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Thermal comfort has always been an essential factor that affects students’ productivity and success. Students
spend considerable time at their schools or universities more than any other building type except their homes.
Thus, indicating the importance of providing thermal comfort in educational buildings. Many studies worldwide
are conducted to assess and optimize thermal comfort inside classrooms. However, the results have not been
accurate even for similar study conditions due to the differences in the studies’ conditions. This paper focuses
on thermal comfort studies in educational buildings (classrooms). The studies are divided into two sections, the
first covering field studies methodologies, objective, and subjective questionnaires, and the second reviewing
thermal comfort results based on the climatic zone, educational level, and analysis approach. It is recommended
that thermal comfort studies be carried out using rational and adaptive models as they provide more accurate,
reliable results. Also, it is found that thermal comfort standards are generally inadequate to assess thermal
comfort in classrooms. Thus, other international standards should be created and considered for classroom
assessment. Over the past few years, the combination between nanotechnology and architecture engineering
has been widely used in several disciplines because of its crucial significance in finding new nanodevices to
contribute in reducing of energy consumption, particularly on construction materials. Filling functionalized tools
with nanoparticles plays a critical role in improving the thermal and optical properties, particularly with respect
to nanofluids applications, i.e., buildings applications of thermal comfort. The experimental results of long-term
studies show that the calculation values of optimization have a consistent agreement with the experimental
transmission of nanofluids models.

KEYWORDS: Thermal Comfort, Ventilation System, Educational Systems, Diffusion Rate, Temperature, Energy
Consumption.
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ductivity in their everyday tasks for both instructors and
students. Thus, research on thermal comfort in educational
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buildings has been considered essential worldwide.>™
Nanofluids techniques can be widely used in many appli-
cations to increase the efficiency of systems or processes
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by improving thermal and optical properties and heat
transfer performance.”™* Long-term studies of nanofluids
have intensively addressed several manufacturing methods,
Performance of heat transfer, fundamental characteristics,
the behavior of transportation, and the practical application
of existing equipment to improve efficiency, i.e., diagnostic
and disease therapy,'*!> by using the carbon nanomate-
rials as catalysts because of their unique properties, such
as ease of cellular uptake, high rotational and reflective
symmetry.

Thermal comfort models are divided into two main
categories, namely rational models and adaptive models.
Rational models'® were developed by Fanger (1970), using
heat-balance equations and empirical methods of skin tem-
perature to define comfort, known as the predictive mean
vote equations (PMV), and predicted percentage of dis-
satisfied (PPD). Adaptive models'” are based on the idea
that the outdoor temperature affects the indoor tempera-
ture as people adapt to different temperatures at different
times of the year. Thermal adaptation has been divided into
three categories, namely, behavioral, physiological, and
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psychological. Fanger rational model is used to study the
thermal comfort of college students under steady-state con-
ditions. However, many studies have agreed that this model
could not accurately assess thermal comfort in actual class-
room conditions.'®!° Later, the adaptive thermal comfort
model was introduced, and many studies were conducted
to improve the adaptive models by establishing quantita-
tive indexes that enhance occupants’ thermal comfort.?’
Several studies have assessed the thermal comfort model
in classrooms and investigated students’ adaptive behav-
iors. Based on field study, several comfort equations have
been established, considering the indoor temperature and
the monthly outdoor temperature.?' Thermal environment
requirements need specific thermal comfort studies due to
the differences in the occupation periods, occupant’s cloth-
ing and activity, temperature change, and the level of free-
dom for adaptive actions.?

Assessment of thermal comfort is based on comfort
standards, namely, ISO 7730, EN 15251, ASHRAE 55, as
they have provided values for operative temperatures and
comfort equations based on rational and adaptive thermal
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Table I. Thermal comfort standards in classrooms.

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

Standard Thermal comfort approach Operative Temperature °C Winter Summer
ISO 7730 (2005) Rational 20-24 23-26
—05<PMV <0.5
PPD < 10
ASHARAE Rational 20.5-25.5 24.5-28
(2004)
—0.5<PMV < 0.5
PPD < 10
EN-15251 (2007) Adaptive T, = 0.302 TMRT + 19.39; TMRT > 10 T,=122:88; TMRT > 10
ASHARAE Adaptive T,=T,+178
(2010)

Notes: TRMT: Running mean temperature 7;: Outdoor temperature 7,: Neutral temperature 7, = 0.317, + 17.8 PMV: Predicted mean vote.

comfort models (Table I). Many thermal comfort studies
of educational buildings have appeared in the literature,
especially in Asian and European countries. These stud-
ies have been reviewed considering different thermal com-
fort issues. Thermal comfort studies on various buildings
have been reviewed carefully over the last five decades.
Van Hoof published a review article focusing on Fanger’s
theory.”? Djongyang et al. and de Dear et al. wrote a
general review paper discussing thermal comfort studies’
development for the last 20 years.”»?* Adaptive thermal
comfort studies have been reviewed by Halawa and Van
Hoof.? Mishra and Ramgopal published a review paper
based on field surveys focusing on climatic zones.?! Kho-
dakarami and Nasrollahi discussed studies of thermal com-
fort in hospitals.?®

Studying thermal comfort productively in classrooms
utilizes the study method that compares previous stud-
ies. First, the studies are categorized and reviewed based
on climate, educational level, and the thermal comfort
approach. Second, the limitations of thermal comfort stan-
dards and approaches are discussed, and the effect of struc-
tural, constructional, and mechanical factors on thermal
comfort are considered. Finally, recommendations are pro-
vided for future studies on thermal comfort in classrooms.

With respect to the nanotechnology applications, the
usefulness of ideal glaze system plays a significant role in
increasing the efficiency of energy consumption by manip-
ulating in the optical thermal properties, especially in the
classrooms and offices building® '*2° such the glass treated
at the nanoscale sizes. A nanometer is a billionth of a
meter, this means that it is very tiny as equal as the length
of 10 hydrogen atoms or approximately 105 of the hair
width. Functionalized nanomaterials used to improve the
optical and thermal properties of treated glass by reduc-
ing the cost and consumption of energy.?> 2”28 The results
obtained from the theoretical and experimental studies
show that these nanomaterials have attained the prosperous
target to replace the traditional techniques which formerly
used to create an appropriate indoor environment.

In this paper, hundreds of papers on thermal comfort
studies in educational buildings (classrooms), published

from 2000 to 2020 in peer-review scientific journals, are
reviewed. We also outline the long-term studies concern-
ing the correct use of treated glass with nanotechnology
techniques, i.e., glaze system. Each study is categorized
based on the year of study, study country, climatic zone,
ventilation type, thermal comfort model, number of sub-
jects, and the study season.

2. LITERATURE REVIEW

In this study, the reviewed papers are limited to thermal
comfort studies in classrooms, as shown in Table II. The
studies have been categorized based on the climatic zone,
educational level, analysis approach, year of study, coun-
try, continent, ventilation type, number of subjects, and the
season of study, see Table II. The relationships based on
the similarities, differences of the studies, and the param-
eters involved in Table II, have been statistically analyzed
using graphs and percentages. However, due to the differ-
ences in the studies’ parameters, there is no logical way
to establish a general thermal comfort model; instead, a
general conclusion is derived based on all these studies.

The reviewed papers have been carried out over the last
two decades. Energy-efficiency issues in buildings have
been considered increasingly in these studies. The studies
were primarily carried out in Asia and Europe over differ-
ences in climate and cultures. The studies are reviewed in
two sections; the first reviewing field studies methodolo-
gies, including subjective and objective surveys, the second
reviewing the study’s results based on the climatic zone,
educational level, and analysis approach.

2.1. Field Study Methodologies

Field studies are one method to assess thermal comfort in
buildings. Field studies depend on subjective and objec-
tive surveys that are done according to the regulations of
ASHARE 55 and ISO 7730. The study duration may vary
from one week to a whole-year study.”®' Linear regres-
sion is commonly used to analyze the interrelation between
objective and subjective data.!” There are many differences
in the studied classrooms. The differences are classified as
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" Table II. Summary of obtained results of reviewed studies. c3<§

Level of 4

education Comfort band Method used éu

Ventilation Thermal comfort 3

P H,S U Ref. Year Country Continent Climate strategy Seasons  Size IL Neutral H models Field M and surveys Numerical and CFD 3'

=

— — * [46] 2011 Portugal Europe C H.V. — 25 — — — Rational F&S N g

* * — [47] 2013 Italy Europe C N.V. S&W 4000 — — — Rational F&S — o

— — * [80] 2018 Mexico North America A AC. S 496 — 24.7 24.4 Adaptive F&S — 9Q

N.V. — 26.9 29.3 3

— — * [28] 2015 Egypt Africa B N.V. Sp 269 — 29.1 — Rational F&S — g

— — * [103] 2017 Algeria Africa B H.V. S — — — — — F&S — 5

— — * [52] 2019 USA America C HVAC S 1336 22 235 24.5 Adaptive F&S — é.n

— — * [81] 2017 Malaysia Asia A M.V. S 1428 — 26.5 — Both F&S — e

Japan Asia C MV. — 263 — g

* * — [104] 2019 Jordan Asia B H.V. F 1836 24 — 27.5 Both F N =5

— — * [29] 2017 France Europe C HB.,N.V, HVAC SP,S,W 452 — 21.7 — Rational F&S N @

