors are selected 

since they represent the most commonly used emitters in 

French all-electric residential dwellings (RTE, 2016). 

Convectors are located in each room of the house and are 

emitting heat by both radiation (20%) and convection 

(80%). Since the type of controller influences the 

dynamics of the building and thus the dynamic thermal 

comfort evaluation, a proportional controller (with a 

proportional band of 1°C) is implemented in each 

convector, instead of the ideal controller proposed in (Le 

Dréau and Meulemans, 2018). 

5 × 3 × 2 × 2 different scenarios are simulated based on 

specific combinations of selected cases for each studied 

parameter, see Table 2. Each building is also simulated 

without DR event, which makes a total of 62 simulations. 

The DR events - as implemented in the buildings – take 

the form of modulations of the space heating set-point 

temperature during the heating season. These modulations 

can be implemented in response to the typical two-rate 

TOU tariffs available nowadays in France. Upward 

modulations serve to store heat in the building during the 

off-peak hours, while downward modulations are useful 

to directly decrease the load during the peak hours. 

Downward modulations – down – are realized from 21°C 

down to a minimum of 18°C, while upward – up – are 

realized from 21°C up to a maximum of 24°C, where 

21°C is the normal set-point operative temperature. 

Modulations are of five different types: 

 continuous – cont, 

 intermittent by a succession of short modulations of 

10 minutes with a period of rest of 20 minutes between 

them – int 10/20, 

 intermittent by a succession of short modulations of 

20 minutes with a period of rest of 10 minutes between 

them – int 20/10, 

 intermittent by a succession of short modulations of 

10 minutes with a period of rest of 10 minutes between 

them – int 10/10, 

 intermittent by a succession of short modulations of 5 

minutes with a period of rest of 5 minutes between 

them – int 5/5. 

Examples of both continuous and intermittent 2-hour 

modulations are given in Figure 3. Downward 

modulations of type int 10/20 have been already tested on 

45000 households between January and February 2014 by 

the French company Voltalis in coordination with RTE 

(RTE, 2016) 

Table 2: Selected cases for each studied parameter. 

Parameter Cases 

Building 

Regulation 
1982 2012    

Modulation 

Direction 
down up    

Modulation 

Length 
1/2h 1h 2h   

Modulation 

Type 
cont 

int 

10/20 

int 

20/10 

int 

10/10 

int 

5/5 

The DR events are only activated during 22 peak-days, 

which correspond to the days with the lowest mean daily 

temperatures during the three simulated winter months. 

The starting time of the peak hours is set at 6:00 pm, 

which coincides with the daily peak of the electrical load 

in winter in France (RTE, 2017). Modulations of either 

half an hour (1/2h), 1 hour (1h) or 2 hours (2h) are studied. 
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Hence, the DR events start, at the earliest, at 4:00 pm in 

the case of the upward modulations and end, at the latest, 

at 8:00 pm in the case of the downward modulations. 

For the calculation of the PMV index the air velocity is 

estimated at 0.1 m/s. The insulation value of clothing is 

assumed constant and equal to 1 clo, based on typical 

clothing in winter. The metabolic rate is set at 1.2 met. 

 

Figure 3: Examples of continuous and intermittent 2-

hour downward modulations during the coldest day of 

the year for the building BR 1982. 

Results 

The new Model against Fanger's PPD Model 

Figure 4 and Figure 5 show examples of time series of the 

operative temperature (𝑇𝑜) and 𝑃𝑃𝐷 for both the 

downward and upward modulations implemented in BR 

1982 and BR 2012, respectively. From Figure 4 it can be 

observed that, in the case of the downward modulation, 

Fanger’s 𝑃𝑃𝐷 model underestimates 

discomfort/displeasure during the cooling down phase 

(negative alliesthesia in grey) and underestimates 

comfort/pleasure during the warming up phase (positive 

alliesthesia in pink). While, in the case of the upward 

modulation, there is first a positive alliesthesia phase due 

to the operative temperature increasing. Then, as the 

temperature continues to increase beyond the neutral set-

point temperature, negative alliesthesia is elicited. The 

following cooling down phase provokes positive 

alliesthesia until the neutral set-point temperature is 

reached. Then, the further decrease of the operative 

temperature elicits negative alliesthesia. 

 

Figure 4: 𝑇𝑜 and 𝑃𝑃𝐷 for both the cases of downward 

(above) and upward (below) modulations of length 1h 

and type int 5/5. Only the coldest day of the year for the 

building BR 1982 is represented. 

 

Figure 5: 𝑇𝑜 and 𝑃𝑃𝐷 for both the cases of downward 

(above) and upward (below) modulations of length 1h 

and type int 5/5. Only the coldest day of the year for the 

building BR 2012 is represented. 
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The higher insulation and the heavier thermal mass of BR 

2012 provide inertia against the temperature fluctuations 

and protect occupants from the negative alliesthesial 

effects associated with the temperatures decreasing 

during the downward modulation, as shown in Figure 5. 

In the case of the downward modulation, there are not big 

differences between Fanger’s model and the new model 

since the rates of change of 𝑃𝑀𝑉 are nearly zero. During 

the upward modulation, the negative and positive 

alliesthesial effects associated with the temperature 

increasing and decreasing are more accentuated than 

during the downward modulation since the gradients of 

the temperature are stronger. Hence, the differences 

between Fanger’s model and the new model are more 

pronounced for the upward modulation. Also, the positive 

alliesthesial effect is more marked than the negative 

alliesthesial effect. 

For evaluating the indoor environment, the European 

standard EN 15251 specifies four different categories (I, 

II, III and IV), which are related to the level of 

expectations of the occupants (EN, 2007). This work 

considers Category II, which includes buildings with a 

normal level of expectation. For this category, the 

standard recommends that the level of thermal 

dissatisfaction of the occupants should always be below 

10%. This limit is highlighted in Figure 6, which shows 

both the empirical and theoretical cumulative distribution 

function of 𝑃𝑃𝐷 during the five different two-hour long 

downward modulations over the 22 days of DR activation 

in BR 1982. From Figure 6 it can be observed that the 

distribution of 𝑃𝑃𝐷 is much tighter for Fanger’s model 

than for the new model. This reflects the inability of 

Fanger’s model to detect the pleasure and displeasure 

thermal states associated to the positive and negative 

alliesthesial phases. 

Significant differences in the distributions of the PPD 

values can be also observed in the boxplots of Figure 7 

and Figure 8. In these boxplots, half of the data is 

distributed within the box and the data outside the 

whiskers represents outliers. BR 1982 is characterized by 

strong temperature gradients and, thus, the range of PPD 

values predicted by the new model is much larger than the 

range predicted by Fanger’s model. This is especially true 

for the intermittent modulations: smaller is the period of 

the modulation stronger is the alliesthesial effect and, 

thus, more marked is the difference between the two 

models. Furthermore, the differences in the distribution 

are more marked for the case of the upward modulations, 

characterized by stronger gradients. 

For BR 2012, the distributions of Fanger’s PPD and the 

new PPD are comparable for the downward modulations. 

While, for the upward modulations, there are significant 

differences in the distributions due to the stronger cooling 

and warming gradients experienced. From Figure 7 and 

Figure 8 it can also be seen that the building envelope 

strongly influences the comfort of the occupants during 

the continuous downward modulations, with the new 

building performing better than the old building during 

any of the studied continuous downward modulations. 

 

Figure 6: Empirical and theoretical cumulative 

distribution function of the PPD during the downward 

modulations of length 2h in the building BR 1982. 
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Figure 7: Boxplots of PPD during the downward modulations in the building BR 1982 (above) and BR 2012 (below). 

 

Figure 8: Boxplots of PPD during the upward modulations in the building BR 1982 (above) and BR 2012 (below). 

New comfort predictions against buildings’ energy 

performances 

Two metrics are used for evaluating the studied 

modulation strategies: 

 The whole heating energy consumption reduction 

𝛥𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔 – in Wh/m²floor – calculated over the hours 

of modulations for the downward modulations and 

over the peak hours (from 6:00 pm to 08:00 pm) for 

the upward modulations. 𝛥𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔 is calculated 

throughout the 22 days of DR activation and with 

respect to the reference load curve, which is obtained 

by simulating the building without DR events. 

 The mean and standard deviation of the PPD values 

predicted by the new model (𝑃𝑃𝐷𝑛𝑒𝑤). We consider 

only PPD values comprised between the start of the 

modulation and the 15 minutes after the end of it, 

throughout the 22 days of DR activation. This method 

complies with Method D of the Annex H of the EN 

ISO 7730 Standard (ISO, 2005), which can be used to 

evaluate comfort conditions over long exposures. 

Figure 9 shows a scatterplot of 𝛥𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔 together with 

the mean and standard deviation (error bar) of 𝑃𝑃𝐷𝑛𝑒𝑤. 

We can observe that the 2-hour long intermittent 

modulations are always associated with better comfort 

conditions than the continuous modulations. This is 

especially evident for the downward modulations in BR 

1982. As an example, for BR 1982 the 1-hour downward 

continuous modulations (in bold) have a smaller energy 

shifted and a worse comfort than the 2-hour downward 

intermittent modulations of type int 20/10 (in bold), which 

makes the intermittent modulation of type int 20/10 the 

favourite DR strategy. This means that long but 

intermittent modulations can be preferable over the short 

but continuous modulations, both in terms of comfort and 

energy shifted. The intermittent downward modulations 

are particularly favourable for BR 1982, i.e. for buildings 

with a low-performance thermal envelope. 
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Figure 9: 𝑃𝑃𝐷𝑛𝑒𝑤 as a function of 𝛥𝑞ℎ𝑒𝑎𝑡𝑖𝑛𝑔 for the 

different studied modulations. The continuous 

modulations are coloured in magenta and are annotated 

with their corresponding length, while the 2-hour 

intermittent modulations are coloured in cyan and are 

annotated with their corresponding type. 

Conclusion 

The new model presented in this paper makes it possible, 

for the first time, to account for thermal alliesthesia in the 

prediction of PPD from the PMV index and provides a 

new perspective for evaluating thermal comfort during 

DR events: the one of pleasure. The new PPD index is 

able to better account for the different dynamics thermal 

conditions introduced in the buildings during DR events. 

It is shown that Fanger’s PPD index is failing to 

incorporate the pleasure and displeasure sides of the 

intermittent modulations. The use of the new model is 

particularly encouraged for the comfort evaluation of 

buildings with a low-performance thermal envelope, 

where stronger gradients of temperature can be found 

during DR modulations. 

As expected, the comfort of old buildings is badly 

jeopardized during downward continuous modulations. In 

such case, the temperature fluctuations of longer but 

intermittent modulations are particularly beneficial since 

the pleasure given by the positive alliesthesial effect 

overcomes the displeasure associated with the negative 

alliesthesial phase. 

The new model opens up unexplored possibilities for DR 

research and for investigating new way of optimizing the 

control of the set-point temperatures during DR events. 
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Abstract 
This paper investigates developments in indoor 
environmental quality (IEQ) and energy efficiency over 
the last 150 years. Sixty-one Danish multistory dwellings 
were registered and scored using a newly developed IEQ 
assessment tool called IV20. An overview of this scoring 
is presented, indicating which IEQ issues have been 
solved, which remain unsolved, and which new ones have 
arisen. IEQ developments are compared to developments 
in energy consumption, to test the hypothesis that some 
initiatives to reduce energy consumption comes at the 
expense of occupant comfort and health. An overview of 
energy efficiency developments for Danish multistory 
dwellings is given through analysis of data from the 
Danish energy labelling database. The results show a solid 
positive development in energy efficiency and a very 
modest improvement in potential IEQ. Results suggest 
that positive IEQ developments may have been inhibited 
by energy efficiency initiatives and that further IEQ 
advances may depend on a change of political priorities. 
Introduction 
The European Union’s 2020 and 2050 targets for the 
reduction of energy consumption and CO2 emissions 
(European Commission, 2011) signal significant changes 
for the building sector responsible for almost 40% of the 
global final energy consumption and total greenhouse gas 
emissions (European Commission, 2019). This political 
agenda has enforced energy-saving practices into national 
building codes in the developed world heavily influencing 
how we build and renovate. In some cases, this focus on 
energy efficiency has been at the expense of healthy and 
comfortable indoor environments (IE) (Roulet et al., 
2006). Increasing insulation values, air tightness, and 
passive solar gains often result in extensive overheating 
in cold climates (Brunsgaard, Heiselberg, Knudstrup, & 
Larsen, 2012; Larsen, Daniels, Jensen, & Andersen, 2012; 
Morgan, Foster, Sharpe, & Poston, 2015). 
In many parts of the world, people spend 90% of their 
time indoors (Klepeis et al., 2001). Most of this time is 
spent at home, meaning that IEQ in dwellings has an 
enormous impact on the comfort, health and well-being of 
people. The social sustainability potential of good indoor 
environmental quality (IEQ) in dwellings is huge from 
perspectives such as work absenteeism, productivity, 
healthcare costs, and social equality. Thus, it may be the 
time to complement political agendas such as the Energy 

Performance of Buildings Directive (Council of the 
European Union, 2002; European Parliament, 2010), with 
an ambition to also improve IEQ in dwellings. There is a 
growing political understanding that energy efficiency 
and IEQ should not be seen as mutually exclusive 
(CIBSE, 2013; Watson, 2017). 
The rapidly increasing world population adds extra 
pressure to climate adaption requirements and acts as a 
driver for increased urbanisation as the current answer to 
high population accommodation and sustainable living. 
Increased urban density leads to increased exposure to 
noise and air pollution reducing the potential of a healthy 
and comfortable indoor environment. When buildings are 
too tall and too close, it also compromises privacy from 
risk of unwanted view in and reduces access to daylight, 
sunlight, and view out. United Nations expects two-thirds 
of the world’s population to be located in urban centres 
by 2050 (United Nations, 2014). This makes the 
development of urban dwellings, with low-energy 
consumption and high-quality indoor environment, one of 
the keys to sustainable living in the decades to come. 
The Energy Performance of Buildings Directive (Council 
of the European Union, 2002; European Parliament, 
2010) has resulted in energy labelling for European 
buildings as part of the building code. Many national 
variations of energy efficiency assessment tools (Be18 in 
Denmark) calculate a theoretical energy demand for both 
existing and new buildings. As a result, energy-efficiency 
databases for buildings are well developed in a European 
context. However, most IEQ assessment tools are 
designed for evaluating new buildings only or are 
expensive certification options for best practice buildings 
(such as LEED, BREEAM, DGNB, WELL), meaning that 
developments in overall IEQ are mostly unknown – 
particular for older dwellings. 
The REBUS project (REBUS, 2016) has developed an 
IEQ assessment tool called IV20 based on simple-input 
calculations. The tool assesses the IEQ potential of the 
building, based on a range of collected building data. 
IV20 is designed for use in the early design stages, as 
opposed to assessments based on expensive and time-
consuming measurements or occupancy surveys. The 
independence of measurements and surveys removes bias 
from user responses and user behaviour and enables 
assessments of IEQ potential in both existing builds and 
unrealised design proposals. This makes the tool ideal for 
benchmarking samples of the existing building stock. 
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This approach also allows for identification of the specific 
reason(s) for a certain performance in any part of the 
assessment, by tracing an assessment sub-score back to 
the building data that influence it.   
This paper will compare decades of well-documented 
positive developments in calculated energy demand, with 
new data on the developments in potential IEQ in 
dwellings. IEQ assessment results of 61 multistory 
dwellings will be presented, followed by a brief 
discussion of the main trends. IEQ developments are then 
compared to overview plots from building energy 
certification (Danish Energy Agency - Danish building 
energy certification) to compare developments within 
IEQ and energy efficiency over time. Based on this 
analysis, the authors will highlight tendencies in how the 
building code emphasis on energy efficiency has affected 
the overall IEQ for multistory buildings in the last 150 
years. 
Methods  
Categorizing cases into building periods  
The analysis of Danish multistory dwellings is based on 
IEQ assessments of a series of case studies compared to 
an analysis of energy certification for multistory 
dwellings. This paper will use the building typology 
scheme TABULA (IEE Project TABULA, 2012) to 
organise the buildings into time periods. These periods are 
separated by building tradition shifts, affecting building 
typologies in a Danish context from 1851 and onwards. 
Many of these shifts are energy-consumption driven, and 
thus defined by the introduction of building codes with 
increasingly strict energy requirements. This paper 
investigates how energy consumption driven 
requirements have affected the potential IE in multistory 
buildings by comparing the advances in energy efficiency 
(using the national energy label database) with changes in 
IEQ in the cases assessed. 
It is outside the scope of this paper to explain the 
differences in the individual building code requirements, 
but since the introduction of the first Danish energy 
requirements in 1961, the focus has been on limiting 
energy consumption for heating. This has primarily been 
done through improved insulation levels and later through 
heat recovery of exhaust air and improved air tightness. 
Since the ’98 building code, there has been a focus on 
increasing passive solar gains, primarily through 
increased glazed areas, window orientation optimised for 
solar gains and higher window g-values. Also, the 2020 
building code requires that windows have a neutral or 
positive energy balance in the heating season (E-ref in the 
Danish Building Regulations). These changes are 
expected to have influenced the indoor environment on 
several levels, in particular, thermal IE which is directly 
tied to heating demands, but also for visual IE and indoor 
air quality (IAQ) as a result of changed window areas, 
new window properties and the introduction of 
mechanical ventilation. The analysis of the IEQ assessed 
cases would focus mainly on thermal IE, visual IE and 
IAQ, as many energy-efficiency initiatives influence air 

change rates, daylight conditions, or thermal comfort 
variations.  
Sampling and data collection procedure 
Sixty-one Danish multifamily apartments were rated 
using the IV20 tool for assessment of IEQ in multistory 
dwellings. The cases were selected on three criteria to 
ensure good representation of the Danish multistory 
dwelling building mass with the available resources; 
1) Location within one of the largest Danish cities (see 

Introduction for increased urbanisation arguments), 
2) Year of construction spread across as many building 

code periods as possible (minimum 5 cases for each 
period to be included in the analysis), 

3) Availability of drawings and access to the dwellings. 
Registrations were made in November/December 2017 by 
a team of three assessors to minimise the risks of 
variations in the use of the tool. Data for the case studies 
were collected through a combination of on-site 
registration, visual inspection, analysis of drawings and 
various online databases. The on-site registration was 
performed using a registration template organised for a 
systematic registration of IV20 input on site level, 
building level, dwelling level and room level. The online 
databases include building project archives, aerial 
photographs, and digital maps for site-specific traffic 
noise and pollution levels.  
Dataset – key figures 
The cases registered covers 8 of the 10 Danish energy-
related building typologies identified in the Danish 
contribution to the TABULA project (Wittchen & Kragh, 
2012). The period before 1851 is not included as it has no 
energy labels for multistory dwellings before 1851. The 
2007-2011 period was excluded as it was not possible to 
obtain access to at least 5 cases for the IEQ assessment. 
The IEQ cases cover buildings constructed from 1883 to 
2016 (134 years), and are split between 3 of the 4 largest 
Danish cities as follows; Aalborg area - 27 cases, greater 
Copenhagen area - 23 cases, and greater Aarhus area - 11 
cases. Year of construction ranges for the periods are as 
follows: 1851-1930 (period 1); 1931-1950 (period 2); 
1951-1960 (period 3); 1961-1972 (period 4); 1973-1978 
(period 5); 1979-1998 (period 6); 1999-2007 (period 7); 
2007-2011 (period 8); 2011-onwards (period 9). 
Building energy labels were extracted from the national 
energy label database (Energistyrelsen) for the 179280 
multistory dwellings in the period from 1851 to 2015 (165 
years). The analysed energy labels span across the nine 
different Danish building periods listed above. Period 4 
marks the introduction of the first energy requirements in 
BR61, with period 5 through 9 being defined by 
increasingly tightened requirements for BR72, BR77, 
BR98, BR08 and BR10. 
Results  
IV20 cases – IEQ overview tendencies 
Figure 1 shows the IV20 score for air quality, thermal IE, 
and visual IE respectively, for each of the 61 registered  
cases listed by year of construction. Note that while 
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acoustic IE is part of IV20 assessment and weighted 
equally with the other three domains, it is not part of the 
current analysis that compares developments in IEQ with 
improvements in energy efficiency. Energy efficiency 
improvements driven by building code requirements 
influence the performance of IAQ, thermal IE and visual 
IE directly, but have a more indirect influence on acoustic 
IE. Better insulated and more airtight envelopes are 
expected to reduce noise from outside the building, but 
due to space conservation reasons, acoustic IE will not be 
discussed further. The three areas analysed contribute 
equally to the overall IV20 scores shown for this paper.  
The data in Figure 1 shows modest improvements in IEQ 
over time as highlighted by the trend line (significant 
tendency, t-test: p=0.0007). The earliest period (1851-
1930) has the lowest average IV20 score of 62 pts (out 
100 pts), while the most recent period (2011-2015) has the 
highest average of approx. 73 pts. The improvements over 
time are relatively small compared to the differences 
between individual cases, such as the 1973-1978 period 
containing both the lowest of all scores at approx. 49 pts 
as well as a score of approx. 73 pts positioned in the top 
third. The significant inter-period variations suggest that 
IE variations are more dependent on case-specific 
conditions than the requirements of the applied building 
code at construction. The large variations within building 
periods call for greater sample size, allowing for further 
statistical analysis. However, a tendency for development 
can still be found in the analysed cases.  

Energy labels – Energy-efficiency tendencies 
Figure 2 shows developments of energy efficiency for 
multifamily dwellings over the last 165 years, by plotting 
the averaged primary energy demand by construction year 
(using primary energy factors from BR10). The data 
plotted comes from the Danish building energy 
certification, and includes 179,280 Danish multifamily 
dwellings constructed between 1851 and 2015. 
The data in Figure 2 shows a very significant tendency 
towards drastically decreasing energy demands over time 
(t-test: p=2.2·10-16), particularly from 1961 to 2015, with 
a factor 2.63 improvement (averaged yearly energy 
demand in kWh/m2/year; period 3: 117.8 and period 9: 
44.8). While the average energy demand is unchanged for 
the first 100 years analysed (averaged yearly energy 
demand in kWh/m2/year; period 1: 120.2, period 2: 120.3, 
and period 3: 117.8) it has dropped dramatically in the 
most recent 50 years. The most significant drop in the 
almost 25% drop from period 3 (1951-60: 117.8 
kWh/m2/year) to period 4 (1961-1972: 90.3 
kWh/m2/year), where the first energy requirement was 
introduced with the BR61 building code. 
Energy demand reduction has been a significant focus in 
the most recent Danish building codes, which is reflected 
in an increasingly lowered energy demands for period 7, 
8 and 9 (1999-2015). The average energy demand by 
construction year is effectively halved in just two decades 
from 91.2 to 44.8 kWh/m2/year with the introduction of 
the BR98, BR08 and BR10 building codes.  
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Figure 1: IV20 score for 61 registered multifamily dwellings (chronologically ordered by year of construction) showing contributions 
from air quality, thermal IE, and visual IE, as well as averaged values for eight different building periods. 
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Going further back, we get a factor 2.69 improvement of 
the average energy demand by period between the 1931-
1950 period (120.31 kWh/m2/year) and the 2011-2015 
period (44.78 kWh/m2/year). When comparing this to the 
modest factor 1.13 improvement (64.3% in 1931-1950 
period, to 72.8% in the 2011-2015 period) in indoor 
environment in the same period (as exemplified by the 
IV20 score in Figure 1), it becomes very clear that the 
building code requirements has prioritized energy 
efficiency above indoor environmental improvement. 
IV20 cases – IEQ area by area 
More than two-thirds of the 10.8 pts overall IV20 score 
increase over time can be accredited to IAQ 
improvements, with an overall score contribution ranging 
from 15.5 pts from the earliest period (1851-1930) to 23.1 
pts in the latest period (2011-2015) (see Figure 1). The 
rest of the overall score increase is from a slight 
improvement in visual IE ranging from 21.2 pts from the 
earliest period (1851-1930) to 24.7 pts in the latest period 
(2011-2015). Thermal IE shows no improvements over 
time, with an average overall contribution of 25.2 pts from 
the earliest period (1851-1930) to 25.1 pts in the latest 
period (2011-2015) and an average of 24.7 pts across all 
time periods. 
Tendencies – IAQ  
Although modest, air quality improvements are relatively 
stable across all periods, with the most significant 
improvements in the range of period 1 through 4, and 
again from period 7 to 8. The main reason for the positive 
development in the early periods are due to air change 
improvements (IAQ2 in Figure 3 below), through 
improved conditions for natural ventilation. The boost 
from period 7 to 9 comes from the introduction of 

mechanical ventilation with fixed ventilation rates in the 
later time periods (7 out of 10 cases with mechanical 
ventilation is from period 9; 2011-2015) improving scores 
for both air change and particular matter in intake air 
(IAQ2 and IAQ1 in Figure 3 below). 

 
Figure 3: Averaged overall IAQ score for eight different 

periods, showing contributions from four different IAQ areas. 

Decreased adverse effects of air polluting indoor 
activities, make a small contribution to the overall IAQ 
improvements, although the two most recent time periods 
indicate a small step back. The positive part of this 
development comes from preinstalled components with a 
beneficial influence on the IAQ such as stove type 
(combustion-based vs electric), and exhaust hood 
availability and efficiency. The recent negative 
development is due to fewer modern apartments (1999+) 
having covered spaces for drying clothes leading to 
increased particle and humidity loads. 
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Tendencies – Thermal IE 
The data shows no overall thermal IE improvements 
throughout more than 150 years, despite advances in 
envelope air-tightness and insulation levels. Interestingly, 
7 out of 8 cases with an overall thermal score below 20 
pts are constructed within the last 50 years (period 4-9; 
1961-2015). The reason for this lack of improvement is 
primarily due to issues of too high summer temperatures 
(evaluated through a summer comfort calculation) (TER1 
in Figure 4 below), that is almost non-existing until 
energy requirements were introduced in the 1961 building 
code. Issues with high temperatures are the direct result 
of building code demands to lower energy consumption 
for heating; heating demand reduction initiatives (such as 
reductions in infiltration, line losses and lowered U-
values for walls and windows) and passive heat gain 
strategies (such as heat recovery and increased solar 
gains). Analysis of the IV20 cases shows that area-
weighted average U-values in the first three periods 
(1851-1960) is 0.91. After 1961, however, the average U-
value decreases steadily by period down to 0.24 for cases 
in the latest three periods (1979-2015). 

 
Figure 4: Averaged overall thermal IE score for eight different 

periods, showing contributions from four different thermal 
areas. 

These issues offset the positive developments in winter 
comfort (TER3 in Figure 4), mainly from lowered draft 
risk because of improved air tightness and a lowered risk 
of downdraft from significantly lowered window U-
values, ranging from 2.5 in the first two periods (1851-
1950) to approx. 0.8 in period 9 (2011-2015). 
Improvements from pre-heated intake air (here mainly 
from mechanical ventilation with heat recovery) make a 
substantial difference in period 9 (2011-2015) resulting in 
the best winter comfort sub-scores. 
Tendencies – Visual IE 
Visual IE shows modestly increasing scores over the 
analysed time periods, with period 4 (1961-1972) 
breaking the overall tendency by being the highest scoring 
period by a margin. This development is reflected clearly 
in the daylight assessment (VIS1 in Figure 5), showing 
daylight quantity and distribution improving gradually 
over time, but with period 4 (1961-1972) being far above 
the trend line and period 5 (1973-1978) being far below. 

The VIS1 sub-score for daylight quality (colour 
falsification) dampens the positive developments in 
daylight score, by penalising projects with a sub-par 
colour rendering (Ra-value). More than half of the 
projects in period 5, 7 and 9 are penalized for colour 
falsification (12 out of 21 projects), compared to just 1 in 
20 for the other time periods (2 out of 40 cases). The main 
contribution of this colour falsification comes from 
window coating or window film (low g-value) designed 
to limit passive solar gains to fight the risk of too high 
temperatures.  

 
Figure 5: Averaged overall visual IE score for eight different 

periods, showing contributions from four different visual areas. 

The developments in daylight are explained mainly by an 
increased glazed area starting with a window to wall area 
of 28% in the first two periods (1851-1951) to 41% for 
period 3-9. Tendencies are less clear for the other visual 
IE assessment topics such as Positive solar exposure 
(VIS2), View out quality and View in risk (VIS3), and 
they will not be discussed in this paper. 

Discussion 
The IV20 tool was developed for the early-stage 
assessment of renovation potential of multistory 
dwellings, but could potentially contribute to future 
labelling of IEQ of all Danish dwellings. The presented 
data for IEQ assessment is, however, limited by the 
modest sample size. Although the assessment is based on 
simple input, large quantity registration is time-
consuming, and it will require mandatory IEQ labelling to 
achieve a sample size comparable to the almost 180,000 
energy labels used for the energy efficiency analysis.  

The IEQ assessments of the 61 cases presented is 
made using a beta version of the IV20 tool. While the 
assessment methodology and criteria of interest are set, 
the inter-area weightings and scoring may change slightly 
in the final version (expected ultimo 2019). 

The IV20 tool is designed to assess the current 
conditions of a building, but for the historical perspective 
analysis of this paper, it would be more appropriate to 
reset ‘wear and tear’ to the time of erection. For instance, 
deteriorated window sealants can negatively influence the 
score for drafts in older buildings, but the influence on the 
scores presented here is negligible. 
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Most of the older case buildings have been partially 
renovated over the years, and in the case of recent and 
deep renovations, this may blur the results of both the IEQ 
and energy efficiency analyses slightly. For the present 
comparison of IEQ vs energy efficiency, this has very 
little influence, as the number of deep energy renovations 
is relatively small (average calculated energy demand for 
renovated projects is approx. 107 kWh/m2/year vs approx. 
105 kWh/m2/year for non-renovated projects) . 

Conclusion 
The analyses of the energy labelling database show a 
strong positive development within energy efficiency in 
the last approx. 50 years, boasting a factor of 2.63 
improvement in the average calculated energy demand 
from period 3 to period 9. The majority of this 
improvement is in the last approx. 37 years from a 
tightened energy requirement in 1978, with a factor of 
2.24 improvement from period 5 to period 9. This 
tendency follows tightened legislatorial demands from the 
introduction of the first building code energy demands 
(period 4), to a series of ambitious national energy frame 
reductions still being implemented. 
IEQ assessments of the 61 cases indicate a very modest 
improvement in overall IEQ over time. This research 
shows that the average level of the main IEQ areas has not 
declined and that IAQ has improved slightly over time. 
Criteria level analysis shows that IAQ has been positively 
affected by ventilation strategy changes, supporting 
improvements in ventilation rates for natural ventilation, 
bathroom ventilation and the introduction of mechanical 
ventilation with filtering for newer buildings. Thermal IE 
has been affected by heat demand reduction initiatives, 
resulting in reduced comfort issues with drafts, but 
increased issues with overheating. Visual IE has mainly 
been affected by larger glazed areas, and a change in 
window components is contributing to improved daylight 
levels but also resulting in colour falsification that 
negatively affects the quality of daylight and view out. 
The presented results indicate that the most recent 
building tradition has managed to improve energy 
efficiency significantly without negative consequences 
for the indoor environment as a whole. Improvements 
include significantly reduced issues with drafts, improved 
daylight access, and increased dilution and air filtration. 
However, increased window areas have introduced 
significant issues with too high room temperatures and 
new challenges such as exposure to view in (reduced 
privacy) and colour falsification through coated glass. 
The average percentile improvement of IEQ over 150 
years (+13%) is more than a magnitude lower than that 
for energy efficiency (+169%), which is fueled by 
decades of political and legislatorial priorities. While the 
average overall IEQ has not declined over the last 150 
years, this study suggests that the building industry may 
have inhibited positive developments in IEQ through a 
narrow priority of energy-efficiency. For instance, the risk 
of overheated apartments is negatively influenced by 
energy reduction initiatives to reduce heat losses and 
increase gains. If urbanisation is the solution to increasing 

world population and energy conservation for living and 
transportation, then multistory dwellings have a 
considerable influence on the comfort and health of future 
generations – and should be a topic of interest for 
architects, engineers and politicians. 
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Abstract

Thermal comfort indexes based on physiological mod-
els are generally based on the morphology of an av-
erage, male individual. The present work explores
the effects of physiological variability on the calcula-
tion of thermal comfort using the Standard Effective
Temperature (SET*). A semi-probabilistic approach
is used for the study, with French population demo-
graphics as input. Parameters in the physiological
model behind the SET* index that vary with human
physiology were generated according to probabilistic
laws and data from the literature.

The results demonstrate that the temperature accept-
ability range determined by the model is exceeded for
this population. However, standard deviations ob-
tained proved to be relatively low compared to field
data from literature. A sensitivity analysis showed
that the most influential parameters of the model are
sex, age, height and BMI.

Introduction

The SET* comfort index is based on the “two-node
model” of human thermoregulatory system Gagge
et al. (1971) and usable for both indoors or out-
doors Pickup et al. (2000). Under given environ-
mental conditions, the model yields thermal comfort
indicators, such as core temperature, skin tempera-
ture and skin wettedness. In steady state, for near
sedentary occupants, the two-nodel model is known
to yield reasonably accurate estimates for skin and
core temperature Doherty and Arens (1988); Takada
et al. (2011). It uses heat and mass balance equations,
human thermoregulatory functions, and the following
six environmental and personal parameters:

- Air temperature Ta: convective heat transfer

- Mean radiant temperature Tr: radiative transfer

- Air velocity v: convective and evaporative heat
transfer

- Relative humidity RH: evaporative heat transfer

- Clothing insulation [clo]: resistance to heat loss

- Individual metabolic rate [met]: generated body
heat

For long, the SET* thermal comfort index has been
associated with the two-node model. By definition,
SET* is “the temperature of an imaginary environ-
ment at 50% relative humidity, <0.1 m/s average air
speed, and mean radiant temperature equal to aver-
age air temperature, in which total heat loss from the
skin of an imaginary occupant with an activity level
of 1.0 met and a clothing level of 0.6 clo is the same
as that from a person in the actual environment, with
actual clothing and activity level” ASHRAE (2013),
resembling the conditions of a typical indoor.

Earlier works have looked at how a comfort model’s
physiological parameters may be adapted to indi-
vidual physiology, fitting measured body tempera-
tures Zhou et al. (2014). A more recent study ex-
plored how including individual’s physiological pa-
rameters can improve a model’s predictive ability for
a group of human subjects Davoodi et al. (2018). This
work addresses how physiological parameter variabil-
ity across a population affects the evaluation of SET*,
in the spirit of Bruse (2007), thus giving an estima-
tion of individual thermal comfort needs.

Translating from the comfort requirements as spec-
ified from the PMV-PPD model for sedentary office
workers, the comfortable SET* values range from 22.2
to 25.6� (a mere conversion from the 72-78°F range
from ASHRAE 55-74) Nishi and Gagge (1977). In
order to verify this comfort range for a given popula-
tion, Monte-Carlo simulations were led using sets of
physiological parameters following aleatory distribu-
tions around the physiological values garnered from
literature.

Two-node model

We briefly present here the two-node heat balance
model and the integration of physiological variability.

Heat balance equations

Considering the human body as a cylinder, the core
and skin temperatures Tc and Ts may be derived
using heat balance equations of the core and skin
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nodes ASHRAE (2009):

α
mcp
A

dTc
dt

= M − UT × (Tc − Ts)−Qr(1)

(1− α)
mcp
A

dTs
dt

= UT × (Tc − Ts)−H − E (2)

where M is the metabolic rate [W.m−2], A the body
heat exchange surface area [m2], m the body mass
[kg], Qr the total respiratory heat loss [W.m−2], H
the sum of convective and radiative losses [W.m−2],
E the evaporative heat loss at skin surface: diffu-
sion plus sweating [W.m−2], α the skin mass frac-
tion of total body mass and UT = Uc-sk + ṁbcb the
two-node model’s total conductance [W.m−2.K−1],
including tissue conductance and heat transfer via
specific blood flow ṁb [kg.m−2.s−1].
Herein, skin blood flow has been defined as the skin
blood flow on body surface qb [L.m−2.h−1],where

ṁb = ρb/1000
3600 × qb.

Body surface area and metabolic rate

The Dubois equation was used to determine body
heat exchange surface area, based on a person’s height
(in meters) and mass (in kg):

A = 0.203×m0.425 × h0.725 [m
2
] (3)

Individuals’ basal metabolic activity, M [W.m−2] was
computed from the equation for resting energy expen-
diture Mifflin et al. (1990):

M = (10×m+6.25×h×100−5×age+c)× 4184

3600× 24A
(4)

where c = 5 for men and c = −161 for women.

Thermoregulatory model

For mathematical tractability, thermophysiological
models, including the two-node model, represent the
human body as a regulated thermal system, with
vasoregulation, sweating, and shivering actions trig-
gered by deviations of body temperature from the
set-points. The thermoregulatory constants Cd and
Cst influence blood flow rate qb:

qb =
qsetb + Cd(Tc − T set

c )

1 + Cst(T set
s − Ts)

[L.m−2.h−1] (5)

where Cd [L.m−2.h−1.K−1] and Cs [K−1] are the dila-
tion and constriction constants, qsetb the set (default)
blood flow rate [L.m−2.h−1], Tc and Ts the core and
skin temperatures [�], and Tc

set, Ts
set the core and

skin set-point temperatures [�]. Sweating thermoreg-
ulation is governed as:

ṁsw = Csw × (Tb − T set
b )× e

(Ts−T set
s )

10.7 [g.m−2.h−1]
(6)

where Csw is the sweating coefficient [g.m−2.h−1].

For cold environments, shivering allows for inter-
nal heat generation Msh [W.m−2], additional to

metabolic activity M [W.m−2], acting as a cold de-
fence mechanism:

Msh = Csh × (Tset
s − Ts)(T

set
c − Tc) (7)

where Csh is the shivering coefficient [W.m−2.K−2].

Body specific heat capacity (cb) varies, with skin
mass fraction and specific heat capacities of fat and
body tissues (respectively cf = 2510 [J.kg−1.K−1] and
ct = 3650 [J.kg−1.K−1]):

cb = β × cf + (1− β)× ct (8)

where β is the body fat percentage [%].

Random sampling of parameters

The model inputs affected by physiological variations
are divided into “primary parameters”, directly taken
from the literature and “secondary parameters”, com-
puted from the primary ones.

Primary parameters

These parameters are directly affected by physiologi-
cal variations: sex (as assigned at birth), age, height
h, body mass index and the core and skin set-point
temperatures, respectively T set

c , T set
s . When parame-

ters exhibit a Gaussian distribution, they are defined
by (µ, σ), respectively their mean value and standard
deviation.

Height (h)
Height follows a normal distribution, as observed in
Duclos et al. (2011); Koepke et al. (2018). The aver-
age value and the standard deviation for height were
taken from the French national campaign de Saint Pol
(2007): (µ, σ) = (1.63, 0.09) [m] for women and
(µ, σ) = (1.75, 0.10) [m] for men. An overview of
height distribution by sex for 10000 individuals is
given in Figure 1 b).

Body Mass Index (BMI)
The actual BMI among French taken in de Saint Pol
(2007) was best matched by a Weibull distribution,
defined by Eqn. (9):

p(x, k, n, x0) =
k

n

(
x− x0
n

)k−1
e−( x−x0n )

k

(9)

The form and scale parameters (k, n) were deter-
mined using logarithmic regression on the data. x0
was fixed to x0 = BMI0 = 16 [kg.m−2]. Both female
and male BMI distributions are shown in Figure 1 c).

To the best of the authors’ knowledge, the French
age-wise BMI distribution is not available in the lit-
erature. The hypothesis was made that the BMI dis-
tribution is the same for different age groups.

Age distribution (age)

The age distribution from the 2018 official French cen-
sus de Saint Pol (2007) is shown in Figure 1 a). Given
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Figure 1: Population characteristics a) French pyra-
mid of ages in thousands per year of age from
de Saint Pol (2007), Distributions of b) Height c)
BMI d) Mass (n = 10000).

the Deurenberg Equation (11) is applicable only be-
tween 18 and 65 years, variability was not studied
beyond this age range.

Set-point temperatures (T set
s and T set

c )

The experiment of Chudecka et al. (2014) reports
skin temperature as being normally distributed. In
Gagge’s original model, T set

s and T set
c are respectively

33.7� and 36.8� while other references quote slightly
different values Gagge et al. (1971); ASHRAE (2013).
Standard deviation was taken as 0.337 [K] for T set

s in
order to respect the temperature criteria of Mack-
owiak et al. (1992) and 0.166 [K] for T set

c so as to
remain within 1� of variation for the core set tem-
perature for 99% of the Gaussian distribution.

Secondary parameters

Secondary physiological parameters such as mass m,
body fat percentage β, mean skinfold thickness esk
and tissue conductance Uc−sk were derived from the
primary parameters. The evaluation of model param-
eters Cd, Cst, Csw, Csh and qsetb is also possible using
primary parameters.

Mass
Mass m [kg] is derived from the BMI and height :

BMI =
m

h2
(10)

BMI is a consistent indicator of body morphology
when within 17 < BMI < 32 [kg.m−2] and hence
was not used without these bounds.

The obtained average mass for men and women was
respectively 60.5 [kg] and 77.2 [kg] (Figure 1 d), which
compares well with the values given by the national
statistical institute de Saint Pol (2007): µ = 63 [kg]
for women and µ = 77 [kg] for men.

Body fat percentage (β)

Correlations between body fat percentage β [%] and
BMI [kg.m−2] have been derived for different popu-
lation groups Pasco et al. (2012); Ranasinghe et al.
(2013). In absence of a specific correlation for the
French, the formula by Deurenberg et al. (1991) ap-
peared to be the most appropriate:

β = 1.2×BMI+0.23×age−10.8×sex−5.4 [%] (11)

Body tissues conductance (Uc-sk) and mean skinfold
thickness (esk)
Body tissues conductance Uc-sk in the Gagge model is
constant at Uc-sk = 5.28 [W.m−2.K−1]. In this study,
it was made dependent on the individual’s physiol-
ogy, as also explored in other works Bruse (2007);
Havenith (2001). Dependence of body tissues conduc-
tance on the skin tissue average thickness was com-
puted as following equivalent conductance:

1

Uc-sk
=

1

Ufat+skin
+

1

Umuscle
(12)

With

Umuscle =

(
0.05

1 + M−65
130

)−1
[W.m−2.K−1] (13)

Ufat+skin = ((0.5× esk − 2)× 0.0048 + 0.0044)
−1

[W.m−2.K−1](14)

where esk [mm] is the average of skinfold thickness ek
measured at 7 sites:

esk =
1

7
×

(
7∑

k=1

ek

)
[mm] (15)

The Jackson and Pollock’s equation of body density
ρ provides a relationship between ρ [kg.m−3] and esk:

ρ = C− B× esk+A× esk
2 (16)

where A = 5, 5.10−7 , B = 4.3499.10−4 ,
C = 1.1125075 and D = 2.8826.10−4 for both
men an women.

Equation (16) can hence be solved for esk, provided
the body density is known. The latter was derived
from the relationship by Siri (1993):

ρ =

(
β + 4.5

4.95

)−1
[kg.m−3] (17)

The resulting distribution of Uc-sk (Figure 2 a), ranges
from ∼ 6− 15 [W.m−2.K−1].

Values reported in literature range between UT =
8.3−33.3 [W.m−2.K−1] Schweiker et al. (2017). How-
ever these published values relate to both the contri-
bution of body tissues conductance and blood flow-
related heat transfer.

Values obtained for esk (Figure 2 b) compare well to
the measurements of Durnin and Womersley (1974)
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Figure 2: Individual physiological characteristics dis-
tributions for the French population (n = 10 000)
a) Uc-sk b) Mean skinfold thickness esk c) Basal
metabolic rate derived from Mifflin et al. (1990) for
indoor activity.

who reported the sum of individuals’ skinfold thick-
ness, the average rangeing between ∼ 10 and ∼ 45
[mm] — both male and female.

Set value of the skin blood flow (qsetb )
In the original model, the reference blood flow is cal-
culated after Equation (5). However, the blood flow
rate qb can be linearly corrected with the cardiac out-
put factor (COF) Davoodi et al. (2018) as:

COF =
CO

COref
(18)

where COref and CO are respectively the cardiac out-
puts for the reference individual and the actual indi-
vidual, calculated after Taylor et al. (1952):

CO = 0.061×m(1− β

100
)+0.034×100×h−4.313 [L/min]

(19)

The reference individual is a 40 year old European
male, weighing 73.5 [kg], and 1.71 [m] tall van
Marken Lichtenbelt et al. (2007); ASHRAE (2009).
COF then applies to the blood flow Equation (5) as
well as the maximum blood flow rate.

Dilation, striction, sweating & shivering coefficients
Different values can be found in the literature for the
model coefficients Cd, Cst, Csw and Csh:

- Dilation coefficient Cd: references Doherty and
Arens (1988); Gagge et al. (1986) propose Cd =
200, whereas in Höppe (1993) the preferred value
is Cd = 75 and ASHRAE (2013) provides a value
of Cd = 120 [L.m−2.h−1.K−1].

- References regarding the striction coefficient Cst

ASHRAE (2013); Gagge et al. (1971) agree on
Cst = 0.5 [K−1].

- Reference values for sweating Csw and shivering
Csh coefficients were taken as per the original
model, 170 [g.m−2.h−1] and 19.4 [W.m−2.K−2].

As these model coefficients cannot be measured
directly, we implement here the approach used
by Davoodi et al. (2018), introducing a dependency
between body surface and blood flow or sweating rate.

CFA =
A

Aref
(20)

where Aref is the Dubois body surface area of the
reference individual. CFA applies to Equations (5),
(6) and (7).

With 14 variable parameters in the model, a sufficient
number of evaluations is required. The number of
individuals was hence increased until both average
value and standard deviation stabilized under various
conditions, which occurred for ∼ 10000 samples.

Limitations of the method

Individual adaptation, such as adapting the clothing
level based on preferred temperatures, and acclimati-
zation or fitness of individuals were not considered.

The correlations established for the breathing heat
loss were not modified as their influence was consid-
ered as limited.

BMI distribution was not defined per age groups, the
hypothesis being that it remained the same for all of
them. This assumption may easily be challenged.

The skin blood flow equation (5) has not been mod-
ified in order to best fit the original model, though
others were found in the literature.

Results

The standard deviation of SET* is presented on psy-
chrometric charts for four different conditions.

Psychrometric charts

The average SET* and its standard deviation were
computed on psychrometric charts for different air ve-
locity conditions and mean radiant temperatures. For
each point on the charts presented in Figure 3, 10000
random drawings were performed. The standard de-
viation related to the variations among individuals
of both sexes was calculated for each of the series of
SET* obtained, an equal number of individuals being
drawn for each sex.

Four types of conditions were studied on the psychro-
metric chart for relative humidities ranging from 0 to
100%:

- Operative temperature: equal air and radiant
temperatures (Ta = Tr)

- High mean radiant temperature (MRT): radiant
temperature 30 [K] higher than the air temper-
ature (id est for each abscissa : Tr = Ta + 30),
simulating high solar irradiation
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- Wind: operative temperature with 0.7 [m/s] air
velocity

- High mean radiant temperature and wind: high
MRT with 0.7 [m/s] air velocity

Operative temperature conditions

Operative conditions studied corresponded to: Ta =
Tr and v = 0.1 m.s−1. Results presented in Figure 3
a) show the standard deviation σSET∗ [�]. For these
conditions, σSET∗ ∈ [0.25, 0.9].

Even under ideal temperature and humidity condi-
tions (in the vicinity of 19-25 [�], 50 [%] relative hu-
midity) variability amongst individuals has an influ-
ence on evaluation of comfort through the model. The
standard deviation reaches σSET∗ ∼ 0.35 − 0.5 [�].
This could allow SET* to get out of the 22.2-25.6 [�]
comfort zone of the original model for at least a part
of the population when the average SET* reaches the
edge of these bounds (the proportion of which will be
examined further in this paper). This is in line with
the findings that examining a wide group of build-
ing occupants, it was seen that they do not have a
predilection for narrowly controlled indoor tempera-
tures Arens et al. (2010).

The winter conditions (Ta = 0−10 [�]) exhibit a sig-
nificant standard deviation (σSET∗ ∼ 0.7 − 0.9 [�]),
hence indicating a diverse physiological reponse under
low temperatures conditions.

