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Abstract

Uncontrolled solar radiation and the related effects on occupant productivity can lead to considerable indoor
thermal discomfort in office environments. In this paplee,Radiance Daylight Coefficient (DC) methaused

to assess incoming solar radiatiand consequentindoor thermal discomfort through delta mean radiant
temper at ufm ke ( qpdldEexpressing an adjusted predicted mean vote (Adjusted PMV). Under the
conditions of direct solar radiatiothe Adjusted PMV value surpasses the appliligbrange of the standard

PMV in terms of MRT value. To overcome this limitation, the assessment of the effect of incoming shortwave
solar radiatioris expressed in the heat stress index of wet bulb globe temperature (WBGT). This procedure was
tested undr a variety of climatic conditiong (g, Solair temperature) to estimate dissatisfaction in indoor office
environmentgocated in Milan (Italy¥or an occupanpositionedat different distancefsom the fenestratio(0.75

m, 1.25m, and1.75m) and exposed to direct solar radiation (e.g., without shading devidesyonditiorwith

no shading devicavasthen compared with the condition with shaded glazing to test the iropdlae solar
radiationon the indoor thermal stress conditiombe results repogdt h r o u g h allpwiBe&gtimaton of

the heat stress conditions on an annual basise n ¢ WB. Giallyzit is@roposed thahe metric of Annual
Radiation Heat Streg®\RHS) shouldincludecpWB G T aassesthe heat stress spatiadue to the incoming

direct solar radiation.
Keywords
Indoor thermal comfort; Solar radiation; Radiance DC metid8(GT.

Nomenclature
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Adjusted MRT: adjusted mean radiant temperature (°C)

Adjusted PMV: adjusted predicted mean ve)e (
ARHS: annual radiation heat stress (%)

CAV: clothing adjustment value (°C)

Cy: specific heat capacity at constant pressure (J/kg K)
ERF: effective radiant field (W/fh

Esolar: total shortwave solar radiant flux (W#m

ferr: fraction of body exposed tas (-)

hr: radiation heat transfer coefficient (W)

la: thermal insulation index (clo)

im: permeability index+

M: metabolic rate\()

MRT: mean radiant temperature (°C)

PMV: predicted mean vote)(

PPD: predicted percentage of dissatisfied (%)

pv: water vapor pressure (Pa)

RH: relative humidity %)

Ta air temperature (°C)

Te: cooling set point (°C)

Tg: black globe temperature (°C)

Th: heating set point (°C)

Tawb: Natural wet bulb temperature (°C)

Tewb: PSychrometric wet bulb temperatur€j°

Tsol SOlar transmittance)(

U: thermal transmittance (WAK)

v: air speed (m/s)

WBGT: wet bulb globe temperature (°C)

WBGTes: effective wet bulb globe temperature (°C)
WBGT.w: longwave wet bulb globe temperature (°C)

WBGT..r. reference wetbulb globe temperature (°C)
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WBGTsw: shortwaveand longwavevet bulb globe temperature (°C)

x: thethickness of assigned element (m)

Uw: longwave radiation absorptivity)(

Usw: shortwave radiation absorptivity) (

OMRT: delta mean(*€Qadi ant temperature

PPWBGT: delta wet bulb globe temperature (AC)
&: thermal conductivity (W mK)

J: thermal density (kg/f)

} sol reflectance)

1 Introduction

In many parts of the worldumanscommonlyspend most of their life indoors, and thajority of thepopulation

of theworld works in an officelike layoutsetting[1]. As such it is beneficialto better analyze the indoor office
environment, especially thermal comfasthich is known toimpact occupants productivif2] and weltbeing

[3]. Thermal comfort could be expressed as a condition under which th@arseivessatisfaction with the
perceived thrmal environmenf4]. This condition is not only affected by objective quantitative variables, but
also subjective qualitative ones related to the habits of thgl}s&elivering and/or maintaining overall thermal
comfort in a buildings oftena complex task. Multiple environmental parameters (aigtemperature, surface
temperature, relative humiditynean radiant temperatuseind speedand direction) and other geometrical and
physical factor&.g.window location, orientation and dimensigpnscupants clothingyseractivity, position and
mood, have been proven to strgly affect the thermal comfort perception of occupafty. The parameters
directly related to the building users diffger indvidual due todifferentfactors(e.g.age, sex, metabolic rgte
[5].