* * * [42] 2016 Portugal Europe C N.V, M.V. Sp 487 — — — Both F&S — g

— *[105] 2017  Saudi Asia B N.V S, W — — — — — F N cé

— — * [82] 2015 Malaysia Asia A A.C. EW 71 — — — — F&S — -

— — * [56] 2019 Turkey Europe C N.V. W, Sp 600 — — Rational — ]

— — * [53] 2014 USA America C HVAC — 320 — — — — S — %

Lebanon Asia C 2

— — *  [83] 2013 Malaysia Asia A HVAC — 188 — 23.4 — Rational F&S — ~

— — * [1] 2013 The UK. Europe C N.V. W 78 — — — — F N 3

* * — [24] 2020 Argentia South America C N.V. S, W —  W:20 — 25 — F :—)

S: 25 — 29 =

— — * [87] 2018 Brazil  South America A H.V. All 468 — — — — F = =

— — * [88] 2019 Brazil South America A H.V. S 1590 — 24.8 — — F — £

—_ = [9] 2009 Italy Europe C HVAC+N.V. W,Sp,F — — — — Both F&S — cgp

— — 48] 2009 Italy Europe C N.V.,, M.V. Sp. F 160 — — — Both F&S — %

— — * [89] 2019 Brazil South America A H.V. — — — — — — F&S — 2

* — — [49] 2017 Italy Europe C H.V. S, W — — — — Adaptive — _§

— — * [17] 2013 Portugal Europe C N.V. Year 732 — — — Both F&S — o

* — — [30] 2014 Italy Europe C — Sp, W 62 — — — Rational F&S — &
— * — [31] 2014 Portugal Europe C N.V,, M.V. Sp — — — — Rational F&S —
|l = 7 = [32] 2017 Portugal Europe C N.V. 2- Years — — — — — — F&S —
'2 — — * [102] 2018 Egypt Africa B H.V. — — — — — Rational F&S N
L — — * [19] 2018 China Asia C N.V. W, S 15 — — — Adaptive F&S N
& | — — * [60] 2018 China Asia C AC. — 982  21.56 24 26.75 Rational F&S —
E- — — * [61] 2015 China Asia C H.V. — 48 — — — Rational F&S —
» — — * [62] 2016 China Asia C AC. S 479 26.08 25.02  25.61 Adaptive F&S —

N| — * — [65] 2018 Cyprus Europe C N.V. S — — — — Adaptive F&S — §

T — * — [33] 2019 Cyprus Europe C N.V. w — — — — Adaptive F — §

I — — [67] 2015 Taiwan Asia C N.V. S| — — — — Adaptive F&S — %‘)

n | — — F [84] 2013 Malaysia Asia A AC. — 238 — 211,252 — Rational F&S — >

§ * — — [25] 2018  China Asia C A.C., HV. W 12 — 15 — Rational F&S N S;
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% education Comfort band Method used ol
_ ©
N Ventilation Thermal comfort -
n P H,S U Ref. Year Country Continent Climate strategy Seasons  Size IL, Neutral H models Field M and surveys Numerical and CFD
N — — * [63] 2019 China Asia B M.V. W 40 — 19 — Rational F&S —
'§ — * — [66] 2014  Cyprus Europe C HVAC Year — — — — Rational F&S —
@ | — — * [69] 2010 Korea Asia C M.V. S, W 30 — — — Rational F N
* *  — [20] 2018  Australia Australia C N.V, H.V. S 4866 — 244 — Adaptive F&S —
* *  — [21] 2017 Denmark Europe C M.V. — — — — — Rational F N
— — * [106] 2018 India Asia B N.V. S — 218 26.4 31.8 Adaptive F&S — :J;
— — * [90] 2018 Singapore Asia A H.V, NV, AC. 2 Years 1043 — 295,278,267 — Both F&S — 2
— — * [57] 2016 The UK. Europe C N.V., HVAC S 50 — — — Rational F&S — 2
* *  — [68] 2012 Taiwan Asia C N.V. All 1614 — 26.9, 22.4 — Adaptive F&S — 3
— — * [34] 2019 China Asia C N.V. I3 992 195 20.6 21.8 Rational F&S — 3
— — * [64] 2016 China Asia C N.V., HAVC S, W 42 — — — Adaptive F&S — °
* — — [73] 2017 Spain Europe C HAVC SP,EW 132 — — — Rational F&S — i'
— — * [35] 2018 France Europe C HAVC All 41 — — — Rational F&S — 3
— — * [92] 2014 India Asia A N.V. Sp 338 194 26.6 33.7 Adaptive F&S — §
—  — + [93] 2014 India Asia A N.V. Sp 12— 26.5 - Adaptive F&S - S
— — * [18] 2015 India Asia A N.V. Sp, F 82 221 29 31.5 Adaptive F&S — g
— — * [36] 2017 Netherlands Europe C HAVC S 384  — — — Adaptive F&S — <)
* — — [58] 2016 The UK. Europe C N.V. w 662 21 — 24 Adaptive F&S — g
* — — [7] 2011 Netherlands Europe C A.C. W,Sp,S 79 — — — Adaptive F&S — m
— * — [37] 2009 The UK. Europe C H.V., MV, NV w — — — — Rational F&S — g
— — * [54] 2016 Japan Asia C A.CHM.V. S 26 — 26.6 — Adaptive F&S = 2
* * — [96] 2017 Madagascar Africa A N.V. Sp, F 25 246 25.3 28.4 Adaptive F&S N §
—  — * [50] 2015  Taly Europe € HVAC Sp 126 — - - Both F&S — o
— — < [109] 2019  China Asia D HVAC F, SpW 30 20 215 24 Both F&S — s
—  *  — [22] 2016 Greece Europe @© N.V. \% 19 — — — Rational F&S — a
— *  — [51] 2015 Italy Europe C N.V., HVAC Sp, SSW 130 21.83 — 25.83 Both F&S N @
— — * [97] 2015 Thailand Asia A A.C. — 660 27.6 28.0 28.5 Rational F&S — z
— * — [85] 2012 Malaysia Asia A N.V. — 60 — — — — S — 3
— * — [86] 2014 Malaysia Asia A = — 917 — — = — S — S
— — * [98] 2017 Indonesia Asia A — — 55 — — — — F&S — S
— — * [107] 2018 India Asia B N.V. S 900 218 26.5 32.1 Adaptive F&S — g
—  *  — [38] 2017 Italy Europe C N.V. W, Sp — — — — Adaptive F&S — 8
— — * [9%4] 2018 India Asia A H.V. S 180 — 28.6 — — F&S — 2
£ [114] 2012 UK Europe D N.V. Sp,S 230 20 - 23 Both F&S - 2
* — — [59] 2017 UK Europe C N.V. Sp, S — — 22.6 — Adaptive F&S — o
— — * [95] 2016 India Asia A N.V. Year 356 — — — Both F&S — 3
— — * [75] 2019 India Asia C N.V. Year 436 — — — — F&S - 3
* — — [76] 2017 Chile South America C N.V. Sp, W 440 147 — 23.1 Adaptive F&S — g
* — — [39] 2017 Slovakia Europe D HVAC I8 34 — — — Rational F&S — >
* — — [40] 2013 Germany Europe C N.V. Sp, W — — — — — F&S CFD '§
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— * — [78] 2015 Germany Europe C HVAC S, W — 18 — 24 — F&S N S
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— 13.4, 14.4 — 3
* * — [111] 2018 China Asia D HVAC S 30 — 26.5 — Rational F&S — -
* —  — [41] 2018 Sweden Europe D HVAC Year 150 — — — Rational F&S — ]
— — * [l16] 2010 China Asia C N.V. Year 3000 — — 32.15 Adaptive F&S — %
* — — [70] 2014 Korea Asia C N.V. Sp, S 119 23 — 26 Rational F&S — e
* — — [74] 2009 Netherlands Europe C H.V. ' — — — 24 Rational F&S — ~
* * *[71] 2015  Australia Australia C HVAC — — — — — Rational F&S N =
— —  — [26] 2017 China Asia D HVAC S — — — — Adaptive — N :—)
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—  — % [I15] 2019 Canada North America D H.V. E Sp — — — — Rational F CFD 5
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— —  — [99] 2012 Ghana Africa A N.V. S 116 — — — Adaptive F&S — 2
—  — — [108] 2009 Kuwait Asia B A.C. All 336 — 21.6 — Both F&S — _§
— — * [100] 2008 Nigeria Africa A N.V. S 200 24.88 26.27 27.66 Both F&S — o
— — [91] 2003 Singapore Asia A N.V. S 493 — 26.1 — Rational F&S — &
— * — [101] 2003 Japan Asia A N.V, AC. S 74 — — — Both F&S —
| — — [77] 2014 Chile America C N.V. W,S 2100 16.7 — 21.1 Adaptive F&S —
'2 — % — [79] 2000 Brazil America © N.V. All 28  20.7 — 252 Rational F&S —
L — —  — [55] 2002 Japan Asia C A.C. All 40 — 25.6 — Rational F&S —
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constructional, including thermal envelop properties, archi-
tecture such as dimensions of the room, windows, and
mechanical, which deals with the type of ventilation sys-
tem used.