The standard deviations under high temperatures are
the lowest (σ ∼ 0.25 − 0.35 [�]). From a thermal
comfort point of view, the population behaves more
homogeneously under hot conditions than under cold
conditions. This relates at least partly to skin blood
vessels being dilated under warm conditions, leading
to a more uniform skin temperature.

High mean radiant temperature conditions

The σSET∗ ∈ [0.1, 0.5] (Figure 3 b) is smaller than
those for operative conditions. The oblique yellow
zone on the chart corresponds to the split between
individuals having reached critical skin wettedness
or not (for concision reasons this point will not be
adressed here). Beyond this zone, the entire popu-
lation has reached critical sudation and σSET∗ de-
creases. Air temperatures around 0� also exhibit a
higher variability.

Windy conditions

Interestingly, in windy conditions, Figure 3 c), the
standard deviation resembles that of operative con-
ditions, σSET∗ ∈ [0.15, 1.0], meaning the population
studied with the model shows a rather homogenous
dispersion of SET* around the average for both windy
and windless conditions (the average SETvalues be-
ing lower for windy conditions).

High mean radiant temperature and windy
conditions

In windy, high mean radiant temperature conditions,
according to Figure 3 d), the standard deviation is:

σSET∗ ∈ [0.1, 0.6]. Wind changes the threshold for
critical skin wettedness occurrence. Compared to
Figure 3 b), the increased variability zone (oblique
yellow zone) shifted to the right, implying that when
windy, critical sudation was reached at warmer tem-
perature.

(a) Windless conditions (b) High MRT conditions

(c) Windy conditions (d) High MRT + wind

Figure 3: Standard deviation for high mean radiant
temperature and windy conditions with iso-σSET∗ val-
ues every 0.1 [K].

The literature review by Van Hoof (2008) quotes
preferred temperature ranges in various field studies
varying from a few degrees to ∼ 10 [K] and stan-
dard deviations of 1 to 2 [K]. Such a range is notice-
ably higher than the results presented here. Ther-
mal comfort sensation can be due to factors other
than the physical, thermal environment. The cur-
rent work did not take into consideration variability
of clothing and other behavioural or psychological ad-
justments among the population. This study presents
the physiological aspects of variability over a popula-
tion, which would be complemented by behavioural
and psychological aspects. Nevertheless, the physio-
logical component of variability does exist.

Percentage of individuals within comfort zone

The SET* comfort range, between 22.2 and 25.6�,
is taken from Nishi and Gagge (1977) and repre-
sents ∼ 80% individuals satisfied with indoor con-
ditions. Using mean and standard deviation of SET*

obtained in Section for indoor operative temperature
conditions (Figure 3 a), the percentage of individu-
als within comfort was computed by integrating the
analytical Gaussian distributions. For the values be-
tween −∞ and x, with x = 22.2, this percentage is:

F (x) =

∫ x

−∞

1√
2πσ

e
−(x−µ)2

2σ2 dx =
1

2

(
1 + erf

(x− µ
σ
√

2

))
(21)

The ”right hand side” of integral F (x), i.e., the per-
centage of a distribution beyond the upper limit of
the comfortable SET* (x = 25.6), may be calculated
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similarly.

On the warmer side of the comfort zone, i.e., SET*

= 25.6�, the 10, 80 and 95% isopercentages lines
of comfortable individuals are in a relatively narrow
range (Figure 4). The dashed lines for 95% and 80%
lay on both sides of the 25.6� SET* limit. Comfort
percentage rapidly drops as this limit is passed.

In the vicinity of the cooler threshold of the comfort
zone, the percentage of comfortable people is spread
wider. One can see on Figure 4 that the 95% limit
stands within the generally accepted SET* comfort
zone. At the lower limit of the comfortable SET*,
50% of the studied population is outside the comfort
range (the 50% line and the 22.2 � SET* actually co-
incide). The behaviour observed in Figure 4 suggests

Figure 4: Percentage of individuals within the com-
fort zone in windless, operative temperature condi-
tions (solid lines : SET* limit values for comfort,
dashed lines : isopercentages 10, 80 and 95%).

a narrower comfort zone, after the SET* model: a
similar upper bound but a 0.5 [K] greater lower bound
for 80% acceptability, i.e. 22.7�. Beyond the lim-
its of comfort, on both warm and cool side, comfort
percentages rapidly drop off, similar to findings from
analysis of field study data Zhang et al. (2011). The
80 and 90% comfort lines are much closer on the warm
side than on the cool side. We hypothesize this asym-
metry originates from a more homogeneous vasodila-
tion under warm conditions Huizenga et al. (2004),
leading to more consistency in perception. Deviation
of the SET* lower comfort limit (22.2 to 22.7), com-
pared to PMV evaluations, could be interpreted in
the light of the recent compilation of worldwide field
studies, ASHRAE Database II Földváry et al. (2018),
where the percentage satisfaction-thermal sensation
vote curve also shows a slight asymmetry with the
minima not being on the neutral point of the thermal
sensation scale but slightly to the warmer side.

Sensitivity analysis

Complementing the study of physiological variabil-
ity, a sensitivity analysis of the SET* model was

conducted. Morris’ method Morris (1991) using the
Python SALib package Herman and Usher (2017) was
chosen. The method’s principle is briefly described
here, however a thorough explanation can be found
in Saltelli et al. (2008). It relies on the computation
of the elementary effect EEk related to parameter xk
on the output using a finite difference between two
SET* calculations, changing one parameter xk at a
time. This evaluation is repeated a number of times
r and the average µk of all elementary effects EEk
for parameter xk is computed:

µk =
1

r

r∑
i=1

|EEik| (22)

The standard deviation of the series of elementary
effect σk is also computed.

The importance of each parameter, xk, on the SET*

is evaluated by plotting the average elementary effect
µk against the standard deviation σk. Parameters’
ranking is determined by the ratio of magnitudes of
the computed average and standard deviation. There
are roughly two types of influences:

- Linear influence of a parameter: characterized
by points below the first bisector.

- Non-linear influence of a parameter: character-
ized by a position above the first bisector: the
dispersion of the distribution is of the same or-
der or above the elementary effect, meaning there
could be an interaction with other parameters.

Results presented are for 20 [�] air and radiant tem-
peratures, 50 [%] relative humidity and 0.1 [m/s] air
velocity (n = 10000). Various conditions were tested
and yielded similar results.

Figure 5a and 5b show that age has a linear influence
on SET*, is the predominant factor for both sexes.
Age affects several key parameters — metabolic activ-
ity according to the Mifflin equation (4), body fat per-
centage according to the Deurenberg equation (11),
and cardiac output equation (19) — consequently im-
pacting the model results. However, it may be added
here that the results of the simulations, that find a
significant impact of age, may not translate well to
the findings from field studies. The limitation lies
in how the impact of age is factored into the model.
More accurate models of the future may not have this
shortcoming and would benefit better from the anal-
ysis scheme presented in this work.

Height is the second most influential parameter for
women, while BMI comes second for men. Both pa-
rameters have a large span of variation across indi-
viduals, explaining their ranks. They also affect the
calculation of mass and body surface area, Equations
(10) and (3), which stand for the inertial terms in the
differential equations solved for skin and core temper-
ature (1) and (2).

Interestingly, corpulence parameters (height and
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BMI) have more influence on the average SET* for
women than for men: respectively σ ∼ 0.25 versus
σ ∼ 0.9 and also σ/µ∗ ∼ 0.5 for women and σ/µ∗ ∼ 1
for men. These parameters induce a non-linear be-
haviour, or may have interactions with other param-
eters for men. For men, height was fourth, behind
the skin set temperature.

For both sexes, skin and core set temperatures’ ele-
mentary effects are such that σ/µ∗ ∼ 0.5, meaning
the model behaves monotonously with the evolution
of these parameters. Similarly to these results, a re-
cent field study showed that sex, age, and BMI have
a significant impact on the deviations from neutral
conditions occupants can be comfortable with Rupp
et al. (2018).

(a) (b)

Figure 5: Sensitivity analysis after Morris’ method
for a) women and b) men.

To conclude, the most influential parameters on the
variability for the SET* model are sex and age. The
corpulence parameters (height and BMI) come next
for women, whereas for men the BMI and skin set
temperature are in second and third position (height
comes shortly after).

Conclusion

This work explored the effect of physiological variabil-
ity on SET*, using the original governing equations
of human physiology by Gagge et al. (1971, 1986).
Implementing state-of-the-art computation of ther-
mophysiological parameters, individual variability —
sex, age, and body morphology — was accounted for
by studying not a virtual reference individual, but
the French population. The SET* comfort index was
computed using random drawing of samples of 10
000 individuals combined with probability distribu-
tion functions.

Around comfort zone, for SET* values between 22.2
and 25.6 [�], the standard deviation reaches ∼ 0.7
[K]. For the SET* values near those upper and lower
bounds, usually close to ideal indoor conditions, a
significant part of the population can be dissatis-
fied. Indeed, if the model predictions are correct, the
SET* lower bound for 80% acceptability, should be
increased by 0.5 [K] for the population studied.

The standard deviation of the SET* increases when
temperature decreases, implying that the SET* ex-

perienced by individuals is more spread-out in cold
environments.

The sensitivity analysis revealed that, as examined
from the two-node model, sex and age are the most
influential parameters on the SET* and female indi-
viduals exhibit more individual variability.
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Abstract 

The direct relationship between maintaining comfortable 

indoor environments and energy consumption means that 

understanding comfort requirements can positively 

impact costs associated with the planning, design, 

construction, operation and maintenance of healthcare 

clinics in remote communities. At present, performance 

of healthcare clinics with respect to Indoor Environmental 

Quality (IEQ) is unknown and there is still uncertainty 

regarding the perceptions of users on specific IEQ factors 

in this region. The objectives of this study are to 

determine the thermal performance of such clinics and 

how the occupants perceive their thermal environment. 

Operative temperature and relative humidity were 

monitored over 12 months in a clinic located in Wanarn 

community, Western Australia using data loggers. 

Subjective perceptions of the thermal environment were 

collected from 9 clinic staff through questionnaires at the 

same time. The results provide quantitative perspectives 

on the thermal requirements for clinics in remote settings, 

useful as inputs for building simulations. This has 

practical implications for improved building performance 

and energy efficiency that enhances satisfaction and 

wellbeing of the occupants. 

 
Keywords: Thermal comfort, IEQ, Remote Australia, 

PMV, AMV, Healthcare Clinics, Energy Efficiency. 

 

 

Introduction 

 

 

The need to maintain thermally comfortable indoor 

environments in buildings has become synonymous with 

energy consumption (Andamon 2006). Thermal comfort 

standards such as ASHRAE 55, ISO 7730 and CEN15251 

are notable standards for determining acceptable indoor 

conditions for occupants in a building based on Fanger’s 

predicted mean vote (PMV) model in mechanically 

ventilated buildings. The model was developed based on 

temperate climates in Europe using university students as 

subjects in a controlled environment (Fanger 1970). 

These standards provide the platform for benchmarking 

acceptable comfortable indoor thermal conditions that aid 

the setting of temperature benchmarks for energy efficient 

designs through building simulations. However, many 

researchers (De Dear, Leow et al. 1991, de Dear and 

Fountain 1994, Karyono 1995, Kwok 1997, Cena and De 

Dear 1998, Hwang, Lin et al. 2007, Nasrollahi, Knight et 

al. 2008, Shaharon and Jalaludin 2012) have since applied 

this model in different geographical locations and 

building types to test its applicability in the prevailing 

climates in order to address environmental and human 

sustainability concerns. The findings from such studies 

have shown that the comfort range varies in various 

situations, implying that thermal comfort is contextual but 

internationally recognised thermal comfort standards are 

not. What is comfortable changes with time, place and 

season. It may also denote a social dimension that is 

dependent on culture and climate for instance, 

opportunities to modify parameters like clothing and 

activity level will enable individuals to be more 

comfortable (Cole, Robinson et al. 2013). Remote 

communities in Australia present unique characteristics in 

terms of their climatic, geographical, social, cultural and 

political realities when compared to city counterparts. 

This means that thermal comfort requirements will vary 

hence the need to establish thermal comfort parameters 

specific to remote communities based upon which 

sustainable design decisions can be proposed/made. This 

will provide baseline data for architects, designers and 

other built environment stakeholders to test alternative 

design scenarios for improved building performance via 

simulations to harness the environmental, economic and 

health benefits of high performing buildings, in this case 

healthcare clinics in the region. This in turn will help 

improve health outcomes in the region.  
Abbreviations: ASHRAE, (American Society of Heating, 

Refrigerating and Air-Conditioning Engineers), PMV, 

(Predicted Mean Vote), CEN, (European Committee for 

Standardization), IEQ, (Indoor Environmental Quality), 

OT, (Operative Temperature), Clo, (Clothing Insulation). 

Met, (Metabolic rate), CRANA, (Council of Remote Area 

Nurses of Australia), RAN, (Remote Area Nurse), ATSIC, 

(Aboriginal and Torres-Strait Islander Commission), 

TCS, (Thermal Comfort Survey), CBE, (Centre for Built 

Environment). PPD, (Percentage of Persons 

Dissatisfied), TSS, (Thermal Sensation Scale), AMV, 

(Actual Mean Vote). 
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Background 

Healthcare is provided in complex and energy-intensive 

facilities that range from critical care hospitals to medical 

office buildings. In general, they account for a remarkable 

fraction of the energy consumption in the utility buildings 

sector, due in large part to the very high energy intensity 

levels of hospitals and other inpatient care 

facilities(Buonomano, Calise et al. 2014). They have the 

highest energy consumption per unit floor area in the 

buildings sector (Gaglia, Balaras et al. 2007). The  

continuous use of heating and cooling equipment to 

maintain  satisfactory thermal environments for the 

occupants plus the use of artificial lighting on a 

continuous basis in several electrical health equipment, 

result in a relatively higher energy consumption when 

compared to other building types (Santamouris, Dascalaki 

et al. 1994, Alexis and Liakos 2013). They are designed 

for the long term use with an average lifetime usually over 

50 years, during which the building will be retrofitted and 

renovated more than once (Technologies 1997). While 

healthcare facilities possess these special characteristics 

that lead to the higher energy consumption, the high 

energy use can be significantly reduced with net 

economic benefit to the health sector (Singer 2010) as 

evident in countries like Germany and the Netherlands 

whose potential energy savings have been estimated at 

20% and 44% respectively (Technologies 1997). In 

remote Australia, health services are very different to their 

city counterparts. The facilities are generally smaller but 

play a vital role in the provision of community-wide 

integrated health services (Committee 2012). Remote 

Australia has notably different demographic and socio-

economic characteristics when compared to the rest of 

Australia (Maru, Chewings et al. 2012). These 

characteristics usually create some unique challenges for 

health services delivery resulting in residents of remote 

Australia recording poorer health outcomes and 

exhibiting higher health need than their city counterparts 

(Wakerman, Humphreys et al. 2008). Healthcare delivery 

in the region comes at a significantly higher cost (Zhao, 

Hanssens et al. 2006) and this cost increases with the 

degree of remoteness (Committee 2012). The need to 

improve health outcomes for residents of remote Australia 

means that more facilities will be required to increase 

access to healthcare and shorten the distance of travel to 

access healthcare services in the region. This will mean 

more operational costs for existing clinics as well as more 

upfront costs for providing new clinics. This puts 

financial strain on those responsible for providing 

healthcare access to remote communities such as the 

Department of Health and state governments. Despite the 

challenges, remote communities present a unique 

opportunity to develop a methodology for quantifying and 

improving building performance of its health facilities. 

That is, reflective of smaller type healthcare facilities 

while capturing the characteristic differences applicable 

to its locality. Therefore, this study aims to identify and 

benchmark acceptable comfort conditions for the 

healthcare workers so that energy requirements to 

maintain these conditions can be adequately assessed via 

simulations. These measures will maximize efficiencies, 

reducing operational cost and offer valuable insights as to 

how clinics operate in remote communities.  

Remote Context of the Study 

Remote communities in Australia are characterised by the 

diversity based on degree of remoteness, culture, low 

population density that is also ageing, limited 

infrastructure, harsh climatic conditions and higher costs 

associated with healthcare delivery (Health 2013). These 

facilities provide community-wide integrated health 

services that include mental health services, oral health, 

community and aged care, in addition to social services. 

These communities also face the challenge of attracting 

and retaining medical workforce leading to a situation 

where fewer locally available specialists are required to 

provide services to a more dispersed population (Ageing 

2012). There is an uneven distribution of healthcare 

professionals across the country for example, in 2006, 

very remote areas had 58 generalist medical practitioners 

per 100 000 population (compared to 196 per 100 000 in 

capital cities ), 589 registered nurses per 100 000 

population (compared to 978 per 100 000 in major cities) 

and 64 allied health workers per 100 000 population 

(compared to 354 per 100 000 in major cities) (Ageing 

2012).  According to the Council of Remote Area Nurses 

of Australia, CRANA data, there are 248 clinics staffed 

by 595 nurses in remote and very remote areas. There are 

51 clinics with no resident remote area nurse, 72 that are 

single nurse posts and a further 61 in very remote areas 

staffed by only two remote area nurses, all providing 24-

hour cover seven days a week. In the Northern Territory 

(NT) there are 78 very remote clinics dispersed across the 

state staffed by remote area nurses with very few having 

resident doctors. In actual fact, only nine of these towns 

and communities in the NT have resident doctors, the 

remainder receive intermittent visits dependant on 

medical availability (Wyber-Hughes 2004). It is therefore 

no surprise that residents of rural and remote communities 

experience poorer health outcomes and exhibit higher 

health need. This proportion increases with increasing 

remoteness, with Indigenous health outcomes lagging 

well behind those of other Australians (Humphreys and 

Wakerman 2008). The problems associated with health 

care delivery in remote Australia has been firmly 

established and there is considerable catch up to be 

achieved. This relates to the provision of more needed 

infrastructures, funding and service development. It is 

aimed at improving access to acceptable, adequately 

resourced, sustainable models of healthcare in rural and 

particularly remote areas, where health outcomes are 

worse and there is a high proportion of Indigenous 

residents. It is important to note that these problems do 

not only serve as obstacles to adequate health care 

provision in remote communities but also provide 

opportunities for innovation.  
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Methodology 

The research was established from three main stages: 

Case study characterization; thermal perception of the 

occupants; and an evaluation of thermal performance via 

calculations. 

Case Study 

Wanarn Community healthcare clinic is in the community 

of Wanarn located in the Ngaanyatiarraku Shire Council 

area in the Warburton Ward of the Aboriginal and Torres-

Strait Islander Commission (ATSIC) Western Desert 

Regional Council. It lies on the eastern side of Western 

Australia about 15 kms from the Great Central Highway 

approximately 160kms north east of Warburton 

(Ngaanyatjarraku 2012). Wanarn community includes a 

population of about 180 people with most of the 

population demographic comprising older people and a 

few children. Community facilities at Wanarn include 

community store, ambulance service/emergency 

evacuation, mechanical workshop/fuel depot, Aged care 

persons centre, recreational facilities such as football 

oval, basketball court and a playground for small children, 

a health clinic and primary school (Western Australian 

Planning Commission 2004). The climate is classified as 

arid to semi-arid (Desert), with hot summers; 

temperatures are often above 40°C with moderately cool 

winters and often very cold nights. The meteorological 

view of the Aboriginal and Torres Strait Islander people 

is one of great diversity that can't be meaningfully 

simplified to a rigid European seasonal calendar for the 

entire continent. Because of all this, seasonal cycles as 

described by the various Aboriginal cultures differ 

substantially according to location. In western Australia, 

six seasons exists: Kambarang, Birak Bunuru (Dry and 

hot season – October to March) and Djeran, Makuru, 

Djilba (cool and wet season – April to September). 

Rainfall is erratic and difficult to predict (Meteorology 

2016). To the north of the Lands, rain is distributed in a 

tropical and summer pattern. This study is discussed in the 

context of warm and cool seasons as per aboriginal 

climatic classifications. The clinic was built early 2015 

and consist of a dialysis room, nursing station, emergency 

room, waiting room and office space. The building is 

characterised by steel framed metal cladded walls on the 

exterior with plasterboard and vinyl lining on the internal 

walls. Roof and walls are insulated, windows are single 

glazed, and cooling is achieved by mechanical means 

through split systems with no heating provided (Figure 1). 

The work force is typical to those found in remote 

communities comprising a Remote Area Nurse (RAN), a 

clinic manager, occupational therapist, chronic disease 

coordinator and cleaner as well as visiting professionals 

such as general practitioner (GP), allied health 

professional, and other specialist, thus a small sample 

size. The staff office highlighted in Figure 1 was selected 

for monitoring environmental conditions as this is the 

space actively occupied by clinic staff. The results 

presented here are based on the findings from monitoring 

environmental parameters of the office space and 

subjective perceptions of thermal conditions of the clinic 

staff in relation to the office space. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Figure 1: Floor plan and image of Wanarn healthcare 

clinic. Source: Author 

Thermal perceptions of occupants 

Several factors affect people’s perception on their indoor 

environment and are generally classified in two 

categories: thermal environmental factors and personal 

factors (Tartarini, Cooper et al. 2017) A longitudinal 

investigation was carried out in August (Djilba) and 

October (Kambarang) in 2017 during which thermal 

comfort surveys (TCS), were administered to occupants 

of the building to gather responses relating to thermal 

sensation, temperature preference and thermal 

acceptability, clothing insulation level and metabolic 

NORTH 
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activity. For air velocity, a steady state assumption of 

0.2m/s was adopted in line with American Society for 

Heating, Refrigeration and Air-conditioning Engineers 

(ASHRAE) 55-2013 standard for AC buildings 

(ASHRAE 2013). The surveys were based on the 

application of three scales; Ashrae 7-point scale, 

McIntyre and acceptability scale. The surveys were 

administered to a total of 9 respondents (3 in Kambarang 

- summer and 6 in Djilba - winter) during operational 

hours (8am – 6pm) from Monday to Friday in the clinic 

over 3 days. The respondents differed across both 

seasons. Table 1 gives a summary of the responses. The 

dates were identified from outdoor climatic data obtained 

from the closest weather station (Giles weather station) 

about 92km from Wanarn. The survey also covered 

aspects of work area satisfaction, general thermal 

comfort, ventilation, lighting, noise, indoor air quality, 

personal control, productivity and health. Data on 

metabolic rates and clothing insulation were based on the 

provisions of ASHRAE 55 standard for values of clothing 

and activity types and applied in thermal comfort 

calculations using the Center for Built Environment, CBE 

thermal comfort calculation tool. Table 2 presents a 

summary of clothing insulation (Clo) and metabolic rates 

(Met) from the survey. Clo and Met. values for winter 

months are 0.53 and 1.25 respectively while summer 

recorded Clo and Met. values of 0.5 and 1.1 respectively.  

 
Table 1: Summary of thermal comfort response votes in 

summer and winter months showing percentage of satisfaction 

and dissatisfaction. 

 
Table 2: Metabolic rate and Clothing insulation values for 

respondents during hot and cold seasons 

 
 

Monitoring of thermal environmental factors 

The surveys were accompanied by Simultaneous 

measurement of the indoor and outdoor climatic 

parameters of the office space in the building occupied by 

the clinic staff as identified in Figure 1. Hourly readings 

were recorded for temperature and humidity for a period 

of 12 months using Ezeio data loggers from January 2017 

– December 2017. For each parameter measured, a total 

of 8753 data points was recorded making it a combined 

total of 17,506 data points. To be prepared for analysis, 

the data was reviewed to eliminate rogue/ unusual data 

points to maintain the integrity of the data for analysis. 

For the indoor temperature, readings below 16°C were 

ignored together with the corresponding values for 

humidity. The said temperature of 16°C was arrived at by 

identifying the coldest month according to the weather 

station for 2017 which happened to be in July. 

Subsequently, the lowest outdoor temperature from the 

data logger was identified at 4.8°C on the north, 2.8°C on 

the western side and 1.0°C on the eastern side of the 

building and the corresponding monitored indoor 

temperature was 16.0°C on the 7th of July 2017 at 

6:00am. The number of data points 16°C and above for 

indoor measurements and the fact that the minimum set 

point for the air-conditioner is 16°C justify its adoption as 

the minimum indoor temperature to be used for 

subsequent analysis. For the outdoor measurements, the 

same logic was applied which led to the exclusion of 

temperature readings below 1°C together with 

corresponding humidity measurements from the data for 

subsequent analysis. To this end, 95% of the data was 

found to be useful for analysis. Ezeio compatible data 

loggers operating on a Wireless Sensor Network (WSN) 

were selected to perform this study. To monitor indoor 

climatic variables, QHT 24R sensor was used to measure 

internal temperature and humidity. Accuracy of this 

logger for temperature was ±0.2℃ with a measurement 

range of -30℃ to +70℃ and humidity was ±3% with a 

measurement range of 0% to 100%. These are in line with 

the provisions of Ashrae Standard 55 for temperature and 

humidity measuring instruments. The loggers were 

mounted at a height of 1.1m above finished floor level as 

the zone to take measurements of temperature and 

humidity. This is considered an approximate height that 

an occupant would be seated in the spaces and most likely 

to be engaged by thermal variables. Outdoor temperature 

was monitored using HOTT 010 VCP Temp/Humidity 

sensor. It has four switchable temperature ranges of -35°C 

to +35°C, -35°C to +75°C, 0 to 50°C and 0 to +80°C. The 

selected temperature range for this data logger to monitor 

the outdoor temperature was -35°C to +75°C and 

measurement accuracy of +/- 0.8 Kelvin (-275 °C) at 

+20°C, based on place of installation and mounting 

position while the relative humidity has a measuring 

range of 0 to 100% r.H., operation range of 0 to 95% r.H. 

and accuracy of +/- 3% (20 to 80% r.H.), at +20°C 

otherwise +/- 5%(Products 2017) 

 

-3 -2 -1 1 2 3

ASHRAE 7-Point Scale

Cold Cool Slightly cool Slightly warm Warm Hot

Acceptability

McIyntre Preference Scale

Summer Months

Respondent 1

Respondent 2

Respondent 3

Winter months

Respondent 4

Respondent 5

Respondent 6

Respondent 7

Respondent 8

Respondent 9

Total

Unacceptable

●

●

●

●

Want warmer No change Want cooler

●

●

11.50%77%

0

Neutral

Unacceptable Acceptable

●

11.50%

●

●

Respon

dent Gender

Age 

bracket

Period lived in 

community 

(Months)

Hours worked 

per week

Period worked 

in the building 

(Months)

M 

(Met)

Icl 

(Clo)

Summer 1 M 50+ 14 37-48 14 1.1 0.34

Season

Djilba 2 F 50+ 6 49+ <12 1.1 0.64

3 F 21-29 7 13-24 <12 1.1 0.53

Average 1.1 0.5

Winter 4 F 50+ No response 12 <12 1.1 0.18

Season

Kambarang 5 F 50+ 5 49+ <12 1.1 0.81

6 F 50+ 4 25-36 <12 1.1 0.7

7 F 50+ 36 37-48 <12 1.1 0.61

8 M 50+ No response No response <12 1.1 0.27

9 M 50+ No response 13-24 <12 2 0.61

Average 1.25 0.53
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Temperature 

For the office space, the minimum, maximum and mean 

indoor temperatures for summer are 23.25℃, 28.96℃ 

and 25.85℃ respectively and in winter, 22.21℃, 26.77℃ 

and 24.67℃ respectively. Minimum, maximum and mean 

temperatures for the whole year are 22.73℃, 27.86℃ and 

25.26℃ respectively. Similar readings for outdoor 

temperatures record minimum, maximum and mean 

values for summer at 26.32℃, 42.92℃ and 36.16℃ 

respectively. Minimum, maximum and mean values for 

winter months are 17.55℃, 31.24℃ and 24.93℃ 

respectively. Similar readings for the year recorded a 

minimum value of 22.04℃, maximum of 37.08℃ and 

mean of 30.55℃. Table 3. This is an indication that the 

building requires more of cooling than heating. 

 
Table 3: Yearly summary, indoor and outdoor temperature. 

 

Humidity 

For the office space, the minimum, maximum and mean 

humidity levels for summer are 15.55%, 65.62% and 

41.12% respectively and in winter, 11.55%, 78.56% and 

32.70% respectively. Minimum, maximum and mean 

temperatures for the whole year are 11.53%, 78.56% and 

36.85% respectively. Similar readings for outdoor 

humidity record minimum, maximum and mean values 

for summer at 6.40%, 78.47% and 27.13% respectively. 

Minimum, maximum and mean values for winter months 

are 8.45%, 88.10% and 25.97% respectively. Similar 

readings for the year recorded a minimum value of 6.40%, 

88.10% and 26.55% respectively, according to Table 4. 

This is an indication that the humidity in the summer 

months is better than during winter. 

 
 

 

 

 

Table 4: Yearly summary, indoor and outdoor humidity 

 

The Comfort Zone, PMV and AMV calculation using 

CBE Thermal comfort tool.   

 

 

ASHRAE Standard 55 - 2013 defines the comfort zone as 

the thermal environment where the combinations of 

temperature, humidity, values of air speed, metabolic rate 

and clothing insulation is predicted to be acceptable. It is 

that temperature and neutral point (0) on the thermal 

sensation scale where the PMV is between -0.5 and +0.5. 

The Actual Mean Vote (AMV) is a derivation based on 

the resultant votes on the TSS and covers a wider margin 

in the region of -1 and +1 where 77% of the respondent 

voted. The AMV index therefore creates the link between 

subjective and objective data collection in the study for 

determination of acceptable comfort temperature. Within 

the range of PMV, the percentage of persons dissatisfied 

(PPD) is said to be less than or equal to 10% based on 

recommended values of metabolic rates between 1.0 and 

1.3 met. In addition, clothing insulation of 1.0 Clo in 

winter  and 0.5 Clo in summer and 80% acceptability of 

temperature within the environment in question is 

required (ASHRAE 2013). The European standard 

CEN15251 agrees with this while the International 

Standard Organisation ISO 7730 specifies three different 

categories of acceptable thermal environment; A, B and 

C. Category A represents the highest satisfaction of the 

environment where the PMV sits between -0.2 and +0.2 

and PPD of less than or equal 6%. Category B indicates 

the moderate satisfaction of the thermal environment 

where PMV values must be between -0.5 and +0.5, PPD 

less than or equal to 10%. Eventually,   category C denotes  

the minimum requirement with a PMV range between -

0.7 and +0.7 and a PPD less than or equal to 15% 

(Standard 2005, Khan and Pao 2015). For steady state 

conditions, it is possible to determine PMV based on air 

temperature/ operative temperature (OT), humidity, 

clothing insulation and metabolic rate. This view is 

supported by several authors when calculating PMV for 

steady state conditions such as AC buildings which is a 

Month Min Max Mean Min Max Mean

Jan 23.20 30.20 25.26 28.66 42.83 36.54

Feb 22.00 27.30 25.45 29.72 42.60 37.68

Mar 24.23 29.10 26.10 27.41 47.42 37.04

Apr 24.19 28.67 25.79 18.96 34.90 27.19

May 23.20 26.90 25.27 20.47 28.64 25.59

Jun 18.99 25.35 22.55 14.16 27.55 19.89

Jul 20.13 26.55 23.83 16.30 27.97 22.16

Aug 23.61 26.55 25.17 14.18 31.20 24.60

Sep 23.14 26.64 25.41 22.46 37.21 30.19

Oct 23.15 28.23 25.59 20.10 40.82 33.47

Nov 22.30 29.02 25.85 21.61 41.04 35.55

Dec 24.67 29.92 26.86 30.46 42.82 36.72

Summer 23.25 28.96 25.85 26.32 42.92 36.16

Winter 22.21 26.77 24.67 17.55 31.24 24.93

All year 22.73 27.86 25.26 22.04 37.08 30.55

Indoor Temperature °C Outdoor Temperature °C

Month Min. Max. Mean Min. Max. Mean

Jan 35.36 62.01 48.29 13.05 78.47 44.70

Feb 27.99 65.00 41.70 9.51 49.56 27.29

Mar 23.14 49.36 37.87 9.55 47.19 21.69

Apr 14.27 78.56 38.47 10.89 88.10 33.22

May 24.25 48.13 34.06 18.01 40.85 27.97

Jun 11.53 62.49 33.50 10.51 81.99 30.19

Jul 20.78 62.82 35.58 14.29 62.11 28.11

Aug 20.17 38.39 29.08 13.52 44.24 21.19

Sep 13.15 65.61 25.97 8.45 53.72 15.57

Oct 22.72 65.52 41.00 9.62 59.07 24.44

Nov 15.55 65.45 41.86 6.40 60.11 24.66

Dec 19.25 48.05 36.89 10.80 48.98 22.46

Summer 15.55 65.52 41.12 6.40 78.47 27.13

Winter 11.53 78.56 32.70 8.45 88.10 25.97

All year 11.53 78.56 36.85 6.40 88.10 26.55

Indoor Humidity % Outdoor Humidity %
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characteristic of the selected case study. Han et. al. (2014) 

highlighted the complexity and limitations of measuring 

all six variables and proposed a simplified predicted mean 

vote index. This view is further supported by Humphreys 

et.al. (2007) where they posit that air temperature and 

radiant temperature are not very different but in fact closer 

in practice in indoor environments based on thermal 

modelling of an empty room. It, therefore, can be used as 

an adequate measure of the thermal component of the 

thermal environment. Considering this, the variables 

measured for the calculation of PMV and AMV and 

determining acceptable thermal conditions include 

temperature, and humidity (from instrumentation), Clo. 

and Met. values from field survey of the respondents 

during winter and summer periods respectively. 

 

The CBE thermal comfort calculation tool is one 

developed by Schiavon et.al. (2014) at the Centre for Built 

Environment (CBE) at the University of California, 

Berkeley. This web-based tool provides a cross- platform 

that allows for thermal comfort calculations, 

visualisations, design and compliance according to 

ASHRAE Standard 55-2017 to be achieved by designers 

and practitioners. The CBE tool is web based, free, cross 

platform, does not need to be downloaded, works on any 

computer and allows the user to modify/ customise the 

values of inputs. Several values of temperature and 

humidity measured from instrumentation can be plotted 

on the charts, visualised with resultant calculations 

indicating compliance with ASHRAE Standard 55 - 2017 

in an instant. PMV and PPD are determined thereby 

identifying comfort temperatures for analysis and 

decision making. The CBE tool was used to determine 

PMV for neutrality (0 on the TSS) and preferred (-1,0 +1 

on the TSS = AMV) for every hourly reading of indoor 

temperature and humidity for the office space. 

Temperature and humidity inputs from instrumentation 

together with Clo. and Met. values for winter and summer 

would automatically calculate resultant temperatures and 

confirm compliance/non-compliance with ASHRAE 55 

standard. As compliant combinations represent neutrality 

(0) on the thermal sensation scale, non-compliant 

combinations are also specific as to their position on the 

scale whether towards neutrality or away from neutrality 

and to what degree (-1, -2, -3, 0 or +1, +2, +3) (Table 5). 

Based on this, resultant temperatures within the respective 

regions of the thermal sensation scale was also recorded 

to enable determination of mean acceptable temperature 

based on AMV (-1,0+1).  
 

 

 

 

 

 

 

 

 

 

 

 

Table 5: PMV determination for neutral and preferred 

temperature using CBE thermal comfort calculation tool for a 

typical month: January 2017 from Monday to Friday (8am – 

6pm). 

 
Results 

Thermal response vote:  

The distribution of thermal sensation votes and 

acceptability within the range of -3 (cold) to +3 (hot) 

based on the combined use of the Ashrae 7-point scale, 

Mclyntre scale and acceptability scale where the 

respondents voted is presented in Table 1. All respondents 

voted within the range of -2 (cool) and +2 (warm) on the 

TSS. In summer, 33% of respondents found their thermal 

environment acceptable (-1,0, +1 on the TSS) while 67% 

desired change (-2 and +2 on the TSS respectively). In 

winter however, 100% acceptability with the thermal 

environment (-1,0, +1 on the TSS) was reported with the 

respondents desiring no change, hence satisfied with the 

indoor environment. A similar result was recorded for 

humidity. This result shows that occupants can still be 

comfortable outside the neutral zone all year round. 

Among the 9 respondents/ clinic staff that participated in 

the study, only one of them (respondent 1) had spent up 

to 12 months working in the building and only respondent 

7 had lived in the community for more than 12 months. 

The period spent in the community could have huge 

implications on the outcome on thermal comfort 

calculations since the ability to adapt to one’s immediate 

environment over time impacts clothing insulation values. 

Ashrae 55-2013 recommends clothing insulation values 

for winter and summer as 1.0Clo and 0.5Clo respectively 

but in this case, the Clo values calculated from the survey 

administration results in 0.53Clo in winter and 0.50Clo in 

summer. The resultant preferred comfort temperature 

based on Fanger’s PMV model is determined from 

thermal comfort calculations within the range of -1 and 

+1 on the TSS in line with the results from subjective 

votes from the questionnaires. It is on this basis that the 

AMV is established to benchmark acceptable indoor 

temperatures for building simulation and is considered the 

preferred temperature. 

Day Month Date

Mean 

Indoor 

Office - 

Temp. 

(°C)

Mean 

Indoor 

Office - 

RH (%) PMV PPD % SET (°C)

Thermal 

sensation Sensation

ASHRA

E 

Complia

nce

Monday January 2/01/2017 23.70 43.93 -0.60 13.00 23.10 -1.00 Slightly Cool No

Tuesday January 3/01/2017 23.20 46.26 -0.75 17.00 22.60 -1.00 Slightly Cool No

WednesdayJanuary 4/01/2017 23.60 43.30 -0.64 14.00 23.00 -1.00 Slightly Cool No

Thursday January 5/01/2017 24.89 43.09 -0.22 6.00 24.30 0.00 Neutral Yes

Friday January 6/01/2017 25.64 44.40 0.04 5.00 25.10 0.00 Neutral Yes

Thursday January 12/01/2017 23.84 54.77 -0.48 10.00 23.40 0.00 Neutral Yes

Friday January 13/01/2017 23.40 57.33 -0.61 13.00 23.00 -1.00 Slightly Cool No

Monday January 16/01/2017 23.48 53.52 -0.61 13.00 23.00 -1.00 Slightly Cool No

Tuesday January 17/01/2017 25.68 45.31 0.06 5.00 25.20 0.00 Neutral Yes

WednesdayJanuary 18/01/2017 24.53 46.35 -0.31 7.00 24.00 0.00 Neutral Yes

Thursday January 19/01/2017 23.81 62.01 -0.44 9.00 23.50 0.00 Neutral Yes

Friday January 20/01/2017 28.88 48.47 1.15 33.00 28.70 1.00 Slightly Warm No

Monday January 23/01/2017 28.28 35.36 0.83 19.00 27.40 1.00 Slightly Warm No

Thursday January 26/01/2017 25.73 51.53 0.12 5.00 25.40 0.00 Neutral Yes

Friday January 27/01/2017 26.85 45.88 0.45 9.00 26.40 0.00 Neutral Yes

Monday January 30/01/2017 25.83 40.68 0.07 5.00 25.20 0.00 Neutral Yes

Tuesday January 31/01/2017 25.71 51.21 0.11 5.00 25.40 0.00 Neutral Yes
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PMV(Neutral) and AMV (Preferred) temperatures 

Neutral temperature based on PMV calculations in the 

office space in summer is 25.71℃ at 41.47% humidity. 

whereas, winter months is 25.39℃ at 32.57% humidity. 

Neutral temperature over the 12-month monitoring period 

is 25.55℃ at 36.93%. Preferred temperature based on 

AMV calculations for the office space is 25.85℃ at 

41.00% humidity. Winter months is 24.82℃ at 32.40% 

humidity and for the 12-month period, the preferred 

temperature for the office is 25.33℃ at 36.69% humidity. 

Table 6 shows representations of PMV (0 on the TSS) and 

AMV (-1, 0, +1 on the TSS) temperatures respectively. 

AMV presents occupant comfort within a wider 

temperature range between 20℃ and 30℃ across both 

seasons with an AMV between -1.69 and +1.31.  when 

compared to PMV which entails a narrower range 

between 23.5℃ and 27℃ and PMV within the range of -

0.48 and +0.50, compliant with ASHRAE 55 standard. 

From 259 days of hourly readings with the exclusion of 

weekends, 193 days were compliant with ASHRAE 

standards based on the neutral sensation temperatures 

while AMV had 255 days. The difference between these 

two indices have huge implications for the sizing of air-

conditioning and subsequently energy consumption. This 

further implies that making design decisions based on 

PMV index where neutrality is considered optimum 

comfort temperature has the tendency for the over 

prediction of thermal comfort requirements. 

Consequently, the over specification of mechanical 

systems to maintain this condition thereby resulting in the 

higher energy demand and cost, and also, overcooling of 

the building to the detriment of the occupants within this 

geographic location and climatic zone. 

 
Table 6: Acceptable temperatures based on PMV and AMV 

determination using CBE thermal comfort calculation tool for 

a typical year, summer and winter seasons respectively from 

8am to 6pm, Monday to Friday. 
 

 

Discussion / Conclusion 

The need to improve health outcomes for residents of 

remote communities in Australia mean that an increase in 

the access to healthcare facilities is needed in these 

regions. Achieving this comes at significantly higher cost 

when compared with urban counterparts due to the 

challenges associated with the remote context. 

Sustainable design solutions can help reduce costs 

associated with the design, construction and operation of 

healthcare clinics with an understanding on the thermal 

requirements of such buildings. This sort of information 

is currently lacking for remote communities hence the 

study investigated how a remote clinic performed with 

respect to the thermal performance, providing quantitative 

data based on the perception of the clinic workers. Results 

from thermal comfort field survey revealed that 77% of 

the staff were comfortable with their thermal environment 

and desired no change within the typical year. However, 

seasonal changes had a negative impact on the occupant 

thermal comfort in summer rather than winter. This means 

that more attention should be given to this season when 

proposing cost effective design solutions / strategies for 

improvement. The comparison between PMV and AMV 

temperatures reveals that people within this region may 

tolerate higher temperatures than those recommended by 

thermal comfort standards in hot and arid climates. This 

is also supported by previous studies in the works of (De 

Dear, Leow et al. 1991, de Dear and Fountain 1994, 

Karyono 1995, Kwok 1997, Cena and De Dear 1998, 

Hwang, Lin et al. 2007, Nasrollahi, Knight et al. 2008, 

Shaharon and Jalaludin 2012). Acceptable temperature of 

25.33°C all year-round accounts for 98% of the readings 

and is considered suitable for use as a temperature 

setpoint for building simulation to test alternative design 

solutions. This is useful to provide guidance to building 

professionals and stakeholders on how clinics in remote 

areas should be designed, built and operated to enhance 

thermal comfort and maximize energy efficiency within 

the remote context. The resultant sample size for this 

study is typical for clinic staff in remote communities 

where a typical remote clinic would comprise of 1 Remote 

Area Nurse, 1 Occupational Therapist and 1 Clinic 

Manager. Other disciplines such as Chronic Disease 

Coordinator, Allied Health, General Practitioner, Cleaner 

and Visiting Specialists are usually spread across multiple 

remote clinics say a group of 5 clinics or more, hence the 

sample size is usually small for this category of cases. To 

address this limitation, further research is underway to 

extend this study to include subjective investigations on 

the thermal perceptions of the clinic users (Indigenous 

Australians). This will provide a stronger base for 

generalisation of findings and provide better insights on 

acceptable comfort temperatures useful for the 

exploration of design scenarios for clinics in remote 

communities via building simulations.  
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Summer Winter All Year Temp. Range PMV Range

PMV ℃ 25.71 25.39 25.55 23.50 - 27.00 0.48 - 0.50

AMV ℃ 25.85 24.82 25.33 20.00 - 30.00 -1.69 - 1.38
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Abstract 
This study assesses the problem of overheating in vintage 
(generally older than 10 years) residential buildings of 
low-income households in Atlanta, which are prone to 
overheating not only due to poor envelope properties but 
also for the reason that air conditioners do not operate at 
the capacity which would result in insufficient cooling of 
space. These are the cases where either the air conditioner 
is not maintained over the years or they are under-sized 
for sultry days. The objective of this paper is to simulate 
the behavior of residences with deficient HVAC. Typical 
single-family detached residences are simulated for both 
TMY as well as HMY as weather inputs. The simulation 
models the scenarios where air conditioner capacities are 
varied from 1 (aptly sized system) to 0 (a dysfunctional 
air conditioner) to obtain indoor environmental 
temperatures. These are then used in comfort and stress 
measures that represent physiological thermal stress in 
these dwellings. The investigation reflects the seriousness 
of the problem posed by these sub-par air conditioners and 
the paper concludes with a discussion on the use of TMY 
vs HMY for such studies. 

Introduction 
Heat exposure in buildings has been studied for various 
reasons. Global warming in conjunction with other factors 
like urbanization and associated heat island effects, lack 
of thermal mass, exposure to solar insolation on higher 
stories, absence of window shading, overcrowding and 
envelope properties exacerbate the overheating inside the 
dwellings.  

Buildings can overheat in such conditions, mostly 
because of undersized cooling capacity or because the 
building was deemed to operate without mechanical 
cooling. The current literature separates the standards of 
overheating in two groups, namely, naturally cooled 
buildings (Passivhaus Institut-2012, British standard 
EN15251 and ASHRAE adaptive standards) and 
mechanically cooled buildings (ASHRAE 55). 

Adaptive standards such as CIBSE (CIBSE Guide C - 
Reference Data - Georgia Tech Library, n.d.)(Masoud, 
Sameni, Gaterell, Montazami, & Ahmed, 2015) and EN 
15251 rely heavily on the running mean outside 
temperature and are essentially applicable to free running 
buildings. 

Although much work has been done to assess the risk of 
overheating in buildings, there is still a lack of 

convergence and acceptability on the methods employed 
to account for heat stress as a result of overheating. 

The use of TMY is a norm for energy studies in buildings 
as they are a representation of “average” weather of 
location. However, its use in resilience and heat risk 
assessments have been debated in literature for a long 
time. The use of Historical Meteorological Years 
(HMY’s) in this study from 1974 to 2012 includes the 
extremities of climate in Atlanta over a considerably long 
time-span. 

There is a variety of human comfort measures and indices 
that can be used to express human sensation to high 
temperatures and humidity. A “gap” exists between the 
indices that are based on the holistic consideration of 
human physiology including heart rate, rectal temperature 
and skin conductance verses indices based on no 
physiological parameters or only a simplified 
physiological model, for instance of the skin. In that case 
the indices are either based on purely physical variables 
of the environment (eg., air and mean radiant 
temperature) or based on a simple model of the skin 
temperature.  

(Epstein & Moran, 2006)categorized the indices in three 
groups namely, rational indices (based on heat balance 
equations), empirical indices (based on objective and 
subjective strain) and direct indices (based on 
measurement of environmental variables). The review 
paper of (Beshir & Ramsey, 1988) is a helpful source to 
compile the list of applicable indices considered in this 
paper. 

The study paves way to design a framework for 
assessment of heat risk in low income communities of 
society marred by ill maintained houses and mechanical 
systems. It would specifically be helpful for future studies 
in determining the vulnerability of deprived communities 
and role of environmental-social justice in devising 
solutions to accelerated warming of the climate that these 
communities will be affected by the most. 

Methodology 
The study has three phases, namely; 

1. Determination of construction practices in the 
city of Atlanta for vintage buildings and their 
envelope properties. 

2. Development of nimble simulation model to 
efficiently assess many construction variants and 
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scenarios of operation (eg, shading, occupancy, 
availability of mechanical cooling etc). 

3. Post processing of environmental conditions for 
derivation of heat indices. 

4. Evaluation of results to ascertain the heat risk 
due to design conditions, in particular the 
specification of weather (TMY vs HMY) along-
with a comparison of technique used to quantify 
heat risk, ie, intensity of different indices for 
these design conditions.  

Building Archetypes 

Assessment of the current building stock may be done 
through surveys as well as databases offered by 
government bodies specializing in city and regional 
planning. Studies such as, (Zhao, Lee, & Augenbroe, 
2016, Lim & Zhai, 2017 and Zhao et al., 2016) represent 
ways in which archetypical buildings act as 
representatives of a city’s building stock for energy as 
well as comfort assessments. To generate the prototypes 
of residential buildings in the city of Atlanta, we use the 
generic residential prototypes published by US DOE, 
Building Energy Codes Program(“Residential Prototype 
Building Models Building Energy Codes Program,” n.d.) 
as our baseline. Since this study is focused on relative 
differences between building performance based on type 
of weather data used as boundary condition and vintage 
of construction, 2-story detached residence with basement 
is selected as a representative case to study the effects of 
weather and the other parameters.  