The first instrumental work in the area of thermal coméord occupants perception was performed by Fanger
(1970)[6]. He introduced an analytical model to estinthegmal comfort perception that combines physiological
parameters with human behavior variables to define the two synthetic comfort indices as the predicted mean vote
(PMV) and the predicted percentage of dissatisfied (RPDyvhich isthe proportion of people dissatisfied with
the thermaktonditions in indooenvironment, considering it too warm or too cpdll. Fanger's thermal comfort
model (PMV model) was based on subjective surveys and rigorous experimentsngnslbjectswearing

different levels of clothing and engaging in different levels of activitp were exposed to different steestate



88  conditions in a controlled indoor environmefihis model is generally applied whéris necessary to estimate
89 the pedicted thermal comfort condition of a mechanically heated, cooled, or ventilated indoor space.
90 However, researchers have found that when this model is applied for a building without mechanical systems, it is
91 inaccuraten predicingt h e o ¢ ¢ u p laisconfart. Theresultsrshowed that PMMitd underestimate the
92  thermal sensation hyp to13% in summer and overestimate itugyto35% in winter within naturally ventilated
93  buildings[8].
94  De Dear and Brager (199$9] have stated that occupants have a positive attitomards adapting to the
95  environmental conditions, whiolvasnot considered during thdevelopment of thMV model. De Dear and
96  Brager proposed an alternative agazh, known as the adaptive comfort model. This approach was based on field
97  experiments and analysis of human acceptability of a thermal environment that considered adaptive behavior,
98  physiological and psychological adjustmej®s Similar approaches have been recalled in ASHRBAR] and
99  EN-16798[10].
100 Among the environmental conditions, ambient temperature and humidity ratio play a decisive role in the
101 occupant so t heveensblar mdatioh dalling ovethe used dody is also one of the most
102 influencing variablethat contribute to shamy the perceived thermal sensation of a user in an indoor §hHce
103 Inthatregard, solar radiatiorequresdeeper analysis and more consideration due to its influentiee onermal
104  perception of feelingwarmet which cansubsequenthh ave negati ve i mpact s[l2on occupfg
105 Therefore, it iSundamendl to considerthe effect of shortwave solar radiationthieo c cupant 6s i ndoor
106  comfort.
107  This research is motivated to provide a nesvspectivein assessing the effect of incoming shortwave solar
108 radiation falling over the occupants aindestimatingtheindoor thermal comforiTo that end,by exploiting its
109 lower sensitivity to strong variations of the adjusted mean radiant temperature (Adjusted MRT) perceived by the
110  user,the possible application of the heat stress index of wet bulb tgomgerature (WBGT) is considered as an
111 alternative for the PMV model
112  Studies using theWBGT approachave assessid the thermalcomfort in an indooenvironment, especially
113  working environments with hot working conditioR®wever, thestudypresented here focusestbe Delta Value
114  approachlts novelty is based on the implementation of a modified version of the WBGT for indoor thermal
115 comfortassessmenevaluatedusinph e Radi anceds Dayl i guapdrametocardidiclimati ent ( D

116 based approaghvhich allowstheinclusion of the shortwave contribution of the solar radiation over the human

117  body.
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Section 2 (Background presentsthe stateof-the-art of the research field framing this stud$ection 3
(Methodology defines the computeraidedsimulationworkflow and describes the procedure ¢atculatingthe
modified version ofWBGT. The descriptiorincludesthe metric Annual Radiation Heat Stress (ARHSpssess
the heat stress spatialjue to the incoming direct solar ratigam. Next, s Section 4(Results and discussipn
presentsthe outcomesof the simulation andheir discussion through graphicse.d, falsecolor plos) and
analytically usinghe proposed metrsd i . e . WBGT, §ewiBnshighliyhtsand diseusssthe main

limitations of the study. Finally, Section 6¢nclusionysummaries the study and the most significant outcomes

2 Background
2.1 The effecs of shortwave solar radiationo n  u pezcepidn of thermal comfort

Uncontrolled direct sotaradiation flux often causes significant visual (egare) and thermal (e gverheating,

cooling load) issuegspecially in buildingsvith unshaded glazing 2]. International standards@s7730[7] and
EN-16798[10], which are mainly based on a geic radiosity approach, do not include shortwave radiation when
calculating comfortHowever, shortwave solar radiation could be the most substantial component of total solar
radiation gathered indoof%3]. Although direct solar radiation is considered in every dynamic simulation, the
analysis of the effect of solar radiatidirectly falling on theoccupant is neglected in different comfort models.

Itis also necessary to underline théew theuncontrolleddirect solar radiation falon the occupastit can also
influencepeakenergy loads, such asincreased energy consumptia@sulting fromtheneed ofusers to mitigate

the perceived thermal conditiday usingbuilding system$14].