2.1.1. Subjective Survey

Field studies are generally based on subjective surveys.
Surveys that describe people’s thermal experiences are
collected from subjects to reach a general conclusion.
Early surveys only considered questions on thermal sen-
sation and subjects’ preference; however, currently, ques-
tions about air velocity and dryness have been provided.
Surveys tend to use descriptive scales such as the most
common seven-point scale by ASHRAE, which is used
to assess thermal sensation, and the three-point Mclntyre
scale, which is used for thermal preference and checklists,
are used for subjects clothing and activity levels.?! Dif-
ferent surveys are used with no specific rules regarding
the number of respondents or the surveys’ time duration.?!
The number of respondents in the reviewed papers differed
from 15°2 to 4866.%° The variables are assessed according
to ASHRAE 55 and ISO 7730 standards.

2.1.2. Objective Survey

Objective surveys are used based on the study’s purpose,
and it is carried out by measuring the general thermal
comfort parameters, including human parameters, i.e., the
metabolic rate and activity level, and the environmen-
tal parameters, i.e., air temperature, air velocity, relative
humidity, and the radiant temperature. These parameters
are used to calculate thermal comfort indices such as the
predicted mean vote (PMV), effective temperature (E.T.),
and operative temperature (Top) at one point using the
heights 0.1, 0.6, and 1.0 m, although some studies have
used different heights such as 1.2, 1.3, 1.7, and 2.3 m.**3
In addition to general comfort parameters, several stud-
ies, as shown in Table II, have also investigated illumi-
nation levels!*** and CO, concentration.*® 34954 Only
one study has measured local discomfort parameters such
as draft risk, floor temperature, and radiant asymmetry.>

2.2. Field Study Results

The reviewed papers’ main findings are generally sum-
marized and presented into the following subsections, cli-
matic zone, educational level, and analysis approach.

2.2.1. Climatic Zone

This section focuses on the reviewed papers, see Table II,
based on the studies’ climatic zone. The Koppen—Geiger
climate classification system has been used to sort the
reviewed thermal comfort field studies. The K&ppen— cli-
mate classification system,*® published by Wladimir Kop-
pen (1884), was used as a climate classification system.
Later, Ruodolf Geiger changed the system; thus, it is now
called The Koppen—Geiger climate classification system.>’

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

The Koppen—Geiger climate classification system divides
climate into five main climate groups; then, each group
is divided into temperature patterns and seasonal precip-
itation. The five main climate groups are A (tropical), a
climate with an average temperature of 18 °C or higher
every month of the year with significant precipitation. B
(Dry), which is defined by little precipitation, C (temper-
ate), which has the coldest month averaged between O—
18 °C and at least one month above 10 °C. D (continental),
which has at least one month averaged above °C ten and
at least one month averaging below 0 °C, and E (polar),
which has every month of the year averaging below 10 °C.
Figure 1 shows the illustration map of the Képpen—Geiger
climate classification.’®

From the collected data (see Table II), it is
observed that most of the studies (58%) were
conducted in group C, temperate/mesothermal cli-

mates; including Portugal,’*4 455559 Jq]y, 30,38, 60-64
USA,% USA and Lebanon,®® Japan,®” % France,*>*
Turkey,® UK,"5772  Argentina,”’ China,? 477377
Cyprus,*® 787 Taiwan,3" 8 Korea,?>® Australia,>> 8%
Denmark,**  Spain,® Netherlands,'® %  Greece,? 3
India,®® Chile,*”*® Germany,’*°' Irland,*® and Brazil.”?
Studies in group A, tropical/mega-thermal climates
are the second (23%), which were carried out in
countries including Mexico,”> Malaysia and Japan,*
Malaysia,’>*° Brazil,'®'%? Singapore,'%*1* India,!- 105-108
Madagascar,'”  Thailand,'"® Indonesia,'''  Ghana,'"?
Nigeria,'" and Japan.''* The third (10%) are the studies
conducted in group B, dry (semi-arid and arid) cli-
mate including Egypt,**'"> Algeria,''® Jordan,'"” Saudi
Arabia,"'® China,”® India,''”'® and Kuwait."””! Only
nine studies were conducted in group D; the continen-
tal/microthermal climates, including China,*- 227126 UK,'?
Slovakia,> Sweden,* Canada.'”® No studies of thermal
comfort in classrooms were found in group E, the polar
and alpine climate. Table III provides the average lower,
neutral, and higher comfort temperatures obtained for
each climatic zone. Thermal comfort studies are carried
out in both natural ventilation (N.V.) and air-conditioned
(A.C.) classrooms during different seasons, although a
few studies have been conducted throughout a whole
year,>* 7% 88.108.129 anq one study lasted for two years.'"?
A considerable variation of neutral temperature is
obtained in each climate since the studies were conducted
in different seasons. The lowest neutral temperature has
been reported in China and the highest found in tropi-
cal climates, Singapore, and Thailand. In group A, tral
temperature is between 21.1-28.6 °C. The minimum was
reported in the Winter in Malaysia and the maximum in
India, 19-29.1 °C in group B in China and Egypt, 15—
26.9 °C in group C in China and Taiwan, 13.4-26.5 °C
in China. Studies noticed that the preferred temperature
is not necessarily the neutral thermal sensation for most
respondents. A significant variance has been found in neu-
tral temperatures under the same climatic zone since the
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World map of Képpen-Geiger climate classification
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Fig. 1. The Koppen—Geiger climate classification.

studies were carried out in different seasons under different
ventilation systems, thus comparing neutral temperature is
not logical; however, it can be observed from the stud-
ies that neutral temperatures in Summer and Spring are
higher than in Winter. In the studies conducted in group A,
most of the studies were naturally ventilated through Sum-
mer. It is observed that students have adapted to higher
temperatures, although the temperature has exceeded the
comfort standards. Also, it is noticed that relative humid-
ity has no significant effect on thermal comfort, although
it is high in this group. This indicates the importance of
considering passive cooling systems in this climate for
energy saving. Studies carried out in group B are primar-
ily conducted in air-conditioned and naturally ventilated

Table III. Neutral/comfort temperature for each climatic zone.

Climate versus Neutral/Comfort temperature

Lower Higher
Climate temperature (°C) Neutral (°C) temperature (°C)
A 23.71 26.27 29.07
B 22.53 24.52 30.36
C 20.26 22.10 25.62
D 19.9 21.03 25.56

Contact : Murray C. Peel (mpeel@unimelb.edu.au) for further information

RESOLUTION : 0.1 degree lat/long

classrooms during Summer and mid-seasons; only two
studies were done during Winter.”® '8 The neutral temper-
atures obtained from studies in group B are lower than
in group A, and students have accepted higher thermal
comfort levels in this climate. Studies in group C were
mainly done in naturally ventilated classrooms during all
seasons. Since various subtypes are included in group C,
e.g., the humid subtropical subtype and Mediterranean
subtype, a wide range of climates are available, granting a
broad range of adaptability. Students from this climate are
exposed to many weather variations showing higher ther-
mal adaptability than those exposed to similar weathers.
However, when the outdoor thermal conditions are higher
than the average, such as in Taiwan®' and Singapore,'®
students’ thermal sensation is still neutral.

2.2.2. Educational Level

Since Fanger proposed his thermal comfort theory (1970),
there has been a remarkable increase in thermal com-
fort studies in classrooms mainly through field studies.
The two types of theories used in these studies are ratio-
nal and adaptive. Thermal comfort results differ signif-
icantly in these studies due to the age difference, since
different ages imply different metabolic rates and free-
dom levels, which significantly influence thermal comfort.

J. Nanofluids, 12, 1-17, 2023
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Hence, the reviewed studies are categorized into three
groups of ages, primary level,>’* secondary and high
school level, 20230 and University level.’*! Among the
studies, 56% have been conducted in universities, 44%
carried out in primary, secondary, and high schools, or
both, mainly in Asia and Europe. The average upper,
lower limits, and neutral comfort temperatures obtained for
each educational level shown in Table II are illustrated in
Figure 2.

The first category studies thermal comfort in primary
schools. Most studies were carried out in naturally ven-
tilated classrooms with students aged 7-11 years old in
climatic zone C; a few were done in the climatic zones
D,39:52,:54.126,127.130 and only one study was done in A,'"”
during Winter and mid-seasons. The neutral temperature
obtained across different climatic zones varies between
13.4-26.9 °C.