 
Figure 1. 3D model of representative building 

As each side is not significantly different in size, and 
WWR and U-value are the same on each side with no 
(external) shading devices, it may be concluded that 
orientation does not play a significant role in this building 
prototype. 

Two construction variants are used to represent vintage 
building stock, namely, brick and masonry construction 
(Shirazi, Environment, & 2018, n.d.) and construction 
conforming to IECC 2000 building codes. Table 1 
represents the thermal properties of each construction 
variant. 

The use of shading trees in landscaping is expected to 
reduce the cooling load and glare in the buildings. The 
presence of trees reduces direct solar gain through 
windows and reduces surface temperature of facades by 
radiative shading (direct blocking of solar radiation) with 
reported reduction of up-to 30% cooling in HVAC loads 

(International Council for Research and Innovation in 
Building and Construction. & Akbari, 1977). A shaded 
variant for each type of construction is simulated to 
consider the effect of shading on thermal performance of 
the chosen archetypal building. Redwood Dawn tree 3D 
models are placed on cardinal directions around the 
building at 3 meters distance from the wall. Transient 
shading coefficients for each façade surface are computed 
using Ecotect for 15th July as the average summer day as 
far as solar angles are concerned. The calculated shading 
coefficients are then used for all simulated summer days. 

Table 1.Construction properties of building variants

 

Finite-Element MATLAB Model 

Thermal Model: The energy model of the prototype 
building are developed using a standard finite element 
spatial discretization technique as discussed in 
(Augenbroe et al., n.d.) It discretizes the building fabric 
and internal zones as a mesh of nodes and elements where 
the nodes represent state variables (temperatures) and the 
elements represent modes of heat transfer (conduction, 
convection, radiation and airflow). 

A zone node represents the uniform temperature of the air 
contained in the room which is assumed to be well mixed. 
Elements connect nodes that exchange some form of 
energy, while element properties reflect the heat transfer 
mechanism operating between the respective nodes of the 
element. Boundary conditions at the external surfaces are 
modelled as elements that connect surface node to 
external nodes that contain the given ambient, sky and 
ground temperature. 

Thickness(m) Density (kg/m3) Specific Heat Capacity (J/kg-C)Thermal conductivity (W/m-C)

Exterior Wall
Brick 0.1 1920 800 0.98
Fiberglass insulation 0.15 48 800 0.048
Air barrier 0.1 1.225 1005 6.3
Gypsum board 0.0125 1120 465 0.38

Basement Wall
Concrete (dense) 0.15 2000 960 1.13

Roof
Asphalt Shingle 0.063 1121 1255 0.081
Fiberglass Batt 0.12 48 800 0.048

Attic
Ceiling console layer 0.21 41.92 776 0.04
Drywall 0.5" 0.0127 801 1087 0.16

Window
Glass (single pane) 0.01 2400 1200 5.8

Exterior Floor
Carpet & Pad 0.025 32 836 0.06
Plywood 3/4" 0.019 544 674 0.1154
Floor Console 0.05 55.07 916 0.048
Soil 0.8 1800 920 1.1

Interior Floor
Carpet & Pad 0.025 32 836 0.06
Plywood 3/4" 0.019 544 674 0.1154
Infiltration- 3 Air Changes/hour

Exterior Wall
Stucco 0.025 1922 878.6 1.39
Sheathing 0.025 685 1172 0.094
OSB 5/8" 0.012 544.6 1213 0.1163
Wall console 0.25 120 1036.25 0.059
Dry Wall 0.02 800 1087 0.16

Basement Wall
Concrete (dense) 0.15 2000 960 1.13

Roof
Mineral Woool, felted 0.08 30 1380 0.04
Rock wool board (Roofing) 0.45 160 800 0.039

Attic
Ceiling console layer 0.21 41.92 776 0.04
Drywall 0.5" 0.0127 801 1087 0.16

Window
Glass (double pane with 6mm air 0.01 2400 1200 4

Exterior Floor
Carpet & Pad 0.025 32 836 0.06
Mineral Fiberboard, wet felted 0.019 160 800 0.037
Expanded Rubber (Rigid) 0.4 64 1700 0.029
Soil 0.8 1200 1100 0.7

Interior Floor
Carpet & Pad 0.025 32 836 0.06
Plywood 3/4" 0.019 544 674 0.1154

IECC 2000 Code

Brick-Masonry Construction
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Figure 2. Types and properties of nodes and elements 

 
Figure 3.Nodal element mesh for MATLAB model 

Using the standard finite element operation on the 
complete set of elements leads to the following 
differential algebraic equation (DAE) set: 

𝑀 𝑡 𝑆 𝑇; 𝑡 𝑓 𝑡     (1) 

Where, 

M(t)=Mass matrix (heat storage capacity) 

S(T, t)= Stiffness matrix (heat exchange relationships) 

f(t)= Load vector (thermal load on the nodes) 

The load vector comprises of entering solar loads and 
internal gains from appliances and metabolic heat gain 
from occupants in the thermal zone. Solar heat absorption 
at a surface is calculated as  

𝑄 , 𝐹 , 𝐴 𝜀 𝑞 ,     (2) 

Where, 

Fshad,i=Shading coefficient for surface his (dimensionless) 

Ai= Area of exposed surface his (m2) 

ɛi= Absorptivity of coating on surface his (dimensionless) 

q̇sol,i= solar insolation incident on surface his (W/m2) 

Solar radiation incident on the exposed surfaces like wall 
and roof are calculated by a subroutine which uses 
equations presented in Chapter 14, section 2 (2013 
ASHRAE Handbook - Fundamentals (I-P Edition) - 
Knovel, n.d.). Incident solar radiation per unit area (qsol,i)is 
computed and returned to the main program where it is 
multiplied by the area and shading coefficient of the 
surface to obtain solar thermal loads. Figure 4 illustrates 
the process for the calculation of solar loads that 
contribute to the load vector f(t). 

 
Figure 4 Computation of solar loads on each surface 

Insolation falling on the windows makes its way inside 
the dwelling either by conduction through window 
material or is directly transmitted inside the zone where 
window is mounted. Directly transmitted radiation is 
absorbed partly by mass present inside the room like 
furniture/ground and partly by the air node. Transmission 
inside building as well as absorption of heat by window 
materials is governed by window properties which are 
mentioned in Table 1. 

Air Flow Network and Basement Model: A “ventilation-
element” is used to construct an airflow network between 
outside and inside and between internal zones. Single 
sided volumetric air flow rate through window openings 
is determined by equation 37 in Chapter 16 of ASHRAE 
fundamentals 2009; 

𝑄 𝐶 𝐴 𝐹 𝑉   (3) 

Where, Qw=Volumetric Flow rate driven by wind 

Cw= Opening effectiveness (dimensionless) 

Aopening=Opening area (m2) 

Fschedule= Open area fraction (dimensionless) 

v=Local wind speed (m/s) 

The window opening fraction is assumed to be governed 
by a simple but adequate regime, which is based on the 
assumption that a window is open 100% of its area in a 
condition that indoor air temperatures supersede ambient 
temperature. In practice this means that an occupant will 
open the window if bringing in outside air will lower the 
temperature in the zone. At a time when the available 
cooling capacity is sufficient to maintain a temperature 
that is lower than the outside temperature, the window is 
closed again. 

Figure 5 (a) shows the dressed down version of the 
otherwise densely packed nodal model of basement and 
its interaction with other thermal zones as well as the 
ambient environment. Each node on the surface has an 
area equal to 1/3rd of total skin area of the basement (wall) 
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effectively sectioning the total wall area in three parts 
along its perimeter. Only the first wall section is 
connected to the ambient conditions via active soil mass. 
The other two sections are connected to an undisturbed 
constant temperature soil node at sufficient distance from 
the house. The soil node temperatures are calculated by 
running the simulation for 10 years, cycling through 
winter and summer conditions. 

Each node along the path inside the soil is encased by a 
fictitious cuboid of active mass Figure 5 (b). 

 

 
Figure 5 (a)Basement nodal model and (b)mass appropriation 

HVAC and Moisture Balance: Each thermal zone has a 
window unit, that, when working on full capacity supplies 
conditioned air at 18°C with a humidity ratio of 
0.008kg/kg. The mass flow of air from the unit is constant 
during its operation and the average velocity of air in the 
thermal zone is 0.15m/s. Sensible load calculations are 
performed in accordance with American National 
Standards Institute (ANSI) recognized ACCA’s updated 
ANSI/ACCA 2 Manual J – 2016 (Residential Load 
Calculations). The summer design day temperature for 
Atlanta is 34°C according to Table 1A of the manual and 
design indoor air temperature is 24°C.  

The underperformance of residential air conditioners may 
happen due to many reasons such as undersized system, 
low air-flow, infiltration due to aged building and 
undercharged gas levels (“Monitored in-situ performance 
of residential air-conditioning systems / Discussion - 
ProQuest,” n.d.). To verify the effect of different levels of 
underperformance, four levels of efficiency ie, 100%, 
80%, 50% and 30% of (calculated) sensible load are 
simulated for all zones of the mentioned building 
prototypes and their variants where the air humidity ratio 
of deficient HVAC is fixed at 0.010 kg/kg. 

A macro moisture balance based on net influx of moisture 
by ventilation, internal production from human activity, 
and the net removal of moisture by the HVAC system is 
modeled as; 

, ∑ m , ∑ m , 𝑚   (4) 

Where, 
, = Change in total amount of moisture in the room 

∑ m , =mass flow rate of moisture (inflow) (kg/kg)  

∑ m , =mass flow rate of moisture (outflow) (kg/kg) 

mgen= moisture generated through respiration of 
occupants (kg/hour) fixed at 0.08kg/hour-person 

Heat Indices and Post Processing 

The simulation models are deployed for all variants and 
HVAC deficiency levels for a period of six summer 
months in Atlanta (15th April to 15th October, 4392 hours). 
Hourly temperatures inside the living room are recorded 
and used in the calculation of the indices, introduced 
below. 

Predicted Mean Vote: Predicted Mean Vote devised by 
Fanger is one of the most acceptable and extensively used 
indices for human thermal comfort and forms a basis of 
many standards like the International Standard 
Organization (ISO 7730), European Standard 
Organization and ASHRAE 55 (2013 ASHRAE 
Handbook - Fundamentals (I-P Edition) - Knovel, n.d.). 

The PMV predicts the mean value of the votes of a large 
group of people on the ISO thermal sensation scale 
(+3=hot; +2=warm; +1=slightly warm; 0=neutral; 
−1=slightly cool; −2=cool; −3=cold).  

Heat Stress Index: The HIS is based upon a comparison 
of the amount of sweat that must be evaporated (Ereq) to 
maintain thermal equilibrium, with the maximum amount 
of sweat that can be evaporated under the prevailing 
climatic conditions (maximum evaporative capacity) 
(health & 2006, n.d.). The ratio of these two factors is the 
Heat Stress Index for given conditions.  

The HIS as an index that is related to thermal strain, 
essentially in terms of body sweating, with values 
between 0 and 100. At HSI = 100, the evaporation 
required is the maximum that can be achieved for the 
environmental conditions with given clothing and 
metabolic rate, and thus represents the upper limit of the 
prescriptive zone (see Table 2). 

Apparent Temperature: Apparent temperature or Heat 
Index is the guiding marker used by federal agencies to 
warn residents about heat waves and the risk of heat 
stroke. It assesses the sultriness of environment using the 
work of (Rothfusz, Worth, National, & 1990, n.d.). 

Operative Temperature: Operative temperature is the 
simplest indicator of indoor thermal comfort and is easy 
to use to express the thermal experience of the occupant. 
It is the average of air and mean radiant temperature at 
low air velocities typically less than 0.2 m/s (Kazkaz, 
Mechanics, & 2013, n.d.; Nicol, Hacker, Spires, & 
Davies, 2009).  

Table 2 Reference values for Indices 

 
Post Processing: The post processing of heat stress 
indicators is done to accomplish three tasks, namely; 

Reference 
Value Implication

Apparent 
Temperature 80 Caution

Operative 
Temperature 25

recommended by ASHRAE @ 
clo=1 met and vel<0.2 m/s

Heat Stress Index 10 Mild to moderate heat strain
PMV >0.5 Slightly Warm
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 Compare types of constructions and their variants with 
respect to their responsiveness to ambient conditions. 

 Compare building performance outcomes for HMY 
versus TMY 

 Table 3 Heat Indices and weights of physical parameters

 

 Compare thermal indices and their sensitivity to 
indoor environment in different cases of HVAC 
deficiency. 

The following parameters are defined to characterize the 
extremity of heat as well as sensitivity of indices to 
thermal environment; 
Hours of exceedance- Each hourly value is compared with 
its reference (Table 2) to sum up the hours when it 
breaches its acceptable limit. Since the run time of 
simulation is congrient in all cases, exceedance represents 
the sensitivity of indices towards varying temperatures. 
Index Aggregation: A single value is needed to compactly 
represent the response of building for the whole summer 
period in a way that informs about the combination of the 
duration of stress and the extremity of the same. The 
following shows how this can be achieved for different 
measures. 

PMVi=
    

 
 [Index for an hour] 

PMVsimulation period= PMV1+ PMV2+……….+ PMVn (7) 

Where, n= Total hours  

Results and Discussion 
Sensitivity to Indoor Environment 

Figure 6 suggests that year 1980, 2007 and 2012 were 
exceptionally hot summers in Atlanta. When operative 
temperatures plots are seen in contrast with other 
measures, only a few years suggest to be as extreme. The 
problem of heat stress is compounded when houses are 
unshaded exposing a larger part of the building skin to 
solar irradiation. A large skin to volume ratio affects 
indoor thermal environment in two ways, by raising the 
air temperature as well as the MRT. 
On one hand, the non-masonry construction resists the 
heat influx due to its insulation in the wall construction. 

On the other hand, masonry construction materials not 
only conduct the heat fairly well but also have enough 
mass to absorb it during the day and release it in the night 
increasing the number of hours when the indoor 
environment is hot and uncomfortable. High thermal mass 
elongates the duration of heat spell thereby increasing the 
hours that an index is above its reference value. 
Lower hours of exceedance for all indices in shaded and 
non-masonry constructions confirm the above 
explanation. 

 
Figure 6 Hours of Exceedance at HVAC operating at design 

conditions 
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Figure 7 reflects the effect that a deficient HVAC has on 
thermal comfort in a living space. It is observed that 
exceedance for HSI increases much lesser pace as 
compared to other measures indicative of the fact that it 
responds to only very high temperatures. It is noteworthy 
that shaded building variants at 80% of designed 
conditions perform virtually as well as their non-shaded 
counterparts at 100% efficiency. 

 
Figure 7 Hours of exceedance for HVAC operating at 80% of 

designed conditions 

Another observation is the stark difference between the 
uncomfortable hours depicted by TMY vs HMY in Figure 
7. In year 2012, the HSI has up-to 30 hours of exceedance 
as compared to TMY with a mere 5 hours heat exposure 

further advocating the use of this framework for studies 
related to exposure to heat risk. 

The heat strain on occupants of masonry non-shaded 
variants is almost twice that of the non-masonry homes 
and thrice that of shaded masonry structures. Note that 
these outcomes use a fairly conservative reference value, 
i.e. for mild heat strain. But there is proof that this level is 
hazardous for the vulnerable sections of society like 
people suffering from respiratory conditions, heart 
diseases or the elderly to name a few. 

 
Figure 8 Hours of exceedance for HVAC operating at 30% of 

designed conditions 
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Figure 8 confirms that all indices advocate the 
effectiveness of non-masonry constructions to provide a 
better thermal environment as compared to its masonry 
counterparts in the hot and humid climate of Atlanta. In 
addition to construction, shading plays an important role 
in reducing heat stress for building occupants.  

From the above observations, it is safe to say that 
operative temperature shows the highest sensitivity 
towards thermal discomfort and HSI is the best 
representative of heat stress, all other indices fall 
somewhere in between  

Assessment of Severity of Hot Spell 

The severity of extreme indoor temperatures over a 
certain period can only be assessed when the chosen 
discomfort or health impact measure not only considers 
exceedance hours of an acceptable reference value but 
also the actual levels during those exceedance hours. It is 
customary to choose one specific value as an aggregated 
value to express severity in literature. 

Aggregated values are also helpful to study the relevance 
of using TMY as compared to HMY when mechanical 
systems can’t provide the required cooling. The figures in 
this section of results shows the spread of aggregated 
indices for 38 HMY’s (1974-2012) in the form of 
histogram and position of aggregated index for TMY in 
the same graph for HVAC efficiencies at 80%, 50% and 
30% efficiency.  

 
Figure 9 Cumulative Indices at 80% of designed HVAC 

capacity 

When the HVAC is operating near designed conditions, 
ie, 80% in Figure 9, aggregated PMV has least affect on 
it as all the variants for all HMY as well as TMY hover 
around the mean of 0. 
However, from the apparent as well as operative 
temperature plots it is evident that TMY takes a fairly 
conservative estimate of weather severity. In nearly all the 
cases, TMY aggregated index fall ahead of mean HMY 
bins but remains far from the extreme values suggesting 
that it would be a gross error to utilize it for heat risk 
studies. 
As the simulation is done with deteriorating values of 
HVAC efficiency, it becomes discernible that shading on 
exterior surfaces can have a huge impact on the 
temperatures inside the living spaces making them 

comfortable even if air conditioning is not available at 
designed capacity. 

 
Figure 10 Cumulative Indices at 50% of designed HVAC 

capacity 

Cumulative indices for all indices fall consistently on the 
lower end of spectrum when the buildings are shaded. HSI 
for shaded variants is close to zero for almost all HMY’s 
indicating that inhabitants of shaded buildings will 
experience the least hours of heat stress as compared to 
other variants. 

It may also be observed that for cumulative indices except 
operative temperature, there is a huge gap between 
masonry and non masonry structures. 

 
Figure 11 Cumulative Indices at 30% of designed HVAC 

capacity 

For air conditioner with only 30% of required cooling 
capacity, the shaded variants start to draw close together 
irrespective of construction materials. However, there is 
always a large gap, as much as three fold, between the 
unshaded masonry structure vs non-masonry structure. 
Cumulative index for TMY in the unshaded cases always 
lies on the higher end of “mean” aggregated measures bin 
but quite far from the extreme values.  

Conclusion 
1. Aggregated TMY indices steadily follow the mean of 

aggregated HMY’s (Figure 9) which is consistent 
with its purpose. However, it fails to evaluate the heat 
risk in an extreme year (in this case 1980 or 2012). 
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2. As noticed in Figure 6,7 and 8, masonry structures, 
which constitute the oldest building stock in Atlanta 
prove to be not as effective as relatively newer non-
masonry buildings in terms of providing better 
thermal performance.  

3. The sensitivity of an index depends on the indoor 
temperatures and in some case relative humidity and 
the weights that are utilized in computing the index. 
For example, Operative temperature depends only on 
air and mean radiant temperature making it highly 
sensitive to temperature changes (refer  Table 3). 
However, for same temperature changes, HSI has 
subtle variations as it also depends on clothing, air 
velocity and water vapor pressure of ambient air. Due 
to the variability in the extent of thermal environment 
quality representation, it would be interesting to 
examine the computed indices and scrutinize them 
with public health records from simulated years to 
assess their utility and rankings.  

4. Shading can have a dramatic impact in cities like 
Atlanta with high insolations in reducing thermal 
strain inside the buildings. 

From the above discussion, it may be inferred that low 
cost energy efficiency options like efficient windows, 
shading devices and trees aide in lowering indoor 
temperatures and hence reducing overheating risk of 
vintage buildings. For decisions pertaining to community 
wide investments, the older building stock consisting 
largely of vintage masonry buildings needs to phase-out 
and be replaced to avoid the risk of heat stress in 
marginalized sections of society. 
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Abstract 

This study intends to optimise the indoor design layout of 

a multi-rise low-income tenement unit that would not only 

improve perceived indoor environmental quality (IEQ) 

but would also harness maximum cooling energy saving 

potential. The research framework initiated with 

household surveys, in-situ environmental sensor 

deployment and sequential computational modelling 

involving ‘Sampling based parametric modelling’ 

followed by CFD simulations, multi-objective 

optimisation and numerical analyses. Air velocity, 

temperature, humidity and pollutant concentrations were 

modelled for iterated scenarios that were generated by 

introducing and altering design variables of partition-

wall, indoor heat-source and furniture locations. The final 

design saved cooling energy of 788.4KWhr annually, 

experienced indoor air velocity of 0.39 m/sec when 

outdoor velocity at window-inlet was recorded 0.98 m/sec 

and observed temperature drop of 2oC. Dearth of 

sustainable design guidelines is a major blind spot in 

current habitat policies of India. This design framework if 

implemented through building design guidelines would 

shape a way forward towards environmentally sustainable 

habitat design for forthcoming housing stock. 

Introduction 

In dense tropical cities like Mumbai, extreme temperature 

and humidity cause thermal stress, which can affect 

human health with built-environment aggravating the 

situation. Extreme outdoor climate with urban heat island, 

pollutant dispersion and thermal discomfort push people 

indoors. With people spending 90% time indoors, the 

indoor environment becomes crucial for better health and 

well-being. However, poor indoor environment not only 

affect health but also compel the inhabitants to utilise 

electro-mechanical ventilation for achieving acceptable 

thermal comfort. Environment-insensitive interior design 

blocks the airflow trajectory and creates stagnant zones 

locally. Thus, interior design, albeit a function of 

individual choice and socio-cultural context, have knock-

off effects on indoor environment and energy 

consumption pattern. Therefore, the phenomenon of 

investigating into environmentally-efficient interior 

design parameters becomes exigent particularly for low-

income population, who are constrained with social and 

economic restrains. Well-designed naturally ventilated 

(nat-vent) space can reduce the electro-mechanical 

ventilation usage along with improving indoor air quality, 

occupant comfort through fresh air renewal within the 

occupied space (Bardhan, et al., 2018). Passive cooling 

systems not only reduce world energy requirements by 

2.35%, but also incurs 18% savings in health cost (Brager 

& Baker, 2009). Studies which have elucidated 

interlinkages between built-environment and nat-vent 

efficiency have focussed on community level 

architectural parameters such as housing morphology and 

building patterns, and envelope level architectural 

parameters such as window, balcony etc. However, there 

are inadequate comprehensive work on interior level 

parameters with aerodynamic potential. At post-

construction stage, when environmental quality is 

experienced by the inhabitants, the criteria becomes 

difficult to solve. So, in order to deliver thermal comfort 

to the current low-income population staying in existing 

housing stock, cost and nat-vent effective retrofitted 

interior design remains the only degree of freedom. The 

concept of nat-vent effective and energy efficient interior 

design holds pivotal position in Indian context 

particularly Mumbai. Quantitative methods for 

determining habitat design quality and measuring their 

efficacy remains a major blind-spot in current habitat 

policies. The ‘pigeon-hole’ like tenement units in recently 

mushrooming hyper dense slum rehabilitated high-rise 

colonies of Mumbai suffer from inefficient indoor 

airflow, high temperature trapped zones and pollutant 

concentration. Mumbai records an average outdoor 

temperature between 23.70C-29.70C with maximum 

33.50C during summer months (Debnath, et al., 2017). In 

2017, Mumbai recorded PM2.5 levels of 60µg/m3, 10 

times higher than World Health organisation (WHO) 

prescribed levels (Times, 2019). Despite adverse outdoor 

climate conditions, the low-income population of 

Mumbai are compelled to utilize natural ventilation due 

to economic constraints which refrain them from utilizing 

electromechanical ventilation strategies. This coupled 

with household air pollution (HAP) degrade IEQ within 

these low-income tenement units (Sarkar & Bardhan, 

2018). In this instance, the aggravated situation can be 

alleviated by improving interior design which would 

promote faster heat and pollutant removal through cross 

ventilation strategies, thus eradicating the problem at 

receiver end.  

The novelty of this study lies in exploring the interior 

design layout that would ensure improved indoor 

environment in terms of airflow, temperature, humidity 

and pollutant concentration levels. This paper also 
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explores the potential to reduce energy consumed by 

electro-mechanical ventilation modes by utilising natural 

ventilation. This study would help the building engineers 

to promote environmental sustainability measures while 

designing or rejuvenating low-income habitats. 

Methods 

The two-step methodology commenced with household 

survey, in-situ environmental sensors (Testo 

480®vanemeter and ibutton temperature sensors) 

deployment within one typical low-income tenement unit 

in August 2018 for three days (Fig 1). Similar experiment 

based studies have been conducted in different low-

income settlements of Mumbai, where authors had 

performed indoor sensor based measurements for 

consecutive days in order to reduce uncertainties and 

observe temperature fluctuation (Debnath,et al., 2017). 

However, this study limited to three days due to 

constraints regarding permission to install sensors for 

longer duration in the selected unit. This was because of 

the unwillingness of the occupants to install sensors 

(Bardhan et al, 2018). The occupants were unwilling to 

approve sensor installation in their unit for more than 

three days. 

 

Figure 1: Methodology adopted in this study 

CFD simulations were performed for iterated design 

layouts to predict indoor air velocity, temperature, 

humidity and indoor pollutant concentrations in nat-vent 

conditions. Lastly, with multi-objective optimization, a 

set of optimal design solutions was generated with 

maximum IEQ over breathing zone. Then, the indoor air 

velocity performance of these optimal solutions were 

further tested with hourly CFD simulations for nat-vent as 

well as mech-vent (ceiling fan) situations. This was 

performed to recognise the final optimal design that 

would deliver maximum hours of comfortable indoor air 

velocity values over the breathing zone solely through 

wind-driven natural ventilation. This particular optimal 

design solution would thus harness maximum cooling 

energy saving potential by minimising ceiling fan 

operation in those hours. 

Study area 

Lallubhai Compound, a slum rehabilitated colony 

containing 65 buildings in Mumbai was chosen as study 

area. The existing tenement units (21.42sq.m) placed 

serially along common corridor consisted of an attached 

toilet (2.47sq.m) and undivided cooking-living zone with 

a window and a door on the opposite side (Fig 2). 

 

Figure 2: Floor plan of Base-case scenario 

This study introduced a cook-stove (0.4mx0.4m) placed 

near the window (observed from survey) as key indoor 

heat-source and a single-bed (item of furniture) to 

interpret its most favourable location for feeling improved 

indoor environment. To identify the effectiveness of the 

unit’s perceived IEQ, a monitoring point at 1.2 m level 

from ground level (human-height during sitting) at mid-

bed position was designated. The aim would be to offer 

maximum perceived IEQ over this monitoring point, 

connoted further as ‘breathing zone’. 

In order to improve indoor liveable conditions, a specific 

interactive study was performed taking into account 

combination of three rarely ventured but significant 

interior design parameters: i) partition wall, ii) furniture 

(bed) position and iii) cook-stove (indoor heat-source) 

location. Additionally, a standard size high-level air-

outlet (0.3mx0.3m) was introduced on the opposite side 

of the windows in the hypothetical scenarios, which 

would ensure effective cross-ventilation even when the 

door remains closed, thus maintaining similar privacy 

quotient. The tenement units within compactly arranged 

deep planned slum rehabilitated towers share external 

walls, thus limiting the designers to provide adequate 

openings.  Moreover, the field survey revealed that the 

occupants tend to close their doors to maintain safety, 

security and privacy, limiting cross-ventilation in absence 

of any pressure outlet. The justification behind adopting 

the conventional ventilator approach was to enable stack 

ventilation strategy, which is often established to increase 

indoor air velocity up to thermal comfort thresholds in 

nat-vent condition (Essah, et al., 2017; Ismail, et al., 

2012). Owing to the economic constraints of the low-

income population that refrain them from adopting 

mechanical ventilation mode, a small size ventilator was 

found to be a cost-effective solution as well. The Indian 
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Standard (IS 4021, 1995) recommends ventilator sizes 

from 0.59mx0.59m-0.59mx1.19m with timber framing. 

However, a study by Priyadarsini et al.,(2004) had 

demonstrated through wind-tunnel test that the indoor air 

velocity in a test room rapidly increased when active 

stack/ventilator size was increased from 0.2mx0.2m to 

0.3mx0.3m. However, the air velocity decreased when the 

stack size increased further to 0.4mx0.4m. Hence, this 

study concluded smaller active stack of size 0.3x0.3m to 

be feasible for volume of space.  

Step 1: Random sampling code 

Latin Hypercube Sampling (Lhs) code was executed in 

MATLAB to generate the design scenarios(Das et al., 

2014). The mean, standard deviation, lower and upper 

threshold of the design variables including height of 

partition wall, its distance from window (inlet), its 

orientation and gap, along with bed and cook-stove 

positions were used as input boundaries to generate 40 

sample scenarios (Fig 3).  

 

Figure 3: Scenarios with varying design parameters 

Step 2: CFD simulations 

Indoor airflow analysis 

Irregularities in aerodynamic behaviour of wind, 

obstacles in wind flow path, fluctuations in wind 

directions are the major challenges that makes it difficult 

to investigate the natural ventilation conditions 

numerically. Hence, this study employed a deterministic 

approach with Finite Volume Method (FVM) including 

3D steady-state RANS k-ℇ turbulence model for 

simulating airflow of 40 scenarios (Table 1).  

Table 1: Boundary conditions (airflow and temperature 

(due to cook-stove) simulation) 

Computational 

Domain 
Boundary Conditions 

Door (Pressure 

outlet) 
Gauge pressure = 0; T = 300 K, 

Hydraulic diameter= 1.26 (authors’ 

computation) ; Turbulence intensity 

= 5% 

Window (Velocity 

inlet) 

Gauge pressure = 0 ; T = 300 K, 

Hydraulic diameter= 1.09(authors’ 

computation)  ; Turbulence intensity 

= 5%, Velocity (authors’ 

computation)=0.98m/sec 

Cook-stove surface T=308.15K 

Wall(wall surface) Stationary wall; No slip 

 

Fine tetrahedral meshing option with three times mesh-

refinement in window (inlet), air-outlet and cook-stove 

inlet zones were applied for all models. Second order 

discretisation scheme along with SIMPLE (Semi-Implicit 

Method for Pressure-Linked Equations) algorithm was 

employed for solving velocity and pressure coupling 

equations. Other than grid-independence tests, the 

iterations continued until the solutions reached pre-

assigned convergence criteria of 10-6 RMS. 

Indoor temperature analysis (external solar radiation) 

Solar Load model coupled with solar calculator was 

utilised for determining the effect of external solar 

radiation on indoor temperature profile(Abed, et al., 

2018) (Table 2). Under-relaxation factors: 0.3 for 

pressure, 0.7 for momentum and 0.8 for energy and 

density; were applied to regulate the deviations of 

variable values between sequential iterations and evade 

deviation of the solution results. 

Table 2: Boundary conditions (temperature simulation) 

Computational 

Domain 

Boundary Conditions 

Global position of 

test room 

72.8777 0Long, 19.0790 oLat, GMT= 

+5.5 

Solar properties Direct solar irradiation =1423 

W/sq.m; Diffuse solar irradiation= 

200 w/sq.m; Spectral Fraction=0.5 

Door (Pressure 

outlet) 

Gauge pressure = 0; T = 300K; 

Turbulence intensity = 5% 

Window 

(Velocity inlet) 

Gauge pressure = 0; Outdoor T = 

303.15K; Turbulence intensity = 5%, 

Velocity = 0.989 m/sec 

Glass window 

(Semi-transparent 

wall) 

Absorptivity=0.1; Transmissivity= 

0.8; Participates in solar ray tracing; 

Heat transfer coefficient =1.01 

Wall-room 

(Opaque Wall 

surface) 

Stationary wall; No slip; 

Free stream temperature=300K; 

External radiative temperature 

=301.15K; Heat transfer coefficient = 

0.65 W/m2K; 

 

Pollutant Concentration analysis 

Euler Lagrange model approach with Discrete Phase 

Model (DPM) in ANSYS Fluent was employed for 

simulating the indoor pollution concentration models for 

the scenarios. In this model, air is considered as the 

continuum phase which executes the solution for Navier-

Strokes equations; while discrete phase is solved by the 

pollutant particles (Ma, Jiang, & Li, 2015). The 3D steady 

state solutions were iterated until the pollutants reached 

the final destination. The interchange between mass, 

momentum and energy conservation were examined here. 

Walls used trap type boundary conditions because of their 

pollutant trapping capability, while escape type boundary 

condition was provided to the cook-stove and window 

inlet. 

Humidity analysis 

ANSYS was utilised to compute the RANS-Navier Stokes 

equation over each discrete flow field using FVM. 

Species Transport coupled with Discrete Phase model in 

Variation in Partition 

wall design

Variation in Bed 

position

Variation in Cook-

stove position

North-wall

Right

wall

Left

wall

South

wall
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FLUENT solver was utilised. The models used droplet-

type spray particles with diameter of 10-6 m, inlet velocity 

of 0.0254m/sec and case-specific computed mass flow 

rate of 1.26kg/sec as boundary condition variables. 

Step 3: Multi-objective optimisation 

It becomes challenging to derive at a single design layout, 

which would deliver perceived IEQ in terms of all the 

environmental attributes. Hence, indoor environmental 

condition was derived utilising multi-objective 

optimisation algorithm of NSGA II, a fast and elitist 

method for handling multi-objective situations(Deb et al., 

2002). The process formulated a set of conflicting 

objective functions like maximising indoor air velocity, 

and minimising indoor temperature (due to cook-stove 

and external solar radiation), pollutant concentration, and 

humidity (H2O mass fraction) levels (Eq 1).  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒/𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 

𝐼𝑛𝑑𝑜𝑜𝑟 𝑎𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒,  
𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑙𝑒𝑣𝑒𝑙, 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 

𝑓{(𝑎1𝑥1) + (𝑎2𝑥2) + ⋯ + (𝑎𝑛𝑥𝑛)} + 𝑏 

(1) 

 

Where 

xi(i=1...n) depicts the design variables , ai(i=1...n) 

 are the derived coefficients 

The objective functions used design constraints as seen in 

Table 3.  

Table 3: Constraints for multi-objective optimisation 

Description of variables 

 

Constraints of the 

variables 

Lower 

range  

Upper 

range  

Distance of partition wall from 

window (x1) 

0.9m 1.3m 

Height of partition wall (x2) 1.5m 2.9m 

Partition-wall orientation (x3) 0.8m 1.29m 

Cook-stove position (x4) 

measured from right wall (Fig 

3) 

0.3m 2.44m 

Bed position (x5) measured 

from right wall (Fig 3) 

2.5m 4.5m 

 

This step evaluated the optimal design solutions for 

obtaining maximum perceived IEQ over the breathing 

zone. 

Step 4: Cooling energy saving potential calculation of 

optimised solution 

The notion of ‘natural ventilation hours’ was employed 

here to compute the cooling energy saving potential of the 

optimal solutions derived from NSGA II. Taking sensor 

based recorded hourly wind flow data, air velocity was 

simulated for the NSGA II generated optimal design 

solutions using CFD both for nat-vent and mech-vent 

(ceiling fan) situations. The aim was to identify the 

optimal design with maximum natural ventilation hours 

i.e. the number of hours a unit would not require the aid 

of a ceiling fan for achieving comfort conditions. The 

design solution with highest number of potential ‘natural 

ventilation hours’ would advertently minimise the 

consumption of mechanical ventilation, thus maximising 

cooling energy potential. 

Results 

Indoor airflow analysis 

The CFD predicted indoor air velocity over the breathing 

zone for all scenarios was found within 0.05m/sec to 

0.648m/sec when outdoor air velocity at window-inlet 

was recorded 0.98m/sec. This explains that by monitoring 

interior design parameters like partition wall, cook-stove 

and furniture position, it is possible to maintain 

comfortable indoor air velocity levels in nat-vent spaces. 

A-(i) and (iii) of Fig 4 experienced a variable indoor air 

velocity of 0.19 m/sec and 0.07 m/sec respectively over 

the breathing zone.  This explains that change in partition 

wall orientation, while keeping other design variables like 

partition wall height, gap, its distance from window, and 

cook-stove and furniture location constant, can 

significantly modify indoor air velocity. Partition wall, as 

a direct barrier obstructed the airflow in A-(i). However, 

change in cook-stove position was found to be a lesser 

dominant design variable for modifying indoor airflow. 

On other hand, Fig 4 (B) shows variable velocity values 

of 0.05 m/sec, 0.21m/sec, 0.10m/sec and 0.24 m/sec for 

scenarios (i), (ii), (iii) and (iv) respectively indicating the 

significance of bed location. 

 

Figure 4: Indoor air velocity profile of different iterated 

interior design scenarios 

From all tested scenarios, partition wall height, its 

orientation and bed location were found to be dominant 

design variables with aerodynamic potential. 

Indoor temperature analysis 

The average LPG stove surface temperature was recorded 

35oC (from field measurement) in cooking condition 

while the ambient temperature of the room was 

considered (27oC). The indoor temperature distribution 

fields were found relatively uniform over the breathing 

area with no considerable fluctuations in the CFD 

predicted temperature values. Fig 5 showcases that the 

partition wall segregated the room into two ditinct 

thermally stratified zones i.e. cooking area with higher 

temperature (30.85oC) and living area with relatively 

lower temperature (28.85oC). Fig 5 (A-i and ii; A-iii and 

iv) explains that the CFD predicted temperature values 

Scenario 10 with varying cook-stove position Scenario 9 with varying cook-stove position

Z=1.2 m (i) (ii) (iii) (iv)(A)

(i) (ii) (iii) (iv)
(B)

Scenario 6 with varying cook-stove and bed position

Window DoorPartition Wall Bed
Legend

Cook-stove Ventilator
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over the breathing zone changed with varying cook-stove 

position keeping all other design variables constant.  The 

scenarios A-(i) and (iii), with two different partition wall 

designs while keeping all other design variables constant 

experienced minute but different temperatures over the 

breathing zone i.e. (28.41oC) for A-(i) and (28.68oC) for 

A-(iii)). On contrary, Fig 5 (B), shows varying 

experienced indoor temperature values with change in bed 

position. The temperature recorded for case B-(i): 

28.15oC, (ii): 29.25oC, (iii): 28.4oC and (iv): 28.45oC. 

Partition wall height and orientation affected indoor 

temperature maximum. The indoor temperature over 

breathing zone decreased with increase in partition wall 

height, as partition wall acted as a barrier formation to the 

convective heat transfer. 

 

Figure 5: Indoor air temperature profile of different 

iterated interior design scenarios 

This study observed similar results for indoor temperature 

distribution due to external solar radiation. The 

temperature ranged from 29.44oC to 29.79oC for constant 

furniture location indicating the importance of partition-

wall. 

Indoor pollutant concentration analysis 

This study examined the pollution owing to combined 

effect of ambient traffic exposure and indoor cooking. 

The ‘total percentage of area of bed which was found 

exposed to pollutant concentration’ was used as surrogate 

variable for measuring pollutant concentration. For 

‘Scenario 10’, in Fig 6A, with a partition wall directly 

obstructing the window-inlet, high pollutant was observed 

concentrated in the cooking zone. While in ‘Scenario 9’, 

the pollutant concentration was distributed in the living 

area. Thus, partition wall orientation and design was 

dominant on indoor pollutant concentration profiles. It 

can be observed from ‘Scenario 6’ that, since the pollutant 

flow followed a similar profile, with alteration in bed 

position the PM2.5 concentration varied from 6.54% to 

11.05%. The PM2.5 amount varied from 34.9% for 

‘Scenario 1’ to 58.68% for ‘Scenario 3’, 45.46% for 

‘Scenario 7’, and 28.68% for ‘Scenario 8’, which 

concludes that different partition wall designs affect 

indoor pollutant concentration levels keeping bed and 

cook-stove position constant. Furthermore, PM2.5 

concentration was higher near the ceiling and the right and 

south walls (Fig 3) due to the trap type boundary 

conditions of the walls. High kinetic energy imparted to 

the jet plume of PM2.5 entering at the window-level can 

contribute to the higher pollutant concentration on the 

wall opposite to inlet (Fig 6B). 

 

Figure 6: Indoor pollutant concentration profile of 

different iterated interior design scenarios 

Indoor humidity analysis 

Fig 7 explains that H2O mass fraction which has been 

considered as a proxy variable for measuring indoor 

humidity levels vary significantly with change in partition 

wall design, cook-stove and bed position. 

 

Figure 7: Indoor H2O mass fraction profile of different 

iterated interior design scenarios 

H2O mass fraction was concentrated in the cooking zone 

for ‘Scenario 10’ in Fig 7  due to the partition wall which 

acted as a direct barrier to the moisture flow from 

window-inlet. On contrary, higher concentration of H2O 

mass fraction was observed in the living zone in ‘Scenario 

9’ owing to the partition wall orientation which did not 

create diversion in the water droplet flow. As the bed 

shifted towards the wall in ‘Scenario 6’, the H2O mass 

Scenario 10 with varying cook-stove position Scenario 9 with varying cook-stove position
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Z=1.2 m (i) (ii) (iii) (iv)
(A)

(i) (ii) (iii) (iv)

(B)

Window DoorPartition Wall Bed
Legend

Cook-stove Ventilator

Scenario 9 with varying cook-stove position

Scenario 6 with varying cook-stove and bed position

Z=1.2 m

Window DoorPartition Wall Bed
Legend

Cook-stove Ventilator

Scenario 10 with varying cook-stove 

position

(a) (b) (c) (d)

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2495

 

 
  



fraction was observed to increase from 0.00800267 

(weight/weight) in (b) to 0.00805516 (w/w) in (a). This 

was majorly due to the proximity of air-outlet (ventilator) 

with respect to bed location. However, design variables 

such as partition wall height and its distance from the 

window-inlet were found to be less dominant. 

Most optimal design solution 

The CFD predicted outcomes of indoor air velocity, 

temperature, pollutant levels and relative humidity for 40 

scenarios were assumed as function of design variables to 

formulate the objective functions using linear regression 

analysis (Eq. 2-6). These objective functions with design 

constraints were applied in NSGA II algorithm to 

generate Pareto font solutions (see Fig 8).  

𝑦 (𝐴𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦) = (−0.18 ∗ 𝑥1) + (𝟎. 𝟎𝟗 ∗ 𝒙𝟐)
+ (−0.05 ∗ 𝑥3) + (0.03 ∗ 𝑥4)
+ (−𝟎. 𝟎𝟑 ∗ 𝒙𝟓) +  0.40 

(2) 

𝑦 (𝑆𝑡𝑜𝑣𝑒 𝑡𝑒𝑚𝑝) = (0.05 ∗ 𝑥1) − (𝟎. 𝟐𝟐 ∗ 𝒙𝟐)
+ (−0.09 ∗ 𝑥3) + (0.01 ∗ 𝑥4)
+ (−𝟎. 𝟏𝟔 ∗ 𝒙𝟓) + 302.69 

(3) 

𝑦 (
𝑃𝑀2.5

 𝑐𝑜𝑛𝑐
) = (−15.62 ∗ 𝑥1) + (2.61 ∗ 𝑥2)

+ (3.25 ∗ 𝑥3) + (1.19 ∗ 𝑥4)
− (𝟖. 𝟕𝟖 ∗ 𝒙𝟓) + 56.80 

(4) 

𝑦 (𝑆𝑜𝑙𝑎𝑟 𝑡𝑒𝑚𝑝) = (−0.18 ∗ 𝑥1) − (𝟎. 𝟏𝟐 ∗ 𝒙𝟐)
+ (𝟎. 𝟎𝟕 ∗ 𝒙𝟑) + (0.01 ∗ 𝑥4)
+  (0.005 ∗ 𝑥5) + 303.18 

(5) 

𝑦 (𝐻2𝑂 𝑚𝑎𝑠𝑠 ) = (−8.2𝑒 − 05 ∗ 𝑥1)
+ (2.77𝑒 − 05 ∗ 𝑥2)
− (𝟗. 𝟕𝒆 − 𝟎𝟓 ∗ 𝒙𝟑)
+ (𝟐. 𝟐𝟑𝒆 − 𝟎𝟓 ∗ 𝒙𝟒)
+ (1.46𝑒 − 05 ∗ 𝑥5) +  0.008 

(6) 

Bold values significant at 95% C.I. 

 

Figure 8: Pareto Font solutions derived from NSGA II 

However, Pareto-dominance based optimization 

algorithms perform well on only two objective functions.  

The many objective optimisation problem weakens the 

dominance of one on another. Thus, if the populations 

turn out to be non-dominated, Pareto dominance based 

fitness evaluation schemes fail to generate any pressure 

towards the formation of a strong Pareto-Font(Ishibuchi, 

Tsukamoto, & Nojima, 2008). In this context, 10 sets of 

Pareto Font solutions were generated by taking a 

combination of two objective functions at a time. These 

10 optimal design solutions derived from NSGA II could  

be considered as most optimal design solutions with 

maximum perceived IEQ (see Fig 8). 

Cooling energy saving potential calculation 

Stochastic nature of the wind with fluctuating wind 

velocity and direction increases the uncertainty of natural 

ventilation potential.  In this context, hourly averaged 

wind velocity data was retrieved for consecutive eight 

hours of a day by installing a vane meter, which delivered 

an impression of the uncertainty of natural ventilation. 

The average hourly outdoor wind velocities at the window 

inlet was recorded 0.47 m/sec, 0.52 m/sec, 0.52 m/sec, 

0.31 m/sec, 0.23 m/sec, 0.61m/sec, 0.21 m/sec and 0.98 

m/sec respectively from 11:52pm to 7:53pm. The NSGA 

II derived 10 optimised scenarios were simulated for the 

eight hours to retrieve the indoor wind velocity values 

over the breathing zone in nat-vent condition (Fig 9A). 

 

Figure 9: Indoor air velocity of optimal solutions at (A) 

nat-vent condition (eighth hour) and (B) ceiling fan 

In order to determine the optimised solution with highest 

cooling energy saving potential and natural ventilation 

efficiency, the indoor air velocity profile of optimised 10 

scenarios were simulated in presence of mechanical 

ventilation (active cooling) source i.e. ceiling fan (Fig 

9B). Here, the hypothesis was -‘the design solution which 

would deliver maximum hours of comfortable indoor air 

velocity i.e. within the range of 0.2-1.5m/sec, would be 

the solution with highest cooling energy saving potential 
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(Khedari, et al, 2000).’ This explains that the total number 

of hours a design solution would deliver comfortable 

indoor air velocity values in nat-vent condition, ceiling 

fan would not be operated which would indirectly trim 

down additional electricity cost.  

Fig 10 elucidates that Optimised solution 4, 5 and 6 failed 

to deliver comfortable indoor air velocity over the 

breathing zone with sole natural ventilation strategies and 

hence would require the assistance of a ceiling fan 

throughout. 

 

Figure 10: Comparison between nat-vent and mech-vent 

simulated results (top) of optimal solutions and their 

cooling energy saving potential (down) 

Out of eight hours, optimised solutions 3, 7 and 9 

delivered comfortable indoor air speed over breathing 

zone for five hours, which increased their cooling energy 

saving potential to 600watt/8hour. ‘Optimised solution 1’ 

was found to be the most desirable solution with 

maximum natural ventilation efficiency since the 

breathing zone in this design solution experienced 

comfortable nat-vent efficient indoor air velocity for six 

out of eight hours. Thus, the cooling energy saving 

potential for ‘Optimised solution 1’ was 720 Watt/8 hours 

or 2.16 KW/day or 788.4 KW annually. The design 

variables of the ‘Optimised solution 1’ were x1=0.96m, 

x2=2.8m, x3=0.8m, x4=1.84m and x5=2.5m (refer Table 3). 

Model validation 

 

Figure 11: Model validation (simulated vs measured) 

The simulated base-case scenario was validated using 

sensor recorded measured data (Fig 11). The percentage 

error, MBE and CV(RMSE) (formulas adopted from 

(Bardhan, et al., 2018)) values of 3.3%, 4.5% and 11.99%, 

were found within well-accepted range (Shailza, 2018).  

Discussion 

This study adopted a stepwise ‘sampling- computational 

simulation- optimisation-numerical analyses’ based 

framework. IEQ was represented as the environmental 

sustainability indicator with indoor air velocity, 

temperature (due to indoor heat-source and outdoor 

radiation), indoor pollutant concentration (due to indoor 

fuel combustion and outdoor traffic) and humidity levels 

as key proxy variables. The transverse methodological 

approach initiated with generation of hypothetical iterated 

interior layouts with varying design parameters like 

partition wall, cook-stove and bed position. K-ℇ 

turbulence model for air velocity, energy model for air 

temperature (due to cook-stove), solar load model for air 

temperature (due to external solar radiation), Lagrangian 

DPM for pollutant concentration and species transport 

model for indoor H2O mass fraction were applied for 

executing the steady-state CFD simulations for all iterated 

scenarios.  