Complex human dels have been elaborated and propakatiallow designers and modelers to estimate the

body core and skin temperature of the occupant based on the surrounding thermal environment. Skin temperatures
can then be used to determine local thermal sensatimpat for comfort assessmgh#], [15]. In addition there

are modelselying onequivalent temperatunealuesor advanced thermal comfort mogdike the onepresented

by the University of California Berkeldyl 2], [16], that can be used to predict human comfort in transient, non
uniform thermal environments.

In the case direct solar radiatiofalling on the occupanASHRAE-55[4] introduces two approaches for degli

with this issue when determinirthe thermal comfort conditioffjl7]: (1) the prescriptive approactvhich is

applicable only when specific criteria are met (see Appendix[g])nit asserts that when these conditions arise,

a mean radiant temperature (MRT) increase of 2.8 °C (higher than average air temperature) can be used. (2) the
performance approachased on the work of Arergt al.[12], which calculates Adjusted MRT by summing up

5
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the contributions of the calculated longwave and shortwave.MRiler these conditions, MRT depends on solar

radiation distribution, surrounding context, direct and indirect solar transmittance of the fesrestyatem,

occupant position and posture, body exposure, sun position, irradianceavalgothing absorptivity.

A limitation of the performance approach method is that the incoming direct and diffuse solar radiation considers

a fixed fraction of thesky vault and a projected area of the person exposed to radiation for static sqédarios

The pointin-time results can also lead to an inaccurate understanding of the performance of the fenestration
systems, especially in the caxfesolar shading systems that are sidered to manage solar radiation flux for the

whole yeaf14].

As reported in[14], by applyingthe Radiance rajrace method an®C method, the intensity of total solar
radiation falling on the occupan twibhsthe&moaf prediciagthe be est i
differencesin indoor thermal comfort of occupants.

Zani et al. (2019]17] introducel the Annual Discomfort Radiation index (ARD inde)spatially assess the

discomfort caused by solaadiation This indexshows areas on the floor plan that represents uncomfortable

thermal conditionslt works by mapping the variationdfe | t a mean r adi an[i7],dnegitisper at ur

based on the concept of an annual metric like Daylight Autonomy [L8})

2.2 Comfort conditions assessmentonsidering the shortwave solar radiation

The PMV equation usdeur environmentalariables air temperature @J, mean radiant temperature (MRT), air

speed (v), relative humidity (RH); and two subjective variables: clothing thermal insulation indleand

metabolic rate (M)It predicts thermal sensation ratngf ocapants on the ASHRAE sewvgmint thermal

sensation scalg’]. Based on IS&¥730[7], thesevaluesare required to be within a valid range when computing

PMV, whicha r év: 0.8fito 4 met,d: 0 to 2 clo, F: 10 to 30°C, MRT: 10 to 40 °C, v: 0 to 1 m/sy:F® to 2700

Pa .

The variations between reported and predicted thermal sensation have been attributed to errors in measurements,
which relate to inaccuracies in the input parameters required for calculating PMV, especialbgansinghe

average clothing insulation values and metabolic Etmrs have alsbeen associatedith contextual effects

[19]. ThePMV model is based oaxperimentakenvironments (e.gclimate chamber)that requirea more in

depth studyasstatedby Beizaee et al. (20119]i n compari son to the occupantos
The PMV model is certainly the most widely used and accepted thermal comfort index but needs to be more robust

to increasedts applicability. Extremeconditions (e.g.those where the occupant is under direct solar radiation)
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often cause the PMV rating to go beyond the seu@nt thermal sensation scale (mainly above +3) due to
Adjusted MRT values that exceed the MRT validityganThe interpretation of these results is rather uncertain
since cases of PMV*»3 wer e not descr i bédanoinformationrontheadegeee of @adm mo d e |
perceived). Solving this issue could also enddmnalysisof outdoorenvironmentsvith the same procedure.

The CBE Thermal Comfort Tool includes both ASHRAB and EN16798 for its comfort calculatidi20], [21].

An example is shown in Figure 1 using this tfizll] under EN16798 settings. It displays the calculation for a

time of the yeafor ASHRAE BESTEST in Milar{with ERFvalue 0f91.0W/m?). The valueof MRT, without

the contribution of shortwave solar radiation, is estimated to b&°23 which corresponds to a PMV of ®.