Three studies have been found in Italy; one supported
Fanger’s basic approach and proved its effectiveness in
naturally ventilated buildings if the correct expectancy fac-
tor is available.® Enrico De Angelis proposed a simulation
method based on a visual tool to support designers in
assessing thermal comfort inside schools.”> Valeria De
Giuli performed a field study considering subjective ther-
mal, air quality, and visual comfort responses. However,
no exact correspondence has been found comparing stu-
dents’ sensations using this approach.** In China, Jing
Jiang investigated the relationship between temperature
and learning performance and found that setting PMV lim-
its between —2 to —1 is preferable for optimal learning
performance in a cold environment.® Dengjia Wang also
studied the effect of temperature on learning performance
in the Summer and suggested future work.'** Dengjia
Wang assessed thermal comfort in rural primary schools in
Winter and provided recommendations for designing heat-
ing systems in rural schools in China.!*® Anxiao Zhang
proposed an optimization method and found that the one-
sided enclosed corridor type is the worst choice for saving
energy and obtaining thermal comfort in cold climate.’*
In the U.K., Despoina Teli suggested children are sensi-
tive to higher temperatures than adults when the temper-
ature is 4 °C lower than the PMV.'”” He also highlighted
the need to set higher school design standards based on
children-based criteria.”” Azadeh Montazami developed an

35
30

25 ,\‘\—
—
20
~m-Secondary and high

10 school

=== Primary

5 University

Higher Neutral Lower

Fig. 2. Lower and upper comfort limits and the neutral comfort tem-
perature in different educational levels.
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algorithm that evaluates the dissatisfaction rates influenced
by the indoor temperature as support for designers to con-
trol the classroom environment.”! In Chile, Maureen Tre-
bilcock found that thermal comfort temperature obtained
from the field study was much lower than the one intro-
duced by Humphreys formula, and the reason lies in the
fuel poverty in children’s homes, which motivates them
to adapt to significantly low temperatures in Winter.®-%
Hikmat H. Ali compared the effect of envelopes of old
and new schools in Jordan and found that both schools
exceeded the comfort range level during peak hours.!” In
the Netherlands, Wim Zeiler investigated thermal comfort
under thermo-active building systems and natural air sup-
ply and mechanical exhaust and found it could slightly
improve thermal comfort in Winter.®” Sander Ter Mors
found that children prefer lower temperatures than the
PMV model.!* Modeste Kameni Nematchoua'® found that
the neutral temperature was 25.3 °C during rainy and dry
seasons in the A climatic zone. In climatic zone D, Dengjia
Wang!?* found the neutral temperature in the Summer
25.6 °C; in another study, he found the neutral tempera-
ture between13.4-14.9 °C in the Winter.'*® In the U.K.,
the neutral temperatures in the same climatic zone were
between 20-23 °C.'?" It is noticed that most of the thermal
comfort studies in primary schools are done in the climatic
zone C. The lowest neutral temperature found was 15 °C
reported in China,®® and the highest was 26.9 °C reported
in Taiwan.®! Perhaps an appropriate explanation for lower
temperatures found in the reviewed studies is the higher
metabolic rates and the fact that children’s schedules most
likely include many outdoor activities.

The second category studies thermal comfort in sec-
ondary schools or high schools, targeting students the
12-18 years old. Most of the reviewed studies were con-
ducted in countries inside the climatic zone C, includ-
ing Italy, Argentina, Portugal, Cyprus, Australia, Denmark,
Taiwan, U.K., Greece, Madagascar, Malaysia, Germany,
China, Brazil, Ghana, Singapore, Japan, and Kuwait.
Six studies were done in the climatic zone A, includ-
ing Madagascar,'” Malaysia,”® % Ghana,''> Singapore,'®
J apan.114 Three studies were conducted in climatic zone B,
including Jordan,''” Saudi,''® Kuwait,'?! and three studies
as well were conducted in climatic zone D, all have been
carried out in China.*-!2*126 Mainly, most of the studies
were done during the Summer and Winter seasons, and
although the ventilation type, climate, and season are like
the first group in some cases, there are differences in the
students’ thermal sensation. The neutral temperatures in
this group varied between 22.4-26.9 °C; only one study
was done in the climatic zone D in China,'*® which was
done for both primary and secondary schools that show
lower neutral temperature, 13.4 °C.

The third group focuses on thermal comfort studies con-
ducted in university classrooms. Fanger considered ther-
mal comfort of Danish and American universities using
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climate chambers. There were differences in the predicted
and the actual thermal sensation of the students, and it
was observed that the neutral temperatures in classrooms
were significantly higher in offices due to the differences
in activities and clothes of students and officers.? Also,
as this group studies university students’ thermal comfort,
other differences are noticed from the other studied groups
as they spend less than 2-3 hours a day in classrooms.
Hence, thermal perception is different. It is found from the
reviewed states that the number of thermal comfort studies
in university classrooms is higher than the other categories,
and most of the studies are conducted in the climatic zones
C, A, mainly in Asia. The neutral comfort temperature in
these studies varied between 19 °C reported in China’® to
29.5 °C reported in Singapore.'®

2.2.3. Analysis Approach

The reviewed studies use both rational-RTC (37%)
and adaptive-ATC (29%) models, and indeed as shown
in Table II, there has been an increase in the use of
the adaptive approach in recent years. Moreover, sev-
eral studies (17%) use both methods to assess ther-
mal comfort and compare them. Also, some studies
(17%) considers comparisons of buildings, the impact
of other comfort aspects, and other numerical methods
involved with thermal comfort of educational build-
ings, !> 37,45 53,66,88,91,95,99, 100, 102, 107, 111, 116, 118, 131, 132 ]y
trated in Figure 3.

Rational thermal comfort models (RTC) uses Fanger’s
method, which provides very close results to the actual
thermal, thermal votes in spaces that use heating, venti-
lation, and air-conditioning systems (HVAC), occupant’s
passive behavior, and fixed clothing,®> however, adap-
tive models (ATC) only considers the outdoor tempera-
ture. Over the years, researchers have realized that some
specifications should be added to the RTC model to
keep it more accurate; thus, they considered the differ-
ence of expectation among people who are not used to
occupying air-conditioned spaces, considering the behav-
ioral, physiological, and psychological adaptations. As a

20
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Secondary & High school

Primary
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result, they proposed the “ePMV,” “aPMV,” and “cPMV”
indexes expand the use of the PMV model, even in non-
airconditioned spaces using the expectancy factor and the
adaptive coefficient.”13%13* A good agreement has been
found from the reviewed studies in classrooms that have
applied this improvement between the predicted and sub-
jective results in Winter and Summer.®® Among all the
reviewed studies, the RTC method has been used in most
universities, and most studies carried out in secondary and
high schools used both RTC and ATC. It is observed that
37.9% of the studies carried out in primary schools have
used the RTC model; the same percentage has been found
using the adaptive model; only five studies have used both
models. In secondary and high school studies, 34.6% used
RTC, while 38.5% used the adaptive model, and five stud-
ies used both models. In universities, 36% used the rational
model, 27.4% used the adaptive model, and 17.6% used
both models.

The accuracy of the PMV model and the adaptive mod-
els has been criticized in several studies. These papers
show a high level of disagreement between the PMV, adap-
tive model, and the students’ actual thermal sensation,
expressed as over-estimation and under-estimation, in all
educational levels and climatic zones. Estimation details
are illustrated in (Figs. 4 and 5). Results revealed a signif-
icant number of climatic zone C studies. The rational and
adaptive models have underestimated the students’ actual
thermal sensation and an equal percentage of studies in all
climatic zones, which shows that the models have overes-
timated the results. The overestimation of the models has
been found more in primary and university studies, while
underestimation is reported in most secondary and high
school papers. Generally, incompatibility has been found
vastly in temperate and tropical climates. However, the
compatibility of the results with thermal sensation votes
has been reported in many universities’ thermal comfort
studies.

Some results show that students adapt to the local cli-
mate and display adaptive behavior such as fans and win-
dow operations. However, the overall result concludes that
human thermal sensation is dependent on both indoor and
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Fig. 3. The percentage of thermal comfort approaches in educational buildings.
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Fig. 4. Estimation of RTC & ATC in different climatic zones.
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Fig. 5. Estimation of RTC & ATC in different educational buildings.

outdoor climates. Thus, the adaptive model may not accu-
rately predict students’ thermal sensation since their adap-
tive actions are limited.

3. DISCUSSION AND FUTURE RESEARCH

Long-term studies indicate that thermal comfort is an
essential parameter for indoor environmental quality as it
affects students’ performance, as shown in Table II87-!%
and university’s energy consumption.'*® There has been
rapid interest in low energy in educational buildings world-
wide over the last five decades; however, thermal comfort
studies in offices and residential buildings were way more.
Also, doubts in comfort temperatures due to applying ther-
mal comfort models and standards over different designs
have resulted in unclear conclusions. This section presents
discussions of the reviewed thermal comfort studies and
future work recommendations in two main subsections;
thermal comfort approaches and standards and confound-
ing parameters involved with thermal comfort field studies.

3.1. Thermal Comfort Approaches and Standards

The rational (RTC) and the adaptive (ATC) models have
been used in the reviewed studies to assess thermal com-
fort in educational buildings. Despite the enormous num-
ber of studies on thermal comfort in the literature, the
reviewed papers reveal that neither approach can accu-
rately predict students’ thermal comfort. Van Hoof sug-
gested that to improve the efficiency of the RTC model in
evaluating thermal comfort in naturally ventilated build-
ings, clothing and activity levels should be considered.'?’

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

Especially for students, an adaptive mechanism signifi-
cantly influences thermal comfort.