The unliveable conditions of existing tenement units with 

undivided cooking-living zone had degraded the IEQ. The 

results of the study suggested that introduction of partition 

wall with proper design variables like its height, 

orientation and distance from window-inlet provided 

relatively cooler zone in the living area. Pollutant levels 

were concentrated near the cooking zone and on the walls, 

and that proper furniture location could reduce the high 

PM2.5 levels exposure over the breathing zone. 

Afterwards, multi-objective optimisation method of 

NSGA II was applied to derive ten Pareto-font based 

optimal solutions, which would deliver better IEQ over 

breathing zone. Lastly, a comparison analysis was 

performed for the ten optimal solutions in relation to their 

indoor airflow performance for nat-vent and mech-vent 

(adding a ceiling fan) situations. Lastly, ‘Optimised 

solution 1’ not only harnessed improved perceived IEQ 

over breathing zone but also had highest cooling energy 

saving potential by offering maximum number of 

potential nat-vent hours. 

Conclusion 

The data-driven methodology followed here formulated a 

computational modelling based ‘design flow’ along with 

a ‘proof of concept’ for establishing the influence interior 

design parameters have on environmental attributes and 

energy-efficiency in low-income tenement units. Suitable 

partition wall placement with respect to appropriate cook-

stove and furniture position can improve perceived IEQ 

as well as energy consumption pattern. Thus, this research 

targets in presenting an unconventional means to improve 

the perceived IEQ and energy-efficiency through a better 

interior design solution (which can be applied even at 

post-design stage) evading excessive expenditures. This 

‘sampling-simulation-optimisation-numerical analysis’ 

based design-flow is applicable as a generalized tool to all 

tropically located building design cases (both new and 

retrofitting cases), provided it depends solely on natural 

ventilation or ceiling fan. The selection of interior design 
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parameters, design variable constraints, boundary 

conditions for simulations will be context-specific and 

will also depend on ambient climate and country-specific 

building design code. Higher number of scenarios can 

also be generated for improved accuracy and precision. 

Limitations and Future Work 

Indoor air velocity, temperature, pollutant concentration, 

and relative humidity were selected as major surrogate 

measures of IEQ. Building orientation, occupant details, 

material of construction and other pollutants will be 

considered in future work. Further research would also 

consider monthly and annual outdoor wind velocity 

variation while calculating energy saving potential. The 

study limited to steady-state CFD simulations which do 

not consider transient weather conditions. The validation 

for optimised case will be performed in future study. The 

results from this study can pave a pathway to the 

formulation of environment-sensitive and energy-

efficient habitat design solutions for low-income 

settlements in developing countries through decoupling of 

energy, health and built environment. 
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Abstract 

Short-wave solar radiation may have a large impact on the 

indoor thermal sensation of occupants. However, most of 

the thermal comfort models do not include its effect. 

Some researchers have proposed the correction of the 

mean radiant temperature as a valid method to overcome 

this limitation and have used it in conjunction with the 

steady-state Fanger comfort model. This work aims at 

contrasting the effects of the mean radiant temperature 

correction in four commonly used steady-state and 

dynamic comfort indexes. For the comparison, a thermal 

model of a 100 m2 shoebox office located in Milan (Italy) 

is used. The indexes are calculated for a grid of points 

distributed in the space and results reported using two 

long-term metrics: Thermal Comfort Availability (TCA) 

and Thermal Comfort Usability (TCU). Quite consistent 

results have been found across the models and in 

particular, with steady-state models, showing that in a 

conditioned space both steady and unsteady approaches 

can be acceptable. 

Introduction 

Over the past decades, several thermal comfort models 

have been developed to assess the thermal relationship of 

the human body with its environment and the subjective 

evaluation of it. Their use and performance depend on the 

characteristics of the environment that is analyzed, and on 

a balance between precision and complexity. 

Heat balance thermal comfort models are based on the 

heat exchange of the body with the environment and are 

usually composed of two parts: the first one, a 

thermophysiological model, deals with the calculation of 

the body conditions; the second part, a thermal sensation 

model, uses the evaluated body conditions to predict 

thermal comfort. 

Two main groups of heat balance models can be 

distinguished in literature according to whether they 

account for the rate of change of the comfort variables in 

time or not: steady-state and dynamic comfort models.  

Steady-state thermal comfort models 

Steady-state comfort models are developed to describe the 

human response to the thermal environment in situations 

where environmental and personal quantities are quasi-

constant in time, i.e. the hourly temperature change must 

be smaller than 0.5 K (Hensen, 1990) and the metabolic 

rate must be stable for, at least, 15 minutes (Goto, Toftum, 

de Dear, & Fanger, 2002). 

In this category, the Fanger model (Fanger, 1970) is 

whole-body (single segment) model, widely popular in 

the analysis of the built environment for three main 

reasons: it is (i) capable of accurate predictions in 

thermally controlled spaces; (ii) simple easy to use and 

convenient – it can be calculated with simple tools such 

as charts or spreadsheets; (iii) well known and thanks to 

its inclusion in technical standards. In particular, the 

Fanger heat balance model is accompanied by a thermal 

sensation model based on two indexes, the Predicted 

Mean Vote (PMV) and the Predicted Percentage of 

Dissatisfied (PPD). After almost 50 years since its 

development, the Fanger model is still the preferred 

comfort model of national and international standards 

such as ASHRAE Standard 55 (2017), ISO 7730 (2005) 

or CEN EN 15251 (2007).  

Dynamic thermal comfort models 

In thermal environments not meeting the requirements of 

the steady-state hypothesis, dynamic thermal comfort 

models should be used.  

The Pierce model (Doherty & Arens, 1988; Gagge & 

Fobelets, 1986) is one of the simplest. Its 

thermophysiological model is based on two nodes –core 

and skin– and the interactions between them through 

thermoregulation. Besides blood flow regulation between 

the nodes, active thermoregulation modelled includes 

sweating and shivering. The equations are solved in 

unsteady state conditions. Two thermal sensation indices 

have been proposed with the Pierce model: the Thermal 

Sensation (TSENS) and the Discomfort (DISC). TSENS 

is defined in terms of mean body temperature and its 

difference from some reference values. The thermal 

discomfort index DISC is the relative thermoregulation 

strain necessary to restore comfort and thermal 

equilibrium by sweating, considering a wettedness 

threshold. DISC is numerically equal to TSENS when the 

mean body temperature is below some setpoint. 

More recent thermal sensation models for non-steady-

state conditions have been developed by Fiala (1998; 

2003) and Takada et al. (2013) based on experimental 

tests.  

The Fiala thermal sensation model is based on empirical 

correlations between the thermal sensation of subjects, the 

mean skin and mean core temperatures, and their time 

derivative. Fiala derived a thermal sensation index, the 

Dynamic Thermal Sensation (DTS), which is composed 

of a static and a dynamic component. The static 
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component of the model is function of the difference 

between the actual mean skin and mean core 

temperatures, and the setpoint skin and core temperatures. 

These setpoint temperatures were obtained by simulation 

of a reclined and unclothed human body in ‘thermal 

neutrality’ (Fiala, 1998). The dynamic component is 

function of the time derivative of the skin temperature 

when in cold conditions. In warm conditions, it depends 

on the time elapsed since the maximum of positive rates 

of change of mean skin temperature. 

The Takada thermal sensation model is developed with a 

similar approach, but it does not consider the core 

temperature, claiming that the changes in core 

temperature are relatively small, and that its predictive 

capability is weaker than that of the skin temperature. This 

model is based on empirical correlations between the 

thermal sensation of the subject, the mean skin 

temperature of the subject, and its time derivative. A 

thermal sensation index, namely the Thermal Sensation 

Vote (TSV), is derived as a function of two quantities: the 

difference between the skin temperature in the actual 

conditions and a reference skin temperature in thermal 

neutrality; and the time derivative of the skin temperature. 

Solar radiation in thermal comfort models 

Despite the common use of highly glazed facades and the 

increasing number of outdoor comfort analyses, the most 

commonly used steady-state and dynamic whole-body 

thermal comfort models do not account explicitly for solar 

radiation.  

Although the dynamic nature of the solar radiation –

which changes intensity and direction throughout the 

day– suggests that it cannot be implemented in steady-

state approaches, Fanger himself (1970) proposed a 

method to adjust the value of the mean radiant 

temperature (MRT) on the presence of high-intensity 

radiant sources based on the radiation intensity and the 

projected area factors of the human body. However, its 

use is proposed for outdoors and internal infrared heaters, 

rather than for the solar radiation transmitted through 

windows. Among the most renowned approaches to 

consider solar radiation, La Gennusa et al. (2007; 2005) 

introduced a method to adjust the MRT based on radiation 

intensity and projected area factors, specifically 

conceived to perform indoor comfort calculations. Also, 

Arens et al. (2015) created the SolarCal model, adjusting 

the MRT on the effective radiant field (ERF) and 

projected area factors. Recently, Zhang et al. (2018) 

developed the Corrected Predicted Mean Vote (CPMV), 

that introduces a new solar radiation term (R2) into 

Fanger’s equation, which also modifies the calculation of 

surface temperature of clothing and operative 

temperature. All three correction of MRT to account for 

the effect of solar radiation have been applied by their 

respective authors only to the Fanger model. 

Comparison of thermal comfort models and indices 

Recently thermal models and indices have been compared 

by many authors. 

Regarding the modelization of the human 

thermoregulatory system Foda et al. (2011) compared the 

predictions of skin temperature of different multi-segment 

thermophysiological models against measured data and 

then evaluated the local and whole-body thermal 

sensation provided by different models. The 

measurements and simulations were carried out on 

controlled environments under both steady-state and 

dynamic conditions. 

Cheng et al. (2012) reviewed several comfort models, 

focusing on those which were suitable for non-uniform 

thermal environments and capable of assessing local 

thermal sensation. They simulated the differences 

between three air distribution systems in a small private 

office by coupling computational fluid dynamics (CFD) 

with the thermal comfort models. 

Also Schellen et al. (2013) focused on a steady-state, non-

uniform thermal environment. The authors compared 

experimental data with simulated results obtained by 

coupling CFD with the ThermoSEM thermophysiological 

model, finally calculating thermal sensation with several 

thermal sensation models. 

Holopainen et al. (2014) investigated the potential of heat 

balance and adaptive comfort models in the context of 

sustainable buildings. The authors elaborated a base case 

and performed steady-state simulations with different 

iterations of the base case, each of them with small 

changes in the comfort variables. 

Concerning the comfort indices Koelblen et al. (2018) 

proposed a comparison among seven different indexes of 

thermal sensation. The research was carried out for a 

highly controlled environment, under eighteen specific 

exposures with a duration between 60 and 540 minutes. 

Although almost every tested thermal sensation index 

provided relatively accurate results in transient scenarios 

when compared to subjective responses, and even though 

PMV and DTS were the models closer to the experimental 

votes, the authors still conclude that PMV is not suitable 

for assessing dynamic thermal sensation response. 

All the above mentioned works compared thermal 

comfort models without including the effect of solar-

radiation and on short-term experiments and simulations. 

Also, most of them used complex simulation procedures, 

such as CFD or multi-node/multi-segment thermal 

comfort models, rendering their methodology difficult to 

apply in the design phase. 

This study aims at evaluating both the relative capability 

of the thermal comfort models to highlight conditions 

with critically high mean radiant temperatures due to solar 

radiation, and the adoption of dynamic rather than steady-

state approaches to assess the thermal quality of sun-

irradiated indoor environments equipped with an HVAC 

system. Therefore, shading devices are not considered, to 

conduct the comparison for the worst case. The effects on 

thermal and visual comfort of different shading devices 

and shading control strategies have been previously 

investigated by the authors (Atzeri et al., 2016, 2018). 

The contribution of short-wave solar radiation have been 

included into Fanger (Fanger, 1970), Pierce (Doherty & 

Arens, 1988), Takada (Takada et al., 2013), and Fiala 

(Fiala et al., 2003) thermal sensation indexes (PMV, 
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TSENS, TSV and DTS) by adjusting the MRT according 

to La Gennusa et al. (2005). The Pierce 

thermophysiological model has been used to calculate 

skin and core temperatures not only for TSENS but also 

for TSV and DTS. In order to assess the reliability of the 

implemented models, the skin temperature predicted 

through the Pierce model and the calculated TSV have 

been validated against experimental results provided by 

Takada et al. (2013). Finally, the four indexes have been 

compared in a standard open space office located in Milan 

(Italy) for a typical meteorological year. The ability of the 

different approaches to discriminate the effects of solar 

radiation has been contrasted in the long term and in 

different space positions. 

Methods 

Among the suitable thermal comfort models to 

implement, the Fanger and Pierce models have been 

selected because the first is a steady-state model 

internationally used, while the latter, between the 

dynamic models is one of the simplest. Moreover, they 

are both simple enough to be integrated in the design tools 

used by designers and engineers. 

With the Fanger model (Fanger, 1970) we calculated 

PMV and PPD indexes according to ISO 7730 (2005), 

while we used the latest implementation of the Pierce 

model (Doherty & Arens, 1988) to calculate TSENS.  

Moreover, the Pierce thermophysiological model has 

been used to estimate the mean skin and core temperatures 

input of two other indexes: TSV (Takada et al., 2013) and 

DTS (Fiala et al., 2003). Takada et al. (2009) showed 

experimentally that the estimation of the average skin 

temperature (Tsk) of the Pierce thermophysiological 

model is generally accurate, even if calibration can 

improve the correspondence for specific subjects. 

Nevertheless, in this research the calculation of Tsk has 

been validated with measured data from experiments of 

Takada et al. (2013). Although there is a clear difference 

between the calculated and the measured average profiles 

(Figure 1), the profile calculated with the Pierce model is 

quite often within the range of values of subjects Tsk. In 

Figure 2, the TSV calculated with the Takada model using 

measured Tsk of the three subjects measured in his study 

has been compared with the TSV calculated using the Tsk 

predicted by the Pierce thermophysiological model in 

Figure 1, showing acceptable agreement. 

The calculation of the thermal sensation indexes has been 

implemented in Python programming language (van 

Rossum, 1995). The summary of the considered metrics 

and their calculation approaches is reported in Table 1. 

 

Figure 1: Tsk range (grey) and average (black) of the 

subjects A, B, C of experiment 1, schedule 2 in Takada et 

al. (2009) vs. Tsk predictions by the Pierce 

thermophysiological model (yellow). 

 

Figure 2: Calculated TSV range (grey) and average 

(black) from measured Tsk of the subjects A, B, C of 

experiment 1, schedule 2 in Takada et al. (2009) vs. 

Calculated TSV from calculated Tsk by the Pierce model 

(yellow). 

 

Table 1: Thermal sensation metrics in the comparison and models for their calculation 

Thermal Sensation Index and Symbols Thermal Sensation 

Model 

Thermophysiological 

Model 

Solar Radiation 

Adjustment 

PMVst Predicted Mean Vote Standard Fanger (1970) 

 

Fanger (1970) - 

PMVirr Predicted Mean Vote Irradiated La Gennusa et al. (2005) 

TSENSst Thermal Sensation Standard Pierce (Doherty & 

Arens, 1988) 

Pierce (Doherty & 

Arens, 1988) 

 

- 

TSENSirr Thermal Sensation Irradiated La Gennusa et al. (2005) 

TSVst Thermal Sensation Vote Standard Takada (Takada et al., 

2013) 

- 

TSVirr Thermal Sensation Vote Irradiated La Gennusa et al. (2005) 

DTSst Dynamic Thermal Sensation Standard Fiala (Fiala et al., 

2003) 

- 

DTSirr Dynamic Thermal Sensation Irradiated La Gennusa et al. (2005) 
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Office simulation settings 

The building energy model of an open space office has 

been implemented in EnergyPlus (U.S. Department of 

Energy, 2018). The weather data used in the simulation is 

a typical meteorological year (TMY) of Milan (Italy) 

taken from the database of the International Weather for 

Energy Calculations (IWEC) (ASHRAE, 2001). 

The simulated office has a volume of 300 m3 with a square 

floor of 100 m2 (Figure 3). Vertical walls and the roof are 

exposed to the outdoors, while the floor is considered 

adiabatic. The opaque envelope is composed of a two-

layer structure: a clay block internal layer (0.2 m thick, 

conductivity 0.432 W m-1 K-1, density 1200 kg m-3 and 

specific heat 840 J kg K-1) and an external insulation layer 

(0.12 m thick, conductivity 0.037 W m-1 K-1, density 125 

kg m-3 and specific heat 1030 J kg K-1). Its thermal 

transmittance is equal to 0.26 W m-2 K-1, in compliance 

with Italian energy efficiency prescriptions. The solar 

absorptance coefficients are 0.7 for the floor (internal 

side) and to 0.3 for the vertical walls and the roof (both 

sides). The wall emissivity is 0.9, both for the internal and 

the external side. A window area of 13.5 m2 (9 m x 1.5 m) 

on the South façade is made of a double glazing (Ug = 

1.26 m-2 K-1) with a Solar Heat Gain Coefficient SHGC 

of 0.7. There are no solar shading devices, because of the 

aim of evaluating the maximum levels of exposure.  

The office is occupied from Monday to Friday, from 8 am 

to 6 pm, with an occupancy density of 0.12 people m-2 as 

suggested by the Italian technical standard UNI 

10339:1995 (1995) for the calculation of the ventilation 

rate. Correspondingly, the ventilation rate is set to 1.58 

ACH during occupied hours, and to 0.05 ACH, as 

infiltration, for the rest of the time. The internal gains, in 

accordance with the EN ISO 13790:2008 (2008), are 20 

W m-2 during occupied hours and 2 W m-2 otherwise. A 

half of it is convective and the other half is radiant. The 

vapor production rate due to occupants has been estimated 

in 0.05 kg h-1 per person.  

Regarding the heating and cooling system, two operative 

temperature bands have been set according to the season: 

from 20 °C to 24 °C during winter and from 23 °C to 26 

°C during summer. To obtain the desired operative 

temperature during the occupancy period, the heating 

operates from 6 am to 6 pm, and the cooling from 7 am to 

6 pm, during the weekdays. Setback temperatures during 

non-occupied periods are 15 °C for heating and 28 ºC for 

cooling. Humidity is not controlled by the system. This 

choice does not affect the main findings significantly, 

since the humidity impact on the evaluation of thermal 

comfort is substantially neutral as for the scope of the 

comparison, affecting both thermophysiological models 

in a very similar way and playing a minor role due to the 

low activity rate associated with the building use. 

For the comfort analysis, the occupants are assumed to 

perform a sedentary activity, corresponding to 1.2 met 

and a clothing level of 1 clo in winter (i.e. from October 

1st to March 31st) and 0.5 clo in summer (i.e. from April 

1st to September 30th). 

The comfort is assessed in a horizontal grid with 1 m 

distance between points, at a height of 0.6 m from the 

ground (Figure 3). 

 

Figure 3: Vertical section of the standard open office 

space with the analysis grid (in red) 

Mean radiant temperature calculation 

The four indexes have been initially calculated as 

described by their respective authors (standard, subscript 

“st”), and a second time considering the effect of solar 

radiation that directly reaches the occupant (irradiated, 

subscript “irr”).  

The mean radiant temperature of the unirradiated subjects 

of the standard indexes is calculated with the equation: 

 𝑇𝑟,𝑢𝑟 = √∑ 𝐹𝑆→𝑖𝑇𝑖
4𝑁

𝑖=1
4

 (1) 

Where FS→i is the view factor between the subject and the 

opaque surface i calculated by means of a Python script, 

and Ti is the interior temperature of the surface i, obtained 

as output variable from EnergyPlus. 

The contribution of the solar radiation to the mean radiant 

temperature is calculated according to the approach by La 

Gennusa et al. (2005), and already implemented in 

Cappelletti et al. (2014) as in Equation 2: 

𝑇𝑟,𝑖𝑟𝑟 =

√∑ 𝐹𝑆→𝑖𝑇𝑖
4 +

1

𝜀𝜎
(𝛼𝑖𝑟𝑟,𝑑 ∑ 𝐹𝑆→𝑗𝐼𝑑,𝑗

𝑖𝑛 + 𝛼𝑖𝑟𝑟,𝑏𝑓𝑝𝐼𝑏𝑛
𝑖𝑛𝑀

𝑗=1 )𝑁
𝑖=1

4
 

(2) 

where Id is the diffuse solar radiation entering through the 

windows obtained from the EnergyPlus simulation as 

output variable, and Ibn is the beam normal solar radiation 

reaching the occupant. In this case, it is initially obtained 

from the EnergyPlus simulation, and later evaluated 

geometrically point by point, taking into account the 

hourly position of the sun in relation to the window and 

the point.  

FS→i is the view factor between the subject and the 

transparent surface j. The subject absorption coefficient 

referring to the diffuse solar radiation αirr,d is 0.80, the 

absorptance of the beam radiation, αirr,b, is 0.60, while the 

emissivity ε of the subject is 0.97.  

The projected area factor of the subject in the solar beam 

direction fp was calculated for a seated person according 

to the regression expression suggested by Rizzo et al. 

(1991): 

 𝑓𝑝 = ∑ ∑ 𝐴𝑖𝑗𝛽𝑗3
𝑗=0

4
𝑖=0 𝛼𝑖 (3) 

where Aij is the coefficient of the polynomial algorithms 

for seated persons, βj is the altitude angle of the sun, and 

αi is the azimuth angle.  
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Comfort metrics 

Annual or spatial results are presented by means of two 

metrics, as defined in Atzeri et al. (2016): Thermal 

Comfort Availability (TCA) and Thermal Comfort 

Usability (TCU). 

TCA is the local time availability of sufficient thermal 

comfort in the selected period. Normally, thermal comfort 

refers to PPD values lower than 10%, as suggested by the 

technical standard EN 15251:2007 (CEN, 2007). 

However, in this work the comfort indexes used are the 

comfort index itself (e.g. PMV, TSENS, TSV, DTS). 

TCA is then assessed assuming for all four models the 

ASHRAE 7-point scale, and that the 90% PPD is 

equivalent to ±0.5. The mathematical expression of TCA 

in this case can be given as: 

 TCA = ∑ 𝑤𝑓𝑗
𝑁𝑡
𝑗=1

1

𝑁𝑡
∈  [0, 1] (4) 

𝑤𝑓𝑗 = {
1 𝑖𝑓 CI ∈  [−0.5, 0.5]

0 𝑖𝑓 CI ∉  [−0.5, 0.5]
 

where CI represents the comfort indicator used (i.e. PMV, 

TSENS, TSV or DTS) in a specific point and time, and Nt 

is the total number of working hours in one year. In this 

study CI is calculated during the working hours (8 am to 

6 pm) of workdays for a whole year. TSENS, TSV and 

DTS have been calculated with a timestep of 1 min, as 

required by the Pierce thermophysiological model, while 

the minute by minute data have been averaged for the 

calculation of the indexes and metrics derived from the 

steady-state Fanger model. 

TCU expresses the usability of space, in terms of the 

fraction of it with an adequate thermal comfort in a given 

moment. Again, thermal comfort refers to thermal 

sensation votes between ±0.5. A mathematical expression 

can be provided: 

 TCU = ∑ 𝑤𝑓𝑗
𝑁𝑝
𝑗=1

1

𝑁𝑝
∈  [0, 1] (5) 

𝑤𝑓𝑗 = {
1 𝑖𝑓 CI ∈  [−0.5, 0.5]

0 𝑖𝑓 CI ∉  [−0.5, 0.5]
 

where Np is the total number of points in the space where 

the comfort index is calculated. 

Results and Discussion 

Thermal comfort availability 

Figure 4 reports the TCA of the indexes PMV, TSENS, 

TSV and DTS for the analysis grid. On the left-hand side 

the standard version of the indexes is represented, while 

the irradiated indexes are on the right-hand side. 

TCAs calculated from the standard values of PMV, 

TSENS and TSV present a similar distribution. Almost all 

the points in the analysis grid have a high TCA (around 

90 %), except those closer to the window, which present 

lower values between 55 % and 70 %. This can be due to 

the temperature of the interior window surface, more 

sensitive to the external conditions and to solar radiation, 

which translates into a different MRT. TSENS and TSV 

are the most sensitive to this phenomenon, followed by 

PMV. DTS does not seem to be affected so much by the 

MRT close to the window, predicting very high, constant 

percentages of TCA (>95 %) all over the analysis grid. 

 

 

Figure 4: Floor plans of the office with the analysis grid, 

showing Thermal Comfort Availability (TCA) of 

standard (left column) and irradiated indexes (right 

column) for the whole year. 

 

TCA from irradiated indexes show a different behavior. If 

in the standard indexes the TCA of the points closer to the 

window was reduced from 90 % to 55-70 %, in the 

irradiated indexes TCA goes down to 30-50%. 

Furthermore, while in the standard indexes this comfort 

decrease affects points up to two meters from the window, 

in the irradiated indexes it reaches 5 meters from the 

window, i.e. half of the useful surface of the office. 

Therefore, all three indexes are sensitive to the correction 

of MRT, presenting an analogous decrease of comfort 
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which affects a similar area.  

Again, DTS is the least sensitive of the indexes, with a 

TCA reduction from 95 % to over 70 % in the first meter 

from the window and only affecting up to a maximum of 

3 meters. This thermal sensation index was developed 

together with a very detailed and precise 

thermophysiological model, so it is possible that the body 

temperatures obtained with the Pierce 

thermophysiological model do not have the precision that 

this index requires in order to calculate thermal sensation 

accurately. Further investigation is needed. 

Thermal comfort usability 

Figure 5 reports the TCU of the indexes PMV, TSENS, 

TSV and DTS in temporal maps representing a whole 

year. On the left-hand side the standard version of the 

indexes is represented, while the irradiated indexes are on 

the right-hand side. 

In the temporal maps of the standard indexes, TCU is very 

high (around 90 %) for the most part of the year, except 

for some weeks of spring and autumn, when the 

percentage is very low (less than 10 %). This is related to 

the assumption of a fix clothing level for the entire heating 

and cooling seasons in combination with to the typical 

weather conditions during mid seasons. 

TCU based on the different indexes has a similar trend, 

with TSENS presenting the highest number of hours with 

a TCU less than 90% and DTS the lowest, in accordance 

with the TCA analyses. 

TCU of the irradiated indexes has a similar distribution to 

that of the unirradiated indexes, with lower percentages 

around some weeks of April and October, and higher the 

rest of the year. The effect of solar radiation is decreasing 

the TCU (TCU <50 %) for a higher number of hours 

during the summer.  

This effect is revealed by the all four indexes and it is 

intensified around the central hours of the day in all the 

indexes except for DTS, which is more affected during the 

first and last hours of the workday. 

Annual cumulative distribution function of TCU 

Figure 6 shows the annual cumulative distribution 

function of TCU of all the indexes. 

TCU values of the standard PMV, TSENS and TSV are 

over 85 % at the 90th percentile. Meanwhile, this 

percentile of the same irradiated indexes is reduced to 

around 45 % (40 % decrease).  

The data is very polarized, with a small amount of values 

in the 10-80 % range of TCU for the standard indexes. 

This effect is much less in the irradiated indexes, reducing 

the band of TCU with virtually no values between 10-50 

%. 

Regarding DTS, TCU of the standard index remains over 

95 % for almost 100 % of the time, while the irradiated 

TCU remains over 65 % for almost 100 % of the time. 

 

Figure 5: Temporal maps of Thermal Comfort Usability 

(TCU) of standard (left column) and irradiated indexes 

(right column) for the whole year. 

In summary, the implementation of solar radiation hitting 

the occupants in thermal sensation indexes has a great 

impact on the comfort analyses. When considering this 

effect, the values of TCA are significantly reduced (>20 

%), and the negative effect of the window on comfort is 

extended 3 meters deeper in the room (from 2 m on the 

standard indexes to 5 in the irradiated). Also, TCU values 

show low comfort percentages (<50 %) during a 

significant part of the summer season when solar radiation 

is considered, while it was not able to predict any comfort 

issue on its standard form. 
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Figure 6: Cumulative Distribution Function of the TCU 

of all the indexes 

Conclusion 

This work investigates the effects of including short-wave 

solar radiation in thermal comfort metrics. Steady-state 

and non-steady thermal sensation indexes have been 

contrasted in order evaluate the influence of the type of 

model when considering the dynamic effects of solar 

radiation across an indoor space. Fanger (Fanger, 1970), 

Pierce (Doherty & Arens, 1988), Takada (Takada et al., 

2013), and Fiala (Fiala et al., 2003) thermal sensation 

indices (PMV, TSENS, TSV and DTS) have been 

compared with and without adjusting the mean radiant 

temperature (MRT) according to La Gennusa et al. 

(2005).  

Pierce thermophysiological model has been used to 

determine the parameters needed (skin temperature, core 

temperature, and their evolution in time) to calculate 

TSENS, TSV and DTS. In order to assess the reliability 

of the implemented thermophysiological and thermal 

sensation models, the skin temperature predicted by the 

Pierce thermophysiological model has been validated 

against experimental data available in literature.  

A conditioned open space office building located in Milan 

(Italy) has been simulated for a whole year in order to 

investigate the behavior of the indexes in different periods 

and in multiple positions inside the space. The capability 

of the different approaches to discriminate the effect of 

solar radiation has been highlighted through the analysis 

of long-term metrics, i.e. thermal comfort availability 

(TCA) and thermal comfort usability (TCU). The results 

suggest that the implementation of solar radiation in the 

selected thermal comfort models is not only possible, but 

also consistent across all the models, providing a better 

understanding of the thermal behavior of spaces with 

exposed windows. Steady-state and non-steady-state 

models present a similar performance, concluding that in 

conditioned spaces with typical small environmental 

fluctuations, steady-state models are also suitable for 

thermal comfort evaluation. 

Further research is planned to expand the evaluations and 

generalize the outcomes, in particular through: 

• The analysis of different applications (building and 

use characteristics) of the thermal sensation indexes, 

considering also multiple climatic conditions. 

• The comparison with further, multi-node and multi-

segment dynamic thermal comfort models. 

• The extension of the experimental validation of the 

thermophysiological and thermal sensation models 

• The evaluation of alternative approaches to account 

for the solar radiation contribution. 
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Abstract 

Nowadays, there is a need for reducing building’s energy 

consumption while preserving a comfortable and healthy 

indoor environment. After a detailed analysis of the 

literature in the domain of indoor environmental quality, 

occupant well-being, health and productivity, the paper 

explores the relationships between energy retrofit, 

interventions, indoor comfort and economic benefits and 

it proposes a real application concerning the case study of 

a hotel in Turin (Italy). The simulation was carried out 

through a Cost-Benefit Analysis that allowed to monetize 

and optimize the economic benefits, in terms of clients’ 

thermal comfort and employees’ productivity, while 

preserving the heating energy costs.  

Introduction 

Nowadays, the awareness of the close relationship 

between the Indoor Environmental Quality (IEQ), the 

occupant’s well-being, health and productivity, and the 

building energy efficiency is gradually growing. Indeed, 

the European Union Framework Programme for Research 

and Innovation, Horizon 2020, promoted the development 

of new funding opportunities on these focus areas in the 

future scientific researches. Furthermore, the recently 

approved revision of the European Parliament Building 

Directive (European Parliament, 2018) underlined the 

importance to build a comfortable indoor environment, 

introducing a new Smart Readiness Indicator (SRI) that 

could contribute to enhancing energy efficiency, comfort 

and well-being of the occupants. In the present-day, 

people spend about 80-90% of their life in enclosed 

spaces (ASHRAE, 2011) characterized by an indoor air 

from 2 to 5 times more polluted than outdoors (Wallace, 

1987). To guarantee comfortable conditions and to ensure 

health and performance of building’s occupants, it is 

necessary to monitor, verify and optimize the indoor 

environmental quality. For this reason, the paper critically 

shows the results of a literature review aimed at analyzing 

and evaluating how the IEQ influences health, comfort 

and productivity of the occupants. It is focused on 

collecting useful information for both energy-

environmental and economic-financial assessments with 

regards to thermal comfort in the hospitality sector. The 

choice to investigate this sector is due to its 

multifunctionality, characterized by a variety of indoor 

environments, by different types of users and by high 

energy consumptions. Indeed, the hotel represents the 

most energy-intensive sector of the tourism industry, with 

approximately 50% of energy consumption due to space 

conditioning (heating, cooling and ventilation in order to 

maintain high standards of comfort) (Bohdanowicz and 

Martinec, 2002).  

A field of studies demonstrated that a reduction in the 

temperature could positively contribute to reduce the 

energy costs; it has been shown that a 1°C decrease in 

indoor temperature accounts for a 10% reduction in 

heating costs (Bohdanowicz and Martinec, 2002). 

Focusing on thermal comfort, the dissatisfaction with the 

thermal conditions of the environment represents the most 

common problem among occupants. Furthermore, since 

the thermal preference is an extremely personal factor, 

studies on individual climate control systems were 

increased in order to maximize the indoor comfort (Arens 

et al., 1991; Melikov and Nielsen, 1989). Nowadays, the 

assessments are not only linked to building’s energy 

efficiency but are based on the occupant; it is essential to 

consider the strong relationship occupant-building-

system in order to ensure a better comfort inside building. 

Indeed, as active users, the occupants interact with the 

indoor environment in order to improve their comfort 

conditions. In detail, the paper shows the results of an 

energy efficiency action based on human interactions with 

the control of temperature inside the hotel. The simulation 

was carried out through a Cost-Benefit Analysis (CBA), 

method used to determine the best temperature setting 

scenario that allows obtaining benefits while preserving 

energy savings.  

The study was developed using a range of literature 

review looking at papers, books and using the Standard 

concerning the IEQ. First, it is essential to identify the 

main keywords that can give information about the topic 

of the study. The paper is structured in the following way. 

Section “Methods” shows the methodology of data 

collection deriving from a literature review about the 

different methods of monetization of IEQ with regard to 

various uses in order to identify the optimal one for the 

hotel industry. Section “Application” concerns the 

application of the method, previously identified, to a real 

hotel building in Turin (Italy); in this section three indoor 

environments, guest rooms, service areas and common 

areas, are analysed in order to take into account the 

economic benefits of both the client and the employee. 

Finally, the last section describes the results of the 

economic evaluation on the different temperature setting 
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scenarios in order to identify the optimal one, in economic 

and energy terms that guarantees the best economic 

benefit to the hotel owner.  

Methods 

The research starts from a state-of-the-art literature survey 

about the different methods of monetization of indoor 

environmental quality (thermal, visual, acoustic comfort 

and indoor air quality) for each building’s categories 

(hotel, residence, school and office). Secondly, the case 

study of the hotel has been considered, estimating the 

economic benefits related to different energy 

requalification and interventions, and comparing 

alternative management scenarios by means of the Cost-

Benefit Analysis (CBA). In particular, the results obtained 

in the CBA allowed to evaluate the optimal temperature 

setting scenario in the different hotel areas that both 

clients and employees should set up in order to maximize 

their benefits and to reduce the energy consumptions.  

Literature Review 

The purpose of this literature review was to identify an 

economic-financial method to evaluate the indoor 

comfort in a hotel building. Because of the lack of papers 

concerning the hospitality sector, the research widens the 

analysis to different typologies of buildings: hotel, 

residence, school and office. Table 1 shows the inspected 

papers divided according to the category previously 

mentioned. For each of them the authors, the year and the 

source are specified. Moreover, a review was conducted 

by Science Direct, Research Gate and Google Scholar as 

main research platforms.  

From the literature analysis, different methods emerged 

for the various uses; in hotels, the Willingness To Pay 

(WTP) an extra cost for better comfort conditions in 

rooms was investigated (Buso et al., 2016; Buso et al., 

2017); in residences, the method was based on future 

energy savings (Fang et al., 2012; Noris et al., 2013; 

Clinch and Healy, 2003); in schools, the quantification of 

indoor comfort in monetary terms was evaluated in 

relation to student’s learning and performance (Clements-

Croome et al., 2008; Wheeler, 2014); finally, in offices, 

the economic benefits of improving comfort were 

estimated quantitatively in relation to employee 

productivity, reduction from sickness absences, and 

reduction of Sick Building Syndrome (SBS) symptoms 

(Brager, 2013; Seppänen et al., 2004; Seppänen and Fisk, 

2011). As a result of this review, some criticisms and 

limitations were made about the literature. All the 

analysed papers give a monetary quantification of Indoor 

Air Quality (IAQ) and thermal comfort effects, while the 

visual and acoustic comfort are evaluated only with a 

qualitative point of view. For this reason, the paper 

focuses on estimating the economic benefits in terms of 

thermal comfort. Lastly, concerning hotels, it was 

necessary not only to talk about monetization of comfort 

in relation to the WTP for better environmental conditions 

in the hotel rooms, but also to take into consideration the 

working comfort for employees. First because a wider 

view of the hotel spaces is needed (not focusing only on 

the rooms quality but also on common and service areas). 

and secondly because the workers give a 24h service to 

guarantee costumer’s satisfaction. From these 

considerations, the research carries on finding three main 

areas in hotels: 

 guest spaces, which are rooms made up of individual 

spaces with variable energy loads; 

 common areas, consisting of reception, lobby, 

restaurant, bar, gym and conference room featuring 

both the clients and the staff; 

 service areas, such as laundry, cooking and offices 

exclusively for employees. 

In this context, it was essential to take into account the 

different requirements of occupants; on one hand, the 

employees prefer pleasant working conditions to achieve 

higher productivity and working performances; on the 

other hand, costumers or guests look for a comfortable 

indoor environment in hotel rooms and a safe stay. 

Moreover, the influence of the thermo-hygrometric 

microclimate on the occupant’s comfort, health and 

productivity, was amply demonstrated by the literature 

review. Thermal conditions can affect the performance of 

work in different ways (Wyon and Wargocki, 2006): (1) 

thermal discomfort generates complaints and increases 

maintenance costs; (2) warmth have a negative effect on 

SBS symptoms and on occupant’s concentration (Willem, 

2006); (3) cold conditions have a negative effect on 

manual tasks; (4) vertical thermal gradients lead to a 

reduction in room temperature.  

In the present study, the economic benefits of improving 

thermal comfort in hotel work environments (service and 

common areas) were estimated quantitatively in relation 

to employees’ productivity and salary. In order to quantify 

and monetize the economic benefit carried out from 

different indoor temperature setting, a field of studies 

about the effects of the temperature on worker’s 

performance were investigated. Various papers discussed 

about the strong relationship between air temperature and 

employees’ performance or absenteeism in workplaces. 

(Wyon, 1996) showed that thermal conditions within the 

thermal comfort zone can reduce performance by 5% to 

15%. (Niemela et al., 2002) carried out a study in an office 

building discovering that the average talk-time was 5-7% 

lower when temperatures remained below 25°C. 

Moreover, in a call-centre the average talk-time of an 

operator improved by 4.9% when the air temperature was 

decreased by 2°C from 24.5°C (Tham et al., 2003). 

Another experiment conducted in the laboratory by 

Witterseh (2004) on 30 subjects engaged in activities that 

simulated normal office work demonstrated that at 

temperatures of 22°C, 26°C and 30°C, the percentage of 

dissatisfied due to perceived air quality was respectively 

5%, 34% and 88%. Finally, the studies of Preller (1990) 

and Raw (1990) in an office building were demonstrated 

that self-estimated performance was higher when 

occupants can control their own thermal climate.  
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Table 1: Literature review of papers concerning economic and financial valuation of indoor comfort. 

 Title Author Year Source 

H
O

T
E

L
 

Of comfort and cost: Examining indoor comfort conditions 

and guests’ valuations in Italian hotel rooms 
Buso, et al. 2017 Energy Res. Soc. Sci., vol. 32 

Thermal comfort and energy savings in the hotel industry 
Bohdanowicz 

and Martinec 
2002 

16th International Society 

Conference on Biometeorology 

Evaluation of perceived indoor environmental quality of 

five-star hotels in China: an application of online review 

analysis 

Qi, et al. 2017 Build. Environment, vol. 111 

Consumers’ willingness to pay premium for green hotels: 

Fact or Fad? 
Dimara, et al. 2015 

14th International Marketing 

Trends Conference 

Energy efficiency and financial performance of a reference 

hotel - proposing a global Cost-Benefit Analysis 
Buso, et al. 2016 12th REHVA World Congress 

Energy savings and guaranteed thermal comfort in hotel 

rooms through nonlinear model predictive controllers 
Acosta, et al. 2016 Energy Build., vol. 129 

R
E

S
ID

E
N

C
E

 Monetization of thermal comfort in residential buildings 

comfort model description 
Fang, et al. 2012 17th ACEE Conference 

Indoor environmental quality benefits of apartment energy 

retrofits 
Noris et al. 2013 Build. Environment, vol. 68 

Valuing improvements in comfort from domestic energy-

efficiency retrofits using a trade-off simulation model 

Clinch and 

Healy 
2003 Energy Econ., vol. 25 

S
C

H
O

O
L

 

The sustainable school: effective and energy efficient 

ventilation in the classroom, and the question of 

educational performance and well-being 

Wheeler 2014 World Conf. Sustain. Build. 

Ventilation rates in schools 
Clements-

Croome, et al. 
2008 Build. Environment, vol. 43 

Daylighting in schools, an investigation into the 

relationship between daylight and human performance 
Heschong 1999 

California Board for Energy 

Efficiency 

Effects of classroom acoustics on performance and well-

being in elementary school children: a field study 
Klatte, et al. 2010 Environ. Behav., vol. 42 

O
F

F
IC

E
 

Proposal for a modified cost-optimal approach by 

introducing benefits evaluation 
Becchio, et al. 2015 Energy Procedia, vol. 82 

Benefits of improving occupant comfort and well-being in 

buildings 
Brager 2013 

4th International Holcim forum 

for sustainable construction 

Review on visual comfort in office buildings and influence 

of daylight in productivity 
De Carli, et al. 2008 

11th International Conference 

on Indoor Air Quality and 

Climate 

Indoor climate and productivity in offices Wargocki, et al. 2006 Rehva Gb, vol. 6 

Cost-Benefit Analysis of improved air quality in an office 

building 

Djukanovic, et 

al. 
2002 

9th International Conference on 

Indoor Air Quality and Climate 

Effect of temperature on task performance in office 

environment 
Seppänen, et al. 2006 

5th International Conference on 

Cold Climate HVAC 

Control of temperature for health and productivity in 

offices 
Seppänen, et al. 2005 ASHRAE Transactions, vol.111 

A procedure to estimate the cost effectiveness of the indoor 

environment improvements in office work 

Seppänen and 

Fisk 

2006 

(a) 

Creating the productivity 

workplace (Book) 

Method for cost-benefit analysis of improved indoor 

climate conditions and reduced energy consumption in 

office buildings 

Jurelionis, et al. 2013 Energies, vol. 6 

Benefits and costs of improved IEQ in U.S. offices Fisk, et al. 2011 Indoor Air, vol. 21 

Health-related costs of indoor ets, dampness and mold in 

the united states and in California 
Fisk 2005 

10th International Conference 

on Indoor Air Quality and 

Climate 

Some quantitative relations between indoor environmental 

quality and work performance or health 
Seppänen and 

Fisk 

2006 

(b) 
HVAC&R Res., vol. 12 

Estimate of an economic benefit from investment in 

improved indoor air quality in an office building 
Wargocki 2003 

7th International Conference on 

Healthy Buildings 

Review of health and productivity gains from better IEQ Fisk 2000 
International Conference on 

Healthy Buildings 

Influence of indoor air temperature variation on office work 

performance 

Valančius and 

Jurelionis 
2013 

J. Environ. Eng. Landsc. 

Manag., vol. 21 

Providing better indoor environmental quality brings 

economic benefit 

Fisk and 

Seppänen 
2007 9th REHVA World Congress 
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Cost-Benefit Analysis methodology 

An analysis based on Cost-Benefit Analysis (CBA) 
approach was proposed in order to identify the optimal 

temperature setting scenario that allows obtaining 

benefits while preserving energy savings. According to 

European Commission (2014), CBA is a systematic 

approach used in investment decisions in order to assess 

the welfare changes attributable to alternative projects and 

to select the most profitable in terms of the society’s 

convenience (Becchio et al., 2018). It is developed 

through the following five steps: 1) identification of costs 

and benefits of the project; 2) estimation of the monetary 

values; 3) distribution of the estimated costs and benefits 

over the time and construction of the cash flow; 4) 

definition of the discount rate; 5) calculation of the 

performance indicators.   

In the present study, a Benefit-Cost Ratio (BCR) was used 

to determine the economic efficiency of the different 

scenarios analysed. The following formula (1) presents 
the ratio between discounted economic benefits and costs: 
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where n is the analytic horizon, t represents the cash flow 

period, Bt is the cash flow of benefits, Ct is the cash flow 

of costs, and r is the discount rate. 

Application 

The methodological approaches presented in the previous 

section were applied to an existing building in the centre 

of Turin (Italy), the Hotel Residence L’Orologio.  

The main input data are presented in the Table 2.  

Table 2: Input data of the analysis. 

Occupation rate (short-stay) 25% (average 2013-2014) 

Occupation rate (overnight-

stay > 1 month) 
50% (average 2013-2014) 

Floors number 6 

Total heated floor area 1,138 m2 

Total heated volume 3,845 m3 

Total rooms surface 874 m2 

Rooms number 20 

Beds number 78 

Three main environments (guest rooms, service areas and 

common areas) and two different typologies of indoor 

requirements (by clients and by employees) were 

identified and discussed in the following sections. This 

paper was intended to represent a first attempt to monetize 

the benefits expected from an improvement in indoor 

thermal conditions considering two different variables. 

On one hand, the comfort needs of the client were 

evaluated through the implementation of the 

questionnaire presented in Buso et al. (2017) in terms of 

WTP; on the other hand, the needs of the employee by 

estimating the economic benefits of a comfort 

improvement based on his productivity. The evaluation 

was done in relation to the winter season from 15 October 

to 15 April (182 days), with regard to the heating energy 

consumption. The economic benefits were quantified in 

€/(winter season*m2) and obtained from the difference 

between the proposed scenario and the state of art (equal 

to 20°C inside the three environments). 

Guest rooms 

Monetary evaluation of comfort conditions in guest rooms 

was estimated by the co-benefits of employing the results 

coming from a Contingent Valuation Method (CVM) 

survey concerning the results conducted by Buso et al. 

(2017). In the survey, the guests were asked the extra price 

per night they would be willing to pay for better IEQ in 

the room. The results of the questionnaire have shown that 

about 18% (40 people) were not willing to pay an 

additional price because the room rate per night of 80 

€/night (on average hotel rates in the centre of Turin, 

Italy) was perceived as enough elevated. The rest of the 

respondents (184 people) were demonstrated a WTP of 

about 14% more than the base room rate. Subsequently, 

the percentage (14%) was applied on the average room 

price of the Hotel Residence L'Orologio (117 €/night for 

short-stay and 83 €/night for overnight stay), quantifying 

the guests’ willingness to pay as 16.38 €/night and 11.62 

€/night more than the base room rate, respectively for 

short and overnight stay. Finally, considering only the 

winter season (182 days), the occupation rate in Table 2 

and the WTP of clients only for improved the thermal 

comfort (25%), the total WTP an extra cost results equal 

to 10.31 €/(winter season*m2). This economic benefit 

corresponds to an optimum indoor temperature of 22°C. 

In Table 3, the economic benefits obtained from the 

customer's willingness to pay for different temperature 

settings in the room were summarized. 

Table 3: Economic benefits from the guests’ WTP in 

room. 

Temperature 

[°C] 
Benefit [%] 

∆ Benefit 

[€/(winter 

season*m2)] 

21 (+ 1°C) 
10 % increase in the 

room rate 
7.36 

22 (+ 2°C) 
14 % increase in the 

room rate 
10.31 

23 (+ 3°C) 
10 % increase in the 

room rate 
7.36 

19 (- 1°C) 
-14 % decrease in the 

room rate 
-10.31 

18 (- 2°C) 
-14 % decrease in the 

room rate 
-10.31 

17 (- 3°C) 
-14 % decrease in the 

room rate 
-10.31 

Service areas 

Hotel Residence L’Orologio service area was represented 

by a single office (11 m2) occupied by the Director. The 

estimation of the monthly salary of the employee is 

acquired by the “Contratto Collettivo Nazionale del 

Lavoro” (CCNL, 2008) equal to 2,514 €/month (13.6 €/h). 