(Figure 1la). Under the same scenario, considering an adjustment in MRT due to solar radiation results in a
condition of Adjusted MRT equal #9.8°C, which corresponds @@PMV of 4.4 (Figure 1b). The PM\ihcreases

3.9 points wherthe shortwave contribidn of solar radiation isonsideredHowever the Adjusted MRT value
surpasses the applicability randee to the fact that it does not comply with the standard; in that reyare,

outcomeis obtainedrom the CBE Thermal Comfort Toal

[a] ’ [b] ’
v Complies %5 X Does not comply %
with EN-16798 ¢ with EN-16798 ¢
PMV = 0.50 2w PMV = 4.4 ?
PPD = 10% £ PPD = 100% 2
15 @ 15 &
Z z
3 b
10 E © 10 E
I Z

5 5

10 12 14 16 18 20 22 24 26 28 30 32 34 360 10 12 14 16 18 20 22 24 26 28 30 32 34 350

Dry-bulb Temperature (°C) Dry-bulb Temperature (°C)

Figure 1 - Example of usinthe CBE Thermal Comfort Tool under EN6798 (visualization with psychrometric chart) to
compare predicted PMV: a) without solar radiation, and b) with solar radiation (under apparent comfortable conditions of

Ta=26 °C, v =01 m/s, RH $0.0%, ki =0.6 clo and M =1 met).

2.3 Evaluation of solar radiation effects under proper heat stress index

The most important aspect of considering shortwave solar radiaticceaseofocal discomfort is related to the
methodology used to assess the caused dissatisfaction. Scenarios with direct solar radigtiatrcécy large
amounts of shortwave radiation and chaagcupant thermal comfort perception are not unusual, and trentu
definition ofthePMV model provides a certain degree of uncertainty in which, for certain climatic conditions and

room locationjt is not possible to adequately assess or rate the thermal environmental perception.
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In this study, solar radiational been introduced as a heat stress phenonteabnan cause dissatisfactifor
occupantdoth indoos and outdocs. To do so, heat stregsexpressed througa suitable indexThe effect of
architectural design on outdoor thermal comfodlsunavodable and t is rare to find tools and methods that

allow the evaluation of thermal comfort for both indoor and outdoor sa2gsThe present studyprovesthe
evaluation of indoor comfotty taking into accouninfluencingoutdoor parameters (e,@irspeed, ventilation,

urban morphology, finishing materials, surface temperature, shortwave solar radiation), which could help to assess
the dissatisfaction caused by shortwave solar radiation and ease the management of indoor discomfort
preliminary aesign stages. The focus of this study isdasiderthe solar radiation thasignificantlyinfluences
theMRT and consequently the comfort conditions.

The environmental thermal aspeonstitutes a relevaigtsue related to human health and vioeling. It comprises

both heatexchange conditions.€. stress) and the physiological resp@@e. strain)[23], [24]. The heat stress
indicesare usefuto understand theffects ofthethermal environmerdn thethermal perceptioof humars[25].
Zamanian tal. (2017)[24] compared differenthermalindices such as Wet bulb globe temperature (WBGT),
Universal thermal climate index (UTCI), Subjective temperature index (STI), Predicted heat stressa(leHS)
Humidex. Moreover, they shared the concerhpmtential risks of working in a hot environmematedto
physiological responses, or strain, such as a change in skin and core body temperature and heart rate. The
association ofhermalindices with some physiological parameters such as blood pressure, pulse rate, and skin
temperature were studied by Zamamet al., and based on the results of linear regression analysis, a significant
correlation was found between skin temperature and WB@&wever the results showed no significant
relationship between physiological response and dtienmal stress indice such as UTCI, PHS, STI, and
Humidex[24].

Therdore, the WBGTwaschoseras a proper heat stress indecausdl) its versatility allowsit to be applied

in both indoor and outdoor comfort analysis; (2) solar radiation is a phenomenon that is firstly sensed by the skin,
and there is a strong link lvegen the WBGT and skin temperature. Consequently, the WBGT allows a more
reasonablassesmentof the thermal dissatisfaction causedtbg contribution of theolar radiation and leads

to defining new ways to control thermal discomfort.

3 Methodology

In this work, the heat stress index of WBGT is implemented to overcome the existing limitations of PMV and

Adjusted PMVin considering the effect of solar radiation. When the outcome of Adjusted PMV is beyond the
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model 6s reliabil it ynitigatethe inspachod extreme dvants. §ise use nfdhe RadianaerDC
method on the Grasshopper platform alldhwscalcultion of the hourly incident solar radiation landing on the
human body. The elaboration of a script on the Grasshopper platform tlledstailed and spatial estimation

of the WBGTaffected by the solar radiation and the comparison with the differemdahetress indices