The adaptive thermal comfort model (ATC) has been
developed to keep occupants thermally comfortable by
changing their activities, clothing insulation, and actions
such as adjusting the heating or cooling mechanical
devices or opening and closing windows. This model’s
basic idea is the control of occupants, which is, in some
cases, limited in schools. Some studies stated that ther-
mal classroom conditions are mainly controlled only by
instructors, especially in primary schools.!” The adaptive
model’s purpose is to allow the individual to have con-
trol based on his personal preference. It has been shown
in many studies that personal preferences rely strongly on
the occupant’s thermal background. '

Moreover, recent studies report that nowadays, living
standards with technology development have also raised
students’ expectations in schools. It is shown in the
reviewed papers that people’s neutral comfort temperatures
have increased, and this is resulted by the heavy use of
heating systems at homes; also, it is observed that com-
fort temperatures have decreased in hot seasons, which is
a result of the increased use of air-conditioning.'*® Brager
and de Dear encourage using both RTC and ATC mod-
els as complementary.'*® The reviewed studies have eval-
uated thermal comfort in classrooms according to thermal
comfort standards, as shown in Table I, and indicated that
these standards could not be used to assess thermal com-
fort in different climates. It is required to find common
consent from all countries to make the ordinary faithful
and international'** so that thermal comfort is assessed
using new databases. The adaptive model standards have
benefited energy consumption; however, they are based on
many boundaries.'*!

As shown in Table II, most of the reviewed papers
have used thermal comfort indices, such as the PMV
and Top and equivalent temperatures, to evaluate students’
responses. In addition, long-time indices have been used
in building in constant time and space.'*? Future work on
thermal comfort in schools could consider using spatial
limitations over students’ occupation time as students sit
in a specific position in their classrooms.

3.2. Confounding Parameters in Thermal

Comfort Studies
Thermal comfort reviewed classroom studies differed
in architectural, constructional, and mechanical charac-
teristics. These are further discussed in the following
subsections.

3.2.1. Architectural and Constructional Characteristics

The indoor thermal environment of a building is signif-
icantly affected by the buildings architectural. Moreover,
constructional characteristics such as window wall ratios,
layout, dimensions, building’s thermal envelop properties,
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and external shading; thus, thermal comfort should be
assessed, including these parameters. In the reviewed stud-
ies, it is observed that few surveys had been used to assess
those parameters; however, many researchers considered
them in evaluating thermal comfort studies of educational
buildings, through numerical simulation and experimental
studies, without considering students’ actual thermal votes.

It is observed from the reviewed studies, as shown in
Table II, that architectural and constructional character-
istics have almost not been considered in most thermal
comfort field studies, except for a few studies. Possibly,
the reason behind this is that different architectural and
constructional characteristics of buildings make the com-
parison of thermal comfort studies almost impossible. It is
shown that most of the studies use uniform thermal zones
by considering one point in the center of the room in eval-
uating thermal comfort; however, non-uniform zones could
be resulted due to solar, radiant systems. Thus, it is vital
to consider evaluating local thermal discomfort related to
students’ classroom positions.

Among the reviewed studies, as shown in Table II,
Hikmat H. Ali focuses on envelopes’ effect on two
governmental school buildings’ thermal comfort in
Jordan.!'"” M. Alwetaishi performed a numerical study of
micro-climatically responsive educational school building
designs.''® In Turkey, Touraj Ashrafian investigated the
impact of glazing ratio and window configurations on stu-
dents’ thermal comfort.”” M.L. Boutet proposed a proce-
dural contribution to the outdoor and indoor parameters
that affect thermal comfort.>” Enrico De Angelis proposed
comparing bioclimatic design strategies based on assessing
the thermal comfort of a school building.®?

3.2.2. Mechanical Parameters (Ventilation Systems,
Cooling, Heating)

The relationship between thermal comfort and heat-
ing/cooling and ventilation systems has been a critical
concern to researchers for decades, and it has defined an
essential issue of the thermal environment for years. All
the reviewed studies indicate that researchers have been
trying to achieve thermal comfort using different systems
over different climates, as shown in Table II. It has been
found in the literature that most of the studies consider
naturally ventilated buildings as their case studies. This
could be related to researchers’ interest in reducing energy
consumption and thermal comfort.

Among the reviewed studies, as shown in Table II,
researchers not only considered assessing thermal com-
fort through field studies and subjective surveys; however,
they also have used numerical simulations in optimiz-
ing thermal comfort and air quality and energy issues.
Eusébio Z. E. Concei¢do numerically evaluated thermal
comfort inside a classroom equipped with radiant cool-
ing systems.” Y. Allab M developed a protocol that
optimizes thermal comfort and energy consumption in edu-
cational buildings.*> Also, Saadia Barbhuiya investigated

Jastaneyah et al.

how ventilation strategy affects energy consumption.! Ingy
1. El-Darwish used three post-occupancy evaluation tech-
niques to assess thermal comfort in higher educational
buildings.!'> Martin Heine Kristensen performed a field
study of thermal comfort of diffuse ceiling ventilation
in a classroom.* Myo Sun Kim improved the central
heating system in a university building through numeri-
cal simulation and experiment.®> Yang Wang investigated
the energy efficiency of natural displacement ventilation
in public schools,™ also he optimized HVAC control
systems for thermal comfort and energy performance.’!
Charalampos Vallianos investigated a school building’s
hybrid ventilation through a numerical study of predictive
control.'”® Modeste Kameni Nematchoua studies the cor-
relation between a mathematical model and experimental
data under natural ventilation.'” Lorenza Pistore assessed
the IEQ in two high schools through field study, subjective
surveys, and numerical simulation.®

4. NANOTECHNOLOGY’S CONTRIBUTION IN
THERMAL COMFORT

4.1. Glass Treated with Nanotechnology

The mechanism of thermal comfort used to enhance the
indoor environment in classrooms and office buildings
focusing on manipulating in the optical and thermal prop-
erties of treated glass as low-cost effective tools at the
nanoscale in the range of 1-100 nm, especially in the dried
and hot climates to reduce the consumption of energy by
monitoring the heat and cold transfer.* !6-2022,23,28, 144-150
Through investigation, the obtained results have risen from
the study of glass treated with nanotechnology, they have
shown that this enhanced nanoengineered glass is able to
control absorbing light, and heat and cold transfer. Abdin’s
work et al.?® indicate that treated nano-glass considered
to be an optimum glass specification and the solar heat
gain coefficient (SHGC) is roughly 23% compared to the
other types of glass of about 62%. Due to the distinct
properties of nanomaterials, i.e., high conductivity, maxi-
mum loading, and huge potential, this has led to applying
the nanomaterials as catalysts to the building structural of
elements to create a clean indoor environment by reduc-
ing the amount of pollutants and saving energy with low-
cost effective tools.'**714 Work of Mauro et al.'*® who
indicate that the glass structure, phase-change material
(PCM), crystallization and modification factors effectively
contribute in developing the premium and advanced mate-
rials capable of enhancing the air quality and reducing the
energy consumption as well as monitoring the indoor envi-
ronment by keeping the heat and cold transfer quite stable.

4.2. Thermal Comfort with Respect to the Nanofluids
Applications

With respect to the field of nanofluids optical and ther-

mal properties, there is an interesting challenge in how

the optical properties of nanofluids are affected by the

12

J. Nanofluids, 12, 1-17, 2023



Jastaneyah et al.

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

Table IV. Models investigated and their validations.

Nanoscale
Model type Methodology (size) Mathematical model Validation
. dmk,  2f,0,A
¢ A 3D
8 m?—1
Q= zx* ( )
30 |[(m*+2)
Rayleigh Optical transfer of 1040 nm 2_q 5 5 This model used to calculate the
mode] 47 148.156 the PCM based 0,, =4x Im{ (m?—1) [1 + = (m - 1) optical properties of nanoflids
nanofluids (m*+2) 15 \m?>+2 contained very small particle
m*+27m*+ 38
22m2 +3
I = A Iy (i, +1y)
2mr 2

Mie model'>! Predict the optical 20-1000 nm Q.. =
properties of the and may
PCM based deal with
nanofluids larger
dly (s) _
ds
Mie optimization Combination of the Up to 10 nm

9
= Z(2n+ )R, {a,+b,}

Do . = 1y wy = = ;
+?*{IA(s,Q)d>(Q,Q)dQ

This model is an appropriate for
o=l the wide range diameter

©

2
Que= = 2 @n+ DR {ja,F +1b, )

n=1

= =0, 1) () +(Qors — Qi) Ly (5)