The study considered that the Director works 8h per day, 

excluding Sunday, reaching a total of 156 working days. 

Based on these input data, the manager's salary results 

equal to 16,972 €/winter season. Since the workplace was 
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characterized by the presence of the employee, 

quantifying the economic benefits of better thermal 

comfort was associated with increased productivity. The 

relation between air temperature and work performance is 

shown in Figure 1, as follow (2): 

RPt = 0.1647524 ×  tc − 0.0058274 ×  tc
2 + 0.0000623 ×

 tc
3 − 0.4685328     (2) 

where RPt represents the relative performance and tc is the 

indoor temperature in °C. 

 

Figure 1: Relative performance in relation to the indoor 

temperature. 

Figure 1 was based on the results from 24 studies, 

conducted by Seppänen (2006), investigating the effects 

of temperature on office work performances. The curve 

suggests that work performance is maximized when the 

indoor air temperature is about 22°C. For each variation 

(increase or decrease) of 1°C, compared to the optimal 

temperature (22°C), a reduction of performance by about 

1% occurs. The economic benefits were obtained from the 

difference between the proposed scenario and state of the 

art (20°C). Table 4 summarizes the economic benefits 

coming from the various temperature settings in the 

office. 

Table 4: Economic benefits from the various 

temperature settings in the office. 

Temperature 

[°C] 
Benefit [%] 

∆ Benefit 

[€/(winter 

season*m2)] 

21 (+ 1°C) 
0.46 % increase in 

work performance 
7.09 

22 (+ 2°C) 
0.51% increase in 

work performance 
7.86 

23 (+ 3°C) 
0.23 % increase in 

work performance 
3.54 

19 (- 1°C) 
0.9 % decrease in 

work performance 
- 13.88 

18 (- 2°C) 
2.2 % decrease in 

work performance 
- 33.94 

17 (- 3°C) 
4 % decrease in work 

performance 
- 61.71 

(*) Employee salary = 16,972 €/winter season = 1,542 

€/(winter season*m2) 

Common areas 

The common area of Hotel Residence L'Orologio was 

represented by the reception (16 m2) on the ground floor 

and occupied by two employees, the receptionists. 

The estimation of the monthly salary of an individual 

employee is acquired by the CCNL (2008) equal to 

16,180 €/month (8.79 €/h). The study considered that the 

employee works 6h per day, excluding Sunday, reaching 

a total of 156 working days (the receptionist’s salary was 

8,227 €/winter season). Table 5 summarizes the economic 

benefits coming from the various temperature settings in 

the reception. 

Table 5: Economic benefits from different temperature 

settings in the reception. 

Temperature 

[°C] 
Benefit [%] 

∆ Benefit 

[€/(winter 

season*m2)] 

21 (+ 1°C) 
0.46 % increase in 

work performance 
4.73 

22 (+ 2°C) 
0.51% increase in 

work performance 
5.24 

23 (+ 3°C) 
0.23 % increase in 

work performance 
2.36 

19 (- 1°C) 
0.9 % decrease in 

work performance 
- 9.20 

18 (- 2°C) 
2.2 % decrease in 

work performance 
-22.62 

17 (- 3°C) 
4 % decrease in 

work performance 
- 41.13 

(*) Employee salary = 8,227 €/winter season = 514 

€/(winter season*m2). Two employees: 1,028 €/(winter 

season*m2) 

The approach used to evaluate the economic benefits was 

the same for the service areas presented in the previous 

section. In this case, in order to obtain a correct evaluation 

of the reception area it was necessary to consider the 

presence of clients. Based on the hypothesis that the client 

went through the reception about 4 times a day and the 

average of his/her stay was 10 minutes, the customer's 

Willingness To Pay for better comfort conditions in the 

reception was equal to 1.16 €/(winter season*m2) 

associated with an optimal indoor temperature of 21°C. 

Energy consumption and costs 

In order to monetize the energy consumption, a 

quantification was necessary, which in the present study 

required an energy simulation that refers to the Energy 

Audit Report (SiTI, 2015). The total energy consumption 

(97.46 kWh/(winter season*m2) and the equivalent 

energy costs (6.32 €/(winter season*m2) of the Hotel 

Residence L'Orologio were referred to the only winter 

season and therefore to the heating consumption of the 

building, considering the state of art of 20°C. Table 6 

shows the economic benefits for different temperature 

scenarios (± 3°C) for power consumption/energy savings. 

Each upward (or downward) variation of 1°C of 

temperature with respect to the state of art (20°C) results 

into a 7% increase (or decrease) of the energy cost. The 
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economic benefits were quantified in €/(winter 

season*m2) and obtained from the difference between the 

energy costs of the proposed scenario and the energy costs 

of state of the art (6.32 €/(winter season*m2). 

Table 6: Economic benefits in terms of energy for 

different temperature settings. 

Temperature 

[°C] 
Benefit [%] 

∆ Benefit  

[€/(winter 

season*m2)] 

21 (+ 1°C) 
7% increase in 

energy costs 
0.44 

22 (+ 2°C) 
14% increase in 

energy costs 
0.88 

23 (+ 3°C) 
21% increase in 

energy costs 
1.32 

19 (- 1°C) 
7% decrease in 

energy costs 
-0.44 

18 (- 2°C) 
14% decrease in 

energy costs 
-0.88 

17 (- 3°C) 
21% decrease in 

energy costs 
-1.32 

Results and discussion 

The following section identifies all the indoor temperature 

settings combined for the three distinct areas: guest 

rooms, office and reception. The different scenarios were 

assumed for all temperature combinations, excluding 

those at 17°C and 18°C because, for the winter reference 

season, they are outside from PPD=10%. Therefore, the 

temperature setting considered are 19°C, and from 21°C 

to 23°C; as a consequence, there were 64 possible 

scenarios. For each of them, the energy cost and the 

overall economic benefit in terms of €/winter season were 

calculated. The evaluation of the relationship between 

benefits and costs will allow to identify the optimal 

scenario represented in Table 7 and characterized by a 

temperature inside the three environments equal to 21°C. 

Table 7: Scenario 21°C-21°C-21°C. 

As shown in the Table 7, the setting of 21°C in office, 

reception and guest rooms correspond to a BCR of 12.60. 

In this scenario, the ratio between benefits and costs was 

maximized. It is possible to notice that while not reaching 

the optimal set-point of 22°C the benefits were optimized 

at the indoor temperature of 21°C; as a matter of fact, 

despite the overall economic benefit of the presented 

scenario was lower than that of the scenario at 22°C, the 

costs related to energy consumption for heating were 

much lower. 

Table 8 shows the scenario at the set-point temperature of 

22°C in all environments; this temperature guarantees the 

maximum benefit from both the customer, who was 

Willing To Pay 14% more on the price of the room, and 

the employee, who maximizes his/her work performance. 

Table 8: Scenario 22°C-22°C-22°C. 

 [€/(winter season]  

C
o

st
s 

Office 9.68 

Reception 14.08 

Rooms 769.12 

TOT 792.88 

B
en

ef
it

s 

Office 86.46 

Reception 96.96 

Rooms 6,758.20 

TOT 6,941.62 

Benefits/Costs Ratio (BCR) 8.75 

As shown in Table 8, the temperature scenario of 22°C 

corresponds to a cost-benefit ratio of 8.75; this result is 

lower than the scenario above (Table 7) despite 

representing the optimal set-point temperature in terms of 

expected economic benefits. As a matter of fact, it can be 

seen that the total benefits are much higher, but at the 

same time, the 2°C increase of the temperature (with 

respect to the state of art of 20°C) results in the 

improvement of heating energy. 

Conclusion 

The research work gave the possibility to identify the 

optimal method of monetization of thermal comfort in the 

hotel sector. This paper represents a first attempt to 

monetize the benefits expected from an improvement in 

indoor comfort conditions through the analysis of two 

variables: on one hand, the comfort needs of the client 

were evaluated by an implementation of the results 

obtained from Buso et al. (2017) in terms of Willingness 

To Pay, on the other hand the needs of the employee by 

estimating the economic benefits of a comfort 

improvement based on his productivity. The final 

objective was to identify, through a CBA, the optimal 

scenario that guarantees the best economic benefit to the 

hotel owner. The results of the analysis showed that the 

optimal scenario was identified at a temperature of 21°C 

inside all three considered areas, which corresponds to a 

benefit-cost ratio of 12.60; these conditions allow to 

maximize the thermal comfort in relation to a high energy 

saving for heating. The application to the case study 

concerned the hotel sector but the approach identified can 

be applied to different uses (Becchio et al., 2019). 

Furthermore, it is necessary to underline that the analysis 

was exclusively about the evaluation of thermal comfort. 

For this reason, it would be interesting to investigate on 

visual and acoustic comfort, and indoor air quality in 

order to give a complete view of the benefits deriving 

from the improvement of the indoor environmental 

conditions. 

 [€/(winter season]  

C
o

st
s 

Office 4.84 

Reception 7.04 

Rooms 384.56 

TOT 396.44 

B
en

ef
it

s Office 77.99 

Reception 94.24 

Rooms 4,824.48 

TOT 4,996.71 

Benefits/Costs Ratio (BCR) 12.60 
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Abstract 
According to IPCC (2014), the global mean temperature 
is expected to increase from 1.4°C to 5.8°C by 2100. The 
implications will be particularly significant in urban areas 
as indoor and outdoor comfort levels will be disrupted, 
leading to significant health impacts. One of the expected 
impacts is indoor overheating as it has been identified as 
one of the major causes of thermal discomfort and directly 
linked to the potential increase in mortality levels in the 
future. This paper focuses on the potential implications 
from increased overheating hours on human health in an 
old low-income residential neighbourhood in Cairo, 
Egypt. Results from the simulation indicate that under 
climate change projections, there is a projected increase 
up to 18% in indoor overheating with higher health risks 
for elderly residents.  
Introduction 
With growing evidence of climate change impacts, rising 
global temperature is now recognized as one of the major 
issues facing humans in this century. According to a 
recent study by Mora et al. (2017), exposure to excess heat 
is currently one of the inevitable threats to human life.  It 
has been identified that exposure to heat for several 
consecutive days can lead to deadly health risks, including 
heat stroke and other heat-related illnesses (Glazer, 2004). 
Given such risks, there is a rising need for adapting cities 
to predicted heat-related risks. Such risks will result not 
only from rising temperatures outdoors but also from 
buildings’ failure to adapt to changing external conditions 
indoors (Coley & Kershaw, 2010).  
It has been identified that heatwaves are the cause of one 
of the highest death tolls compared to other weather-
related hazards (Luber & McGeehin, 2008) causing 
increased mortality risks especially for vulnerable 
populations like the elderly and infants (Kenny, Yardley, 
Brown, Sigal, & Jay, 2010). Over the past three decades, 
a vast body of literature has established a strong 
relationship between mortality rates and rising outdoor 
temperature above comfort threshold (Yu et al., 2011). 
However, indoor temperature can be a significant factor 
in this relationship. For instance, as outdoor temperatures 
rise over consecutive days, indoor temperature can rise 
aggressively, affecting occupant comfort and potentially 
resulting in heat stress (Sakka, Santamouris, Livada, 
Nicol, & Wilson, 2012).  

Currently, around 30% of the global population 
experience not less than 20 days of excessive heat 
annually that are considered threatening to human life and 
is projected that by 2100 three out of four people will be 
subject to deadly heat stress (Kenny, Flouris, Yagouti, & 
Notley, 2018; Mora et al., 2017). Evidence from the 2003 
European heatwave underline the risks associated with 
prolonged exposure to excess heat fatalities that can occur 
indoors (Valleron & Boumendil, 2004). At least 35,000 
people died as a result of 2003 heatwave with 14,802 
deaths were recorded in France alone (United Nation 
Environment Programme (UNEP), 2004). In 2015, 
around 110 people died in Egypt from rising temperature, 
while 580 people were hospitalized due to heat exhaustion 
after temperature reached 47 °C (AlAhram, 2015; BBC, 
2015).  
While there is an extensive body of literature on the effect 
of extreme outdoor air temperature on mortality, there is 
a significant limitation of our understanding of the 
implications of excessive indoor conditions and human 
health. Furthermore, it is estimated that heat-vulnerable 
populations like the elderly, individuals with chronic 
history and infants spend around 80% to 90% of their time 
indoors (Klepeis et al., 2001; Leech, Nelson, Burnett, 
Aaron, & Raizenne, 2002). This implies the need to 
establish a threshold for indoor temperature above which 
heat stress can occur at a dangerous level to human life. 
Overheating risks are expected to increase as a result of 
climate change with more significant impacts on indoor 
thermal conditions.  Therefore, it is essential to 
understand the effect of increased temperature in the 
future on heat stress risks indoor and related health 
concerns specifically for a vulnerable population. This 
paper proposes a methodology to evaluate indoor heat-
related risks through the examination of overheating with 
exposure. The framework of the analysis aims at a) 
quantifying impacts of future temperature increase on 
indoor overheating risks and b) classification of building 
types according to overheating risks to excessive heat. 
The methodology is applied to an old residential 
neighbourhood in Cairo, Egypt, with more than 84% of its 
population not having access to air conditioning systems 
(Abouelmagd, 2018; Aga Khan Trust for Culture 
(AKTC), 2005).   
There is extensive literature on the impact of outdoor heat 
exposure and human health, yet our understanding of 
indoor heat exposure and health risks under future climate 
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projection is still limited (Kenny et al., 2018; Seth H. 
Holmes, 2016). Thus, the goal of this paper is to highlight 
the importance of examining this relationship specifically 
for a vulnerable urban context and implications from 
climate change projections. The paper is divided into 
three main sections. The first section presents an overview 
of overheating risks indoors and implications of excessive 
heat on human health. The second part of the paper 
describes the study area, building archetypes, analysis 
methods, and climate scenarios examined. Finally, section 
three presents the results of the analysis and outline 
adaptation strategies.  
Extreme Heat and Human Health  
Heatwaves and extreme heat conditions are now 
considered among the significant threats to human life. 
Exposure to extreme heat situations often results in heat 
stress, which is also associated with overheating.   Heat 
stress is a physiological state when the human body is 
subjected to thermal conditions that are well beyond 
thermal comfort, and consequently affect basic body 
functions (Seth H. Holmes, 2016). Heat stress is strongly 
dependent on the thermoregulation of the human body 
and thermal comfort resulting from surrounding climatic 
conditions. Thermal comfort is a function of six main 
factors; two main personal factors: metabolic rate and 
clothing level, and four main environmental factors: air 
temperature, humidity, radiant temperature and airspeed 
(Parsons & Kenneth, 2011). The steady range in which 
the human body maintains constant core temperature is 
identified as homeothermy zone, as illustrated in Figure 1 
below. This range includes the zone of thermal comfort 
and threshold range of more extreme hot and cold 
conditions (N. Lacetera, U. Bernabucci, H.H. Khalifa, 
2003).   
The human body’s steady thermal state is within a core 
temperature of 37°C (Ramsey, 1995; Ramsey & Chai, 
1983), and above this range, risk levels start to exacerbate. 
On the other hand, heat stress occurs when the body fails 
to maintain heat balance.  The three risk ranges presented 
in Figure 1 above show that by reaching core temperature 
of 38°C, the capacity of physical activity starts to 
decrease, at 39°C, potentials of heat stroke and heat 
exhaustion are expected and when the core temperature 
reached 40°C, it is  considered a life-threatening stage 
(Barreca, 2012).  

 
Figure 1: Homeothermy (adapted from (N. Lacetera, U. 

Bernabucci, H.H. Khalifa, 2003; Seth H. Holmes, 
2016)). 

Individual thermal comfort is directly linked to 
surrounding climatic conditions. Over the past decade, 
several studies have investigated the factors governing the 
relationship between thermal comfort and indoor and 
outdoor conditions. Hence, the paper focuses on indoor 
conditions; this section will present an overview of the 
literature contribution to examining the factors affecting 
indoor thermal conditions and occupants’ sensation of 
comfort.  
The American Society of Heating, Refrigeration and 
Conditioning Engineers (ASHRAE) standard 55 (2017) 
has defined thermal comfort as “ The state of mind that 
expresses satisfaction with the thermal environment” with 
thermal comfort range is between 23°C to 28°C. Given 
this global definition of comfort, a growing number of 
studies have developed various models to understand the 
range of thermal conditions indoors within which 
occupants will feel most comfortable (Luo et al., 2016). 
Results from these studies revealed that building 
characteristics, including construction materials’ thermal 
capacity, orientation, windows properties, and 
surrounding urban context, play a crucial role in 
moderating indoor thermal conditions. However, only 
fewer studies examined the threshold of indoor thermal 
conditions above which health risks can happen 
depending on body physiological response. 
Basu and Samet’s study (2002) is one of the fewer studies 
that examined indoor temperature and physiological 
response for elderly residents. The study analyzed skin 
temperature and heart rate for 42 elderly adults 
simultaneously with ambient temperature in Baltimore, 
Maryland, in the USA, over 48 hours period. Results from 
the study revealed that there is a positive correlation 
between indoor ambient temperature and skin 
temperature. As with every 0.56°C increase in ambient 
temperature, skin temperature increased by 0.08°C.  
During the 2003 European heatwave, Stephan et al. 
(2005)  examined 54 patients in a hospital in Paris. Results 
from this study showed that an indoor air temperature of 
40°C resulted in elderly and ICU patients’ core 
temperature reaching 38°C. These core temperatures did 
not drop until indoor air temperature dropped to between 
25°C and 27°C. Also, the study revealed that an indoor air 
temperature of 38°C led to thermoregulation failure 
despite active body cooling.  
In 2012, Kim et al. (2012) examined the impact of indoor 
condition for low-income housing in South Korea and 
concluded that increased air temperature negatively 
correlated with blood pressure in elderly residents and 
positively linked to increased body temperature. Also, a 
recent study by Kenny et al.  (2017) showed that elderly 
adults store 1.8 times more heat than younger counterparts 
under a temperature of 44°C. The World Health 
Organization (WHO) has defined groups of the 
population that are more vulnerable to high and low 
temperature than others (Ormandy & Ezratty, 2012). With 
such definition, it has recommended an indoor 
temperature range between 18°C to 24°C that is 
associated with minimum health risks (Goromosov & 
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WHO, 1968). However, the extent to which this range 
applies to the vulnerable population with no access to air 
conditioning systems remains in question.  
Heat Stress Indices and Adaptive Capacity 
Heat stress occurs when the body fails to maintain a 
balanced core temperature around 37°C. Heat stress 
indices provide a powerful tool to assess surrounding 
environmental conditions to predict the probability of 
thermal strain of the human body (Parsons & Kenneth, 
2011). Generally, heat stress indices denote the impacts 
of the six main thermal comfort factors describe above on 
the thermal strain experienced by the human body. 
Various research has investigated the definitive value of a 
heat stress index that best represents the temperature 
perceived by individuals (Epstein & Moran, 2006). 
Parsons et al. (2011) presented a comprehensive 
assessment of different heat stress indices. The study 
categorized heat stress indices intro three main classes: 
Rational (based on calculations that take into account heat 
balance of human body), Empirical (based on the 
subjective and objective analysis of human physiological 
response like heart rate and sweating) and Direct 
(involves measurements to stimulate response of human 
body to heat) (Epstein & Moran, 2006; Parsons & 
Kenneth, 2011; Ramsey & Chai, 1983).  
Another critical factor to consider in the interrelationship 
between surrounding climatic conditions and human 
physiological sensation of comfort is the individuals’ 
adaptation response to heat, also referred to as “Adaptive 
Capacity” (Hayden, Brenkert-Smith, & Wilhelmi, 2011). 
Adaptive capacity refers to the human ability to lessen the 
impact of exposure to extreme heat using a range of 
actions to achieve thermal comfort (Hayden et al., 2017).  
These actions are classified into three main categories, as 
follows (Kwok & Rajkovich, 2010):  
Physiological Adaptation: linked to the body’s ability to 
adapt to heat through physiological changes like sweating 
Psychological Adaptation: based on the individuals’ 
perception of thermal comfort and type of conditions that 
offer thermally comfortable environment using building 
control systems, for example. 
Behavioural Adaptation: refers to the individuals’ 
response to adapt to heat through a series of adjustments. 
These adjustments include personal adjustments like 
changing clothing level and contextual adjustment like 
opening windows, using air conditioning and closing 
window blinds to reduce heat stress.  
The review above presented a synopsis of the main factors 
governing the relationship between climatic conditions 
and the human response to extreme heat and highlighted 
the main research gaps. The study concerns addressing the 
gap between indoor climatic conditions and potential 
health risks specifically for a vulnerable population with 
a lack of access to adaptation adjustments and air 
conditioning. The significance of this study stems from 
establishing a baseline threshold for indoor conditions 
above which health risks can occur. This would be useful 
to identify what types of adaptation strategies needed and 
where they are most effective.  

Methods 
The research aims at the identification of risk thresholds 
associated with increased overheating under future 
climate projection. In order to provide an understanding 
of potential overheating risks, a representative urban area 
is simulated under current and future climate scenarios. 
The foundation of this analysis is developed through four 
main sections (Figure 2) through the following steps:  
a) Classification of different building types based on 

construction methods and envelope thermal 
properties. This is achieved through a series of site 
surveys that were carried out between July and August 
2018 alongside an analysis of findings from The Aga 
Khan Trust for Culture rehabilitation project (Aga 
Khan Trust for Culture (AKTC), 2005, 2013).  

b) Identification of current users’ adaptation strategies in 
case of extreme heat exposure. This is addressed by 
conducting 60 personal interviews on types of 
common adaptation measures, typical clothing levels, 
ventilation times, equipment types, and types of 
environmental control systems.  

c) Quantifying the impact of increased air temperature on 
overheating hours indoors. A historical building of 
three floors that represents 31% of the existing 
building stock is modelled in rhinoceros and simulated 
for annual overheating simulation in grasshopper. 
Overheating threshold is considered as the operative 
temperature above ASHRAE comfort range of 26.9°C 
(American Society of Heating & Conditioning 
Engineers (ASHRAE), 2017). All buildings were 
examined with the dependence solely on natural 
ventilation with no access to any mechanical 
ventilation system. Among the studied archetypes, a 
representative case of historic buildings is extensively 
discussed in this paper. 

d) Quantifying overheating impacts across different 
archetypes. A simulation model of an urban block of 
25 buildings that represent the majority of building 
stock is developed in Urban Modelling Interface 
(UMI). UMI is an urban performance simulation 
model developed by the Sustainable Design Lab at 
Massachusetts Institute of Technology (Reinhart, 
Dogan, Jakubiec, Rakha, & Sang, 2013). UMI offers 
an integrated urban simulation capability including 
operational energy use, overheating, daylighting, 
embodied carbon emission and walkability over 
neighbourhood scale. The simulation module 
integrates EnergyPlus engine and Radiance. A 
representative case of each archetype was simulated 
for hourly indoor operative temperature from January 
1st to December 31st.  

e) Simulations are then carried out for two future climate 
scenarios: 2020 and 2050 IPCC A2 scenarios (IPCC, 
2014). Climate Change Weather generator tool 
developed by the sustainable energy research group in 
Southampton University (Jentsch, James, Bourikas, & 
Bahaj, 2013) is used for morphing 2020 and 2050 
weather files under A2 scenario.  

f) Analyzing the effect of prolonged heat exposure on 
health risks. A hypothetical model of a 65 years old 
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male resident is simulated using Ladybug human 
comfort simulation module to measure potential health 
implications from increased indoor temperature 
(Mostapha Sadeghipour & Michelle, 2013).  
To assess potential health impacts, Heart Rate (HR) is 
used as the primary physiological indicator for 
potential risk (Zamanian et al., 2017). There are 
several other indices to reflect physiological response 
under heat exposure, such as skin temperature, core 
temperature, sweat rate, and dehydration risks. For this 
study, heart rate is used as the main analysis metric. 
Heart Rate (HR) is a metric developed by Fuller and 
Brouha (1966) to attest thermal stress on the human 
body. A hypothetical human male model is developed 
in grasshopper and honeybee with a representative 
body characteristic for a 65 years old Egyptian male 
who is acclimatized to heat. The model is examined 
for a sedentary activity level in the main bedroom 
space on each floor of the examined archetype. 
Simulations were run for current conditions, 2020 and 
2050 climate scenarios for the extreme hot week from 
August 19th to August 25th.  
This will assist in quantifying the threshold of indoor 
conditions that can potentially cause health risks. The 
rationale behind this simulation is to test impacts on 
the elderly who are considered most vulnerable to heat 
exposure, as compared to young adults. Although 
infants are also prone to heat-related risks, they are not 
included in this analysis. 

Simulation Assumptions: occupancy and lighting 
schedules were based on the personal interviews carried 
out during site surveys. Equipment loads and lighting 
density were assumed based on a local study (Attia, 
Evrard, & Gratia, 2012) that developed a representative 
energy simulation database for building stocks in Egypt. 
Infiltration rates used were equal to 0.3 air changes per 
hour (ACH), assuming that the majority of buildings have 
relatively poor airtightness. All buildings’ windows were 
assumed single pane clear glass without coating. 
Characteristics of the Study Area 
Al-Darb AlAhmar is a low-income neighbourhood in 
Cairo, Egypt. The area has a mix of old historical 
buildings from the 1700s, buildings that were built during 
the late 20th century and buildings that were built in the 
period between 2010 and 2014. The total studied area is 
2.8 acres, and it was specifically selected for its unique 
architectural character and diversity of building types and 
economic challenges. Living standards are primarily 
considered for low-income, where air conditioning units 
are not common and rarely installed. Ceiling fans and 
portable fans are the most common apparatus used for 
ventilation. There are eight main archetypes identified 
from the site survey, with the characteristics of envelopes’ 
thermal properties vary with construction methods into 
two main categories. Characteristic of building envelopes 
in each archetype identified based on site survey and 
Attia’s database for Egypt’s construction materials (Attia 
& Wanas, 2012). 

 
Figure 2:  Analysis framework and methods used. 

The floor area of the residence examined in the study 
range between 30 m2 and 100 m2, with an average area of 
80 m2. Onset Hobo data loggers were installed in 15 
representative archetypes from July 6th to July 12th and 
from August 8th to August 15th. Indoor temperature and 
relative humidity readings are used to analyze indoor 
climatic conditions and validate simulation results. The 
accuracy of the temperature loggers used was ± 0.21°C. 
All loggers were placed in the zones with sufficient air 
movement and away from any internal heat sources and 
solar radiation. Outdoor air temperature was collected 
from the nearest weather station that is located 4.9 km 
away from the analysis area. Outdoor temperature 
readings indicate high temperature from July 7th until July 
12th, 2018.   
Results 
Figure 3 presents the simulated indoor air temperature and 
recorded air measurements. Data from buildings’ survey 
and questionnaires were used to calibrate simulation 
model with actual conditions.  
As shown in Figure 3 below, simulation mean square root 
error decreased substantially after adding questionnaire 
data. The questionnaire was tailored to address 
information such as occupancy times, the number of 
equipment owned, adjustments residents use to regulate 
temperature and ventilation times. All these data we 
arranged by archetype and added to the simulation model. 
Overheating simulation results indicate that the majority 
of overheating hours occurs between June and October, 
with a higher frequency between July and August as 
presented in Figure 4-a below. The daily distribution 
shows that during summer months from May to 
September, most of the overheating hours occur in the 
nighttime from 6 pm to 6 am (Figure 4-b). The large 
concentration of overheating hours in nighttime poses 
threats related to potential disruptive sleep from increased 
temperature. 
 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2518

 

 
  



 
a. Initial Simulation results before integrating data on occupancy schedules 

and lighting and equipment loads 

 
b. Simulation results after calibration with site data and personal occupancy 

questionnaire 
Figure 3:  Simulation results for indoor air temperature 

and recorded summer measurements. 

 
a. Annual overheating simulation and monthly distribution 

 
b. Daily distribution of overheating hours. Daytime represents the time from 

6 am to 6 pm, and Nighttime represents from 6 pm to 6 am. 
Figure 4: Overheating monthly and daily simulation 

results for a representative historic building.  
Operative temperature simulations for typical summer 
week and extreme hot week shows that higher floors have 
higher average operative temperature than lower floors. 
Hourly operative temperature simulation for the month of 
July revealed that during the first three days of the month,  

 
a. Average hourly operative temperature for a typical summer week (15th to 

21st of July) 

 
b. Average hourly operative temperature for an extremely hot week (19th to 

25th of August). 

 
c. Hourly Operative temperature for July. The highlighted region represents 
the highest observed operative temperature above the monthly average from 

July 1st to July 3rd. 
Figure 5: a. Average operative for a typical summer 

week in July, b. Operative temperature for the extreme 
hot week and c. Hourly simulation for each floor in July. 
temperature exceeds a monthly average of 32.8°C, as 
presented in Figure 5-b. 
The subsequent stage was to use validation for individual 
archetypes to develop an urban template for UMI inputs. 
An urban area of 1.2 acres is simulated for annual 
overheating hours above 26.9°C. Simulation results 
highlight that older building has relatively lower 
overheating hours as compared to archetypes after the late 
20th century. Upper floor across all archetypes had higher 
annual overheating hours compared to other floors in the 
same building. 
The average annual overheating in historic buildings 
ranged from 4800 hours to 6300 hours, as shown in Figure 
6-a. On the other hand, archetypes from the late 20th 
century and those, which were built after 2010, had 
average annual overheating hours ranging between 3000 
hours to 3500 hours annually as illustrated in Figure 6-b.  
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a. Annual overheating results for the study area 

 
b. Simulation results across eight examined archetypes 

Figure 6: Overheating simulation for different 
Archetypes. 

These results indicate higher overheating in historical 
archetypes. The following step is the evaluation of the 
projected increase in overheating hours across different 
archetypes under 2020 and 2050 A2 climate scenarios. 
By running simulation under 2020 and 2050 scenarios, 
several trends have been identified. Generally, there is a 
significant increase in overheating hours, especially for 
archetypes from the late 20th century and archetypes that 
were built after 2010. Figure 7 below presents overheating 
increase across all eight archetypes for current conditions, 
2020 and 2050 scenarios. Results show that archetypes 
from the period of the late 20th century and after 2010 
have an average increase in overheating by 12% and 18% 
by 2020 and 2050 respectively. Notably, historic 
buildings had an average increase of 5% and 6%. 
With the understanding of the expected increase in 
overheating hours across different archetypes, we focus 
on potential health impacts associated with increased 
temperature. Results from simulation indicate there is a 
potential health risk associated with increased 
overheating in the examined archetype. Figure 8 
represents Heart Rate for each floor under the current 
scenario and 2050 scenario. It can be noted that there is a 
potential risk from increased heart rate, especially 
between 15:00 pm to midnight. Also, there is a 
relationship between heart rate per minute and floor 
location, which coincides with the aforementioned 
operative temperature simulations.  
These results entail a potential relationship between 
operative temperature and heart rate per minute. 
 

 
Figure 7: Annual overheating simulation results for 

current conditions, 2020 and 2050 scenarios. 
Regression analysis revealed that there is a positive 
correlation between operative temperature and heart rate 
per minute (R2= 0.859). As a result, for three consecutive 
hours of exposure time to an indoor operative temperature 
of 34°C, heart rate exceeds 90 beats per minute. This limit 
represents a warning zone for health risks, especially for 
elderly residents with chronic diseases history 
(Błażejczyk Krzysztof, 2011). Finally, looking at results 
from the current condition, 2020 and 2050, there is an 
expected average increase of 3% in heart rate levels 
between current and 2050-climate scenario for the 
examined archetype (Figure 8-b).  

 
a. Heart Rate for examined archetype under current climate scenario 

 
b. 2050 heart rate simulation results 

Figure 8: Heart Rate simulation for current and 2050 
climate scenario. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2520

 

 
  



Conclusion 
The study aimed to undertake an in-depth investigation of 
potential health risks associated with increased indoor 
overheating for vulnerable populations with limited 
access to mechanical ventilation. The goal was to 
investigate the threshold for indoor conditions that could 
result in health risks specifically for elderly residents. A 
quantitative analysis using residents’ questionnaire has 
been designed to develop a representative simulation 
model. Results from the simulation highlighted strong 
evidence of overheating across examined archetypes. 
Generally, the upper floors showed a higher number of 
overheating hours, especially for historical archetypes. 
This can be explained by the wall bearing structure system 
that was commonly used in a historic building. For a three 
storey building, the higher floor had a wall thickness of 
12.5 cm compared to a lower floor of 40 cm thickness.  
The second stage of the analysis focused on developing 
an urban simulation model to investigate the potential 
increase in overheating over a large urban scale. This 
analysis was carried out in UMI using real occupancy 
scenario from the residents’ questionnaire. Three 
simulation scenarios were selected and examined to 
explore the potential increase in overheating.  
Results from the simulation revealed that there is a 
significant increase in overheating across all archetypes, 
especially in historic buildings. This can be directly linked 
to a small floor area with high population density per m2 
compared to newer buildings. As historic archetypes were 
initially designed to accommodate one family and now a 
change of use resulted in higher population density 
compared to newer archetypes. On the other hand, results 
from the 2020 and 2050 climate scenario revealed a faster 
increase in archetypes from the late 20th century and late 
2010.  
Health implication associated with increased overheating 
showed that for historic buildings, there is a threshold of 
exposure under an operative temperature of 34°C for 
more than three consecutive hours. The main limitation of 
the analysis is focusing on a single building type with the 
assumption of consistent occupancy and ventilation 
scenarios. Further research would investigate impacts of 
changing ventilation and occupancy schedules with other 
passive strategies and testing these parameters for other 
thermal comfort indices such as Wet Bulb Global 
Temperature (WBGT), Predicted Heat Strain (PHS) and 
Sweat Rate (SR) across varying activity levels and 
occupants’ types.  
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Abstract 
Today’s common demand controlled ventilation systems 
lower the ventilation airflow rate based on real-time CO2 
and H2O measurements. Both ventilation system design 
and the Belgian assessment method for such systems, 
based on Monte-Carlo simulations, only consider these 
two comfort parameters. The health aspect of indoor air 
quality is thereby overlooked. A first step towards adding 
this aspect is the addition of Volatile Organic Compounds 
(VOC). As part of this research, eight different methods 
to model VOC emission and behavior in the airflow 
simulation software CONTAM are discussed: two 
methods to model event-based emissions, five methods to 
model continuous VOC emissions and one additional 
method to model sorption behavior. The overview 
illustrates the lack of an adequate, ready-to-use method 
that can be used to update the simulation based 
assessment method. Two methods (.CVF and TCP/IP) 
hold the potential to be used for this purpose but need to 
be further investigated.  

Introduction 
Today’s newly built and extensively renovated dwellings 
are built very airtight to reduce unwanted infiltration of 
cold air and as a consequence reduce heat losses. To 
safeguard the health of the occupants by keeping the 
Indoor Air Quality (IAQ) acceptable, ventilation systems 
must be installed in these homes. The first generation of 
ventilation systems are systems that supply outdoor air to 
‘dry’ spaces (living room, bed room) and extract 
contaminated air from the ‘wet’ spaces (e.g. kitchen, 
bathroom, toilets) both at a continuous volume flow rate. 
In Belgium, the nominal flow rate, depends on the type 
and size of the space and assumes worst case situations 
(BIN 1991). This constant flow of air dilutes the 
contaminants that are emitted indoors and by doing so, 
keeps the IAQ acceptable.  

An issue with these systems is the fact that they provide 
the nominal airflow rate regardless of the actual need for 
dilution. By doing so during the heating season, there will 
be more cold air that needs to be heated for thermal 
comfort, driving up the ventilation heat losses. 

An efficient way to lower these ventilation heat losses is 
to install  a second generation ventilation system, namely 
Demand Controlled Ventilation (DCV). These systems 
measure CO2 and/or H2O continuously and allow the 
volume flow rate to be lowered when the demand for 

dilution/ventilation is low. How the controls for these 
systems are set up is crucial to make sure the IAQ stays 
acceptable. That is why the Belgian legislation includes a 
‘method of equal performance’ which assesses the 
proposed controls based on Monte-Carlo, dynamic 
simulations of the system in a standardized reference 
house with average occupation. This method is developed 
by Heijmans et. al (2007) and J. laverge et al. (2011,2013) 
and is often performed using the airflow simulation 
software CONTAM developed by NIST (Dols and 
Polidoro 2015). 

Most of the current DCV systems as well as the 
assessment method of equal performance only consider 
CO2 and H2O as both are good indicators for comfort. The 
health aspect of IAQ is therefore overlooked in the 
development and assessment of these systems. A first step 
towards including this aspect in the assessment method is 
the consideration of Volatile Organic Compounds 
(VOCs) that are emitted by building materials, furniture 
and certain activities. To do so, it is necessary to be able 
to simulate the emissions of VOCs to the indoor 
environment, including the dynamic behavior with 
relation to temperature and humidity, sorption effects and 
instantaneous emissions from events. A holistic approach 
is necessary to be able to correctly model the exposure to 
VOCs of a simulated occupant and allow the assessment 
of controls based on VOC monitoring.  

This research and the development of this method is 
intended to make the research from material sciences 
directly available for engineering/design applications in 
DCV systems and legislation. Because the existing 
method has been developed using CONTAM, the 
extension for VOCs should ideally be done in CONTAM 
as well. 

The implementation of such a VOC source model is not a 
standard option in the available CONTAM source/sink 
models. This paper gives an overview of the standard and 
less standard possibilities to model VOC emissions to the 
indoor environment. 

Evaluation criteria 

The evaluation of the different implementation methods 
is done based on the practicality for both research and 
industrial applications, the possibility to assess VOC 
controlled DCV systems and the possible accuracy for 
holistic assessment of long-term VOC exposure. The 
assessment criteria can be summarized in five categories: 
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 Location: is the source location fixed or virtually 
moving? 

 Emission rate: is the emission rate scheduled, 
simulated (steady state/dynamic) and can it account 
for long-term emissions? 

 Integration: is it implemented in the CONTAM 
software framework or is external software necessary? 

 Possible emission models: does the implementation 
method allow for empirical, semi-empirical and/or 
numerical emission models? 

 Other feature: is it possible to simulate a ventilation 
system controlled based on room VOC 
concentrations? 

Table 1 summarizes the findings of each implementation 
method based on these criteria. 

Review of implementation methods 
Common VOC emissions in dwellings can be categorized 
in two ways: instantaneous, burst emissions and 
continuous, diffusion controlled emissions. The first 
group are emissions linked to events like cooking on a gas 
stove or cleaning (Logue et al. 2014; Nazaroff and 
Weschler 2004; Bonnet et al. 2018), the second are the 
VOCs that are emitted continuously from building 
materials and furniture as they diffuse out of the material 
(Salthammer, Mentese, and Marutzky 2010; Salthammer 
and Uhde 2009; Gene Tucker 1991; Bluyssen et al. 1997). 
Both cases are considered. 

Burst emissions 

Because the burst emissions are event-specific, the effect 
of temperature and humidity does not need to be 
considered here. CONTAM allows two ways to easily 
model this kind of behavior. 

The first approach is the standard CONTAM Burst Source 
Model. This model allows the attachment of a schedule 
that controls, for every time step, if the model releases a 
pre-defined mass of VOC contaminant to the zone air or 
not. By altering the schedule value, it is possible to emit 
the pre-defined value multiplied with the factor defined in 
the schedule. This schedule, like any other, is always 
completely defined at the start of the simulation but can 
be used by several components operating with such a 
node. The Burst Source model is added to a certain room 
and is therefore always room specific. For modelling 
events with a fixed location, like cooking on a gas stove, 
this model is ideal. For events with a less-defined 
location, the second approach is more suitable.  

This following, second, approach is coupling VOC 
emissions to an occupant. CONTAM allows virtual 
occupants to go from room to room. It also allows these 
occupants to be a source of contaminants. Usually, this 
function is used to simulate moisture and CO2 production 
from breathing and transpiration. However, the software 
allows the addition of other contaminants and to couple 
these emissions to a schedule comparable to the one used 
in the Burst Source Model. By doing so, it is possible to 
simulate a moving source of VOCs coupled to the 
occupant performing the activity. For example, when 
someone is mopping the floor, the addition of VOC 

contaminant mass will follow the person who is cleaning 
as that person moves from room to room. 

Continuous emissions 

Several measurement campaigns have named building 
materials as the biggest contributor of VOCs to the indoor 
air. Although the dependency of emissions on 
temperature and humidity has been known from the start 
of research concerning this subject (van Netten, Shirtliffe, 
and Svec 1989; Sanchez, Mason, and Norris 1987; 
Pickrell et al. 1984), to simplify testing procedures and 
modelling, steady state conditions where assumed for 
quite some time. Recently, several efforts were made to  
obtain temperature and humidity dependent material 
characteristics that influence the VOC emissions (Wal, 
Hoogeveen, and Wouda 1997; Liang, Lv, and Yang 2016; 
Q. Deng, Yang, and Zhang 2009; Y. Zhang et al. 2007). 
Other research then tried to model the emissions 
temperature and humidity dependent based on chamber 
emission testing  (Xiong et al. 2016) or by updating an 
existing model including the newly specified material 
characteristics (De Jonge, Janssens, and Laverge 2018). 

These semi-empirical models are specific for each VOC-
material system and lack physical correlations. These 
models are therefore not satisfactory accurate for 
assessment purposes and thus it makes sense to look into 
all the different ways to implement VOC emission models 
in CONTAM, and not limit the overview to the 
implementation of these models. 

Source-Sink model 

From the several emission models integrated in 
CONTAM, there are two models closely resembling 
models currently found in literature about VOC emission 
modelling. The Decaying source model and the Boundary 
layer diffusion model. 

The Decaying source model, models the emission of 
VOCs as a source with known initial emission rate and an 
exponential decay based on a given first-order decay 
constant (1). 

 

 𝑆 𝑡 𝑚𝑢𝑙𝑡. 𝑐𝑡𝑟𝑙. 𝐺 . 𝑒
∆

 (1) 
With 

𝑆 𝑡   =  Source strength of contaminant a at time t [kga/s] 

𝐺   = Initial generation rate [kga/s] 

∆𝑡 = Elapsed time since the start of emission [s] 

𝑡  = time constant [s] 

𝑚𝑢𝑙𝑡 = Source/sink multiplier [-] 

𝑐𝑡𝑟𝑙 = Schedule or control value [-] 
(Dols and Polidoro 2015) 

 

This model closely resembles the steady state, decaying 
behavior of early, semi-empirical analytical VOC 
emission models based on chamber emission testing 
(Dunn 1987; Reitzig et al. 1998; J. S. Zhang and Shaw 
1997). Two major downsides are that it does not include 
the effect of temperature and humidity and that it assumes 
the decay as a function of time instead of as a function of 
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the VOCs left in the material. By adding a control node 
(see super-node approach later) which scales this function  
in relation to the temperature and humidity levels in the 
room, the effect of these parameters can be taken into 
account to some extent. The long term emissions will 
however not be modelled correctly. 

The Boundary layer diffusion model (2), implemented in 
CONTAM is derived from the model presented by Axley 
(1991). (Axley 1991) 

 

 𝑆 𝑡 𝑐𝑡𝑟𝑙. ℎ. 𝑑. 𝐴 .  (2) 

With 

ℎ = film mass transfer coefficient over the sink [m/s] 

𝑑 = film density of air [kgair/m3] 

𝐴  = surface area of the adsorbent [m2] 

𝐶  = concentration in air [kga/kgair] 

𝐶  = concentration in the adsorbent surface [kga / kgs] 

𝑘 = Henry adsorption constant or the partition  

  coefficient [kgair/kgs] 

𝑐𝑡𝑟𝑙 = Schedule or control value 
(Dols and Polidoro 2015) 

 

This Boundary layer diffusion model only models the 
transport from the contaminant at the material surface to 
the bulk air and vice versa. Modelling the transition 
resistance at the surface and modelling the boundary layer 
above the material are two phases of the emissions often 
considered. The third aspect is the transport of the 
contaminants from inside the material to the surface by 
means of diffusion (Huang and Haghighat 2002). The 
diffusion characteristics of the specific contaminant-
material system are not considered in this model. Because 
of this, together with the steady state assumptions for all 
parameters, the model is not adequate for the intended 
purposes (cfr. Introduction). 

The assessment method should be able to assess the IAQ 
over periods of several year. The long term emissions are 
thus significantly more important than the (well-studied) 
initial emissions. Both models discussed here, are 
developed based on the initial emission behavior and are 
not able to capture the long-term emission behavior (even 
if scaled according to temperature and humidity). A more 
complex method will be necessary. Although not always 
intended for this purpose, CONTAM does allow some 
other methods to implement material VOC emissions. 

Super-node control 

One of the possibilities is the use of ‘Control nodes’. A 
control node is intended to, as the name states, control 
certain elements in the software. It can also be used to 
control certain source/sink elements. If a control node is 
attached,  the output of the connected source/sink element 
only emits its value times the value of the control. 

Apart from well-known controls (e.g. Limit and band 
switches, Limit and band controllers, Proportional 
controllers, P/I controllers), one simple mathematical or 

logical operation or a predefined function can be assigned 
to a node (e.g. addition, multiplication, AND, OR, 
EXP(x), SQRT(x)). With these nodes, a network can be 
constructed that can eventually equal a certain 
mathematical equation. This network can be bundled in a 
super-node to visually hide the network of control nodes 
and connected to control a constant emission source/sink 
node. 

𝑅𝐻
𝑃
𝑃

. 100% 

 𝐴𝐻
.

.
 (3) 

 

 
(Wagner and Pruß 2002) 

 
Figure 1: CONTAM super-node equivalent to equation 3 

(3) as it is implemented and visualized in CONTAM. 
Although this approach seems promising, there are some 
serious limitations. Every node is programmed in a 
straight forward manner: input-operation-output, the 
signals are unidirectional. The equation to implement 
should therefore only have one unknown, should be 
written analytically and can only contain the 
mathematical operations that are included in CONTAM.  
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Because of the arguments mentioned above, 
implementing complex formulas is practically 
impossible. One node, not implemented correctly can 
make for false results that are hard to correct. The value 
of a control node or operation performed by a certain 
control node can only be viewed when opened for editing. 
Figure 1 and equation 3 show a formula and how it takes 
shape as a network of control nodes. The example is the 
conversion from AH to RH derived from the formulas by 
Wagner and Pruβ (2002).  
(Wagner and Pruß 2002) (Heijmans, Van Den Bossche, and Janssens 2007) and (J. Laverge et al. 2011; Jelle Laverge 2013)  

The advantage of this approach on the other hand is the 
ability to use the zone temperature and humidity as input 
signals. It is possible to implement a dynamic, but 
simplified, VOC emission model using this method. 

Figure 2 shows the behavior of two models which are able 
to simulate VOC emissions: a decaying source model 
(generation rate: 10 µg/h, decay constant: 1/dy) and a T 
and AH dependent emission model implemented using 
the super-node control method (De Jonge, Janssens, and 
Laverge 2018). The results shown in Figure 2 are 
calculated relative to the values of a constant VOC 
emission model (generation rate: 10 µg/h), by doing so, 
the influence of varying air change rates due to the 
influence of ambient air/wind conditions are filtered out. 

 
Figure 2: Left axis: Comparison of the relative 

behaviour of a decaying source model and a T and AH 
dependent VOC emission model (De Jonge, Janssens, 
and Laverge 2018) implemented using the super-node 

control method.  
Right axis: temperature profile in the room in [°C]. 

The currently implemented input values for the different 
models are of less importance as it is the behavior of the 
models which should be looked at. As only the super-node 
approach allows for the influence of T and AH to be taken 
into account, only these results show the important 
correlation between rising temperatures and rising VOC 

concentrations (Liang, Yang, and Yang 2015). Because of 
this influence and the necessity to take this effect into 
account, the super-node model will be, of the options 
which do not require external software, more accurate to 
model long term emission rates. 

CVF control node 

Another way to control a source/sink node is to connect it 
to a CVF node. Such a CVF node references to an external 
CVF file. This is a text file with a ‘.CVF’ extension, and 
is not part of the project file. The way this file should be 
written is explained in the CONTAM manual and can, be 
made by using a spreadsheet program. In this file, a 
number of schedules can be defined and a control value 
linked to the different time steps of the simulation. 
Figure 2 shows the structure of such an CVF file. 