3.1 The simulation framework

In this Sectionthe workflowis presentedo introduce the Adjusted MRT in thelculationprocedure foithe
WBGT and explain how to postprocess the resulia orderto introduce aspatial andclimate-basedthermal
perceptiorindex The Adjusted MRTpredicsthe variatiorof the heat stress of occupants thuhesolar radiation
across the floor plato be predicte@ndthe totaldiscomfort hour¢o be evaluated

A climatic based workflovis usedto evaluaéthe effect of direct solar radiation on human thermal comfort across
indoor spaces for one yedrhe workflowis based on validatesimulation enginesRadiancefor daylight and
solar radiation analysend Energy Plufor energy analyses through Ladybug Tools, to conduct simulations in
the GrasshoppeenvironmentThis approachepresents an alternative ttte methodof ASHRAE-55 (appendix

C) by calculatingthe WBGT heat stress index

The workflow allows the calculaton of the annual hourly values of total radiatifeg, direct, reflected,and
diffuse)onthehuman body wittheRadi ance DC met hod and, thecbnsezjuente nt | vy,
value of(pWB G The analysizonducted irthe Grasshopper platform allowkse automatizingof the workflow

for multiple annual simulationdt is tested for an occupant placed at different distances from the fenestration and
exposed to direct solar radiatiandcompuesthe degre®f heat stresg an indoor environment.

Based on this procedurae Annual Radiation Heat Stressetric (ARHS), asa modifiedclimatebased indexs
presentedo assess spatially extreme heat stress conditidoseover, he methodologyis tested to provide
information onhow well a fenestration system performs in controllingincoming solar radiatiarin terms of
occupantdthermal comfortand estimating théheat stressaused bythe solar radiation during the year an
office environment

As shown in Figure, the simulation workflowis divided into sixparts In Section 3.1.1, the Rhinoceros scene
and manikin modelingre described Section 31.2 describeghe RadianceDC method. Thanks to this method,
the hourly intensity of solar radiation thattransmittedhroughthe fenestration system and lands on the human
bodyis calculated. Then, Section 3.1.3 briefly explains the Energy Plus simulation to calculate theexiatiemp
relative humidity, surface temperatures, airspaead longwave MRTSection3.1.4 introduceshe procedure to

calculate thedelta mean radiant temperatukalue In Section 3.1.5the calculation of WBGT is described

9
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Finally, Section 3.16 explains the spatial mapping atidt ARHS to assess heat stress due to the incoming direct

solar radiation

Rhinoceros scene and manikin modelling

Scene and

Manikin Radiance Daylight Coefficient method

7(‘

Natural wet bulb temperature

Grasshopper
Energy Plus Simulation
V H Calculation of delta mean radiant temperature
-\%{/ N @ Ratiance P
Rhinoceros Honeybee DC method Calculation of wet bulb globe temperature
:I: Spatial mapping and Annual Radiation Heat Stress
c
2
.§
EnergyPlus B
. 2
g ' H
& A4 v
.<‘.-
:f;‘ Calculation of Al;?n“:':T Calculation of @ Calculation of
E AMRT and WBGT,,
? Adjusted MRT (Bernard) Acclimatization WBGT|
E Metabolic rate
e}
Y 3 .
g H
g geeeeen - ig H
H ——— \y
g Result chortwave Resul Calculati
= s N esult alculation
= analysis b 7| collection of AWBGT
:
L}
G
2
3
El
3 Calculation of
Calculation Esssssssssssssessseees WBGT, Result file ARH_S
of T (Liljegren) mapping

Figure 2 - Simulation workflow for indoor thermal comfort analysis. The six main parts havechestgred and

differentiated wittcolors.

3.1.1 Rhinoceros scene and manikin modelling
Rhinoceros geometry information is created and handled via Grasshopper visual |d@§Ldgeneybeelug-
in within Ladybug toolss used to generatbe input text files for Radiance ariehergy Plus simulations.The

manikinis corstitutedby 133 planarmeshfacesto calculatethe total solar radiation falling osachma ni ki n & s

body.

10
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3.1.2 Radiance DaylightCoefficient method

The DC methodiescribedy Zani etal. (2018 [14] is used in the simulation workflow to compute theoming

solar radiatiorfalling on the manikin. T DC (TwoePhase) methoihcludesthe calculation othe Daylight
Coefficient matrix considering sky conditi@and scene characteristiesyd sky vector (matrixpased on direct

and diffuse solar radiatiomhe next stepafter identifying matricesjs matrix multiplicationto comput the
irradiance valueincident solar radiatiois then calculated for each face mesh of the manikin, for each hour of the

year. This process is repeated for eacanikind kcationin the room scenelescribedaterin chapter 2.