This model used to measure

mode] 4 150:158 Rayleigh model transmitten spectrum of PCM
amd Mie model 0,(0) = z (| S 1>+ 52|2) samples containing
obtaines as a Q. nanoparticles with average
Monte Carlo model diameter of nanoparticles
10 nm

based-fluid of the nanofluids itself, and how they could
significantly affect the performance of the solar-energy
conversion. The thermal comfort and energy system have
recently generated a lot of researches which are signif-
icantly affected by the building’s architectural to reduce
heating energy and air-conditioning consumption.'>! The
scientific researchers have motivated to enhance the con-
ceptual of thermal comfort in the building system by
manipulating in the optical properties of the crude mate-
rials by filling with nanoparticles with diameter from 10
to 20 nm (100 to 200 Andstrom), for example, Al,O;,
ZnO and CuO particles,'3>'% see Table IV. Colangelo
et al.'> show that the combination of water or oil-based
fluid and Cu, CuO, ZnO, Al,O; nanoparticles that improve
the optical properties of nanofluids by enhancing the light
absorbing and the size of these nanoparticles plays a key
role in determining the thermal conductivity of nanoflu-
ids. Youse fifi et al. and Han et al.'®*'* who investi-
gated the effects of carbon-black aqueous and Al,O;/water
nanofluids on the Solar’s collector’s efficiency and found
out that the addition of functionalized nanoparticles sig-
nificantly enhanced the light absorption of solar collec-
tors’ performance. Long-term studies have discussed the
conceptual of optical and thermal comfort properties to
produce the PCM nanofluids (at the nanoscale sizes), see
Table IV.28 1437154 Rayleigh model investigated the optical
transfer of the PCM based nanofluids with nanoparticles in
the range of 1040 nm'>% !> and their experimental result
have shown that the extinction and scattering coefficients

of a single nanoparticle are affected by the material and
shape as well as the relationship between the gap between
the nanoparticles (contained very small particles) and the
performance of optical properties. In addition, the work
of Colangelo et al.'"*?> who indicate that Mie model is an
appropriate for the wide range diameter (20~1000 nm) to
predict the optical properties of the PCM based nanofluids
and their calculations shown that the volume concentra-
tion (f,) of the nanparticle is less than 0.6%. Furthermore,
Mie optimization model indicate that the experimental
results carried out by a dual-beam UV in the range of
250-900 nm!43:149-138.159 congistently agree well with the
experimental data calculated transmittance of the model is
0.53-26%.'%°

5. CONCLUSION

The built environment has always had a massive impact
on learning progress, which is primarily dependent on pro-
viding thermal comfort in classrooms. The importance of
thermal comfort research lies in the relationship between
occupants’ satisfaction and energy savings. Students spend
most of their daily hours in schools and universities; there-
fore, providing thermal comfort and acceptable indoor air
quality in educational buildings is necessary to build a
pleasant educational environment. On the other hand, ther-
mal discomfort could cause severe problems in classrooms,
not only for students but also for instructors. The signif-
icance of thermal comfort research in classrooms is to
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design thermally prepared school buildings to facilitate
learning and prevent occupant discomfort with minimum
energy consumption use. A hundred thermal comfort stud-
ies have been reviewed and investigated in this paper. It
is observed that thermal comfort standards are generally
inadequate for assessing thermal comfort in classrooms;
other international standards should be created and con-
sidered for classroom assessment. Also, based on review
papers, it is found that most thermal comfort surveys have
been done on a different and limited number of respon-
dents during specific seasons. It is more efficient that these
studies be done for at least a year to include many stu-
dents to get a more comprehensive comfort range. It is not
noticed that many of the studies that have been done in
naturally ventilated buildings could not achieve the needed
thermal comfort and indoor air quality due to the low air-
speed; moreover, higher temperature leads to the increase
of carbon dioxide, which is probably the main reason of
the improper use of energy in educational buildings. Based
on the reviewed studies, it is essential to develop thermal
comfort metrics that consider both space and time of stu-
dent setting in specific classroom positions; this could help
design and evaluate school buildings. Additional comfort
neutral temperatures have been found among all studies
in the same climatic zones, which express the importance
of using micro-level thermal comfort in future work. It is
recommended that thermal comfort studies be carried out
using rational and adaptive models as they provide more
accurate, reliable results. With respect to the nanofluids
applications, the nanomaterials tools considered to be the
premium and superior devices because of extraordinary
properties such as their huge potential, low-cost effective
and, similarly, the long-term studies focus on examining
the efficiency of the glass treated with nanotechnology and
other types of traditional glass which have been used to
enhance the indoor environment by reducing the energy
consumption and minimize the cost.? 44147 The obtained
results from work of Abdin’s et al.?® shown that the treated
glass at the nanoscale sizes, in the range 1-100 nm, have
indices of SHGC 0.23, light transmission (LT) 0.42 and
Ultraviolet (UV) 1.55 in contrast with that of other types
of traditional glass with less effectiveness. Through inves-
tigation, the Rayleigh and Mie scattering models have been
adopted to enhance the efficiency of the optical of thermal
properties of the PCM at the nanoscale sizes.!*~1%0 Their
results have shown that the extinction and scattering coeffi-
cients of nanofluids having a critical role by increasing the
volume concentration when they increase and decreases
when decreasing.

NOMENCLATURE
AC Air conditioning
ATC Adaptive thermal comfort models
a, and b, Mie scattering coefficients
a The particle diameter
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ASHRAE 55 Thermal environmental conditions for
human occupancy
D Distance between nanoparticles
EN 15251 Indoor environmental input parameters
for design and assessment of energy per-
formance of buildings addressing indoor
air quality, thermal environment, lighting,
and acoustics.
f, The volume concentration of the nanopar-
ticle in the PCM based nanofluids
HB Hybrid ventilation
HVAC Heating, ventilation, and air-conditioning
system
I The scattered light intensity
I, The light intensity

I,, The light intensity in the opposite
direction

I, The spacing of the nanoparticle inside the
PCM

I, The spectral radiation intensity in one
direction

The extinction coefficient of PCM
k; The extinction coefficient of PCM includ-
ing the nanoparticles
k, The extinction coefficient of the
nanoparticles
A The wavelength
m Dependent constant controlled by dimen-
sionless optical constants
MYV Mechanical ventilation
NV Natural ventilation
PCM Phase-change material
PMV Predictive mean vote equations
PPD Predictive percentage of dissatisfied
Q,, The absorption factor
0., The extinction factor for a single particle
Q,, The scattering factor
Q... The extinction coefficient
Q... The scattering coefficient
RTC Rational thermal comfort models
S The optical path length
T, Outdoor temperature
Neutral temperature
0 The scattering angle
TRMT Running means temperature
x Physical number

Consent to Participate
Consent to participate.

Consent to Publish
Consent to publish.

14

J. Nanofluids, 12, 1-17, 2023



Jastaneyah et al.

Ethical Approval
This article does not contain any studies with animals per-
formed by any of authors.

Conflict of Interest
Has no conflict of interest.

Acknowledgments: The authors acknowledge that this
project was funded by the Deanship of Scientific Research
(DSR), University of Business and Technology, Jeddah
21361, Saudi Arabia.

References and Notes

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

S. Barbhuiya and S. Barbhuiya, Building and Environment 68, 1
(2013).

M. Alwetaishi and A. Balabel, Journal of King Saud University-
Engineering Sciences 31, 224 (2019).

. T. Ashrafian and N. Moazzen, Sustainable Cities and Society 47,

101483 (2019).

. F. Zhang and R. de Dear, Energy and Buildings 86, 233 (2015).
. M. V. Krishna and A. J. Chamkha, Results in Physics 15, 102652

(2019).

. M. V. Krishna and A. J. Chamkha, International Communications

in Heat and Mass Transfer 113, 104494 (2020).

. M. V. Krishna and A. J. Chamkha, Special Topics and Reviews in

Porous Media: An International Journal 10, 245 (2019).

. M. V. Krishna and A. J. Chamkha, Journal of Porous Media 22,

209 (2019).

. M. VeeraKrishna, G. Subba Reddy, and A. J. Chamkha, Physics of

Fluids 30, 023106 (2018).

M. V. Krishna, P. V. S. Anand, and A. J. Chamkha, Special Topics
and Reviews in Porous Media: An International Journal 10, 203
(2019).

M. Veera Krishna and A. J. Chamkha, Physics of Fluids 30, 053101
(2018).

M. V. Krishna, K. Jyothi, and A. J. Chamkha, Journal of Porous
Media 23, 751 (2020).

M. V. Krishna, K. Bharathi, and A. J. Chamkha, Interfacial Phe-
nomena and Heat Transfer 6, 253 (2018).

M. V. Krishna, B. V. Swarnalathamma, and A. J. Chamkha, Special
Topics and Reviews in Porous Media: An International Journal 9,
347 (2018).

M. V. Krishna and A. J. Chamkha, Journal of the Egyptian Math-
ematical Society 28, 1 (2020).

P. O. Fanger, Thermal comfort. Analysis and Applications in Envi-
ronmental Engineering. Thermal Comfort. Analysis and Appli-
cations in Environmental Engineering, Danish Technical Press,
Copenhagen, Denmark (1970), p. 244.

M. Humphreys, F. Nicol, and S. Roaf, Adaptive Thermal Comfort:
Foundations and Analysis, Routledge, London, Britain (2015).

S. Ter Mors, J. L. Hensen, M. G. Loomans, and A. C. Boerstra,
Building and Environment 46, 2454 (2011).

V. Guili, O. Da Pos, and M. De Carli, Building and Environment
56, 335 (2012).

C. Buratti and P. Ricciardi, Building and Environment 44, 674
(2009).

A. K. Mishra and M. Ramgopal, Building and Environment 64, 94
(2013).

7. S. Zomorodian, M. Tahsildoost, and M. Hafezi, Renewable and
Sustainable Energy Reviews 59, 895 (2016).

R. J. De Dear, T. Akimoto, E. A. Arens, G. Brager, C. Candido,
K. W. D. Cheong, B. Li, N. Nishihara, S. C. Sekhar, S. Tanabe,
J. Toftum, H. Zhang, and Y. Zhu, Indoor Air 23, 442 (2013).