For the purpose of implementing a complex VOC 
emission model, this file could contain a schedule 
containing the emission rates for every moment in time 
and be linked to the different source/sink nodes of the 
respective rooms. At the start of each simulation, 
CONTAM will use the values of the CVF file. By 
changing the values in the CVF file, new emission rates 
are introduced in the simulation. 

 
Figure 3: Start of a .CVF file which includes four VOC 

emission schedules  (example). Each of the four columns 
on the right can be referred to by the names given at the 

start. For example, the first name, 
‘VOC_E_LivingRoom’ column refers to the values of the 

4th columns counting from the right. 

To use this approach, two CONTAM simulations of the 
same project should be run. First, the simulation is run 
without  any inputs to the VOC emission nodes. Results 
(including temperature and humidity) in all rooms can be 
exported. Based on these boundary conditions, the VOC 
emission rates can be calculated in an external software or 
programming language. If the CVF file is updated with 
these results and the CONTAM simulation is run again, 
the source/sink node will refer to these emission rates. 
Human exposure and internal contaminant transport can 
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be simulated together with for instance burst mode 
emissions from standard emission nodes. 

The downside of this method is twofold. First, it will not 
be possible to use the room air contaminant concentration 
as boundary condition as it will not be possible to export 
these results from the initializing, first simulation. 
Secondly, the controls for other components 
(e.g. ventilation flow rates) cannot be controlled based on 
the room concentration. If done so, the airflow rates will 
become different and temperature and humidity levels 
will change to the point where the scheduled VOC 
emission rates based on the boundary conditions of the 
initial simulation are not valid anymore. If the 
dependencies are linear, this can be solved by doing 
multiple iterations. For this approach however, simulation 
time is much longer because the whole simulation has to 
be run several times. 

TCP/IP method 

CONTAM allows communication with other software by 
using TCP/IP socket communication. To do so, a project 
should be run directly in CONTAMx, which is the project 
solver, and activate the bridge mode. The other software 
will act as a server and predefined messages are sent back 
and forth between them. 

If a named constant type control node is defined in the 
project file that controls a source/sink model, the value of 
this control node can be initialized using the 
INPUT_CTRL_INFO_MSGTYPE message type and 
modified during the simulation using the 
ADJ_CTRL_NODE_MSGTYPE message type. In other 
words, if for every time step the needed input values or 
boundary conditions are communicated to the external 
software, than that software can calculate the emission 
rate and send it back to CONTAM. With such a set-up it 
is possible to link controls to the indoor VOC levels as 
these will be calculated dynamically. The possible 
formulas that can be used for VOC emission modelling 
are only limited by the capabilities of the external 
software. 

The downside of this method is that it will, most likely, 
require more computational power or take more time to 
simulate because it has to communicate with the external 
software. A second argument against this method is the 
fact that CONTAM, based on the available information in 
the manual (Dols and Polidoro 2015), only seems to allow 
one bridge mode. To correctly model the temperatures 
present in the building connections with TRNSYS and 
EnergyPlus are available based on the bridge mode 
TCP/IP communication. If the bridge is used for the VOC 
emission model, this connection will not be available 
anymore. Modelling the VOC emissions in one of those 
softwares will potentially resolve this issue but limits the 
possibilities for the VOC model to those of the chosen 
software. 

Sorption modelling 

Sorption effects (short for adsorption/desorption) have 
been repeatedly investigated and found to have an 
important buffering effect on the indoor air contaminant 
concentrations like VOCs (Axley 1991; B. Deng, Tian, 

and Kim 2006; Matthews, Hawthorne, and Thompson 
1987). It should therefore not be neglected.  

Although ideally, the sorption effect is part of the 
simulated VOC transport and emissions, this effect could 
be modelled separately as a whole or to compensate for 
non-emitting surfaces that will act as extra area with 
sorption behavior.  

The standard CONTAM source/sink model implemented 
for this buffering behavior is the deposition/resuspension 
model. Equation 4 shows how this model is described in 
CONTAM. 

 

 𝑅 𝑡 𝑣 . 𝑚𝑢𝑙𝑡. 𝐴 . 𝜌 𝑡 . 𝐶 𝑡  (4) 

 𝑆 𝑡 𝑐𝑡𝑟𝑙. 𝑟. 𝐴 . 𝐿 𝑡  
where 

𝑅 𝑡   = Removal rate (by deposition) of  

  contaminant a from zone air to surface at  

  time t [kga/s] 

𝑣  = Deposition velocity [m/s] 

𝐴   = Deposition surface area [m2] 

𝜌 𝑡   = Density of air in the source zone at time t  

  [kgair/m3] 

𝐶 𝑡  = Concentration of contaminant a in zone  

  air volume at time t [kga/kgair] 

𝑆 𝑡  = Source (resuspension) rate of  

  contaminant a from surface to zone air at  

  time t [kga/s] 

𝑟  = Resuspension rate [1/s] 

𝐴  = Resuspension surface area [m2] 

𝐿 𝑡  = Concentration of contaminant a on the  

  deposition surface at time t [kga/m2] 

𝑚𝑢𝑙𝑡 = Source/sink multiplier [no units] 

𝑐𝑡𝑟𝑙 = Schedule or control value [no units 
(Dols and Polidoro 2015) 

 

When this model is used separately from the continuous 
emission models to simulate two phenomena occurring 
on/with the same material, the interaction between both 
will not be accounted for. The resuspension rate in this 
case is independent of the deposition rate, which does not 
reflect the governing physics. An intermediate solution to 
model the sorption effect separately, is the boundary layer 
diffusion model (see continuous emission model). 
Modelling the sorption behavior as part of the continuous 
emission model should be preferred.  

Discussion 
Two of the possibilities discussed in this paper have the 
potential to serve the assessment method if some 
‘workarounds’ are used, the .CVF method and the TCP/IP 
method. Although these approaches both seem promising. 
They both have distinct downsides and, at the time, are 
not readily available. 
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Generally, if several VOC emission model options should 
be tested for research purposes, a convenient way to 
implement numerical models of VOC source models is 
lacking. 

For the purpose of this research (and possibly other 
engineering or design applications), the building and 
system model will probably have to be run hundreds of 
times. Especially, as is the case, when Monte-Carlo 
simulations come into play. Additionally, the assessment 
method this model will serve, should be easy to use by the 
industry. 

CONTAM is not an open-sourced software. Because of 
this, the quality and speed of simulations can be 
guaranteed which is, of course , appreciated. For this 
research however, this can become a problem as the 
complexity of the desired model rises. An integrated 
solution for the VOC source model will therefore, in the 
end, be the best solution. If this could be possible in the 

future, all calculation concerning airflow, contaminant 
transport and human exposures will stay integrated in 
CONTAM. Co-simulation with other software will only 
be necessary for the thermal calculations which, today, is 
already possible with TRNSYS and EnergyPlus. 

Conclusion 
This paper discussed the different possible ways to 
implement a VOC emission model in CONTAM. With 
the use of this model in an assessment method for DCV 
systems, based on Monte-Carlo dynamic simulations, the 
overview showed that none of the currently available 
options are adequate. This is because the integrated 
source/sink models always assume steady state, do not 
model the internal diffusion or are empirical models. 
Using several control nodes in a network only allows for 
simplified, analytical solutions but allows dynamic 
controls to VOC concentrations in the air.  

 

Table 1: Scheme of discussed models and their features. 

  

Event  
emissions 

Continuous  
emissions 

Sorption  
behavior* 

    

Existing Source/Sink 

   

Existing Source/Sink

 

 Burst 
Mode 

Occupant 
Schedule 

Decaying 
source 

Boundary 
layer 

diffusion 

Super- 
node 

control .CVF 
TCP 
/IP 

Deposit
/Resus. 

Boundary 
layer 

diffusion 
Location 

  
Fixed +  + +    + + 

Moving  +        

Emission 
rate 

  

Scheduled + +    +    

Simulated: Steady 
state 

  + + + + + + + 

Simulated: 
Dynamic (incl. 

T&H) 

  +** +** + + +   

 Long term E. N/A N/A    + + N/A N/A 

Integration 
Integrated in 

contam 
+ + + + +   + + 

 
External software      + +   

Possible 
emission 
models 

  

Empirical N/A N/A + + + + + N/A N/A 

Semi-empircal     + + +   

Numerical      + +   

Other 
feature 

Vent. Syst. 
Control linked to 

VOC  
+ + + + + +*** + + + 

 
* If modelled separately 
** Scaled according to T and H with super-node control 
*** When multiple, whole simulation, iterations are done between CONTAM and the external software. 
N/A – Not applicable 
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Two options with links to external software do hold the 
potential to provide the degrees of freedom necessary for 
the further development of the assessment method 
because the complexity of the VOC emission models is 
not limited by CONTAM anymore. For the .CVF file 
method, the approach with multiple iterations will be 
necessary to capture possible dynamic behavior due to 
controls related to the simulated VOC and will, as 
mentioned previously, require more time/computing 
power. The TCP/IP method, in combination with thermal 
calculations, will only be possible when the ‘other’ 
software being used is TRNSYS or EnergyPlus.  

Table 1 gives an overview of the capabilities of all 
discussed methods to implement VOC emission behavior. 

Everything considered, as mentioned in the discussion 
section, does integrating a new Source/Sink model 
directly in CONTAM hold the greatest potential. This is 
not possible for non-developers as this software is not 
open-sourced. From all options discussed in this paper, 
does the use of TCP/IP socket communication and the 
.CVF method hold the most potential but both are yet to 
be developed in practice. 
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Abstract 

Air-conditioned buildings are conventionally designed 

and operated to maintain homogeneous thermal 

conditions. Maintaining the occupied and unoccupied 

zones at the same thermal conditions leads to higher 

energy consumption. More importantly, homogeneous 

thermal conditions do not address the need for individual 

thermal comfort preferences. A personal comfort system 

(PCS) allows the occupants to create desired localized 

thermal conditions around workstations in the office 

environment. Using computational fluid dynamic (CFD) 

and multi-node thermoregulation models, this paper 

evaluates the feasibility of a PCS with a radiantly cooled 

partition panel system to achieve thermal comfort. All 

input parameters for the model were derived from real- 

life measurements, including thermal characteristics of 

the room, work desk with radiantly cooled partition, and 

HVAC systems. A combination of scSTREAM™ and 

scTETRA™ was used to model the room and the human 

body (Cradle MSC Software, 2017). The simulation 

model had a mannequin in a seated position having 

summer clothing values and office activity metabolic rate. 

Combinations of three ambient room air temperatures and 

five panel surface temperatures were investigated to 

estimate the impact of radiant panels on overall thermal 

comfort and various body parts of the mannequin. The 

body parts like the thighs, chest, back, and pelvis showed 

a low thermal variation in the range of 0.9-1.2°C. The 

parts such as the head, neck, shoulders, arms, and legs 

showed a thermal variation in the range of 1.6-2.7°C, 

while the body parts farthest from the warm torso - the 

feet, experienced the highest variation in the range of 4.4- 

4.5°C. It was observed that the back side of the body was 

distinctly warmer than the front side of the body 

throughout the studied cases due to the action of front- 

placed radiant panels. It also indicates that at a given room 

air temperature with an increase in the difference between 

surface and air temperature, from 0°C to 8°C, all the body 

parts experience a reduction in the body part surface 

temperature. 

Introduction: 

It is an established fact that human activities have resulted 

in global warming of approximately 1.0°C above pre- 

industrial levels (Masson-Delmotte et. al, n.d.). In the 

absence of mitigation activities, this number is likely to 

reach 1.5°C between 2030 and 2052. Lowering the energy 

intensity to reduce CO2 emissions is one of the effective 

mitigation measures. 2.5% of the global final energy use 

is towards space cooling in buildings (IEA, 2018). 

In many parts of the world, real estate developers do not 

have the opportunity to construct offices keeping the end 

user in context. In many countries, energy code 

enforcement is also in a very nascent stage, in such 

contexts, the users do not have the choice of adopting 

personal comfort system based approach to achieve 

thermal comfort without changing the building envelope 

or changing the HVAC system of the leased space. Space 

cooling system based on radiative heat transfer, known as 

the radiant space conditioning system, is an efficient 

method to reject energy from space for cooling (Feustel 

and Stetiu, 1995; Stetiu, 1999; Imanari et. al, 1999; Sastry 

and Rumsey, 2014). The technology based on radiant 

space heating or cooling has been in existence since the 

1930s, but recent advancements in installation 

engineering, availability of materials, and betterment in 

sensor-control technologies have renewed the interest in 

this domain. 

Workstation-incorporated PCS focus on environmental 

conditioning of the occupied indoor area with personal 

comfort and control systems while allowing the 

unoccupied area to not meet thermal comfort criteria, 

using separate or dedicated HVAC systems. The overall 

goal of such systems is to provide indoor environmental 

thermal comfort for occupied areas and optimize energy 

consumption. This leads to environmental parameters 

such as dry-bulb temperature, relative humidity, air 

velocity to be maintained in the occupied area more 

suitably than in the unoccupied zones. Open-plan office 

layouts with a homogeneous thermal environment leave 

many occupants dissatisfied (Honnekeri et. al, 2014; 

Brager and de Dear, 1998; Manu et. al, 2014). PCS 

provide the opportunity to the individual user to customise 

their immediate thermal environment based on their 

thermal preference. The thermal environments of the 

unoccupied zones may deviate from thermal comfort 

conditions, hence it may lead to significant energy savings 

(Arens et. al, 1998; Zhang, 2011). Since PCS allow the 

occupants to have more control over their immediate 

environment, it is likely to lead to a higher workspace 

satisfaction too. In cooling dominated climates, raising the 

cooling set point results in a considerable amount of 

energy savings for space cooling. An elevated cooling set 
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point in air-conditioned spaces can be augmented with the 

PCS capable of providing appropriate cooling closer to 

the occupied area. Multiple researchers have studied the 

feasibility of PCS and their associated energy benefits 

(Schiavon and Melikov, 2008; Watanabe et. al, 2009; 

Yang et. al, 2009; Yang et. al, 2010). Many of these 

studies are based on the convective heat transfer method. 

Use of localized air movement with the help of a personal 

fan, ceiling fan, or floor embedded air diffusers was 

studied by researchers with specific conclusions about the 

preferred air velocities (Zhang et. al, 2011; Amai et. al, 

2007; Han et. al, 2007; Melikov et. al, 2002; Pasut et. al, 

2014; Tsuzuki et. al, 1999). Most of the studies offer an 

insight into the ability of convection-based systems to 

provide a thermally comfortable local environment to the 

occupants. In regard to using radiation-based PCS to 

provide thermal comfort, some researchers have studied 

the use of radiant heating panels (Bolashikov et. al, 2013), 

while some have studied the impact of radiant cooling 

panel (Khan et. al, 2015; Khare et. al, 2015; Sharma et. al, 

2015). Over a period of about 20 years of research, 

various categories of PCS have been developed and 

studied. Some of them are aimed at improving or 

innovating the system hardware, providing personal 

comfort, while others focused on control and operation of 

available hardware systems to achieve personalised 

comfort. Based on the purpose of the system, PCS are 

given names such as personalized air conditioning system 

(PAC), individually controlled system (ICS), task 

conditioning (TC), personal environment module (PEM), 

localised thermal distribution (LTD), localised ventilation 

(LV), task ventilation (TV), etc. 

Studies undertaken to evaluate PCS may be categorized 

into the following groups based on the methods adopted 

for study: 

(1) Studies conducted in a thermal comfort chamber in the 

presence of human subjects. 

(2) Studies conducted in a thermal comfort chamber using 

thermal mannequin that represents the thermo-regulatory 

process of the human body. 

(3) Studies based on virtual thermal mannequin models in 

conjunction with dynamic thermal modelling and 

computational fluid dynamic (CFD) models. 

A large number of studies relied on the method which 

involved a thermal comfort chamber and human subjects. 

Based on the literature, studies paying attention to air flow 

interactions, thermal comfort, and perceived air quality 

(PAQ) are more in number. The literature also helps 

understand the relation between thermal comfort and 

work productivity. However, the absence of literature 

investigating the impact of personalized radiant cooling 

on thermal comfort and energy consumption provides an 

opportunity to study it. More so, the opportunity also lies 

in studying the subject using thermoregulation models 

and CFD, which is a less explored area. Personalised 

ventilation has been studied using numerical thermal 

mannequin and CFD before (Gao, Niu, & Zhang, 2017). 

The studies talk about the usefulness of thermo-regulation 

models coupled with CFD in the study of personalised 

comfort systems. Another study focused on evaluating the 

performance of ceiling-mounted personalised ventilation 

with desk and chair fans using CFD (Habchi, Chakroun, 

Alotaibi, Ghali, & Ghaddar, 2016). This study coupled 

CFD with a bio-heat model to predict body part sensation 

and over all body comfort sensations. 

The study presented in this paper is the second part of a 

larger, two-part study. The larger study involves thermal 

chamber-based experiments using thermal mannequin 

and simulations using a CFD tool with a thermoregulation 

model. This paper is an attempt to summarise the study to 

understand and quantify the impact of personalised 

radiant cooling on human thermal comfort in terms of 

Predicted Mean Vote (PMV), the change in average body 

skin temperature, the impact on individual body parts, and 

the variation in total sensible heat loss at different 

operational conditions. 

Methodology: 

This study was conducted to understand the change in 

PMV, body skin temperatures and body heat flux of 

various body parts using the combination of room air 

temperature and surface temperature of the radiantly 

cooled furniture. To correctly capture the behaviour of the 

human body and its parts in the presence of various radiant 

and air temperatures, it was essential to use CFD coupled 

with human body thermoregulation models. Since the 

larger study used a thermal comfort chamber (TCC) with 

a thermal mannequin and CFD coupled with 

thermoregulation model, it was necessary to select a 

numerical tool which could provide the opportunity of 

validating the model using physical experiments. Based 

on the literature review and the physical thermal 

mannequin used in the laboratory experiments, it was 

found that the body-surface characteristics such as the 

surface area to volume ratio of the physical and virtual 

mannequins were similar to the scTETRA™ model 

(Kobayashi and Tanabe, 2013). This was one of the key 

decisions behind the selection of scSTREAM™ and 

scTETRA™ models. scTETRA™ is a general-purpose, 

unstructured mesh tool capable of solving complex 

geometries such as the human body. The inbuilt JOS-2 

model (Kobayashi and Tanabe, 2013) was capable of 

simulating the human body surface temperature and heat 

flux based on the heat balance equations for divided body 

segments. It uses skin temperature and thermal resistance 

of the clothing to generate body-surface boundary 

conditions of temperature to be simulated in the CFD 

environment. It is also capable of accounting for the air 

temperature and partial pressure of water vapour at body 

skin as one of the boundary conditions. For the ease of 

understanding, the research method adopted for the part 

of the study involving CFD and thermoregulation model 

has been described in the sections on (a) Modelling 

approach and boundary conditions (b) Model calibration 

(c) Grid independence test. 

Modelling approach and boundary conditions: 

Figure 1 shows the thermal comfort chamber (TCC) setup, 

with the dimensions of 5.5×4.4×2.7m. This included the 

HVAC system and the radiantly cooled 
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Thermally Activated Furniture (TAF). The TAF consisted 

of a horizontal desk (1200×600mm) and a vertical 

partition divided into two equal parts of 1200×600mm 

each, as shown in Figure 2. As mentioned earlier, we used 

the same geometry and boundary conditions for the 

simulations as used in the real laboratory experiments. It 

resembled the layout of an open plan space office – a 

layout predominantly used in the service industry. Design 

of the TAF was based on contemporary industry practice. 

The TAF design represents a typical office desk design 

found in a majority of offices having open plan office 

layout. The 1200×600mm desktop serves as a working 

platform often used to place desktop or laptop computer, 

accessories and notepads. A 1200mm high partition works 

as a visual barrier for the seated human being, while 

providing an opportunity to increase the collaboration 

amongst building occupants. These partitions were placed 

in the front of a seated mannequin as radiant cooling 

panels. At the time of the laboratory experiment, the panel 

temperature was regulated by passing cooled water 

through the embedded coils. For the simulation, we 

considered the entire panel surface to be at a constant 

temperature for each case. The walls, ceiling and floor 

were considered as adiabatic. They were assigned the 

conditions of ‘stationary wall shear stress’ and ‘adiabatic 

heat transfer’. The air exchange in the chamber was 

maintained through four supply and two return air 

diffusers with areas modelled after the real-life 

equivalents. 
 

 

Figure 1: Layout of the Modelled Thermal Comfort 

Chamber. 
 

Figure 2: Thermally Activated Furniture and the 

mannequin. 

The TAF was placed in the centre of the chamber with a 

thermal mannequin seated on it. The modelled thermal 

mannequin was specified a metabolic rate of 1.1 MET 

(~65W/m2), a clothing insulation value of 0.612 clo, and 

a body fat percentage of 14.4% (Schellen et. al, 2013). 

The mannequin was divided into 17 body parts 

(Kobayashi and Tanabe, 2013) as listed in the discussion 

section of this paper. It had front and side view factors of 

0.224 and 0.180 respectively. To account for the ambient 

heat gains, the lighting and computer loads were taken as 

38.12W and 44.5W respectively. 

The simulation was run for 15 cases, which included three 

room air temperature settings and five panel surface 

temperatures at each room air temperature. Figure 3 

summarises the 15 simulation cases. The temperature 

difference between the room air and the panel surface 

(ΔT) was restricted to 8°C as per ASHRAE guidelines 

(ASHRAE, 2009). 
 

 

Figure 3. Simulation cases. 
 

The mannequin surface was specified with a tetrahedral 

mesh, while the rest of the domain area was specified 

hexahedral mesh, thereby cumulatively identifying as a 

hybrid meshing scheme (Gao and Niu, 2005; Yang et. al, 

2017). The mesh for the mannequin surface was given the 

size of 0.6 mm. In order to capture the values around 

complex geometries of head, hands, and feet, they were 

assigned 10 prism layers of size 0.6 mm and a growth rate 

of 1.1. The remaining zones were given a mesh size of 92 

mm after a grid independence test, as described in the later 

section. Simple geometries like the ceiling, floor, and 

walls were specified assigned 3 prism layers of size 0.1 

mm and a growth rate of 1.1. 

In order to capture the low air velocity and turbulence 

around the mannequin, low Reynolds number turbulence 

model was used (Gao and Niu, 2005; Yang et. al, 2017; 

Pan and Xia, 2014; Kurabuchi et. al, n.d.; Oh and Kato, 

2016; Omori et. al, n.d.; Kajiya et al., 2011). Second order 

Monotonic Upwind Scheme for Conversionn Laws 

(MUSCL) was used to calculate the convective terms. The 

convergence criteria for the model was specified as 1e-10. 

Given that the point of focus of this study was to account 

for radiant heat transfer, the floor and ceiling were 

considered as adiabatic. To account for the radiation, 

emissivity (ε) of each of the indoor surfaces was measured 

as per (ASTM C1371-15, n.d.). The composite aluminium 

coated wall panels (ε=0.85), carpeted floor (ε=0.81), 

gypsum false ceiling (ε=0.92), laminated table top 

(ε=0.89), expanded carbon radiant panels with felt- 

surface finish (ε=0.92), and windows (ε=0.84) were the 

measured radiative surfaces. In order to reduce the mesh 

count, the walls were modelled as heat conduction panels, 

with the initial surface temperature as 30°C and RH as 

50% for all cases. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2533

 

 
  



Before determining the air flow, the authors measured air 

flow at the diffuser level in TCC using Flow Hood 

(SKU8380 by TSI). Based on these measurements, 141 

CFM of air was modelled to be supplied through each of 

four air inlets parallel to the ceiling surface, while 282 

CFM of air was modelled to exit through the two return 

air diffusers. 

Model calibration: 

To verify the accuracy of the modelled airflow, real-life 

measurements were taken at the supply and return diffuser 

of the TCC. This section presents the measurement 

procedure and compares the measured and modelled 

airflow. 

The airflow angle and air velocity of the supply and return 

diffusers were measured using TSI manufactured 

VelociCalc multifunction meter 9565-P, and air velocity 

probe-964. The range, accuracy, and resolution of these 

instruments was 0-50 m/s, ±0.015 m/s, and 0.01m/s 

respectively. The measurements were carried out on one 

of the four air inlet diffusers, and one of the two air outlet 

diffusers. 

Figure 4 shows the twelve measurement locations around 

square diffuser in the four directions and the position of 

the velocity probe at 0° (along the ceiling), 15°, 30° and 

60°. It was assumed that discharge of air from the diffuser 

was parallel to the ceiling. This assumption was based on 

the design of diffuser. 
 

 

Figure 4. Measurement points for the diffuser. 

A simulation was run to validate the air discharge 

velocities through the diffuser. The simulated air velocity 

was matched with the average of the experimentally 

measured air velocities. As shown in Table 1, the 

simulated values matched well with the average 

experimental values, which confirmed the flow direction 

of the air flow through the diffuser to be at 0° (along the 

ceiling). 

Table 1. Comparison of measured and simulated 

velocities. 
 

 
Angle 

Measured Velocity (m/s) Simulated 

Velocity (m/s) 
Diffuser 1 Diffuser 2 

0° 2 2 1.9 

10° 1.2 1.5 1.1 

15° 0.6 0.7 0.5 

30° 0.2 0.2 0.2 

60° 0.2 0.2 0.1 

Grid independence test: 

To minimize the impact of grid size on the solution, the 

grid independence test was carried out. The thermal 

mannequin was the key subject of interest in this study, 

therefore the average skin temperature of the mannequin 

was selected as a parameter to subject to the grid 

independence test. Five cases of grids sizes were 

examined before selecting one for further analysis. The 

first test was conducted with a mesh size of 0.15 m 

generating 1.1 million elements in the model. The mesh 

size was reduced to 0.112 m (2.0 million elements), 0.092 

m (3.2 million elements), 0.078 m (4.8 million elements) 

and 0.0625 m (7.3 million elements). As shown in Figure 

5, the skin temperature showed significant variation when 

the number of elements changed from 1.1 million to 2.0 

million. However, it remained unchanged when the 

elements were increased beyond 3.2 million. CFD 

simulations involve heavy computation, therefore the 

optimization of computational time without 

compromising on results was crucial. It was observed that 

the convergence of cases with 3.2, 4.8, and 7.3 million 

elements took 48, 72, and 98 hours respectively. Given 

these inferences, the model with 3.2 million elements 

(mesh size 0.092 m) was deemed suitable for further 

simulations and is shown in Figure 6. 
 

 

Figure 5: Grid Independence test, skin temperature at 

different mesh counts. 
 

 

Figure 6: Cross section of TCC showing CFD mesh. 

Predicted Mean Vote Calculations: 

This paper presents Predicted Mean Vote Calculations 

(PMV) of the entire body as well as includes the 

observations pertaining to the skin temperature and heat 

flux of the individual body parts. scTETRA™ integrates 
PMV calculation in accordance with ISO 7730. Following 

parameters are considered (i) metabolic rate (W/m2) (ii) 

effective mechanical power (W/m2) (iii) clothing 

insulation (m2K/W) (iv) clothing surface area factor (v) 
air temperature (°C) (vi) mean radiant temperature (°C) 

(vii)  relative air velocity (m/s) (viii) water vapour partial 
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pressure (Pa) (ix) convective heat transfer coefficient 

(W/m2K) (x) clothing surface temperature (°C) 

Results and Observations: 

The mean skin temperature of all the body parts was found 
to be the lowest at Troom=26°C, when the surface 

temperature of the radiant panels was maintained at 8°C 

lower from the room ambient air temperature (Δ8°C). 

Whereas, the highest mean skin temperature was observed 

at Troom=30°C, when the radiant panels were not operated 

at all (Δ0°C). The difference in Troom and TRP (indicated by 

Δ) had the most visible impact on the skin temperatures of 

the body parts at Troom=26°C. The highest thermal 

fluctuation due to the variation of Δ was observed in the 

feet – the Tskin changed by -1.9°C as the Δ increased from 

0°C to 8°C. The back, pelvis, and thighs were the least 

affected body parts with a Tskin change of -0.2°C 

corresponding to an increase in Δ from 0°C to 8°C. In 

comparison, at Troom=30°C, as the Δ increased from 0°C 

to 8°C, the Tskin of the feet, back, pelvis, and thighs 

changed by -0.5°C, +0.1°C, +0.1°C, and -0.2°C 

respectively. 

The variation of skin temperature across the 15 studied 

cases for all the body parts is shown in Figure 7. The body 

parts like the thighs, chest, back, and pelvis showed a low 

thermal variation in the range of 0.9-1.2°C. The parts such 

as the head, neck, shoulders, arms, and legs showed a 

thermal variation in the range of 1.6-2.7°C, while the body 

parts farthest from the warm torso - the feet, experienced 

the highest variation in the range of 4.4- 4.5°C. In order 

to understand the reasoning behind this variation, one 

must understand the contributing factors to local thermal 

fluctuations in the body. 

The skin temperature and its fluctuation across various 

body parts are dependent on the heat exchanged by the 

body part with the ambience. With the body’s internal 

temperature being regulated in the range of 36.1-37.2°C, 

the individual body parts act as mechanical fins with their 

surface temperatures majorly dependent on the area of 

contact with the cooling media. In this case, the extent of 

heat lost through each body part depended on the thermal 

mass of the body part and skin surface area. The thighs, 

chest, back, and pelvis have a high fat content in 

comparison to the other body parts, which adds on to the 

insulation and restricts drastic thermal fluctuations. They 

also have a low ‘skin surface area: thermal mass’ ratio in 

comparison to other body parts, indicating a smaller 

interface for heat transfer for a higher content of heat. The 

head, neck, shoulders, arms, and legs, with a relatively 

lower fat content and higher ‘skin surface area: thermal 

mass’ ratio, therefore indicated a higher thermal 

fluctuation. The feet, being farthest away from the warm 

body parts and having the least fat content with the highest 

‘skin surface area: thermal mass’ ratio, showed the most 

drastic thermal fluctuations. 

Understanding the variation of Tskin of each body part at 

the three-room temperatures offers a deeper insight into 

the results. At Troom=26°C, the left and right feet were 

found to be the coolest body parts with an average skin 

temperature for the five Δ variations (TΔ,avg) as 31.7°C and 

31.6°C respectively. At Troom=28°C and 30°C, the head 

was found to be the coolest body part with a TΔ,avg= 

32.8°C and 33.6°C respectively. At Troom=26°C, the right 
thigh was found to have the highest skin temperature with 

a TΔ,avg= 35.0°C, the left thigh was found to be cooler with 

TΔ,avg= 34.7°C. At Troom=28°C, the chest, pelvis, and the 
right thigh were found to be the warmest body parts with 

TΔ,avg= 35.6°C, 35.5°C, and 35.4°C respectively. At 

Troom=30°C, the left and right thighs (TΔ,avg= 35.6°C and 
35.5°C respectively), along with the left and right hands 

(TΔ,avg= 35.5°C each) were found to be the warmest body 
parts. 

 

 

Figure 7: Skin surface temperature for the 17 body parts 

across all temperature cases. 

Figure 8 shows the simulated skin surface temperature for 

all the 15 cases studied. The figure is representative of the 

fact that the back was distinctly warmer than the front 

portion of the body throughout the 15 cases due to the 

action of front-placed radiant panels. It also indicates that 

at a given Troom, with an increase in Δ from 0°C to 8°C, all 

the body parts experience a reduction in surface 

temperature. 
 

 

Figure 8: Variation of skin surface temperature on the 

digital thermal mannequin for the 15 simulated cases. 

Figure 9 helps understand the possible relation between 

the surface area and the skin temperature of an individual 

body part. It shows the difference in skin surface 

temperature of the 17 body parts of the digital mannequin 
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with the difference in the air temperature and the radiant 

panel surface temperature (Δ). The size of the circle 

indicates the skin surface area of the respective body part 

– the parts above the waist are indicated in red, while the 

ones below are indicated in green. It is evident that no 

significant trend is visible to establish a relation between 

the surface area of skin and its temperature. 
 

 
 

Figure 9. Variation of skin surface temperature of the 17 body 

parts with the Δ (difference in the air temperature and the 

radiant panel surface temperature). 
 

The overall average skin surface temperature varies by 

less than 0.2°C, while the feet temperature changed by 

over 1.1°C across the cases. The body parts close to the 

central region – chest, back, pelvis, exhibited a negligible 

change of 0.1°C. 

The scope of heat exchange with the ambience (within the 

comfort limit) directly relates to the extent of perceived 
thermal comfort and is reflected through the variation in 

Tskin. In principle, the greater the temperature difference 

between the body and the ambience, the greater will be 

the heat loss, therefore it was expected that as the avg. skin 

temperature reduced and Troom remained constant, the 

sensible heat loss would have increased - Figure 10 
confirms this and shows the inverse relation between the 

average skin temperature of the entire body (Tavg,skin) and 

the total sensible heat loss from the body (Hsensible) for the 

five Δ values at the three Troom conditions. The figure also 

shows the variation of thermal comfort through PMV 

(Predicted Mean Vote) for the respective simulation 
conditions. 

 

 

Figure 10: Variation of average skin temperature, total 

sensible heat loss and PMV values for each simulated 

case. 

As can be seen in the figure, at Troom=26°C, 28°C, and 

30°C, with no operation of the radiant panels (Δ=0°C), 
Tavg,skin was maintained at 33.8°C, 34.8°C, and 35.0°C, 
with Hsensible at 38.4 W/m2, 34.4 W/m2, and 24.7 W/m2, 

and PMV at 1.0, 1.5, and 2.2 respectively. At a fixed Troom, 

Hsensible increased linearly with a linear reduction of Tavg,skin 

with respect to an increase in Δ in steps of 2°C. At 
Troom=26°C, 28°C, and 30°C, as the Δ increased from 0°C 

to 8°C along the X-axis, Tavg,skin experienced a reduction 
of 0.5°C, 0.3°C, and 0.1°C, with an increase in Hsensible by 
2.8 W/m2, 2.4 W/m2, and 4.8 W/m2 respectively. At the 

three respective Troom conditions, the PMV also indicated 
a linear decrease to the neutral (0) state by 0.3, 0.2 and 0.3 
votes with an increase in Δ. 

The results indicate that a 2°C increase in Troom translates 

to a non-linear increase in Tavg.skin by 1°C (transition from 

Troom= 26°C to 28°C) and 0.2°C (transition from 

Troom=28°C to 30°C). This non-linearity can be explained 

by the fact that the body in itself is a heat source with its 

core temperature moderated in the range of 36.1-37.2°C. 
The skin surface attains thermal equilibrium with this core 

temperature and the ambient temperature through 
complex thermoregulatory processes. The reduction of 

the range of variation of Tskin at elevated Troom levels is 

indicative of these thermoregulatory processes in action – 
these processes naturally restrict the skin temperature 

from going beyond the permissible limit, which, if absent, 

could lead to unregulated body temperature rise and pose 
severe health complications. 

At fixed room temperature, as the radiant panel was 

cooled by up to 8°C, the Tskin was reduced as a direct 

response to the decrease in the mean radiant temperature. 
In order to maintain the thermal equilibrium, the heat 

content of the skin surface was dissipated in the ambience, 
thereby accounting for an increasing Hsensible trend. With 

the reduction in Tskin, the PMV, originally indicating a 

sensation in the range of ‘slightly warm’ to ‘warm’ at 
Δ=0°C, eventually came closer to the ‘neutral’ state. 
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Conclusion: 

This study demonstrates the application of the latest 

advancements in thermoregulation models and CFD to 

highlight the importance of the simulation technology - 

through which, we can derive affordable and effective 

results within a defined time-frame. It also establishes the 

necessity of experimental validation prior to simulations 

to provide appropriate physical context as a simulation 

input. Ultimately, it translates the 8°C reduction in the 

surface temperature of the radiant panels to a ~0.6 vote 

reduction in the PMV at each of the three room 

temperatures. The reduction in comfort was near-constant 

across the three cases due to the low front view factor (low 

skin surface area exposed directly to the radiant panels). 

This study demonstrates the ability of thermally activated 

furniture to provide comfort conditions while keeping the 

ambient room temperature higher than the thresholds. 
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Tavg,skin = Whole-body Weighted-average Skin 
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Abstract 
Fanger's PMV index has been studied by many 
researchers as a control parameter for maintaining 
comfortable indoor environment using HVAC systems.  
Recently, couple of data-driven modelling techniques 
have been used for the prediction of thermal comfort. 
Machine learning-based data-driven models for thermal 
comfort can predict the PMV with indoor parameters and 
human factors. However, current models still have two 
limitations. The first is that the input variables used for 
thermal comfort prediction still utilize Fanger’s six 
variables, which are difficult to measure in real buildings. 
Hence, it is necessary to develop a data-driven model for 
predicting the PMV using data that can be easily 
monitored in real buildings. The second limitation is 
uncertainty associated to the predicted value of thermal 
comfort values from a data-driven model.  In particular, 
uncertainty must be considered in real buildings, because 
the monitoring data from various sensors or measuring 
instruments are affected by noise or other sources, and 
lead to errors in the results. Therefore, this study aims to 
develop a Gaussian process regression (GPR) model for 
the prediction of thermal comfort, including uncertainty 
information. As a results, we identified the influences of 
the environmental factors on the thermal comfort of an 
occupant in a room and employed them to develop a data 
driven model using the GPR. The results of the thermal 
comfort models clearly show that the relative humidity 
and ambient temperature are major variables in enhancing 
the accuracy of the prediction. In addition, the 95% 
confidence interval was also significantly narrowed, 
indicating that the model uncertainty was reduced. 
 

Introduction 
In recent years, as the importance of energy consumption 
has increased, many building-related data have been 
measured and collected to maintain comfort and low 
energy consumption. Using these data, researchers have 
been able to predict thermal comfort under diverse 
conditions that determine thermal sensation. Especially, 
Fanger's PMV index has been studied by many 
researchers as a controlled parameter to accommodate the 
control of HVAC systems. Recently, couple of data-
driven modelling techniques have been used for the 
prediction of thermal comfort. For example, Zolfaghari et 
al., Guan et al., and Hoppe developed a new model to use 

the non-steady state and transient environments to 
characterize thermal comfort using data-driven methods 
(Zolfaghari et al., 2010; Guan et al., 2003; Hoppe, 2002). 
In another study, owing to their ability to approximate 
non-linear model functions, neural networks are widely 
used PMV and the accessible variable pair mapping of 
qualitative relationships (Grabe, 2016; Songuppakarn et 
al., 2014). They found that the predicted PMV values 
agreed well with those obtained using the model proposed 
by Fanger and questionnaires. However, these approaches 
still have two limitations. The first is that the input 
variables used for thermal comfort prediction still utilize 
Fanger’s six variables (i.e., air temperature, air humidity, 
air flow rate, and average radiation temperature, clothing 
thermal resistance,  metabolic rate), which are difficult to 
measure in real buildings.  For example, the MRT is 
commonly determined using a black globe temperature 
device, which consists of a painted black sphere with a 
temperature-sensing device at its center. This 
temperature-sensing device is not commonly employed in 
buildings. Hence, it is necessary to develop data-driven 
models for predicting the PMV using data that can be 
easily monitored in a building. The second limitation is 
the uncertainty of the predicted value of thermal comfort 
values from a data-driven model.  In particular, 
uncertainty must be considered in real buildings, because 
monitoring data obtained through various sensors or 
measuring instruments are affected by noise, and various 
errors may occur.  
Recently, owing to its characteristic of quantifying 
uncertainty in predictions, Gaussian process regression 
(GPR) has been widely used to predict existing systems 
and energy usage in the building sector. In other words, 
GPR can provide predictive values in the form of 
probabilistic distributions. Therefore, the Gaussian 
modelling results reflect the prediction uncertainties, 
which cannot be quantified directly using neural networks 
(Neal, 1995). Hence, GPR can be useful as a statistical 
modelling method in research on predictions that consider 
parameter uncertainty and parametric variability. So, a 
GPR approach is proposed in this study for thermal 
comfort indicator prediction, to enable the uncertainty in 
the thermal comfort estimate to be quantified in the form 
of a probability distribution.  
The main purpose of this study is to identify the influence 
of the environmental factors on the thermal comfort in 
buildings, thereby developing a data-driven model using 
the Gaussian process. 
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Methods 
For this study, first, an experimental study in a test 
chamber was conducted to develop a thermal comfort 
model using GPR. In this step, we identified the influence 
of the environmental factors (e.g., globe temperature, 
ambient temperature, MRT, relative humidity, and air 
speed) on the occupant’s thermal comfort in a room, 
thereby developing a data-driven model using the GPR. 
Then, based on the experimental results in the chamber, 
we applied this model to a real building and analysed the 
results to assess its applicability.  

 
Figure 1: Living test bed layout 

Data acquisition 
The data collection for PMV prediction model was 
conducted in a “living test bed” that provided an 
environment similar to those found in residential 
buildings, as shown in Figure 1. The testbed is an enclosed 
chamber that consists of variable refrigerant flow (VRF) 
system, a heat recovery ventilator, a humidifier, a 
dehumidifier, a floor heating system, a lighting system 
with dimming control, an automatic blind, and a building 
monitoring and control system. We collected the five 
environmental parameters (e.g., globe temperature, 
ambient temperature, MRT, relative humidity, and air 
speed). For this, as shown in Figure 1, a data logger was 
positioned in the middle of the test bed to collect the data. 
This measuring device contains various sensors for 
collecting environmental data, such as the globe 
thermometer temperature (𝑇𝑇𝑔𝑔), air temperature (𝑇𝑇𝑎𝑎), RH, 
and air speed (𝑉𝑉𝑎𝑎). The measurement accuracy of 𝑇𝑇𝑔𝑔 and 
𝑇𝑇𝑎𝑎 is less than ±0.2 °C from -10 °C to 100 °C, that of RH 
is ±2.5% from 5% to 98%, and that of 𝑉𝑉𝑎𝑎  is ±0.05 m/s 
from 0 m/s to 1 m/s. To measure and assess the six 
parameters related to PMV, the accuracies required by 
ISO 7726 and in this study are summarized in Table 1. 
Then, the MRT, i.e., 𝑇𝑇𝑟𝑟 , can be calculated using 𝑇𝑇𝑔𝑔, 𝑇𝑇𝑎𝑎 , 
and 𝑉𝑉𝑎𝑎 by applying the following formula ISO 7726. 
The occupant-related values of the thermal resistance 
values, i.e., 𝐼𝐼𝑐𝑐𝑐𝑐  and MET, can be entered directly 
according to the subjective state based on the “thermal 
resistance values” and “metabolic rate” in ISO 9920 
(2007). In this study, 𝐼𝐼𝑐𝑐𝑐𝑐  was set to 0.7 corresponding to 
daily clothing (i.e., underwear, shirts, trousers, socks, and 
shoes) and MET was set to 1.2 (comfortably seated: light 
manual work such as writing, typing, drawing, cutting, or 
accounting). In reality, for most cooling and heating 
control applications, the environment is controlled in a 
closed space, and most of the occupants can be assumed 
to be dressed similarly. In addition, it is likely that they 
will be performing at similar activity levels. Then, PMV 

was calculated according to ISO 7730 (1993). Finally, the 
GPR-based PMV prediction model developed in this 
study was compared with the calculated PMV value. 
Table 1 shows the collected data used for PMV prediction 
in this study. 
The test bed air temperature was controlled by a VRF 
system to maintain the set point. The initial set-point 
temperature was 19 °C, which was held for 90 minute to 
ensure that the temperature in the test bed was stabilized. 
The temperature was then increased to 30 °C   for 50 
minute and subsequently returned to 19 °C. The air 
volume (or flow rate) of the VRF was set to automatic 
control mode. 

Table 1:  The collected data used for PMV prediction 
Parameter Accuracy Remark 

𝑇𝑇𝑔𝑔(Globe temperature) ±0.1 ℃ Measurement 
𝑇𝑇𝑎𝑎(Ambient temperature) ±0.1 ℃ Measurement 

𝑇𝑇𝑟𝑟 (MRT) - calculation 
𝑉𝑉𝑎𝑎 (Air speed) ±0.05 m/s Measurement 

𝑅𝑅𝑅𝑅 ±2.5 % Measurement 

𝐼𝐼𝑐𝑐𝑐𝑐 - specific value 
(0.7) 

MET - specific value 
(1.2) 

Composition data set and evaluation 
Before organizing the data sets for the thermal comfort 
predictive model, as shown in Table 1, the data set was 
constructed by selecting variables (i.e., 𝑇𝑇𝑎𝑎 , 𝑅𝑅𝑅𝑅, 𝑉𝑉𝑎𝑎) that 
are generally easily measurable among the various 
parameters required for PMV calculation. And six 
predictor sets were constructed based on the selected main 
informative predictors and evaluated. The data collected 
through the abovementioned process were randomly 
extracted, and the model was learned by constructing a 
training set with 80% of the data and a test set with 20% 
of the data. The predictive power of the GPR model was 
evaluated using four statistical quantities: (1) mean bias 
error (MBE); (2) root-mean-square error (RMSE); (3) 
total sum-of-squares error (SSE); (4) 𝑅𝑅2  measures the 
proportion of total variation explained by the fitted 
regression model  
Gaussian Process Regression for thermal comfort 
This section explains the Gaussian process regression 
used as the thermal comfort prediction model in this study. 
The basic principles of the Gaussian process and the 
mathematics of this section are based on the work of 
Rasmussen and Williams (2006). A key advantage of the 
Gaussian process is that it constructs the model by 
specifying the structure of the covariance matrix of the 
explanatory variables, rather than the algebraic structure 
of the input–output relationship itself, as it is done in 
traditional parametric regression approaches (Rasmussen 
and Williams, 2006; Zhang et al., 2013). We have a 
training set {(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖); 𝑖𝑖 = 1, 2, … 𝑛𝑛 }, where 𝑥𝑥𝑖𝑖 ∈  ℝ𝑑𝑑  and 
𝑦𝑦𝑖𝑖 ∈  ℝ, drawn from an unknown distribution. A Gaussian 
process model addresses the question of predicting the 
value of a response variable 𝑦𝑦𝑛𝑛𝑛𝑛𝑛𝑛  given the new input 
vector 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛  and the training data. Gaussian process is 
completely specified by its mean function 𝑚𝑚(𝑥𝑥)  and 
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covariance function, 𝑘𝑘(𝑥𝑥, 𝑥𝑥′)  of a real process  𝑓𝑓(𝑥𝑥) as 
(That is, if {𝑓𝑓(𝑥𝑥), 𝑥𝑥 ∈  ℝ𝑑𝑑} is a Gaussian process, then 
𝐸𝐸(𝑓𝑓(𝑥𝑥)) = 𝑚𝑚(𝑥𝑥)  and Cov [ 𝑓𝑓(𝑥𝑥), 𝑓𝑓(𝑥𝑥′)] = 𝐸𝐸 [{𝑓𝑓(𝑥𝑥) −
𝑚𝑚(𝑥𝑥)}{𝑓𝑓(𝑥𝑥′) −𝑚𝑚(𝑥𝑥′)] = 𝑘𝑘(𝑥𝑥, 𝑥𝑥′)). 

𝑚𝑚(𝑥𝑥) = 𝐸𝐸(𝑓𝑓(𝑥𝑥))                            (1) 
𝑘𝑘(𝑥𝑥, 𝑥𝑥′) = 𝐸𝐸 [{𝑓𝑓(𝑥𝑥) −𝑚𝑚(𝑥𝑥)}{𝑓𝑓(𝑥𝑥′) −𝑚𝑚(𝑥𝑥′)]      (2) 

And will write the Gaussian process as  
𝑓𝑓(𝑥𝑥) ~ 𝐺𝐺𝐺𝐺 (0, 𝑘𝑘(𝑥𝑥,𝑥𝑥′))                        (3) 

That is, 𝑓𝑓(𝑥𝑥) is from a zero mean Gaussian process with 
covariance function, 𝑘𝑘(𝑥𝑥, 𝑥𝑥′), which is also known as the 
kernel function. A variety of kernel functions, such as 
linear, exponential, rational quadratic, Matérn, and 
squared exponential have been used in different 
applications. Among these, the squared exponential is the 
most widely-used kernel in the field of kernel machines 
(Rasmussen and Williams, 2006). In this study, the choice 
of the covariance function is a squared exponential kernel, 
which takes the form: 

𝑘𝑘 �𝑥𝑥𝑖𝑖,𝑥𝑥𝑗𝑗�𝜃𝜃� =  𝜎𝜎𝑓𝑓2 𝑒𝑒𝑥𝑥𝑒𝑒 [−  1
2

 
�𝑥𝑥𝑖𝑖−𝑥𝑥𝑗𝑗�

𝑇𝑇
�𝑥𝑥𝑖𝑖−𝑥𝑥𝑗𝑗�

𝜎𝜎𝑙𝑙
2  ]       (4) 

And we used the ‘package GPFDA’ in R, which is a 
language and environment for statistical computing and 
graphics. 