3.1.3 Energy Plussimulation

The geometrical datén Rhinocerods transferredrito an IDF text file The Energy Plus enginis used br the
calculation of the air temperature, relative humidity, surface temperagaumegsongwave MRT in theoom. The
longwave MRT is calculated considering the surface temperatures of walls, glazing surfaces, and the

corresponding view factor for the exact user position. These values are latey caledilate th&VBGT.

3.1.4 Calculation of delta mean radianttemperature

The solar radiation falling over thmanikin, discretized in polygonal patches,then transformeahto the ERF
and shortwavep M R Wwhich reflects the potential increase of MRT causethbgolar radiatiorj12] for a person
exposed to saf radiation in the indoor environmeg(see equationdl) and @)). These measurese both mainly
affected by the solar absorbance of the human skin, and the percerttaggxpbsed surface of the body ahd

incident solar radiation.
[¢]
%2 & —% D

> 24 — (2)

3.1.5 Wet bulb globe temperaturecalculation methods

TheWBGT is defined as a heat stress indnd t isa screening method ftlie presence or absence of heat stress
describedn the 1SO-7243[27]. Thelevel of heat stress is dependenttiba heat transfer betwedime body and
thesurroundingambient environment, the hgabductioninside thehumanbody as a result of physical activity,
and the clothing wornwhich altersthe heaexchange,cl.

Furthermorethe same standafd7] states thathe WBGT is calculated based dhe measuredatural wet bulb
temperature (o) and black globe temperature);Iconsideringlirectsolarradiation, either outdoors or indoors

The weighting of thglobaltemperature is reduced Hye air temperature @; thus, to compute WBGeq. @)

11



296
297

298
299

300
301
302
303
304

305

306
307
308
309
310
311
312
313
314
315
316
317
318

is proposed when onlyne longwavesolarradiation is considered, while ed) can be used when both long and

shortwavesolarradiation are included.

7" 4 X 4 T 4 3)

7" 4 X 4 ®4 T4 4

The @lculation of WBGT iperformedby assumingstandardand fixedwork clothing (k=0.6 clo, ix=0.38)for

an average clothing conditiga7]. To considerthe effect of actual clothing other than standard work clothing in
the calculation of the WBGT, its value candadculated by thelothing adjustment value (CAV). The result is
called Effective wet bulb gbe temperature (WBG#), which is an estimatiorof the heat stress of the actual

clothing used as an equivalent environni@{, and it can be computed according toege(5).

7" 4 7" 4 #1 6 5

The WBGTe valuesarecomputed with eq. (1) or (2), and (3), which are then comparedReithrence WBGT
(WBGTe) values to estimate the heat stress conditiBigure 3shows thathe WBGTer value is compared with
WBGTsvaueand the result wild.l be delta wet bul b gl obe
conditiorsi f WB GT iirswhiphocasédt would &g important to directly mitigate the heat stij@sy;
otherwisethere will bea conditionwithout heat stress.

The WBGTe depends on the concept of acclimatization, which is defined basdtedi®O-7243 [27].
Acclimatizationoccurswhen a person is exposed to hot working conditions for at least seven days before the
analysis period. If this is not the case, the person will benmacclimatizecdcondition.

Figure 3 also shows the relationship between metabolic rate and WB@iith standard work clothing). The
straight line shows thiémit of acceptable heat stress exposure for normal, healthy, acclimatized warkktise
dashed line represents a sustainablel lef/keat stress exposure for normal, healtion-acclimatizedworkers,

where 115 W < M <520 W. For acclimatized peoplg. ©) can be applied, while fatonracclimatizedoeople

eg. (7) isincluded in the standaf@7].

12
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Figure 3 - Examplecomparison ofNBG Tt and reference value limits lilge metabolic ratgeq (6) and (7)are usedo

draw WBGTet linesfrom 1SG7243[27]).

7" 4 v pmwlTC- (6)
7" 4 v pipl T C- 7
Table 1 shows thelassification ofevels of metabolic raténcluding resting, low, moderasndhigh metabolic

rates. In the section of Results, differemitcomesrerendered based dhedefiningWBGT,t values concerning

this classification of levels of metabolic rate.