24.

25.
26.

27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

N. Djongyang, R. Tchinda, and D. Njomo, Renewable and Sustain-
able Energy Reviews 14, 2626 (2010).

E. Halawa and J. Van Hoof, Energy and Buildings 51, 101 (2012).
J. Khodakarami and N. Nasrollahi, Renewable and Sustainable
Energy Reviews 16, 4071 (2012).

R. Lawrence and C. Keime, Energy and Buildings 130, 651 (2016).
A. R. Abdin, A. R. El Bakery, and M. A. Mohamed, Ain Shams
Engineering Journal 9, 2671 (2018).

R. Yao, B. Li, and J. Liu, Building and Environment 44, 2089
(2009).

P. M. de Carvalho, M. G. da Silva, and J. E. Ramos, Building and
Environment 59, 38 (2013).

A. K. Mishra and M. Ramgopal, Building and Environment 92, 396
(2015).

J. Ge, J. Wu, S. Chen, and J. Wu, Journal of Building Engineering
18, 321 (2018).

J. Kim and R. de Dear, Building and Environment 127, 13 (2018).
M. H. Kiristensen, J. S. Jensen, and P. K. Heiselberg, Energy and
Buildings 138, 26 (2017).

E. Papazoglou, K. P. Moustris, K. S. P. Nikas, P. T. Nastos, and
J. C. Statharas, Energy Procedia 157, 1343 (2019).

P. V. Dorizas, M. N. Assimakopoulos, and M. Santamouris, Envi-
ron. Monit. Assess. 187, 1 (2015).

M. L. Boutet, A. L. Herndndez, and G. J. Jacobo, Renewable
Energy 145, 2463 (2020).

J. Jiang, D. Wang, Y. Liu, Y. Xu, and J. Liu, Building and Envi-
ronment 134, 102 (2018).

A. Zhang, R. Bokel, A. van den Dobbelsteen, Y. Sun, Q. Huang,
and Q. Zhang, Energy and Buildings 139, 371 (2017).

S. Zuhaib, R. Manton, C. Griffin, M. Hajdukiewicz, M. M. Keane,
and J. Goggins, Building and Environment 139, 69 (2018).

A. S. H. Abdallah, Procedia Engineering 121, 1674 (2015).

Y. Allab, M. Pellegrino, X. Guo, E. Nefzaoui, and A. Kindinis,
Energy and Buildings 143, 202 (2017).

V. De Giuli, R. Zecchin, L. Corain, and L. Salmaso, Applied
Ergonomics 45, 1035 (2014).

L. D. Pereira, D. Raimondo, S. P. Corgnati, and M. G. da Silva,
Building and Environment 81, 69 (2014).

R. Duarte, M. da Gléria Gomes, and A. M. Rodrigues, Building
and Environment 124, 118 (2017).

C. Heracleous and A. Michael, Journal of Building Engineering
26, 100917 (2019).

J. Liu, X. Yang, Q. Jiang, J. Qiu, and Y. Liu, Building and Envi-
ronment 158, 73 (2019).

A. Merabtine, C. Maalouf, A. A. W. Hawila, N. Martaj, and
G. Polidori, Building and Environment 145, 62 (2018).

A. K. Mishra, M. T. H. Derks, L. Kooi, M. G. L. C. Loomans, and
H. S. M. Kort, Building and Environment 125, 464 (2017).

D. Mumovic, J. Palmer, M. Davies, M. Orme, I. Ridley,
T. Oreszczyn, C. Judd, R. Critchlow, H. A. Medina, G. Pilmoor,
and C. Pearson, Building and Environment 44, 1466 (2009).

F. Stazi, F. Naspi, G. Ulpiani, and C. Di Perna, Energy and Build-
ings 139, 732 (2017).

S. Vilcekova, L. Meciarova, E. K. Burdova, J. Katunska,
D. Kosicanova, and S. Doroudiani, Building and Environment 120,
29 (2017).

Y. Wang, F. Y. Zhao, J. Kuckelkorn, D. Liu, J. Liu, and J. L. Zhang,
Energy and Buildings 70, 258 (2014).

B. Yang, T. Olofsson, F. Wang, and W. Lu, Building and Environ-
ment 135, 237 (2018).

R. M. Almeida, N. M. Ramos, and V. P. De Freitas, Energy and
Buildings 111, 64 (2016).

W. Koppen, E. Volken, and S. Bronnimann, Meteorologische
Zeitschrift 20, 351 (2011).

M. Kottek, J. Grieser, C. Beck, B. Rudolf, and F. Rubel, Meteorol.
Z. 15, 259 (2006).

J. Nanofluids, 12, 1-17, 2023

15

I 5



A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.
89.

90.

91.

. Z. Salam, S. Shaari, and M. Z. Ramli, Applied Sciences 10, 201
(2020).

E. Z. Conceicao and M. M. J. Licio, Applied Mathematical Mod-
elling 35, 1292 (2011).

F. R. D. A. Alfano, E. Ianniello, and B. I. Palella, Building and
Environment 67, 129 (2013).

S. P. Corgnati, R. Ansaldi, and M. Filippi, Building and Environ-
ment 44, 785 (2009).

E. De Angelis, L. C. Tagliabue, F. R. Cecconi, and A. G. Mainini,
Procedia Engineering 180, 870 (2017).

M. A. Nico, S. Liuzzi, and P. Stefanizzi, Applied Ergonomics 48,
111 (2015).

L. Pistore, F. Cappelletti, P. Romagnoni, and A. Zonta, Energy Pro-
cedia 82, 519 (2015).

S. Aghniaey, T. M. Lawrence, T. N. Sharpton, S. P. Douglass,
T. Oliver, and M. Sutter, Building and Environment 148, 488
(2019).

A. Chokor and I. Srour, Energy Procedia 50, 751 (2014).

M. S. Mustapa, S. A. Zaki, H. B. Rijal, A. Hagishima, and M. S. M.
Ali, Building and Environment 105, 332 (2016).

J. Ishii, A study of the thermal comfort of college students for a
year, 15th Conf. on Biometeorology/Aerobiology and 16th Interna-
tional Congress of Biometeorology (2002).

T. Ashrafian and N. Moazzen, Sustainable Cities and Society 47,
101483 (2019).

R. Lawrence and C. Keime, Energy and Buildings 130, 651 (2016).
A. Montazami, M. Gaterell, F. Nicol, M. Lumley, and C. Thoua,
Building and Environment 111, 61 (2017).

D. Teli, L. Bourikas, P. A. James, and A. S. Bahaj, Procedia Envi-
ronmental Sciences 38, 844 (2017).

Z. Fang, S. Zhang, Y. Cheng, A. M. Fong, M. O. Oladokun, Z. Lin,
and H. Wu, Building and Environment 133, 73 (2018).

M. L. Fong, V. Hanby, R. Greenough, Z. Lin, and Y. Cheng, Build-
ing and Environment 94, 606 (2015).

Y. He, N. Li, J. Peng, W. Zhang, and Y. Li, Energy and Buildings
119, 1 (2016).

S. Jing, Y. Lei, H. Wang, C. Song, and X. Yan, Energy and Build-
ings 202, 109390 (2019).

M. Luo, X. Zhou, Y. Zhu, D. Zhang, and B. Cao, Energy and
Buildings 127, 425 (2016).

C. Heracleous and A. Michael, Climate change and thermal comfort
in educational buildings of Southern Europe: The case of Cyprus
(2017).

M. C. Katafygiotou and D. K. Serghides, Sustainable Cities and
Society 13, 303 (2014).

K. T. Huang, W. P. Huang, T. P. Lin, and R. L. Hwang, Building
and Environment 86, 141 (2015).

H. H. Liang, T. P. Lin, and R. L. Hwang, Applied Energy 94, 355
(2012).

M. S. Kim, Y. Kim, and K. S. Chung, Energy and Buildings 42,
83 (2010).

H. Yun, I. Nam, J. Kim, J. Yang, K. Lee, and J. Sohn, Building
and Environment 75, 182 (2014).

FE. Zhang and R. de Dear, Energy and Buildings 86, 233 (2015).
R. de Dear, J. Kim, C. Candido, and M. Deuble, Building Research
and Information 43, 383 (2015).

A. Martinez-Molina, P. Boarin, I. Tort-Ausina, and J. L. Vivancos,
Building and Environment 117, 248 (2017).

W. Zeiler and G. Boxem, Building and Environment 44, 2308
(2009).

S. Thapa, Energy and Buildings 193, 267 (2019).

M. Trebilcock, J. Soto-Munoz, M. Yanez, and R. Figueroa-San
Martin, Building and Environment 114, 455 (2017).

L. Bortas, ‘Rethinking comfort, WINDSOR Conference, 12—15th
April; NCUAB (2018).

Y. Wang, J. Kuckelkorn, F. Y. Zhao, D. Liu, A. Kirschbaum, and
J. L. Zhang, Building and Environment 89, 86 (2015).

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
10s.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Jastaneyah et al.