Results 
Figure 2 shows the temperature measured by the sensors 
installed in the chamber, set-point temperature (𝑇𝑇𝑆𝑆𝑆𝑆), and 
dry-bulb temperature (𝑇𝑇𝑎𝑎 ) during the experiment. 

 
Figure 2: Measured temperature 

     
Figure 3: Measured RH and PMV 

     
Figure 4: Measured 𝑉𝑉𝑎𝑎 and PMV 

In Figure 2, the red line indicates the time history of the 
set-point temperature of the test bed used in the 

experiment. The 𝑇𝑇𝑎𝑎 patterns were changed to “low-high-
low” according to the change of the set temperature. In 
reality, room temperature sensors are usually inside 
thermostats or cooling systems, and most of these devices 
are located on the walls or in the corners of rooms. In this 
study, although the value varied depending on the position 
of the temperature sensor, the temperature variations 
according to the sensor position were not considered. 
Figure 3 shows the RH pattern and thermal comfort 
indicator (i.e., PMV) during the experiment. At this time, 
the PMV value shows the value calculated by ISO 7730 
based on the measured data as described in the previous 
section. In Figure 4, the variation of 𝑉𝑉𝑎𝑎  with time is 
irregular with time, and it can be seen that 𝑉𝑉𝑎𝑎 increases, 
especially when the set temperature changes. As shown in 
Fig. 2 ~ 4, we can confirm that the three variables ( 𝑉𝑉𝑎𝑎, 𝑇𝑇𝑎𝑎, 
and 𝑅𝑅𝑅𝑅) are easily monitored variables in the building, 
but they show a certain pattern with correlation as the 
PMV changes. 
Development of thermal comfort prediction model 
Among all of the variables related to thermal comfort, we 
selected three input variables: 𝑉𝑉𝑎𝑎 , 𝑇𝑇𝑎𝑎 , and  𝑅𝑅𝑅𝑅 . Then, 
Gaussian process model for thermal comfort prediction 
were constructed using all possible combinations of these 
three variables, and the statistical characteristics of each 
set were evaluated, as presented in Table 2. The output 
was a thermal comfort indicator (i.e., PMV) calculated 
according to ISO 7730. Seven predictor sets were 
evaluated to determine the most effective method for 
obtaining an accurate thermal comfort indicator. 
Table 2 lists the values of RMSE, MBE, and SSE. First, 
SSE is approximately 1.005 for Set 1, which was based 
on 𝑉𝑉𝑎𝑎 . With the three variables combined (Set 7), SSE 
reaches its lowest value, which is approximately 0.003, 
and with two variables (i.e., 𝑅𝑅𝑅𝑅 and 𝑇𝑇𝑎𝑎), SSE is also quite 
low. And MBE values are also very small, and close to 
zero. 

Table 2: Results of thermal comfort prediction using 
GPR with sets of predictors 

Data set Variables RMSE MBE 𝑺𝑺𝑺𝑺𝑺𝑺𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 
Set 1 𝑉𝑉𝑎𝑎 1.025 -1.013 1.005 
Set 2 𝑅𝑅𝑅𝑅 0.452 -0.726 0.026 
Set 3 𝑇𝑇𝑎𝑎 0.321 -0.212 0.068 
Set 4 𝑉𝑉𝑎𝑎, 𝑅𝑅𝑅𝑅 0.451 -0.778 0.023 
Set 5 𝑉𝑉𝑎𝑎, 𝑇𝑇𝑎𝑎 0.274 -0.333 0.049 
Set 6 𝑇𝑇𝑎𝑎, 𝑅𝑅𝑅𝑅 0.084 -0.057 0.007 
Set 7 𝑉𝑉𝑎𝑎, 𝑇𝑇𝑎𝑎,  𝑅𝑅𝑅𝑅 0.062 -0.062 0.003 

Figure 5 show analysis results on the predictive models 
measured through CVRMSE and 𝑅𝑅2. RMSE is a measure 
of accuracy that compares the differences between the 
values predicted by a model and those actually observed 
(Hyndman and Koehler, 2006). 𝑅𝑅2 indicates how well the 
regression line approximates the actual data points. In 
general, 𝑅𝑅2 is between 0 and 1, with R2 > 0.8 indicating 
ideal values. In Figure 5, RMSE and 𝑅𝑅2 for the set based 
on 𝑉𝑉𝑎𝑎  (Set 1) are approximately 1.025 and 0.302, 
respectively. For Set 2, which included 𝑅𝑅𝑅𝑅 , RMSE is 
decreased by approximately 0.452, and 𝑅𝑅2 is improved to 
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more than 0.86. RMSE decreases sequentially from 0.452 
to 0.320, 0.273, and 0.804, finally reaching 0.062. With 
the three variables combined, RMSE reaches its lowest 
value. In particular, the high accuracy occurs in Sets 6 and 
7, with 𝑅𝑅𝑅𝑅 and 𝑇𝑇𝑎𝑎 included. In these cases, RMSE is less 
than approximately 0.08, and 𝑅𝑅2 exceeds 0.995. 

 
Figure 5: 𝑅𝑅2 and RMSE of GPR models with sets of 

predictors 
The results of the thermal comfort models clearly show 
that the relative humidity and ambient temperature are 
variables that can substantially increase the accuracy. 
That is, the model accuracy depends on the inclusion of 
two variables: the relative humidity and ambient 
temperature. In addition, if the air velocity is used as the 
only variable, it is almost impossible to predict the 
thermal comfort. Nonetheless, the addition of the air 
velocity to the model (Set 7) including the temperature 
and humidity improved the accuracy compared to that of 
Set 6. Figure 6 present comparisons of the actual 
(observed) values for thermal comfort (i.e., PMV) with 
those predicted using the GPR models.  
The 𝑥𝑥 axis corresponds to time (time step: 1minute), and 
the 𝑦𝑦  axis indicates thermal comfort. The red circles 
indicate the actual thermal comfort, while the blue lines 
show the predicted thermal comfort obtained by 
performing GPR (i.e., the mean of the posterior 
distribution). The blue boundary shows the 95% 
confidence interval, i.e., two standard deviations on either 
side of the mean, since the confidence interval for the 
predicted value can provide uncertainty information for 
the model prediction. The fact that GPR provides the 
distribution of the output instead of a point value is a key 
advantage. Figure 6, which corresponds to the model with 
the air velocity as the only variable (i.e., Set 1), shows that 
the predicted and actual values are not close to one 
another, and the 95% confidence interval is very broad. In 
other words, the uncertainty of the predicted value is very 
large. However, the results for Sets 2–5, each of which 
included either relative humidity or air temperature, 
exhibit confidence intervals narrower than that of Set 1. 
At the point at which PMV suddenly decreases (e.g., the 
50th point in Set 2), the prediction performance is 
somewhat lower, but in the remaining intervals, the 
predicted values and actual values are almost the same. 
However, for Set 6, which included both relative humidity 
and air temperature, the prediction is also good at this 
point. 

 

 

 

 

 

 

 
Figure 6: Prediction results under uncertainty 
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In addition, the 95% confidence interval is significantly 
narrowed, indicating reduced model uncertainty. For Set 
7, with three parameters as variables, including the air 
velocity, the 95% confidence interval is narrower and the 
uncertainty is very low. In other words, the accuracy and 
reliability of the model are affected by the quality of the 
training data and the training variables. 

 
Figure 7: Error histogram 

In Figure 7, we compared an error density between the 
observed and predicted values with the Gaussian process. 
These results are similar to those described above. The 
error histogram for Set 1 has a wide range of values from 
-3 to 3. Meanwhile, Sets 6 and 7 show lower error ranges 
(i.e., their values have ranges of ±0.2). 
Application of thermal comfort prediction model in 
an actual building 
The experimental results presented in the previous section 
show that the temperature and humidity (and air velocity, 
if possible) can be used to predict the thermal comfort of 
occupants. In addition, the GPR model proposed in this 
report enables predictions to be made with uncertainty 
information in the form of a confidence interval. In this 
study, it was assumed that all changing environmental 
conditions are reflected in various environmental factors 
such as air temperature (when cooling, heating, or using 
solar radiation), relative humidity, and air velocity (when 
opening windows or ventilating). However, the 
experiments described above were conducted in a closed 
chamber without influencing factors such as solar 
radiation or ambient temperature. Therefore an 
experimental study was performed in an actual building 
affected by solar radiation or ambient temperature to 
verify the test results presented in the previous section. 
The test building was the engineering building located in 
a Dankook university campus in Yongin, Korea. The 
building consists of offices and seminar rooms, as shown 
in Figure 8. 

 
Figure 8: Image of the selected building and floor plan 

The training data were collected for eight days from 
March 1 until March 12, 2018, in 3F room A of this 
building. In addition, test data were collected from May 4 
until May 10 in the room B. The temperature, the relative 
humidity, and PMV were recorded at 10 min intervals 
during the experiment periods. The indoor conditions of 
the two test rooms had different temperature and humidity 
ranges, owing to the different measurement periods and 
different occupants. To verify that the thermal comfort of 
occupants can be predicted by using the temperature and 
humidity under changing real environmental conditions, 
we used two data items measured at different locations 
and during different periods. Based on the training data, 
we constructed a GP prediction model using the 
temperature and humidity and analyzed the prediction 
accuracy by applying the test data. 
Table 3 summarizes the statistical quantities for these 
collected data. Prediction using GPR requires the training 
set to cover most of the input domain (Yan, 2013). It can 
be confirmed that the temperature, humidity, and PMV 
ranges of the training data used to develop the predictive 
model include the ranges of the test data.  

Table 3: statistical analysis results 
Data set Variable Variance Min Max SD. Mean 

Training Data 
:1639 points 

(3/1~3/12,2018) 

𝑇𝑇𝑎𝑎 8.13 17.06 29.30 2.85 22.45 
𝑅𝑅𝑅𝑅 26.96 12.3 42 5.19 22.84 

PMV 0.49 -2.13 1.11 0.07 -0.46 
Test Data 

:777 points 
(5/4~5/10,2018) 

𝑇𝑇𝑎𝑎 0.38 21.8 25 0.62 22.93 
𝑅𝑅𝑅𝑅 9.57 34.2 44.9 3.09 40.17 

PMV 0.02 -0.53 0.35 0.16 -0.21 

 
Figure 9: Result of thermal comfort prediction in room B 
Figure 9 compares the actual (observed) output values for 
thermal comfort (i.e., PMV) with those predicted using 
the GPR models with the two variables of temperature and 
humidity in room B in actual building. The red circles 
indicate the actual thermal comfort, and the blue lines 
show the predicted thermal comfort obtained by 
performing GPR. The light blue boundary which is 
uncertainty representing the 95% confidence interval 
appears somewhat wider than that obtained in the test bed 
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experiment described in the above section. In other words, 
PMV can be predicted accurately, but the uncertainty can 
be increased in actual buildings.  
As a result, we found that the temperature and humidity 
(and air velocity, if possible) commonly measured in real 
buildings can be used to predict the thermal comfort of 
occupants using GP. These results represented that RMSE 
= 0.0183, MBE = -0.00734, and SSE is nearly 0.0003, 
which shows that the predicted and actual values are very 
close(Table 4).  

Table 4: Predicted PMV in an actual building 
Performance RMSE MBE 𝑺𝑺𝑺𝑺𝑺𝑺𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 

Value 0.0183 -0.0734 0.0003 

Conclusions 
We identified the influences of the environmental factors 
on the thermal comfort of an occupant in a room and 
employed them to develop a data driven model using the 
GPR. Hence, the GPR approach used in this study will 
help easily and efficiently recognize the thermal comfort 
of occupants by using the data monitored in the building. 
In the test-bed experimental study, the results of the 
thermal comfort prediction model using the Gaussian 
process regression showed that PMV, which is a thermal 
comfort indicator, can be accurately predicted with 
relative humidity and ambient temperature variables that 
are easily measured in real buildings. When the developed 
model is applied to real buildings, the predicted PMVs are 
very close to the measured PMV values as well. However, 
in real building, we found that the 95% confidence 
interval appears somewhat wider than that obtained in the 
test bed experiment. In other words, the prediction of the 
thermal comfort in the real building may increase the 
associated uncertainty. This is because in real building, 
the room temperature and relative humidity are affected 
by many other factors, including the building structure 
and materials, surrounding environment (e.g., ambient 
temperature, humidity, and solar radiation intensity), and 
internal heat gains, occupant behaviour, and so on. 
Previous data-driven models PMV prediction with 
measured environmental data do not provide such 
probabilistic distribution and uncertainty information. 
Thus, it is difficult to control thermal comfort considering 
an uncertainty that is not satisfied by adjusting the 
boundary PMV values. However, the GP-based PMV 
prediction model developed in this study estimates 
accurate PMV predictions, but also provides uncertainty 
information of the predicted values. This information can 
be used for maintaining reliable and comfortable space 
with environmental control devices in real situations.  
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Abstract 
Providing a comfortable indoor thermal environment is a 
primary objective of building design. In this work, we 
present a new flexible metamodel for evaluating the long-
term thermal comfort in non-air-conditioned buildings. 
The metamodel was used to study the adaptive thermal 
comfort in an office during summer for two typical cold 
and hot European climates using four indices. The 
metamodel was fitted by multiple regression analysis with 
a low number of dynamic simulations using the design of 
experiments. Moreover, the nonlinearities in the 
metamodel were calculated. High accuracy was obtained 
for indices where the lower and upper limits were not 
frequently encountered such as maximum indoor 
temperature. However, alternative metamodels should be 
developed for the remaining indices such as overheating 
degree-hours. 
Introduction 
Thermal comfort has a significant impact on occupants' 
health, satisfaction, and productivity. Many European 
buildings are not-air-conditioned during summer. They 
are in free-running mode where the indoor temperatures 
are dependent on the outdoor conditions.  
The indoor conditions in these buildings are of increasing 
concern throughout Europe, where serious overheating 
problems have been reported (Sameni et al., 2015; 
Morgan et al., 2016). Furthermore, overheating is 
exacerbated by urban heat islands (Demanuele et al., 
2012) and climate change (Jenkins et al., 2011). Thus, 
these buildings would face extreme overheating in the 
future and mechanical cooling systems would be needed 
to ensure acceptable indoor conditions (Santamouris, 
2016). 
Consequently, the development of methods to assess the 
thermal conditions in non-air-conditioned buildings has 
attracted attention in the recent years. Long-term thermal 
comfort indices summarize in a single value the thermal 
comfort in a building evaluated over a long period (year, 
season, etc.). They provide an overall picture of the 
thermal performance of a building and as such they are 
suitable for solving optimization problems (Carlucci et 
al., 2014). 
Dynamic simulations can be used to assess the thermal 
conditions in non-air-conditioned buildings with 
relatively high fidelity. However, their use would become 
very time consuming when conducting detailed studies, 

e.g. for optimizing building design, forecasting the impact 
of climate change on overheating or studies at the urban 
level. Moreover, these simulations require a large amount 
of data which limits their use in the early design stages 
where the most important design decisions are taken.  
Metamodels are constructed to replace expensive 
simulation models in order to reduce the simulation cost 
and to better understand model behavior (Kleijnen, 1987). 
Several approximation strategies have been developed to 
construct metamodels. The most common and simplest 
metamodels are polynomial regressions. They can be 
fitted with low computational effort and are suitable to 
provide insight into model behavior. The number of 
simulations needed for their fit can be drastically reduced 
using the design of experiments (Montgomery, 2017). 
More advanced metamodeling methods such as artificial 
neural networks, support vector regression and kriging 
can be also used to approximate models (Li et al., 2010). 
Generally, these methods provide better approximations 
than the polynomials. However, they can be 
computationally expensive and may be difficult to 
interpret.  
Several metamodels have recently been developed to 
study thermal comfort in non-air-conditioned buildings. 
Breesch et al. (2010) developed a linear regression 
metamodel for long-term thermal comfort using weighted 
temperature excess hours as an index (Linden et al., 
2002). They used the standardized coefficients of the 
metamodel in order to identify the most important 
parameters that were causing uncertainty on thermal 
comfort. 
van Gelder et al. (2014) compared polynomial regression, 
Multivariate Adaptive Regression Splines (MARS), 
kriging, radial basis function networks and neural 
networks when predicting the number of hours of 
overheating and the energy demand for heating as a 
function of probabilistic building parameters. MARS was 
preferred because of its simplicity, although kriging and 
neural networks preformed slightly better.  
Moreover, metamodels based on artificial neural 
networks were found by Symonds el al. (2015) to perform 
better than those based on radial basis functions when 
studying the number of overheating hours and air 
pollution versus building parameters.  
Maderspacher et al. (2015) used neural network and 
support vector machine metamodels to forecast the 
number of overheating hours and the future energy 
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demand for heating with respect to weather variables. 
They found that both metamodels were reliable for the 
period 2000–2030 but the errors increased for the period 
2060–2090. Neural networks were ten times faster and 
support vector machines more than one hundred and fifty 
times faster than the detailed building model.  
Rackes et al. (2016) developed a support vector regression 
metamodel that assesses the fraction of hours in which the 
comfort limit is exceeded as a function of building and 
weather parameters. They recommended the metamodel 
for labeling of naturally ventilated commercial buildings 
in Brazil. 
MARS also improved the accuracy of linear regression 
metamodels when predicting the proportion of time with 
acceptable thermal comfort versus building passive 
design parameters (Chen et al., 2017).  
In addition, metamodels have been extensively used to 
study the energy performance of air-conditioned 
buildings building (Tian et al., 2015; Hester et al., 2017). 
They have also been used to study building components 
(Capozzoli et al., 2013; del Coz Diaz et al., 2014).  
However, the metamodels for non-air-conditioned 
buildings concerned specific cases. In addition, the 
number of thermal comfort indices was limited. 
Moreover, the ability of the metamodels to provide insight 
into building thermal behavior in free-running mode was 
not investigated. Furthermore, the accuracy was lower 
than when studying the energy performance of air-
conditioned buildings. These studies highlight the need 
for metamodels to accurately assess thermal comfort in 
non-air-conditioned buildings in a flexible way and using 
various indices. 
To address this issue, this work presents a new flexible 
metamodel for evaluating thermal comfort in non-air-
conditioned buildings following the general metamodel 
developed for the energy performance of air-conditioned 
buildings (Jaffal and Inard, 2017). This metamodel is 
designed to be adaptable to various case studies in order 
to rapidly assess thermal comfort as a function of building 
characteristics and based on several indices.  
The metamodel was used to study thermal comfort in an 
office during summer for two typical cold and hot 
European climates. To this end, the adaptive comfort 
model of the prEN 16798-1 standard was used (CEN/TR, 
2015). Thermal comfort was assessed with four of the 
most commonly used indices including maximum indoor 
temperature and degree-hours of discomfort. 
The metamodel was fitted from dynamic simulations by 
multiple regression analysis. The design of experiments 
was used to reduce the number of dynamic simulations 
needed to fit the metamodel, and the metamodel fit was 
tested by comparing the results with those of dynamic 
simulations. Moreover, the non-linearity in the 
metamodel was calculated based on the analysis of its 
coefficients.  

Methods 
Metamodeling 
The metamodel for a given long-term thermal comfort 
index Ic is expressed as 

𝐼" = 𝑎% + ∑ 𝑎(𝑋(*
(+, +

													∑ 𝑎((𝑋(. +*
(+, ∑ ∑ 𝑎(/𝑋(*

/+(0, 𝑋/ + e*1,
(+, 			           (1) 

where Xi and Xj are two influencing factors, a0, ai, aii and 
aij are the metamodel coefficients to be determined and ε 
is the error term.  
For heat transfer by transmission or ventilation, Xi is equal 
to a coefficient of heat transfer Hi. For internal or solar 
heat gain Xi is equal to a seasonal heat quantity Qi.  
The metamodel coefficients are assumed to depend 
mainly on climate, the thermal mass of the building and 
its use, occupants’ behavior and control scenarios. 
A transmission heat transfer coefficient is calculated from 
							 	 							𝐻34 = 𝑈𝐴	   (2) 
where U (W m-2 K-1) and A (m2) are the U-value and the 
area of a wall, respectively.  
A ventilation heat transfer coefficient is given by 

            										𝐻7 = 𝜌9𝑐;9𝑞7					                (3) 
where qv is the design airflow rate (m-3 s-1), ρa and cpa are 
the air density (kg m-3) and specific heat capacity          
(J kg-1 K-1), respectively. 
A heat quantity due to internal gains can be calculated 
from 

 𝑄(> = ∑𝑝(>𝐴@Δ𝑡  (4) 
where pig are the internal heat gains (W m-2), Af is the floor 
area (m2) and ∆t is the time step (h). 
A solar heat gain through a window can be expressed as 

    𝑄BC = ∑𝐹(BE𝐹FBE𝑆𝐻𝐺𝐶J𝐼J𝐴JΔ𝑡 (5) 
where SHGCw and Aw are the solar heat gain coefficient 
and the area of the window (m2), respectively, Iw is the 
solar irradiance in the direction of the window (W m-2) 
and Fish and Fesh are the reduction factors of the internal 
and external shading devices, respectively. 
Comfort temperatures 
The adaptive comfort temperature in non-air-conditioned 
buildings is related to the outdoor temperature. The 
outdoor temperature is an exponentially weighted running 
mean of the daily mean air temperature (CEN, 2007; 
CEN/TR, 2015). This temperature for a given day is 
calculated from 
  			𝜃4L = (1 − a)(𝜃FQ1, + a𝜃FQ1. + a.𝜃FQ1R … )				  (6) 
Where θed-1 is the daily mean air temperature for the 
previous day, θed-2 is the daily mean air temperature for 
the day before and so on, α is a constant between 0 and 1 
with a recommended value of 0.8. 
The optimal comfort temperature θcomf is correlated to the 
weighted running mean temperature using the following 
linear relationship: 
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         	𝜃"CL@ = 0.33𝜃4L + 18.8		                (7) 
The allowable difference from the optimal comfort 
temperature depends on the type of building (CEN, 2007; 
CEN/TR, 2015). In this work, we considered a building 
of category II (normal expectation). The corresponding 
acceptable temperature range in the prEN 16798-1 
standard is θcomf – 4 K to θcomf + 3 K.  
Case study 
The metamodel was used to study the thermal conditions 
in an office (Figure 1). The office was a concrete 
structure. It was occupied from Monday to Friday from 
8h to 18h. 
The thermal comfort was assessed for the cold climate of 
Helsinki, Finland, and the hot climate of Athens, Greece 
from the beginning of June until the end of September. 
The mean outdoor air temperatures during the studied 
period were 14.1 °C in Helsinki and 25.3 °C in Athens. 
Four heat transfer coefficients and three heat gains were 
considered as influencing factors in the metamodel. The 
heat transfer coefficient H corresponded to the following 
types of heat transfer: 
• Heat transmission through opaque walls incorporating 

the effect of thermal bridges Htr,ow. 
• Heat transmission through windows Htr,w. 
• Heat transfer due to ventilation Hvent. 
• Heat transfer due to night ventilation Hnvent. 
Heat gain was the result of: 
• Quantity of heat due to internal gains Qig. 
• Solar heat gains through the south window Qso,ws. 
• Solar heat gains through the west window Qso,ww. 
Night ventilation was active when the following 
conditions were fulfilled: 

       X

𝜃(9 ≥ 𝜃C9 + 2	°C
𝜃(9 > 20	°C	
𝜃C9 > 15	°C

22h < 𝑡Q9a < 6h

                (8) 

where θia and θoa are the indoor and outdoor air 
temperatures, respectively, and tday is the time of day (h). 
An external shading device was studied. It provided a 
shading factor Fom = 0.2 when the solar irradiance Isw was 
higher than 300 W m-2.  
In addtition, the effect of thermal mass was studied by 
considering a lightweight thermal mass with an inside 
insulation, and a heavy thermal mass with an outside 
insulation. 
Four typical indices were considered to assess the long-
term thermal comfort in the studied office:  
• The maximum indoor temperature θi,max (°C). 
• The mean seasonal value of the likelihood of 

overheating Lo,m (%). 
• The degree-hours of overheating DHo (°C h). 
• The percentage of time with acceptable thermal 

comfort PTc (%), which has the particularity of 
including both overheating (when the indoor operative 

temperature θi > θcomf + 3 K) and overcooling (when 
θi < θcomf – 4 K). 

The likelihood of overheating gives the percentage of 
subjects indicating ‘warm’ or ‘hot’ on the ASHRAE 
comfort scale, which is expressed as (Nicol et al., 2009)  

        𝐿C =
d(e.fghfDQij.keg)

,0d(e.fghfDQij.keg)
100%                    (9) 

The degree-hours of overheating is calculated as follows: 
       𝐷𝐻C = ∑𝑤𝑓Δ𝑡              (10) 

where wf is the weighting factor and Dt is the time step. 
The weighting factor wf is given by 

         q
𝜃( ≤ 𝜃s,L9u ⇒ 𝑤𝑓 = 0

𝜃( > 𝜃s,L9u ⇒ 𝑤𝑓 = 𝜃( − 𝜃s,L9u
               (11)  

where θi is the indoor operative temperature and θl,max is 
the upper comfort limit (here equal to the optimal comfort 
temperature + 3 °C).  
Next, the nonlinearities in the metamodel were calculated 
based on the metamodel coefficients. The ratio of 
quadratic to linear effects is given by  

       𝑄𝐿 =
∑ |9xx|
y
xz{
∑ |9x|y
xz{

               (12) 

where ai is the effect of a linear term, aii is the effect of a 
quadratic term and n is the number of linear terms equal 
to the number of the quadratic terms (here n = 7). 
The ratio of interaction to linear effects is calculated from 

                   𝐼𝐿 =
*x ∑ ∑ |9x}|

y
}zx~{

yi{
xz{

*x} ∑ |9x|y
xz{

			              (13) 

where aij is the effect of an interaction term and 𝑛(/ =
	𝑛((𝑛( − 1)/2 is the number of interaction terms (here nij 

= 21). 

 
Figure 1: View of the office.  

Table 1: Influencing factors on thermal comfort and 
corresponding physical parameters with their lower and 

upper levels.  
N° Influencing 

factor 
Parameter Lower 

level 
Upper 
level 

1 Htr,ow Uow (W m-2 K-1) 0.1 0.5 
2 Htr,w Uw (W m-2 K-1) 0.7 2.7 
3 Hvent qv,vent (m3 h-1) 100 250 
4 Hnvent qv,nvent (vol h-1) 0 5 
5 Qig pig,oc (W m-2) 15 40 
6 Qso,ws SHGCws 0.4 0.7 
7 Qso,ww SHGCww 0.4 0.7 
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The metamodel was fitted by multiple regression analysis 
from detailed dynamic simulations performed with 
TRNSYS software (Klein and al., 2004). In particular, 
TRNSYS uses the response factor method proposed by 
Stephenson and Mitalas (1971) to calculate heat transfer 
through walls.  
To this end, the influencing factors were varied by 
considering three levels of the following the physical 
parameters: 
• U-values of the opaque walls Uow and windows Uw for 

Htr,ow and Htr,w, respectively. 
• Airflow rates of ventilation qv,vent and night ventilation 

qv,nvent for Hvent and Hnvent, respectively. 
• Solar heat gain coefficients of the south window 

SHGCws and the west window SHGCww for Qso,ws and 
Qso,ww, respectively. 

• Internal heat gains during occupation pig,oc for Qig 
(with a value of 0.1pig,oc when unoccupied). 

The influencing factors, the corresponding physical 
parameters with their lower and upper levels, are 
summarised in Table 1.  
Furthermore, a Box-Behnken experimental design was 
used to plan the simulations (Box and Behnken, 1960). 
Consequently, 57 dynamic simulations were needed to fit 
the metamodel instead of 37 = 2187 when using a full 
factorial design.  
The metamodel fit was tested by comparing the results 
with those of the dynamic simulation using TRNSYS with 
100 additional dynamic simulations and a random 
combination of the physical parameters shown in Table 1. 
Results and discussion 
Metamodel coefficients  
The metamodel coefficients obtained by multiple 
regression analysis are given for Helsinki in Tables 2 and 
3, for lightweight and heavy thermal masses, respectively. 
These coefficients were calculated using coded variables 
of the influencing factors ranging from -1 to +1. 
The coefficient a0 corresponds to the thermal comfort 
level when all the coded values of the influencing factors 
are null, i.e. when their real values are at their mean levels. 
In this situation, highly acceptable thermal conditions 
were encountered with a heavy thermal mass, in contrast 
to those with a lightweight thermal mass. For instance, the 
mean likelihood of overheating Lo,m was equal to 38.4% 
and 8.1% with lightweight and heavy thermal masses, 
respectively. The corresponding percentages of hours 
with acceptable thermal comfort PTc were equal to 39.8% 
and 99.2%, respectively. 
Moreover, the coefficients a1-a4 were all negative for all 
the studied indices except PTc, highlighting that higher 
coefficients of heat transfer H improved thermal comfort. 
The highest values were for the coefficient a3 indicating 
that the heat transfer by ventilation was the most effective 
in enhancing the thermal comfort in the office. 
The coefficients a5-a7 corresponding to heat gains were, 
as expected, of opposite signs of a1-a5 with higher 
absolute values for a6 indicating that the effect of the 

internal heat gains was more important than those of heat 
gains through the windows. 
The same coefficients for Athens are presented in Tables 
4 and 5, for lightweight and heavy thermal masses, 
respectively. The values of the coefficient a0 revealed that 
the indoor conditions were very uncomfortable when the 
influencing factors were at their mean values especially 
with a lightweight thermal mass (e.g.  mean likelihoods of 
overheating of 76.4% and 43.1% with lightweight and 
heavy thermal masses, respectively).  
All the coefficients have the same signs as those for 
Helsinki. Therefore, high levels of coefficient of heat 
transfer H and low levels of heat gain Q would be 
necessary to provide acceptable indoor conditions in this 
hot climate. 
In addition, the absolute values of a4 were much higher 
for both climates with a heavy thermal mass, highlighting 
the key role of the association of night ventilation with 
heavy thermal mass for improving thermal comfort in 
non-air-conditioned buildings.  
Table 2: Coefficients of the metamodel for Helsinki and 

lightweight thermal mass. 
Index θi,max  

(°C)  
Lo,m  
(%) 

DHo  
(°C h) 

PTc 
(%) 

a0 36.20 38.4 1802.1 39.8 
a1 -0.48 -3.13 -279.75 2.95 
a2 -1.41 -8.96 -826.39 8.91 
a3 -2.41 -14.85 -1374.64 14.48 
a4 -0.16 -0.80 -87.31 0.70 
a5 3.46 19.28 1658.43 -19.96 
a6 1.47 7.39 648.98 -7.48 
a7 0.82 3.53 312.51 -3.69 

Table 3: Coefficients of the metamodel for Helsinki and 
heavy thermal mass. 

Index θi,max  

(°C)  
Lo,m  
(%) 

DHo  
(°C h) 

PTc  
(%) 

a0 27.04 8.1 0.0 99.2 
a1 -0.34 -2.23 -79.17 3.09 
a2 -1.06 -6.79 -266.58 13.78 
a3 -1.70 -11.21 -439.45 22.02 
a4 -0.60 -1.91 -90.39 5.91 
a5 1.94 9.17 302.22 -17.89 
a6 0.91 4.03 142.62 -6.05 
a7 0.50 2.13 77.64 -4.51 

Table 4: Coefficients of the metamodel for Athens and 
lightweight thermal mass. 

Index θi,max 
(°C)  

Lo,m 
(%) 

DHo 
(°C h) 

PTc 
(%) 

a0 45.02 76.4 5592.9 7.3 
a1 -0.46 -1.57 -307.04 0.75 
a2 -1.25 -4.94 -929.45 2.72 
a3 -2.17 -7.77 -1510.37 4.07 
a4 -0.44 -3.75 -597.42 2.66 
a5 3.52 13.57 2411.84 -6.56 
a6 1.53 4.92 846.07 -2.67 
a7 0.79 2.44 434.52 -1.16 
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Table 5: Coefficients of the metamodel for Athens and 
heavy thermal mass. 

Index θi,max 
(°C)  

Lo,m 
(%) 

DHo 
(°C h) 

PTc 
(%) 

a0 35.39 43.1 1648.0 12.2 
a1 -0.18 -2.62 -212.64 2.78 
a2 -0.59 -7.73 -610.77 6.32 
a3 -0.90 -11.80 -960.41 10.20 
a4 -1.35 -15.54 -1276.74 12.80 
a5 1.72 17.24 1311.49 -17.74 
a6 0.63 6.47 493.88 -7.58 
a7 0.37 3.35 266.26 -3.76 

Metamodel nonlinearities 
The nonlinearities in the metamodel are given by the ratio 
of quadratic to linear effects QL (Eq.12) and the ratio of 
interaction and to linear effects IL (Eq.13). Their values 
for each index are presented in Tables 6 and 7, 
respectively. The results revealed that these nonlinearities 
were significant suggesting that linear metamodels would 
not provide good approximations of the dynamic model.  
In addition, QL and IL vary significantly with respect to 
index, climate and thermal mass. High nonlinearities were 
obtained for DHo and PTc for Helsinki and a heavy 
thermal mass which would be associated to values of 
these indices equal or close to zero that can be frequently 
encountered in these conditions. 
Metamodel testing 
The metamodel fit was tested by comparing the results 
with those of TRNSYS dynamic simulation for each 
index studied (Figures 2-5 and Tables 8-11). 
For maximum indoor temperature θi,max (Figure 2 and 
Table 8), the metamodel gave results very close to those 
of TRNSYS for both climates and both thermal masses. 
The errors were less than 0.5 °C for Helsinki and less than 
0.3 °C for Athens. In addition, the coefficients of 
determinations R2 were higher than 0.992. 
A high level of agreement between the results of the 
metamodel and those of TRNSYS was also obtained for 
the mean likelihood of overheating (Figure 3 and Table 
9). However, lower accuracy was obtained for Helsinki 
with a heavy thermal mass which might be associated to 
the fact that Lo,m had several values close to zero which 
was not well approximated by the metamodel based on a 
polynomial assumption.  
In addition, the accuracy for both climates was generally 
lower than that of θi,max. This may be attributed to the fact 
that Eq. (9), which incorporates subjects’ voting, was 
approximated by the metamodel for Lo,m in addition to the 
heat transfer equations. It should be also noted that Lo,m 
expresses a seasonal mean value, in contrast to the 
instantaneous value for θi,max. 
Concerning the degree-hours of overheating DHo (Figure 
4 and Table 10), the accuracy for Athens was high and 
comparable to that for Lo,m. However, for Helsinki, the 
accuracy was lower especially with a heavy thermal mass. 
This might be associated to many values of DHo equal to 
zero. 

The lowest agreement was obtained for the percentage of 
time with acceptable thermal comfort PTc which varies 
between zero and 100% (Figure 5 and Table 11).  

Table 6: Ratios of quadratic to linear effects for 
lightweight L and heavy H thermal masses. 

Location Helsinki Athens 
Thermal mass L H L H 
θi,max (°C) 14% 15% 11% 17% 
Lo,m (%) 11% 33% 17% 15% 

DHo (°C h) 21% 58% 12% 21% 
PTc (%) 14% 61% 23% 21% 

Table 7: Ratios of interaction to linear effects for 
lightweight L and heavy H thermal masses. 

Location Helsinki Athens 
Thermal mass L H L H 
θi,max (°C) 15% 18% 12% 18% 
Lo,m (%) 10% 42% 11% 15% 

DHo (°C h) 25% 73% 14% 25% 
PTc (%) 8% 59% 19% 30% 

 

 

 

Figure 2: Maximum indoor temperature during summer 
computed by dynamic simulation and the metamodel for: 

(a) Helsinki and (b) Athens.  
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Table 8: Errors (°C) and coefficients of determination R2 
of the metamodels for maximum indoor temperature for 

lightweight L and heavy H thermal masses. 
Location Helsinki Athens 

Thermal mass L H L H 
RMSE 0.18 0.11 0.10 0.13 

Maximum error 0.43 0.26 0.29 0.26 
R2 0.9955 0.9966 0.9987 0.9923 

The lowest accuracy (R² = 0.8931) for PTc was also 
obtained for Helsinki and heavy thermal mass where 
many of its values were 100%, which again was not 
accurately approximated by the metamodel. On the other 
hand, the accuracy for Athens was acceptable but lower 
than that for the other indices, which might be also related 
to some values of PTc that are equal or close to zero. 
Furthermore, the level of agreement with dynamic 
simulation results was lower than that obtained for the 
energy performance of air-conditioned buildings (Jaffal 
and Inard, 2017). However, the difference was low for 
θi,max and Lo,m and high for DHo and PTc. Therefore, the 
metamodel can accurately approximate the heat transfer 
in a free-running building which has high indoor 
temperature variation.  

 

 
Figure 3: Mean likelihood of overheating during 
summer computed by dynamic simulation and the 

metamodel for: (a) Helsinki and (b) Athens.  

However, in some conditions, the metamodel is not 
suitable for indices with lower or upper limits which can 
be frequently encountered. Alternative metamodels 
(artificial neural networks, support vector machines, 
MARS…) should be developed to accurately assess 
thermal comfort with these indices. 
Table 9: Errors and coefficients of determination R2 of 
the metamodels for mean likelihood of overheating for 

lightweight L and heavy H thermal masses. 
Location Helsinki Athens 

Thermal mass L H L H 
RMSE 1.1% 1.9% 0.5% 1.2% 

Maximum error 3.9% 7.2% 2.3% 5.5% 
R2 0.9943 0.9645 0.9976 0.9939 

 

 
Figure 4: Degree-hours of overheating during summer 

computed by dynamic simulation and the metamodel for: 
(a) Helsinki and (b) Athens.  

Table 10: Errors (°C h) and coefficients of 
determination R2 of the metamodels for degree-hours of 

overheating for lightweight L and heavy H thermal 
masses. 

Location Helsinki Athens 
Thermal mass L H L H 

RMSE 98.5 176.0 83.5 114.8 
Maximum error 294.1 723.5 196.9 289.0 

R2 0.9951 0.8272 0.9979 0.9917 
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Figure 5: Percentage of time with acceptable thermal 
comfort computed by dynamic simulation and the 

metamodel for: (a) Helsinki and (b) Athens.  
Table 11: Errors and coefficients of determination R2 of 
the metamodels for percentage of time with acceptable 
thermal comfort for lightweight L and heavy H thermal 

masses. 
Location Helsinki Athens 

Thermal mass L H L H 
RMSE 1.6% 6.7% 0.5% 2.4% 

Maximum error 10.5% 24.1% 1.1% 7.9% 
R2 0.9900 0.8931 0.9927 0.9785 

Finally, the lowest accuracy and the highest nonlinearities 
were both obtained with DHo and PTc for Helsinki and 
heavy thermal mass. However, the association between 
the metamodel accuracy and its nonlinearity needs further 
research. 
Conclusions 
This work presented a new metamodel for evaluating the 
long-term thermal comfort in non-air-conditioned 
buildings. The metamodel can be used in a flexible way 
to study the impact of the building characteristics on 
indoor conditions based on several indices. It can be used 
as a surrogate for dynamic models to rapidly assess 
building performance and to formulate optimization 

problems. 
The metamodel was used to assess thermal comfort in a 
non-air-conditioned office during summer for cold and 
hot European climates with lightweight and heavy 
thermal masses and four thermal comfort indices. The 
design of experiments was used to reduce the number of 
dynamic simulations needed to fit the metamodel. 
The accuracy of the metamodel was found to be 
dependent on the thermal comfort index. Two categories 
of indices could be distinguished. The first, in which the 
lower and upper limits of the indices were not frequently 
encountered, were in this study maximum indoor 
temperature and mean likelihood of overheating. For this 
category, the metamodel was highly accurate.  
For the second category, with lower or upper limits that 
can be frequently encountered, the metamodel based on 
polynomial assumptions did not give satisfactory results 
in some conditions. In this study, this was the case for 
degree-hours of overheating, for which values of zero 
were common in a cold climate, and for percentage of 
time with acceptable thermal comfort, where values of 
100% were often encountered for a cold climate and zero 
for a hot climate. 
These results revealed that the metamodel is capable of 
accurately approximating the long-term thermal behavior 
of free-running buildings. However, it might not be able 
to capture the nature of the response of some indices. 
Alternative metamodels (artificial neural networks, 
support vector machines, MARS…) should be developed 
for these indices to obtain accurate results. In addition, 
their metamodels may be derived from those of the first 
category. 
It should be noted that the nonlinearities in the metamodel 
where found high when its accuracy was low. However, 
understanding these nonlinearities and the possible use of 
nonlinear metamodels for future energy regulations 
necessitate further investigation. 
Finally, to develop new metamodels to study building 
energy performance, a compromise should be found 
between accuracy, flexibility, reasonable computational 
cost and ability to provide insight. To this end, the 
incorporation of a knowledge of building models into 
metamodels would be very beneficial. 
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Abstract 

This paper explores the energy performance and thermal 

comfort conditions of selected agricultural structures in 

three climatic regions in Albania. Computational 

simulation is used to analyse the performance and predict 

the consequences of alternative thermal retrofit measures. 

The study attempts a new approach to agricultural product 

preservation whilst minimizing the impact on landscape. 

The research provides an objective assessment of the 

actual thermal performance of the selected buildings. The 

alternative scenarios incorporate the use of thermal 

insulation of the walls and change of building geometry. 

The results suggest that changes of building morphology 

could reduce the annual energy consumption up to 25 %.  

Introduction 

Climate change, the limited availability of productive 

land, and the draining stress placed on natural resources 

are some of the challenges the food industry is facing, 

while at the same time trying to meet the rising 

population’s demand. By 2030 it is expected that 

population expansion and economic growth will increase 

the global demand for energy and water by 40 percent and 

the demand for food will increase by 50 percent, to be met 

primarily through yield increases (Energy smart foods, 

2011). 

Investing in agriculture is an effective strategy for 

reducing poverty, inequality, and hunger (FAO, 2011). 

Food conservation is a delicate topic, significant to human 

health. The food market should attempt to reach 

sustainability since the global food sector is dependent on 

energy inputs (FAO, 2011). As such, there is a need for 

preservation models against food waste. 

Transformative processes towards ‘holistic’ approaches 

including climate-smart agriculture and conservation 

agriculture are needed towards indigenous and 

traditional knowledge (FAO, 2011). 

Furthermore, the optimization of agricultural land is vital 

in times when the phenomenon of informal occupation 

resulting in degradation of land has become so frequent. 

As this is a global issue, although this scientific research 

focuses on a particular case study and context, the 

methods applied are universal and applicable to other 

contexts.  

Likewise, the scientific research on optimization of 

agricultural produce in an affordable way is extremely 

limited. This study proposes an energy model, with 

respect to climate and with a primary objective of 

preservation. 

There exists some, albeit punctual and limited, research 

on estimation of the energy required for preserving foods 

in their respective ideal thermal conditions. Lamidi et al. 

(2019) have concluded conventional solar drying for 

agricultural produce has some drawbacks, opting for 

renewable energy instead which results in a more 

affordable economic rate. The demand for additive-free, 

extended shelf-life food products, with fresh-like tastes, 

excellent nutritional quality and guaranteed microbial 

safety, has led to the development of innovative 

processing and preservation technologies (Atuonwu et al, 

2018). 

Colak (2007) states that energy analyses can reveal the 

possibility to design more efficient thermal systems for 

olive oil production. Other researchers, such as Berroug 

(2011), have investigated the use of alternative heating 

systems for greenhouses, examining both humidity values 

and choice of materials. Torres Jara et al (2018) have 

analysed the thermal behaviour of a refrigerated vehicle 

for food transport. Song et al (2018) have examined food 

temperature models for eggs and milk to predict food 

temperature changes during distribution. 

This study will focus instead on the adaptation of existing 

facilities as food storage units and the estimation of their 

energy efficiency. These facilities will be observed in 

Albania, a country in South-Eastern Europe, which has 

historically relied economically on agriculture.  

Nowadays, the Albanian government finds itself in the 

right position to seek and test energy efficient ways to 

store and harvest agricultural produce for its country 

(NTPA, 2016). Historically, agriculture has been the main 

economic branch in Albania, from the large-scale state 

owned cooperatives during socialism to family supporting 

private farms in present days.  

The year 1990 signed the fall of the socialist regime in 

Albania, and whilst it was a great chance for individual 

freedom, it backfired in terms of urban spatial planning. 

The previously state-owned land was redistributed among 

individuals who had a claim on them, or among the people 

who had worked in the creation of agricultural land during 

the regime. Nevertheless, this newfound freedom ended 

up damaging the overall land and territory since it lacked 

an overall guidance. 

About a quarter of Albania is officially recorded as 

farmland: the arable, low-lying lands along the coast. The 
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productivity of this area is decreasing due to informal, 

uncontrolled construction on agricultural land, which 

threatens both the acreage and its productivity. Important 

products are vegetables, potatoes, olives, citrus and other 

orchard fruits, grapes and, increasingly, in the 

mountainous areas, herbs. In the mountainous areas, 

many farmers live a marginal existence. They merely 

produce their own food. The distribution network is highly 

informal, consisting of farmers offering their produce at 

markets and in the streets of towns and villages. They face 

competition by supermarkets that in many cases buy their 

products abroad (iabr / UP et al, 2016). 

 

Figure 1: Illustration on the agricultural inclination of 

the Albanian territory. 

The Metabolism of Albania states that export is 

remarkably weak: more food is wasted than exported. 

Nevertheless, the country finds in the right position to 

successfully address and overcome its issues in regards of 

agricultural produce.  

With the newest governmental reform of the rural 

development of 100 villages with focus on agro tourism, 

there is plenty of attention and potential investment 

concentration on related topics. 

There is a large amount of abandoned, unfinished, or 

ruined structures throughout the Albanian territory. A 

large amount of them is facilities, which served as 

warehouses during the socialist regime. These modular 

structures are extensively common in Albania, in rural or 

industrial context.   

In such an important gap in the research for sustainable 

and affordable agriculture, this study focuses on the 

combined optimization of various factors during energy 

assessment. Furthermore, the novelty of this research ties 

to the attempt at optimizing agricultural land, increasing 

agricultural product preservation, and minimizing of 

landscape alteration simultaneously. 

 

Figure 2: Example of informal land occupation (NTPA, 

2016). 

The simulations examine and evaluate the potential of 

energy consumption reduction for these abandoned 

facilities vastly found throughout the country undergoing 

adaptive reuse design through a multi-disciplinary 

approach. Furthermore, the study relies on on-site 

observations, participatory planning, and respect to local 

traditional construction techniques and collective 

memory in order to assess the best-case scenario for 

development of these abandoned facilities.  

Concerning a broad and current interest, the study’s 

relevance is related to the creation of a sustainable pilot 

research, which may be considered for real life 

implementation firstly in the villages included in the 

agricultural renewal reform currently in process in 

Albania, and further in a larger scale. 

Methodology 

The purpose of this study is to explore the thermal and 

energy performance of the commonly used agricultural 

structure in Albania. The objective is to attain the 

preservation of the agricultural products based on 

different climates, and evaluate the necessary scenarios in 

order to achieve the performance with the least amount of 

energy consumption.  

The software used to conduct simulations is Design 

Builder, an Energy Plus simulation software used to 

predict building thermal and energy behaviour by 

allowing the user to specify variables such as building 

materials, geographic location, activity held, occupancy 

density etc. 

In the present paper, a modular structure used as 

warehouse for agricultural produce is chosen to conduct 

simulations and develop possible scenarios for adaptive 

reuse. Simultaneously, the three main domestically 

cultivated products are considered in order to determine 

the temperature threshold, as well as the outdoor climate.  

The structure used for the simulations, as shown in Figure 

3, is a modular high pitched longitudinal brick building of 

one story. Such modular structures are widely present in 

Albania, in rural and industrial contexts, and their 

restoration and adaptive reuse is not only economic and 

feasible, but may trigger small-scale agricultural 

revitalization. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2555

 

 
  



 

 

    

Figure 3: Existing modular structure present in Southern 

Albania (NTPA, 2018). 

The products chosen for the study (olives, apples and 

potatoes) are the top three most produced foods in 

Albania, thus determining also the climates chosen for the 

comparative simulations in accordance to the regions 

where they are most largely produced, Fier, Korca, and 

Shkodra respectively. Figure 5 illustrates the highest and 

lowest yearly outdoor temperatures for the cities. For the 

simulations, weather data gathered from the Meteonorm 

software for the Albanian cities of Fier, Shkodra, and 

Korça were used. 