Tablel - Classification of levels of metabolic rate extracted ff@8] and corresponding WBGvalues othe

acclimatized and nedcclimatized persan

Class M (W) WBGT et (°C) WBGT et (°C)

for acclimatized for non-acclimatized

person person
0: Resting 115 (100 125) 33.00 30.84
1. Low metabolic rate 215(125- 235) 29.88 27.01
2: Moderate metabolic rate 300 (235 360) 27.97 2467
3: High metabolic rate 415 (360 465) 26.59 22.99

ISO-7243[27] set speific requirements for the globe and natural wet bulb thermometer measuremehes for
estimaton ofthe WBGT index following the method presented28]. It is essential to understand if the WBGT
can be calculated from meteorological measuremgtis and if it is possible to exploit the environment

assessment databases available in the literstuvbichthe mentioned parameters are provifzg].
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Bernard and Pourmoghaifi31] compared indoor measurements with calculated longwave wet bulb globe
temperature (WBG(y). Their approach includes all meteorological variables as requirethdYVBGT
calculationandthe uses heat exchangeinciplesand measuremen(of a wetted wick¥or Tnws [30], [31]. The
equations presented in Table 2 ased to calculatthe Towp and notthe WBGT. Unfortunatelytheir approach
does not involve estimating the temperature of the black globe directly exposed to samdragsr theory and
measurements refer mostly to indoor environments. Therefore, this method is not approprédeelate the

WBGTsw, but it would be sitable forthe calculation of th&VBGT.w.

Table2-Ber n ar dethgiricad fermula for Fwb [31].

Criteria Equation Ref. eg.
Tg-Ta>4°C Trwt=Tpwo + 0.25(Ty- T + 0.11- 0.2 (8.1)
Tg 'Ta < 4 OC; anb:prb (82)

V >3m/s

Otherwise Towb=Towb T (0.96 + 0.069l0gV) (FTpwb) (8.3)

In addition Lemke and Kjellstrom30] have simplifiedthe equationdor calculating WBGTw. Theseare

presenteds eq.9.1) and eq.4.2) in Table 3

Table3 - Simplification forthe calculation of WBGiw [30].

Criteria Equation Ref. eg.
V> 3 m/S, -rnwszpwb; Tg:Ta WBGTLW:0.7prb+0.3Ta (91)
0.03m/s<v 3n/s WBGTw=0.67Tpwst0.33T5-0.048logV(E-Tpwb) (9.2)

Liljegren et al[32] usedinstead thédneat exchange principlés calculate fw, and T. Since their equations for

the calculation of th&, involve both thaliffuse anddirectsolarradiation their methods mostlyapplied for clear

as well as cloudy conditions. Additionallihe Liljegren et al. methodhcludes all meteorological variables as
required bythe WBGT calculation They compared the calculated WB&yTand measured WBGBndfound

that the differencewereless than 1 °C for 95.0% of the time, except when the differences were attributed to

equipment issuef30]. This method is preferred for calculatitige WBGTsw. Since Liljegren et al. have not

14



350 compared indoor measurements wilte calculations ofWVBGT.w, their method is not appropriate ftre
351 WBGT.w.

352 A summary of the methodologies used in this research for calculationsWRE&d is presented in Table 4.

353 Table4 - The methodologies used for different calculations of the wet bulb globe temperature.

Index Solar Method  Criteria Air speed Equation
radiation based
WBGT Long + short Lillegren Tg1Ta>4 - WBGTsw=0.7Tnupt+0.2Tg+0.1T,
wave °C
radiation
Only long Bernard T4iTa<4 v>3 WBGTw=0.7Towp+0.3Ta
wave °C m/s
radiation 0.03<vO3 WBGT.w=0.67Tpws*+0.33Ti 0.048logov
m/s (Tal Tpwb)

354 3.1.6 Spatial mapping and Annual Radiation Heat Stress

355 The analysisace(i.e. office spacejs framed with a grid of 0.5 x 0.5 m on the floor plan. The significance of

356 the grid is tddentify areas witlthehighest Annual Radiation Heat Stress (ARHS) percentaigere the manikin

357 is exposed to extreme heat stress conditions (see Figure 4).

358 In this studya similarapproactto theARD index,whichis introduced by Zani et al. (201[)7], is basedon the

359 WBGTvariation ( notandnpMRIARHS, & adopiettd asseds extreme heat stress conditions

360 TheARHS metricis defined as the percentage of yearly-occupiech our s when t he @WBGT is p
361  manikin position(i.e. WBGT abovethe threshold o'WBGT,e). To definethe WGBT, which is the WBGTsw or

362 theWBGT.w, the script refers tthe threshold of 4 °Csee eq(10)). Thet; is defined as each occupied hour in a

363 year (h), andneWBGT, is the hourly value of wet bulb globe temperai(if) for each point othegrid that will

364  be compared with the threshold reference of WBGT for that spécitic

B
B

365 1 2 (3 x/E pENE"' 47" 4 (10)

366 TheARHSmetrici s cal cul ated based on t mappingWa@dutputfhiscanh cr eat
367  be used in the preliminary design stage by designers to show the distributioexif¢nee heat stress conditipns

368  whichwill be usefulto assesdifferent fenestrabn systems.
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Additionally, in orderto compare the differences caused by the effect of distance from the facade and the level of
activity, itwasdecided tacalculatehe number of occupied discomfort hauteven by solar radiatigthat would

occur for each of thiest conditiosi f @WBGT > 0.