A. A. de Paula Xavier and R. Lamberts, Transactions-American
Society of Heating Refrigerating and Air Conditioning Engineers
106, 45 (2000).

L. A. Lopez-Pérez, J. J. Flores-Prieto, and C. Rios-Rojas, Building
and Environment 150, 181 (2019).

S. A. Zaki, S. A. Damiati, H. B. Rijal, A. Hagishima, and A. Abd
Razak, Building and Environment 122, 294 (2017).

0. Karakus, P. A. Howard-Jones, and T. Jay, Procedia-Social and
Behavioral Sciences 174, 1933 (2015).

F. Azizpour, S. Moghimi, E. Salleh, S. Mat, C. H. Lim, and
K. Sopian, Energy and Buildings 64, 317 (2013).

M. Hussin, M. R. Ismail, and M. S. Ahmad, Procedia-Social and
Behavioral Sciences 91, 192 (2013).

M. Puteh, M. H. Ibrahim, M. Adnan, C. N. Che’Ahmad, and N. M.
Noh, Procedia-Social and Behavioral Sciences 46, 1834 (2012).
M. Puteh, M. Adnan, M. H. Ibrahim, N. M. Noh, and C. N.
Che’ Ahmad, Procedia-Social and Behavioral Sciences 116, 285
(2014).

N. Nazarian and J. Kleissl, Building and Environment 95, 75
(2016).

C. Buonocore, R. De Vecchi, V. Scalco, and R. Lamberts, Building
and Environment 156, 233 (2019).

M. L. Costa, M. R. Freire, and A. Kiperstok, Journal of Environ-
mental Management 239, 114 (2019).

S. S. Y. Lau, J. Zhang, and Y. Tao, Building and Environment 148,
579 (2019).

N. H. Wong and S. S. Khoo, Energy and Buildings 35, 337 (2003).
A. K. Mishra and M. Ramgopal, Building and Environment 71, 223
(2014).

A. K. Mishra and M. Ramgopal, Building and Environment 76, 62
(2014).

S. Subhashini and K. Thirumaran, Journal of Building Engineering
18, 395 (2018).

S. Thapa, A. K. Bansal, and G. K. Panda, Building and Environment
109, 25 (2016).

M. K. Nematchoua, P. Ricciardi, and C. Buratti, Sustainable Cities
and Society 41, 666 (2018).

N. Puangmalee, K. Hussaro, V. Boonyayothin, and J. Khedari,
Energy Procedia 79, 480 (2015).

I. Rahmaniar and J. C. P. Putra, Procedia Engineering 170, 280
(2017).

A. D. James and K. Christian, Ghana. Advances in Applied Science
Research 3, 535 (2012).

A. C. Ogbonna and D. J. Harris, Applied Energy 85, 1 (2008).

A. G. Kwok and C. Chun, Solar Energy 74, 245 (2003).

I. I. El-Darwish and R. A. El-Gendy, Alexandria Engineering Jour-
nal 57, 3167 (2018).

R. Afren, M. Benabbas, N. Zemmouri, and D. Djaghrouri, Energy
Procedia 122, 505 (2017).

H. H. Ali and R. Al-Hashlamun, Alexandria Engineering Journal
58, 699 (2019).

M. Alwetaishi and A. Balabel, Journal of King Saud University-
Engineering Sciences 31, 224 (2019).

S. Kumar, M. K. Singh, A. Mathur, J. Mathur, and S. Mathur,
Building and Environment 143, 532 (2018).

M. K. Singh, S. Kumar, R. Ooka, H. B. Rijal, G. Gupta, and
A. Kumar, Building and Environment 128, 287 (2018).

K. E. Al-Rashidi, D. L. Loveday, and N. K. Al-Mutawa, Investigat-
ing the applicability of different thermal comfort models in Kuwait
classrooms operated in hybrid air-conditioning mode. Sustainability
in Energy and Buildings. Springer, Berlin, Heidelberg. pp. 347-355
(2009).

H. Ning, Z. Wang, X. Zhang, and Y. Ji, Building and Environment
99, 161 (2016).

Z. Wang, X. Zhang, H. Ning, and Y. Ji, Procedia Engineering 146,
24 (2016).

16

J. Nanofluids, 12, 1-17, 2023



Jastaneyah et al.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.
134.

13s.

136.

137.
138.

139.

140.

141.
142.

D. Wang, Y. Xu, Y. Liu, Y. Wang, J. Jiang, X. Wang, and J. Liu,
Building and Environment 140, 140 (2018).

B. Cao, Y. Zhu, Q. Ouyang, X. Zhou, and L. Huang, Energy and
Buildings 43, 1051 (2011).

D. Wang, J. Jiang, Y. Liu, Y. Wang, Y. Xu, and J. Liu, Building
and Environment 115, 104 (2017).

D. Teli, M. E Jentsch, and P. A. James, Energy and Buildings 53,
166 (2012).

C. Vallianos, A. Athienitis, and J. Rao, Building and Environment
166, 106405 (2019).

R. Yao, J. Liu, and B. Li, Applied Energy 87, 1015 (2010).

D. Wang, Y. Xu, Y. Liu, Y. Wang, J. Jiang, X. Wang, and J. Liu,
Building and Environment 140, 140 (2018).

M. Puteh, M. H. Ibrahim, M. Adnan, C. N. Che’ Ahmad, and N.
M. Noh, Procedia-Social and Behavioral Sciences 46, 1834 (2012).
C. Buonocore, R. De Vecchi, V. Scalco, and R. Lamberts, Building
and Environment 156, 233 (2019).

P. O. Fanger and J. Toftum, Energy and Buildings 34, 533 (2002).
M. K. Singh, S. Mahapatra, and S. K. Atreya, Applied Energy 88,
2420 (2011).

P. Wargocki and D. P. Wyon, Building and Environment 59, 581
(2013).

T. G. Theodosiou and K. T. Ordoumpozanis, Energy and Buildings
40, 2207 (2008).

J. Van Hoof, Indoor Air 18, 182 (2008).

F. Nicol, ‘Counting the cost of comfort in a changing world,
WINDSOR Conference, 13 April; NCUAB (2014).

G. S. Brager and R. J. De Dear, Energy and Buildings 27, 83
(1998).

B. W. Olesen and K. C. Parsons, Energy and Buildings 34, 537

(2002).
E. Halawa and J. Van Hoof, Energy and Buildings 51, 101 (2012).
S. Carlucci and L. Pagliano, Energy and Buildings 53, 194
(2012).

143.

144.

145.

146.

147.

148.
149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.

A Review Paper on Thermal Comfort in Educational Buildings: Nano-Mechanical and Mathematical Aspects

L. Sylvia, Nanomaterials in Architecture, Interior Architecture,
and Design. BirkhauserVerlag AG, Birkhiuser, Basel, Switzerland
(2008).

C. Vigneshkumar, Discovery 23, 8 (2014).

P. H. Chen, M. S. Kan, and L. M. Chang, Sustainable design for hos-
pitals in Taiwan. Scientific Cooperation’s International Workshops
on Engineering Branches. Koc University, Istanbul (Turkey) (2014).
J. C. Mauro, A. J. Ellison, and L. D. Pye, International Journal of
Applied Glass Science 4, 64 (2013).

R. A. Taylor, P. E. Phelan, T. P. Otanicar, R. Adrian, and R. Prasher,
Nanoscale Research Letters 6, 1 (2011).

P. Cheng, AIAA Journal 4, 238 (1966).

D. Song, Y. Wang, D. Jing, and J. Geng, Int. J. Heat Mass Transfer
96, 430 (2016).

H. X. Lu, F. Q. Wang, D. Li, J. Zhu, and J. Y. Tan, Int. J. Heat
Mass Transfer 128, 668 (2016).

R. Yang, D. Li, W. Wei, and F. Wang, Optik 212, 164664 (2020).

G. Colangelo, E. Favale, A. de Risi, and D. Laforgia, Applied
Energy 97, 828 (2012).

T. Yousefi, F. Veysi, E. Shojaeizadeh, and S. Zinadini, Renewable
Energy 39, 293 (2012).

D. Han, Z. Meng, D. Wu, C. Zhang, and H. Zhu, Nanoscale
Research Letters 6, 1 (2011).

M. Chen, Y. He, J. Zhu, Y. Shuai, B. Jiang, and Y. Huang, Solar
Energy 115, 85 (2015).

Y. Yuan, Z. H. Ruan, X. Huang, Y. Q. Jiang, and H. P. Tan, J.
Catal. 348, 246 (2017).

R. A. Taylor, P. E. Phelan, T. P. Otanicar, R. Adrian, and R. Prasher,
Nanoscale Research Letters 6, 1 (2011).

C. Y. Ma, J. M. Zhao, L. H. Liu, L. Zhang, X. C. Li, and B. C.
Jiang, J. Quant. Spectrosc. Radiat. Transfer 172, 146 (2016).

L. Ma, FE Wang, C. Wang, C. Wang, and J. Tan, Opt. Express 23,
24274 (2015).

Q. Wang, X. Hu, H. Qi, D. Li, and G. Wu, Optik 169, 350 (2018).

J. Nanofluids, 12, 1-17, 2023

17

[