The preservation conditions for the foods is explored 

including the preservation temperature (◦C), relative 

humidity (%), approximate storage life of selected 

produce (see Table 1). Suggestions pertaining the 

structure’s geometry change in order to reduce energy 

consumption for the purpose of food preservation are 

given for each climate (see Table 2). Five scenarios are 

defined for each climate/product to define energy 

consumption for the existing structure and for the 

proposed changes including building materials and 

activity. In a previous study by Brecani and Dervishi 

(2019), underground facilities are depicted as able to 

preserve cool indoor temperatures during summer. This is 

due to the low heat conductivity of the soil, in which the 

heat flux is practically constant and follows Equation 1. 

This fact is taken into consideration during changes on the 

structure’s geometry. 

q = −k
∂T

∂x
                                      (1) 

The most determining factor in the longevity of the 

agricultural produce is the temperature of the ambience 

that serves as a storage. Storage capacity, energy/area 

consumption rate, area in contact with the earth, and 

climate are taken in consideration in order to determine 

the scenarios. 

 

Figure 4: Location of the three climatic zones chosen for 

the simulation scenarios. 

 

Figure 5: Highest and lowest yearly outdoor 

temperatures for the cities of Fier, Korca, and Shkodra. 

 

 

Table 1. Data pertaining to location, altitude above sea level (m), agricultural produce, preservation temperature (◦C), 

relative humidity (%), approximate storage life of selected produce, and scenario code where they are applied. 

Location Altitude Product Temperature (ᵒC) 
Relative humidity 

(%) 

Approximate 

storage life 

Fier 
20 m above sea 

level 
Olives 5–10 90–95 4–6 months 

Korca 
850 m above sea 

level 
Apples -1.1 – 4.4 90–95 1–12 months 

Shkodra 
12 m above sea 

level 
Potatoes 

3.3 – 4.4 (early 

crop) 

4.4 

(late crop) 

90–95 

4–5 months 

(early crop) 

5–10 months 

(late crop) 

 

-10

0

10

20

30

40

Ja
n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
o

v

D
ec

Te
m

p
er

at
u

re
 (
◦C

) 

Fier high Fier low

Korca high Korca low

Shkodra high Shkodra low

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2556

 

 
  



 

 

Table 2: Description of the simulation scenarios (SF0-SF4, SK0-SK4, and SS0-SS4) with associated U-value 

assumptions regarding the pertinent building components. 

Geometry 
Code 

Construction U-value (W/m²-K) 
Fier Shkodër Korçë 

 

SF0 SS0 SK0 
One storey (12x20 m); 

Above ground; Floor height 4 

m; Storage area 12x20 m  

Walls – 42 cm red bricks, 

uninsulated 

Roof – Uninsulated flat roof, 

Heavy weight 

Windows – Single glazing 

(100x200 cm) 

U-walls=  1.453 W.m-2.K-1 

U-roof = 0.16 W.m-2.K-1 

U-windows= 5.778 W.m-2.K-1 

 

 

SF1 SS1 SK1 
One storey (12x20 m); 

Above ground; Floor height 4 

m; Storage area 12x20 m  

Walls – 47 cm red bricks, 

insulated 

Roof – Uninsulated flat roof, 

Heavy weight 

Windows – Double glazing 

(100x200 cm) 

U-walls=  0.464  W.m-2.K-1 

U-roof = 0.16 W.m-2.K-1 

U-windows= 2.511 W.m-2.K-1 

 

 

SF2 SS2 SK2 
Double height one storey 

(12x20 m); 

3.5 m embedded in the 

ground; Floor height 7.5 m; 

Storage area 12x20 m  

Walls – 47 cm red bricks, 

insulated 

Roof – Uninsulated flat roof, 

Heavy weight 

Windows – Double glazing 

(100x200 cm) 

U-walls=  0.464  W.m-2.K-1 

U-roof = 0.16 W.m-2.K-1 

U-windows= 2.511 W.m-2.K-1 

 

SF3 SS3 SK3 
Two storey (12x20 m); 

1 storey underground; 

Storage floor height: 3.5m; 

Storage area 12x20 m  

Walls – 47 cm red bricks, 

insulated 

Roof – Uninsulated flat roof, 

Heavy weight 

Windows – Double glazing 

(100x200 cm) 

U-walls=  0.464  W.m-2.K-1 

U-roof = 0.16 W.m-2.K-1 

U-windows= 2.511 W.m-2.K-1 

 

SF4 SS4 SK4 
Three storey (12x20 m); 

2 storeys underground; 

Storage floor height: 3.5m; 

Storage area 2x(12x20 m) 

Walls – 47 cm red bricks, 

insulated 

Roof – Uninsulated flat roof, 

Heavy weight 

Windows – Double glazing 

(100x200 cm) 

U-walls=  0.464  W.m-2.K-1 

U-roof = 0.16 W.m-2.K-1 

U-windows= 2.511 W.m-2.K-1 
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The existing condition serves as the base case scenario for 

all three climates, SF0, SS0, and SK0. An improved 

version of the existing condition (with wall insulation and 

double-glazing instead of single glazing) serves as the 

first improvement scenario, SF1, SS1, and SK1. These 

scenarios serve as the base for the other improvement 

scenarios, which propose mainly changes in the overall 

geometry of the structure. 

Considering the low heat conductivity of the earth 

(Breçani and Dervishi, 2019), as well as the concern to 

diminish the landscape intrusions, the additional changes 

propose an extension of the structure underground. 

Scenarios SF2, SS2, and SK2 are double height structures 

partially embedded underground. Scenarios SF3, SS3, 

and SK3 are two storey structures, the same as scenarios 

SF1, SS1, and SK1 respectively, but with an additional 

storey underground. All these scenarios have a storage 

capacity of one floor, or 12x20 m, with scenarios SF3, 

SS3, and SK3 using the ground floor as a processing 

space. 

A fifth scenario, SF4, SS4, and SK4, add an additional 

underground floor to the existing structure, 2 in total, and 

3 storeys overall. The purpose of these last scenarios is 

mainly to determine whether there is a thermal 

performance change between storey -1 and -2, and to 

increase storage capacity. For SF4, SS4, and SK4 the 

storage capacity is of two floors, or 2x (12x20) m, whilst 

the ground floor is used as a processing space. 

The energy consumption is not calculated for scenarios 

SF0, SS0, and SK0 due to it being in passive mode, with 

no occupancy, no HVAC implemented, and no activity. 

The thermal performance is calculated and depicted only 

for the structure’s zones that serve the function of storage. 

Results and Discussion 

The results from the thermal and energy performance 

simulations of the modular structure are illustrated in 

Figures 6-11. Figures 6-7 illustrate the thermal 

performance of Base Case scenarios, with and without 

thermal insulation, for each climate zone. Figure 8 

compares all the scenarios with thermal insulation for 

each climate during two reference days in January, whilst 

Figure 9 illustrates the same comparison for two reference 

days in July. Figures 10-11 show the monthly and annual 

energy consumption for the scenarios, for each climate. 

Comparing the results from the different scenarios, the 

objective is to identify the best scenario which fits the 

preservation requirements of the products the closest, in 

terms of temperature, but which consumes the least 

amount of energy. According to data depicted in Table 1, 

the agricultural produce requires lower temperature in 

order for its preservation to last longer, hence in this 

occasion, the scenario that performs the lowest 

temperatures during both January and July is the preferred 

optimum. 

Whilst the thermal performance of the uninsulated base 

case scenarios (SF0, SS0, and SK0) during January is 

higher than the insulated base case scenarios (SF1, SS1, 

and SK1), i.e. the temperatures are kept lower, during July 

it is much poorer, as illustrated in Figures 6-7. The 

difference in performance during January is of 3-5°C, 

whilst during July the difference is of 12-15°C. Since the 

thermal performance gap is much higher during July than 

it is during January, as a conclusion the insulated base 

case scenarios fit the scope of agricultural product 

preservation with a higher efficiency. 

An important observation that results from the findings is 

that after reaching a certain temperature, the air 

temperature of the insulated base case scenarios (SF1, 

SS1, and SK1) cannot lower further without the 

implementation of artificial ventilation and air 

conditioning.  

The differences in the indoor air temperature of the 

scenarios where changes in geometry are implemented, 

are then reflected in order to compare the thermal 

performance of each. The thermal performance is 

evaluated only for the spaces that are intended to be used 

as storage areas, as illustrated in Table 2. Additionally, to 

further assess the efficiency of each scenario, an overall 

monthly and annual energy consumption comparison is 

made. The annual energy consumption is evaluated for the 

entire building in comparison with the entire volume.  

Results show that scenario SF4 consumes the most 

energy. This happens for two reasons: firstly, scenario 

SF4 has a higher volume when compared to the other 

scenarios that pertain to the same weather data, and 

secondly, because of the weather of Fier being warmer 

than that of Shkoder and Korca, the structure needs to 

consume more energy to keep the indoor temperature as 

low as the corresponding scenarios. 

The scenarios that consume the least energy are SK1 and 

SK2, both located in the city of Korca, where outdoor 

temperatures are always lower that Shkoder and Fier. The 

energy consumption between these two scenarios has 

little difference, hence, taking in consideration also the 

thermal performance (Figures 8-9 show that temperatures 

in SK2 are lower than in SK1), we may conclude that the 

most efficient scenario overall is SK2. 

Whilst an overall comparison of the scenarios considered 

for this study is feasible, it is crucial to understand that the 

modular structures are spread throughout the entire 

territory of Albania, thus there will be differences among 

the performance of the best-case scenarios for each city 

due to the climate characteristics. 

Table 3 depicts the ranking of each scenario in terms of 

thermal and energy performance with 1 being the best 

case and 12 the worst regarding agricultural product 

preservation; the best overall scenario is highlighted in 

yellow, whilst the best scenarios for each city are 

highlighted in green, taking in consideration negligible 

differences in energy or thermal performance as well.  

Results from Table 3 suggest that changes to the building 

morphology greatly affect the yearly energy consumption 

of the structure: the annual energy reduction resulting 

from differences in overall structure geometry fluctuate 

from 9-25%. 
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Figure 6: Simulated indoor temperatures (whole 

building) for SF0-SF1, SS0-SS1, and SK0-SK1, together 

with the external temperature data from the weather file 

of the respective cities (15th and 16th of January 2018). 

 

Figure 7: Simulated indoor temperatures (whole 

building) for SF0-SF1, SS0-SS1, and SK0-SK1, together 

with the external temperature data from the weather file 

of the respective cities (15th and 16th of July 2018). 

 

Figure 8: Comparison of the simulated indoor 

temperatures (whole building) of the activity scenarios 

SF1-SF4, SS1-SS4, and SK1-SK4 together with the 

external temperature data from the weather file of the 

respective cities (15th and 16th of January 2018). 

 

Figure 9: Comparison of the simulated indoor 

temperatures (whole building) of the activity scenarios 

SF1-SF4, SS1-SS4, and SK1-SK4 together with the 

external temperature data from the weather file of the 

respective cities (15th and 16th of July 2018). 
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Figure 10: Comparison of the total monthly energy 

consumption of the activity scenarios SF1-SF4, SS1-SS4, 

and SK1-SK4. 

 

Figure 11: Comparison of the annual energy 

consumption per unit of the activity scenarios SF1-SF4, 

SS1-SS4, and SK1-SK4. 

 

Table 3: Ranking of scenarios in terms of thermal and energy performance. 

Scenario SF1 SF2 SF3 SF4 SS1 SS2 SS3 SS4 SK1 SK2 SK3 SK4 

Thermal 

performance 
12 9 10 8 11 6 7 5 4 2 3 1 

Energy (yearly) 8 10 11 12 5 6 7 9 1 2 4 3 

Conclusion 

The present research study investigates the possibility of 

drafting a sustainable agricultural model for abandoned 

facilities undergoing adaptive reuse. The aim is to 

produce a replicable model that pertains satisfactory 

environmental and energy performance and which may be 

easily implemented in other environments of analogous 

conditions. The study aims to draft recommendations to 

which the variables should adhere in order to determine 

the sustainable agricultural model. The method is tested 

in buildings located in three Albanian regions, which vary 

in climate characteristics, geographic position, as well as 

agricultural produce potential. Different scenarios are 

tested pertaining to different variables such as building 

envelope, and structure geometry. 

A modular agricultural warehouse structure was used for 

conducting thermal performance and energy consumption 

computer aided evaluation. The scenarios that were tested 

take in consideration the thermal preservation 

requirements of the three most locally produced 

agricultural products in Albania, each cultivated in a 

different climate zone. 

The warehouse was proposed with some structural 

changes and was analysed in given form (one story 

structure), two-story structure half embedded in the 

ground, as a double height structure half embedded in the 

ground, and as a three storey structure with two storeys 
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underground. In order to indicate the best scenario, firstly 

the temperature performances are compared. The 

preferred outcome of this comparison is the scenario that 

keeps the lowest temperatures, allowing a longer 

preservation period for the agricultural products stored in 

it. The second determining factor for the best-case 

scenarios is the annual energy/unit area consumption. 

These cases perform the lowest temperature with the least 

energy consumption. Moreover, there is a best-case 

scenario for each city, due to the different climate 

characteristics. 

By analytically comparing the different scenarios, results 

show that the best cases are the double height scenarios, 

SF2, SS2, and SK2, whilst scenario SK4, three storey 

structure with 2 underground storage floors, achievers the 

largest storage capacity with the least energy 

consumption. The changes in building geometry affect the 

yearly energy consumption from 9-25%. 
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Abstract

Active humidification of the indoor environment is
both expensive and cumbersome to add on top of ex-
isting air-conditioning systems. To ensure occupant
comfort and health in the indoor environment, it is
often important to add humidification components,
particularly when the heating demand is high and the
absolute moisture content in the air is coincidentally
low. Conventional wisdom dictates that to increase
relative humidity in the indoor environment, mois-
ture must be added to the air. We propose an alter-
native method that relies on the co-benefit of radiant
systems: being able to condition to lower air temper-
ature during heating season and higher temperature
during cooling season (thereby reducing the required
dehumidification). This paper presents results from a
preliminary study from discussions on the humidifica-
tion effect without actively adding moisture, or how
the air condition shifts on the psychrometric chart
when radiant heating or cooling is used instead of
all-air systems. Building on existing literature that
have already showed the energy and comfort benefit
of using radiant systems within the indoor environ-
ment, we hope to demonstrate the magnitude of the
problem across the United States through a geograph-
ical study based on averaged weather data across the
country in 2018.

Introduction

We aim to demonstrate the co-benefit of radiant heat-
ing and cooling on humidity levels for indoor air de-
rived from maintaining air temperature setbacks. Ra-
diant heating and cooling increase or decrease the
mean radiant temperature (MRT). MRT and the dry
bulb air temperature are typically averaged to de-
rive the operative temperature. We will analyze this
along with other thermal comfort metrics to account
for MRT impact on thermal comfort and the ability
of radiant systems to maintain thermal comfort with
lower air temperatures during radiant heating and
with higher air temperatures with radiant cooling.
This will enables the psychrometric analysis of how
the ability to setback air temperature in turn changes
the relative humidity (RH), reducing the amount of
humidification required in heating seasons and dehu-
midification in cooling seasons. In winter, RH inside

buildings is often low because low absolute humidity
air is heated up to comfort conditions, and in sum-
mer a significant latent demand is caused by removing
humidity, but RH is reduced with higher air temper-
atures allowed by radiant cooling. We will analyze
and map the potential shift of RH, and its impact
on reducing dryness in winter, and also its potential
reduction in RH in summer and the potential impact
on latent loads.

Recent work that we have done has shown the im-
portance of expanding the typical focus of thermal
comfort on temperature, and the focus of mechanical
ventilation on manipulating temperature and control-
ling humidity (Teitelbaum et al., 2019). By includ-
ing manipulation of MRT, and considering the rela-
tionship of RH to air temperature, this alternative
modes of humidity control is shown to be possible.
Standard humidification methods in buildings present
significant risk of mold and mildew problems associ-
ated with the concentration of water at the points of
addition in ducts and ventilation systems that are
sealed and prone to local condensation from inad-
equate isolation from cool environments. Likewise,
standard mechanical dehumidification (latent load)
accounts for the vast majority of the cooling demand
for summer ventilation in non-arid climates (Harri-
man III et al., 1997). We combine a novel analysis
of radiant heating and cooling comfort impacts with
the influence on air temperature to map potential co-
benefits for various climates using standard weather
data files. Because the impact on RH is directly re-
lated to the absolute humidity or dew point we are
able to use weather databases to model the impact of
radiant heating and cooling setbacks on indoor RH
levels.

Research on the perceived dryness for office and air-
craft environment raised disputes about the health
relevance of RH, or absolute humidity (AH). Per-
ception of the dry air was correlated with the mem-
brane irritation of the eyes (e.g. dry eyes) and upper
airways (sensory irritation, (Sunwoo et al., 2006a)).
More recent research has linked the dry air com-
plaints to the indoor pollutants, such as VOCs or
even formaldehyde, leading to the development of a
paradigm that IAQ should be maintained at ‘dry and
cool’, or low RH and not too warm in office envi-
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ronments (Fang et al., 2004; Fanger, 2000). Regard-
less, the health implications of low RH, mostly de-
layed (Wolkoff and Kjrgaard, 2007) and indirect (Sato
et al., 2003), were continuously the topic of interest
among many researchers. RH below 20% was found
to cause eye irritation and an increase in air dryness
and stuffiness complaints. Results from intervention
studies have shown that elevating the RH could allevi-
ate the perception of dryness and discomfort. Ultra-
low RHs were found to cause symptoms of discom-
fort of not only eye and the entire air pathway (nose,
mouth and throat as well as lung) but also exposed
skin (Sato et al., 2003). RH lower than 10% could
desiccate the mucous membrane over time, starting
from the eye, moving onto the nasal cavity (Sunwoo
et al., 2006b), hence an RH of 40% rather than 30%
could be more desirable.

We have presented the preliminary analysis as part
of a simple study discussed at a panel for Indoor Air
2018, and recently presented again with colleagues at
the US General Services Administration (GSA) the
ability of RH to be increased by 5-10% by a decrease
in air temperature with radiant heating. The im-
pact on cooling can be even larger due to the RH
gradient for changes in temperature being higher at
higher humidity levels. However, another considera-
tion that will be detailed in the results is the poten-
tial increase in condensation risks as the dew point
will also be increased if the air system dehumidifies
less. Main conclusions are radiant heating systems
may avoid complicated humidification systems, and
similarly that radiant cooling could lead to a reduced
latent load. The results include maps of potential
benefits based on local climate data for dew point
and dry bulb temperature.

Methodology

Fundamentally, we are modeling the humid air as
a mixture of air and water vapor, both close to
ideal gases despite some molecular level interactions.
Treating dry air as semi-ideal gas, water vapor as
real gas, we will be applying the equation of state
for ideal gases to determine the state of the dry air.
Using the dry-bulb temperature T and assuming no
pressure differential between the indoor and outdoor
environment, i.e. the total pressure of the humid air
at 101.3 kPa, the dew point temperature Tdp serves
as the other parameter to enable us to quantify any
desirable property of humid air. We used data from
NOAA, specifically the Integrated Surface Database
for the hourly air temperature and dew point temper-
ature data(Lott et al., 2011). As heating only involves
heat being added for an all-air system, the humidity
ratio of the air will not change during the process,
while the air temperature is heated to the point of
the ASHRAE mandate (68 ◦F, or 20 ◦C). As it is
possible to obtain the relative humidity of the out-
door air during the entire year, it is therefore possible

to obtain a new relative humidity by assuming all-air
system and controlling for the recommended heating
state.

More specifically, the two known variables are the dry
bulb temperature and dew point temperature, which
would first allow us to know the humidity ratio of
the mixture. These two points are sufficient to allow
to calculate the RH. We used the 15 degree above
set point to indicate the resulting supply air temper-
ature (hence 82 ◦F, or 28.33 ◦C) as the supply air
temperature to accommodate for the resulting heat-
ing demand. The resulting new relative humidity will
drop from the outdoor relative humidity significantly.
Omitting the initial mixing process, we are assuming
the resulting relative humidity of the room is the same
as the supply air relative humidity that we obtained
in this study. The corresponding humidity ratio can
therefore be determined for any combination of given
air temperature and dew point temperature using the
methodologies as was shown by (Bell et al., 2014),
which was also used to generate the property tables
published by the ASHRAE Handbook 2009.

It is important to acknowledge the limitation in our
method, i.e. the skewed relative humidity distribu-
tion across an entire year. The relative humidities
are most likely not going to be normally distributed,
and may have significant skew that cant be reflected
with a mean value hourly relative humidity. To better
illustrate this problem, we used the weather data for
the airport at Wilmington Air Park Airport in Ohio,
as is shown in Figure 1

As can clearly seen in the left, during the heating sea-
son, all the indoor relative humidity remains under
the ASHRAE mandate 60%, but also cannot repre-
sent the skewed relative humidity towards the lower
20%. Similarly for the cooling period, where having
extreme humidities became of concern, using mean
or median value of relative humidity does not reflect
how more than 50% of all the cooling period has a rel-
ative humidity between 73% and 89%, thus providing
an underestimation on the severity of both the dry-
ness in the winter during the heating season, as well
as the need to dehumidify during the cooling season.

Therefore, to better understand the occurrences of
the hourly relative humidities, we counted their ap-
pearances within four different intervals, i.e. below
30%, between 30 and 45%, between 45 and 60%,
and above 60%. 30% and 60% are. considered by
ASHRAE to be the lower and upper bounds of the
comfortable range of relative humidities, while 45%
has been recently identified by multiple studies to
help ensuring better cognitive performances. The
cities selected would therefore have their respective
results analyzed as line charts to identify cities that
are more prone to discomfort during heating or cool-
ing season.

Using the filtered weather data from 2017 of 1,432
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Figure 1: Histogram of resulting relative humidity
from heating the outdoor air without humidification

control

stations across the nation, we generated two datasets
that have both the median value of the heating/cool-
ing season to represent the spatial distribution, but
also the aggregated occurrence frequency among the
four relative humidity bins to reflect the temporal
variation of the relative humidity. Before generat-
ing maps of how the spatial variations can be visual-
ized, the two datasets will first be used to generate
a state-by-state analysis of how the relative humid-
ity could vary among climate stations within a single
state, and how this variation can be carried over from
the outside environment towards the indoor environ-
ment, where the relative humidity drops significantly
when an all-air system is assumed for heating sea-
son, or increases significantly when air becomes less
important.

In contrast to the all-air system, the radiant systems
are often considered to provide an opportunity where
the room can be conditioned from both radiant and
convective heat transfer. This is traditionally done
by assuming the indoor air temperature can be held
at the same mandated level where the only source
of heat is the radiant surface. And since Standard
55 points to a desired indoor air temperature at 68
Fahrenheit, we are assuming that the air temperature
inside the indoor environment does not go beyond
that, assuming sufficient feedback control of a radiant
system with known supply/return temperature and
flow rate. We may therefore obtain the second new
relative humidity of the outside air being heated up

to 68 ◦ F instead of overshooting to 82 ◦ F before
sending indoors.

There are a few assumptions envoked to obtain the
two sets of relative humidity. To begin with, we are
assuming that in the case of an all-air system, a hys-
teresis instead of deadband control is used. Despite
being highly unlikely in an actual system, assuming
hysteresis control provides us an opportunity to an-
alyze the deviation of the relative humidity from the
outdoor condition at every hour of the data provided
by NOAA, and is therefore conceptually more fitting
for our analysis. Additionally, we are also assuming
that the indoor environment of the radiant system
does not involve any additional air-conditioning de-
vice, but still results in the same indoor air tempera-
ture by using thermostat-based feedback controls. If
initial and operational cost can be ignored, it is en-
tirely possible for us to argue the possibility of adding
a dedicated outdoor air system (DOAS) unit to en-
sure the indoor air temperature is maintained at the
desired 68 F. This will, however, also add to the
complexity of the system and the resulting energy
calculation - which camouflages this study’s main
goal in identifying the low-relative-humidity condi-
tions caused by all-air systems during the heating
season.

Figure 2 is a conceptual framing of the methodol-
ogy, holding the humidity ratio constant and allow-
ing the air to be cooler for a heating case or warmer
for a cooling case. These are shown as the moderate
heating and cooling examples. We also depict a case
where relative humidity is held constant, which would
in reality likely be a more relevant constraint in real
applications.

Results

We first categorized the resulting relative humidities
across the major cities within the United States with
a box plot, where the resulting relative humidity in-
doors of both the radiant and the air-based heating
can be compared to the outdoor air conditions. The
state-by-state analysis of resulting relative humidity
conditions can be found in figure 3, where the system-
side influence of changing system types leads to a
clear distinction between the resulting indoor relative
humidity levels and can be found in figure 3.

We then carried on to a larger-scale analysis of the
continental United States as well as Alaska regard-
ing their indoor environment condition as well as the
energy consumption when the two different systems
are to be applied to an average household. This anal-
ysis is based on the data retrieved from the NOAA
ISD-lite database for the year of 2017, with a total of
1,432 dataset after setting geo-spatial constraints to
only limit to the United States. Every file inside the
dataset is then processed via interpolation to gener-
ate a surface map of the relative humidity and energy
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Figure 2: Expanded psychrometrics framework (Teitelbaum et al., 2019) annotated with the air temperature
setbacks allowed with radiant systems. The color gradient is a recommended mean radiant temperature setpoint

calculated for an air speed of 0.1 m/s and a metabolic rate of 1.2 met for the relative humidity and air
temperature at each location.

Figure 3: Box plot showing the distribution of median relative humidity across different states assuming
forced-air system (top) and radiant system (bottom)

demand resulting from using either the all-air or ra-
diant systems.

The relative humidity results are plotted in Figure 4.
A series of interesting observations can be achieved.
Since both plots used the same color legend, it is ob-

vious that all-air system usage on the top yields a
consistently lower relative humidity comparing to the
results from using radiant systems. There also does
not appear to be a region that is at the brink of drop-
ping to the lowest relative humidity interval between
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0% and 10%. For all-air system, more than half of the
lower 48 states experienced a relative humidity lower
than 20% , and more than 85% of them does not reach
the range of relative humidity that is considered to
be within the desired range. This number dropped to
only approximately 41% of the overall land area for
an average household with a radiant system.
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Figure 4: Relative humidity resulting from using
all-air system (top) and radiant system (bottom)

The usage of radiant systems appears to lead to a
larger variation of relative humidity across the land-
scape, where the influence of the coastline that wasn’t
as obvious can be seen to affect the relative humidity.
This phenomenon can also be explained as the sen-
sible heating of moist air on psychrometric chart: as
the ∆T increases, the relative humidity line becomes
more sparse, resulting in a more concentrated relative
humidity, while smaller ∆T will lead to a more diverse
spectrum of relative humidity that is closer to the out-
door relative humidity. Lastly, and possibly the most
striking messages from Figure 4 is that the entire na-
tion is under the threat of excessive dryness when all-
air systems are used without humidifiers. Although
this can obviously be mitigated by adding humidi-
fiers, which is more common for commercial systems,
we want to bring the discussion further within the
scope of this paper by further expanding the scenar-
ios in question by decreasing the set point tempera-
ture either by decreasing the set point temperature
for all-air system or conducting deep retrofit to en-
able low air temperature radiant heating as shown in
Figure 5.
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Figure 5: Extra scenarios of lower set point for
air-system with air supplied at 74◦F (23.33 ◦C)

(top) or lower temperature radiant system with air
supplied at 62 ◦F (16.67 ◦C) (bottom)

Similar results can also be found for the cooling sea-
son, where the resulting relative humidities are plot-
ted in Figure 6. On the top row, the air exiting
the conditioning device at 45 ◦F (7.22 ◦C) is plot-
ted, shows an absolute necessity in conducting dehu-
midification since the relative humidity is across the
board consistantly at above 85%, where some systems
resort to re-heating the air towards a higher temper-
ature, effectively reducing the relative humidity, and
wasting a lot of energy in doing so.

Conclusions

We investigated the relative humidity improvements
when the set point is further expanded in this pa-
per. We found all-air system without active humidi-
fication to potentially lead to more than nearly half
of the United States to experience an indoor rela-
tive humidity lower than 30% during the heating sea-
son. Decreasing the set point temperature to 62 ◦ C
by assuming a combined DOAS and radiant system,
the conditioning-induced dryness can be further mit-
igated with less than 5% of overall Continental US
having relative humidity smaller than 20% when a
more radical radiant system is used.

Both the relative humidity of the all-air system shows
a much better agreement despite spatial and physi-
cal differences, while the radiant system appears to
embrace and endure those differences. Current stan-

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2566

 

 
  



0 490 980245 Kilometers

statelines

Relative Humidity of
Indoor Environment
(%)

0-10

10-20

20-30

30-45

45-57.5

57.5-60

60-75

75-85

85-100

0 490 980245 Kilometers

statelines

Relative Humidity of
Indoor Environment
(%)

0-10

10-20

20-30

30-45

45-57.5

57.5-60

60-75

75-85

85-100

0 490 980245 Kilometers

statelines

Relative Humidity of
Indoor Environment
(%)

0-10

10-20

20-30

30-45

45-57.5

57.5-60

60-75

75-85

85-100

0 490 980245 Kilometers

statelines

Relative Humidity of
Indoor Environment
(%)

0-10

10-20

20-30

30-45

45-57.5

57.5-60

60-75

75-85

85-100

Figure 6: Air existing evaporator at 45 ◦F (7.22 ◦C,
top), supplied to compliment a radiant system at 68

◦F (20 ◦C, second from top ), and more radical
radiant systems that has supply air temperature up

to 74 ◦f (23.33 ◦C, third from top) and 80 ◦F (26.67
◦C, bottom)

dards recognize the different climate zones of their re-
spective air temperature and humidity, but does not
specifically recommend heating system types accord-
ingly, where the status-quo steps in and use a one-for-
all solution to provide adequate heating at the cost of
both comfort and excessive energy. Our results ap-
pears to be pointing the other way, where different
climate types needs to be analyzed accordingly.

We also concluded there should not be a one-size-
fits-all solution when it comes to setting air tempera-
ture set points across not only climate zones or even
cities. Radiant systems are more efficient in terms
of district-size plants and can provide improved ther-
mal comfort for colder regions, but also requires much
more capital investment which may not be justified
for regions that requires a shorter periods of heating
in the winter, in which case all-air systems could be
a better solution.
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Abstract 

The importance of windows to Indoor Environmental 

Quality (IEQ) cannot be disputed, as it is one of the key 

building elements that contribute to achieving all the 4 

variables of IEQ (sound quality, lighting quality, air 

quality and thermal quality). Window as a member of 

the building fabric has received a lot of attention over 

the years due to its high U-values as compared to the 

other members of the building fabric. The focus on the 

thermal performance of windows has led to the 

development of different forms of glazing. However to 

achieve total Indoor Environmental Quality (IEQ), sound 

quality, lighting quality and air quality must also be 

attained in addition to thermal quality. This raises a 

question, which needs to be addressed; do current 

windows used in tropical office spaces achieve IEQ? 

This study probes this question using Contam, 

Soundflow, Radiance and Ecotect as simulation 

softwares to analyse the performance of a window in a 

case study office space. Quantitative methods were 

mainly used with the case study approach to achieve 

results. Results show that the existing window, which is 

sliding, performed well with air quality, partially good 

with visual quality but was not good with both thermal 

and sound quality. Sliding window, which is the 

predominant office window, thus needs improvement for 

better IEQ. Study paves the way for further development 

and improvement of windows used in tropical office 

spaces. 

Keywords: Windows, Tropics, Indoor environmental 

quality, Simulation, Contam, Ecotect, Radiance, 

Soundflow 

 

Introduction 

The nature of man has always made him try to achieve 

comfort wherever he is and achieving this comfort made 

man modify the macro climate to a suitable micro 

climate through buildings (Gyimah et al, 2017). The 

Roman Architect Vitruvius in his early writings “De 

Architectura” (c.15 B.C) outlined three qualities of 

Architecture as Firmitas (durability), Utilitas (functional)  

and Venustas (delight) (Gyimah and Oppong, 2016). 

These three qualities of architecture were used in 

building design and construction for many centuries until 

industrialisation.  

 

The advent of the industrial revolution brought in 

various building materials and thus construction methods 

that mainly focused on Firmitas (durability) and 

Venustas (delight). Architectural styles such as 

modernism, post modernism, art nouveau, Bauhaus, 

structuralism, international style evolved, down playing 

Utilitas (functionality). Since oil was used in machines 

to achieve comfort in buildings, oil shortage after the 

World War II brought prominence to Utilitas 

(functionality) as part of building design and 

construction (Brohl, 2001). The need to achieve quality 

indoor spaces became very necessary around the 1950s 

and the world and countries started developing standards 

such as ISO EN 7730 (2005), ASHRAE Standard 55 

(2004), ASHRAE Standard 62.1 (2004), European 

Technical Report CR 1752 (1998) (Gyimah et al, 2017). 

 

Information and Communication Technologies (ICT), 

which were developed mainly for military purposes 

(Weisberg, 2008), started being used in other sectors. 

The building and construction sector got its share in the 

1960s with the development of X and Y plots in a PhD 

thesis by Ivan Sutherland at Massachusetts Institute of 

Technology (MIT) (Sutherland, 1963). The X and Y 

plots grew the two dimensional (2D) Computer Aided 

Design (CAD) for years. AutoCAD became one of the 

most widely used 2D softwares across the globe. 

Gradually, three-dimensional (3D) functionalities were 

added to the market to visualise buildings and create 

motion effects (Onyegiri et al, 2011).  

 

Developments into ICT use in the built environment 

continue to progress and now there is a fourth dimension 

(4D) and fifth dimension (5D) to building design. 4D 

building design also called Simulation-Based Modelling 

refers to 3D design with the factor of time or schedule 

added on (Jacobi, 2011).  When time and cost is added to 

3D modelling, a 5D is achieved (Alrashed and 

Kantamaneni, 2018). Different softwares exist for 

different purposes; however, there are softwares that 

have all the dimensions incorporated. Gyimah et al 

(2019) outlined softwares such as Ecotect, Design 

Builder, IES VE, Contam, Radiance, Energy Plus, 

Daysim and Tas as some Simulation-Based Modelling 

(4D) softwares for IEQ assessment. Table 1 presents the 

various softwares used in researches (2007-2017) and 

the IEQ variables they assess. 
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Table 1. Software and their IEQ assessment capabilities 

 

Software 

IEQ variable 

Thermal 

Comfort 

Visual 

Comfort 

Air 

quality 

Sound 

quality 

Ecotect        

Design 

Builder 
      

IES VE       

Contam       

Radiance      

Energy 

Plus 
      

Daysim      

TAS      

Source : Gyimah et al, 2019 
 

From Table 1, many softwares are developed for 

assessment of thermal and visual comfort has but sound 

and air quality has only one software. This could imply 

that more attention have been given to thermal and 

visual comfort. Further probe revealed softwares on 

sound such as Soundplan. Soundflow, SonArchitect, I-

SIMPA, Odeon, Bastian and Insul. The challenges in the 

usage of these sound softwares are their availability, 

applicability or user friendliness (Yang, 2013; Judicaël 

and Nicholas, 2012; Dlhy, 2013; Rodríguez-Molares, 

2011). 

 

To achieve IEQ, the building fabric should be able to 

modify the macro environment to give a suitable indoor 

micro environment (Gyimah et al, 2017). The building 

elements thus has a very important role to IEQ. Amongst 

the building elements, windows are known to have a 

very important link to all the four variables of IEQ 

(sound quality, lighting quality, air quality and thermal 

quality) (Gyimah et al, 2017). However, most of the 

simulation-based research on windows have been done 

towards either thermal or visual comfort. A few studies 

nonetheless, have been done only on air and sound 

quality. There is therefore the need to assess windows 

towards IEQ with a holistic approach. In view of this, 

the study aims to assess the performance of tropical 

office windows towards all the IEQ variables through 

simulation. 

 

The study focusses on office spaces because most 

organisations have their top decisions taken in such 

spaces. If these office spaces are IEQ deficient, there 

will be a grave limitation to occupants’ abilities for 

effectiveness, which consequently will results in 

unproductive outputs (Mahbob et al.,2011; Huizenga et 

al., 2006; Abbaszadeh et al., 2006 and Moschandreas, 

1998). Regrettably, these unproductive outputs tend to 

affect every facet of life when implemented. Knowledge 

of IEQ levels is a step for improved productivity and 

thus better economies. 

 

 

Methodology 

This study adopted mainly mathematical, statistical and 

computational means for data collection and analysis for 

results (testing) and thus quantitative. The study also 

adopted the case study approach to focus on offices in 

the tropics. Collis and Hussey (2009) defines case study 

as “a methodology that is used to explore a single 

phenomenon in a natural setting using a variety of 

methods to obtain in-depth knowledge”. This means the 

case study strategy accommodates multiple methods and 

helps to gain in-depth knowledge. Yin (2003) however 

has identified problems such as generalisation issues, 

lack of rigour and biases with the use of case studies. In 

view of this, it is proposed that case studies are done 

with construct validity, internal validity, external validity 

and reliability (Yin, 2003; Fellows and Liu, 2008). 

Therefore, the case study building for this research was 

chosen based on the fact that the building had the 

recommended features such as best orientation and 

location, predominant building and window enclosure 

and an impactful climatic region.   

Procedure 

Selection of the case study building was done first with 

building fabric details. the data required, mode of 

collection and sources of data are presented in Table 2. 

Table 2. Data collected for study 

Data Required Source of Data Collection Mode 

Environmental 

and climatic 

data of case 

study office 

location 

US Department 

of Energy, 

Library books 

and online 

journals and 

articles. 

Books from the 

library and online 

sources. 

Existing 

building design 

and orientation 

with material 

properties 

Building 

developers as 

well as the 

owners. Online 

search 

Field measure 

drawings, existing 

drawings, direct 

observation, 

interview guides 

Space (zone) 

properties and 

occupancy 

schedules 

The chosen 

office space and 

occupants in 

office space 

Interviews guides 

and direct 

observations 

 

Data collected was used to model and simulate the office 

space for results to be discussed. The different softwares 

used to simulate the different variables of IEQ are 

presented in Table 3. 

Table 3. Softwares used for the simulation 

IEQ Variable  Software used 

Lighting quality Ecotect with Radiance 

plug in 

Thermal quality Ecotect 

Air quality Contam 

Sound quality Sound Flow 
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The softwares used were chosen based on availability 

and applicability. The case study building was first 

modelled and simulated in Ecotect that had a radiance 

plug-in. Illuminance readings in lux were taken at a 

particular point on the desk in the office space. 

Simulated results are then compared to standards of 

lighting in Appendix 1. The model in Ecotect was also 

used to simulate thermal comfort levels using the 

monthly loads/discomfort, thermal neutrality and 

percentage of time. Figure 1 shows the modelled case 

study building in Ecotect. Contam was used to simulate 

air quality levels with the focus on CO2 levels. CO2 is a 

very important pollutant when analysing Indoor Air 

Quality (IAQ). This is because its major source is from 

human respiration and thus its levels are quite high with 

greater occupancies. CO2 can also be found on almost 

every standard relating to IAQ. Simulation for both 

daylighting and CO2 were done on the hottest day (23
rd

 

March) and coldest day (2
nd

 August). Daylighting 

simulations were done at the height of 750mm (height of 

an office table). For thermal comfort, Ecotect gives only 

monthly results and thus monthly values were simulated. 

Soundflow was used to simulate sound transmission 

losses through the particular window construction within 

the case study space. Ecotects sound analysis was not 

used because its scope was mainly on space acoustics 

and thus could not simulate the transmission of 

environmental noise into spaces. 

 
Figure 1. Modelled case study building in Ecotect. 

 

The Case Study Building 

The case study office space chosen for this study is the 

Kumasi Diocesan office block of the Methodist Church 

Ghana. This building was chosen because it met all 

requirements established in Gyimah and Amos-Abanyie 

(2018) as the predominant location, building fabric and 

window in the chosen tropical location. The predominant 

location for office is the Central Business District 

(CBD), building fabric is sandcrete with plaster and 

window is sliding window (Gyimah and Amos-Abanyie, 

2018). The Kumasi Diocesan office block of the 

Methodist Church Ghana is located at the heart of the 

city and thus in the CBD of Kumasi, Ghana. The exact 

location is latitude 6.701210 and longitude -1.622023. 

This office building is in close proximity to the new 

Kejetia Market, Kumasi Zoological Gardens, Kumasi 

Central Market and the Adehyeman Lorry station. Figure 

2 gives a satellite view of the building circled red with 

adjourning structures. 

 
Figure 2. Locational map of the Kumasi Diocesan Office 

Block of the Methodist Church Ghana (Source: Google 

maps, 2018) 

 

The building came into existence in the 1942s with other 

buildings and has been used as the Diocesan 

headquarters of the Kumasi Diocese. The building is 

currently L-shaped and covers an area of 495m
2
. One 

part of the L-shape is oriented North-South and the other 

East-West. It is 3 storeys high, has concrete floor slabs 

and parapet roof. All walls are made of plastered 

sandcrete blocks with sliding aluminium framed 

windows and wooden doors. Figure 3 presents a pictorial 

overview of building. 

 

 

 
Figure 3. The Kumasi Diocesan Office Block of the 

Methodist Church Ghana. 

There are three (3) window types (Fixed, awning and 

sliding) used in the building in Figure 8. However, the 

window of the chosen office space is sliding with 

aluminium frame and glass. The building runs on natural 

ventilation. The case study office space is located on the 

second floor of the building. The space is 5 meters long, 

3 meters wide and has 3 meters of room height. There 

are windows on both the north and south walls with the 

east and west walls adjourned to other spaces. Second 

floor plan with office space location highlighted yellow 

in Figure 4.  
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Figure 4. Floor plan with case study office space 

highlighted yellow 

The materials used for the building is mostly the basic 

standard materials used in Ghana for the construction of 

buildings. Due to the fact that the building was 

simulated, the thermal properties as well as the U-values 

needed to be known. Table 4 presents properties of the 

materials used in the case study building. 

Table 4. Building Material and their U-values. 

Building 

Component 

Material Used U-Value 

(W/m
o
C) 

Roof Aluminium Sheets 1.273 

Walls 150mm sandcrete wall 

with plaster 

1.785 

Window pane 6mm glass 5.798 

Window frame Aluminium frame 5.878 

Door Panel 25mm hard wood 3.196 

Door frame 50mm hard wood 2.848 

Floor 150mm concrete slab 

with 50mm screed. 

0.282 

 

 

 
Figure 5. General properties of the chosen office space 

in the case study building 

Zone or space properties used for the simulation are in 

Figure 5. Zone properties of the office space are 

presented for easy duplication of research. As in Figure 

5, internal design conditions have clothing as 0.6 

(trousers and shirt), humidity as 60%, air speed as 

0.3m/s and lighting level as 400lux. Occupancy and 

operation have the number of people as 2, activity as 

clerical (70W), sensible gain as 5, latent gain as 2W/m
2
, 

air change rate as 50 and wind sensitivity as 0.50. The 

new schedule under the occupancy and operation runs on 

weekdays only from 8am to 5pm. Results of simulation 

done with the parameters are presented and discussed. 

Results and Discussions 

Results on simulated IEQ variables and their respective 

softwares used as outlined in Table 3 are presented in 

Figures 6 to 9. 

 
Figure 6. Day lighting levels on 23

rd
 March and 2

nd
 

August 

Indoor day lighting levels on 23
rd

 March has 7 hours 

within the acceptable levels with 3 hours out of the 

acceptable levels (Figure 6). These values out of the 

acceptable levels are mainly realised between the hours 

of 11am and 1pm. Albeit some indoor day lighting levels 

for 2
nd

 August (11am to 1pm) is lower than readings for 

the 23
rd

 of March, the levels are outside the required. 

Generally, the window gives approximately 7 hours of 

within the required levels and 3 hours outside the 

required levels. This can be rated as 70% of visual 

comfort when using the existing sliding windows. These 

comfort and discomfort levels are determined using the 

green range in Figure 6 which from 300 to 500 Lux. 

These comfort levels are based on standards, which are 

in Appendix 1. The mornings and late afternoons mostly 

have visual comfort with readings between 370 and 500 

Lux. The readings outside the required levels are 

recorded around midday with readings as a high as 600 

Lux.  

Indoor CO2 levels in Figure 7 indicate that all readings 

for 2
nd

 August are lower than readings for 23
rd

 March. 

This could imply lower indoor CO2 when temperatures 

are colder. However, both readings for 23
rd

 March and 
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2
nd

 August fall within the acceptable limits of indoor 

CO2 levels. For both 23rd March and 2
nd

 August, CO2 

levels are quiet lower during the early hours of the day 

and rises as the day matures. The lowest CO2 reading of 

220ppm is recorded at 8am on the 2
nd

 of August and the 

highest at 5pm on the 23rd of March with 640ppm. The 

acceptable level of CO2 within a space as presented in 

Appendix 1and in green in Figure 7 is 1000ppm. 

Therefore, all values are within the acceptable limits. It 

can thus be concluded that, the existing sliding window 

performs well towards indoor air quality. 

 
Figure 7. Indoor CO2 levels on 23

rd
 March and 2

nd
 

August 

For thermal comfort within the office space without the 

use of any assistive mechanical ventilation, Figure 8 

demonstrates that there is thermal discomfort throughout 

the year.  This is due to the fact that the minimum 

Percentage Dissatisfaction recorded is in June with 

26.11% and the highest in October with 30.91%. On the 

thermal sensation scale (Appendix 1), 26% to 75% is 

considered +2 (Warm) and uncomfortable. The cases 

study office space thus needs improvements for better 

thermal comfort.  

 
Figure 8. Monthly Indoor thermal comfort  

 
Figure 9. Sound transmission losses through window. 

 

Sound transmission losses through the window, which is 

partially open, had a highest value as 7.861 decibels (dB) 

(Figure 9). The average environmental traffic noise 

levels according to the European Environmental Agency 

is 65 dB. Thus, a reduction of approximately 8dB will 

still make indoor sound quality very poor, as the 

maximum limit is 50dB. Apart from the infiltration of 

environmental noise, there would also be a certain level 

of sound with indoor activities and thus adding up to 

discomfort. In view of this, environmental noise should 

be reduced to the barest minimum. 

 

Conclusions 

The case study office space from the analysis performed 

well with Indoor Air Quality (IAQ) and had a partial 

performance towards Indoor Visual Comfort. Daylight 

Autonomy (DA) analysis can be done as further research 

for more detailed results of lighting discomforts. There 

were discomforts with thermal and sound quality. 

Comfort for all four variables of IEQ is not achieved. 

This study therefore concludes that single pane sliding 

windows used in tropical warm humid office space does 

not result in good IEQ. Further research is needed to 

improve upon the performance of thermal, sound and 

visual quality without compromising on the existing 

good performance. 
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Appendix 1 
Acceptable IEQ levels (Gyimah et al., 2019) 

Table 1: Thermal sensation scale with PPD% 

-3 -2 -1 0 +1 +2 +3 

Cold Cool Slightly 

cool 

Neutral Slightly 

warm 

Warm Hot 

Uncomfortable Comfortable Uncomfortable 

75-

100% 

26-

75% 

6-25% 0-5% 6-25% 26-

75% 

75-

100% 

 
Table 2: Indoor air pollutants concentration limits 

Pollutant Limit 

Carbon dioxide (CO2) 1000 ppm 

Carbon monoxide (CO) 8.6 ppm 

Volatile organic compounds (VOCs) 600 μg/m3 

Formaldehyde (CH2O) 100 μg/m3  

Particulate matter (PM10) 50 μg/m3 

Particulate matter (PM2.5) 25 μg/m3 

 

Table 3: Required lighting levels in office spaces 

Office task Required luminance level (lux) 

Filing, copying, circulation 300 

Writing, typing, reading 500 

Technical drawing 750 

CAD workstation 500 

Conference & meeting rooms 500 

Reception desk 300 

Archives 200 

 

Table 4: Office spaces and their indoor sound comfort levels 

Occupancy type Maximum allowable sound level per standard 

BS8233 AS2107 ASHRAE 

Private office 40 dB 50 dB 35 dB 

Meeting room 40 dB 40 dB 35 dB 

Open plan office 45 dB 50 dB 40 dB 
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