3.2 Description of the test case scenario

The modelkeplicateshe ASHRAE BESTESTightweight office spacg33], asit is considered a referender

indoor thermal comfort analysi¥he modelrepresentsn office pace, located in Milaflatitude 45.4642° N,
longitude 9.1900° E)italy. The dimensiors of the office spacare 8m in width, 6m in dept and 3m in height.
The south exposed facaldeldstwo windows with dimensions off@x 3meach(seeFigure 4. Thehourly annual

weatheratawas selectetbr Milano Linate 160800 IGDG from the Energy Plus Weather (EPW) repo$&dty

T ==
| o
| — 80C ‘
..... -] |
\\‘ lllll x ‘ x ||
x
300 \ o | |
R = =500
‘n’ an i | Pos C
L ‘ [ e [ (e = ‘ Pos B
| i - |© ‘ Pos A
P B - - Jﬁi |
= I ile ! ‘ - 15 s
p. W s Tt

Figure 4 - a) Office space configuration witthe analysis grid, and b) key plan with different positiong ofanikin.

The thermal propertiesetfor the elements composing the sotftiting wallarelisted in Table5; all the other

surfacesareconsidered to be adiabatic

Table5 - Exterior wall constructiorelements properties

Element o X U J Cp
Unit W/mK m W/nm?K kg/m? J/kgK
Internal Surface Coefficient - - 8.290 - -
Plaster Board 0.16 0.01 13.33 950 840
Fiber Glass Quilt 0.04 0.07 0.61 12 840
Wood Siding 0.14 0.01 15.56 530 900
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External Surface Coefficient - - 29.30 - -

Overall, air to air - - 0.51 - -

Different alternatives are considered for the analys@derto study the application of the WBGT approach for

this case study with different envelope configurations: (1) the insulated glazing unit (IGU) with0adl (T60),

(2) the solar control glass with a#F0.28 (T28) (3) the standard IGU plus Roller Blind with 0.3 solar
transmittance overall (T60+R). The first two alternatjwege T60 andthe T28, do not present shading systems,

while the third alternativethe T60+R, presemsta dynamic shading system. The rollemtliis simulated as a
translucent panel and it works according to the criteria defined with the sensor placed on the human body at the
distance of 1.25 m from the window f t he @WBGT > 0, t he s h,atderwisgitisont r ol
off. Meawhile, the thermal andadiative properties set fothe window and constructioelementsare
summarizedn Table 6.

Table6 - Thermal and radiativeropertiesof different elements

Element UWmK)  Jsoi(-)  Tsal(-)
Exterior wall 0.51 0.5 -
Floor Adiabatic 0.2 -
Ceiling Adiabatic 0.8 -
Interior wall Adiabatic 0.5 -
Glazing (1) 1.40 - 0.60
Glazing (2) 1.40 - 0.28
Shading - 0.6 -

All the alternativegT60, T28, and T60+R) are simulatbg placing the manikin in three positions of 0.75 m,
1.25 m, and 1.75 m distant from the windimnorderto study the effect of the solar radiation on thermal comfort
related to the distance from the fenestration system

According tatheoffice useinternal loaddensityis defined agquipment (7 W/rf), lighting (12 W/n?) and people

(0.05peoplém?). The schedules of occupancy, equipmant lightingareobtainedaccordinglyfrom thedefault

office schedules dfloneybee plugn, taking into account 8:00 to 18:00 as working hours
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399  The case studwassimulated under mechanically controlled indoor conditions to guarapt@® TC, T=26°C

400  with an ideal system with unlimited power able to instantaneously delivexipected indoor thermal conditions
401  For the simulation, tvasassumed that all windowsereclosed, the amount of infiltrationasset tolow, ~ 0.1

402  each andair speedvasconsideredo be0.1 m/s.

403 Differentmetabolic ratewereconsidered, thosgassified as resting, low metabolic rate, moderate metabolic rate
404  andhigh metabolic rateThe M valuesvereassignediccording tahevalueslistedin Tablel. These valuewere

405  used for simulations dhe occupied discomfort houpercentage, driven by solar radiatiém find the trencbf

406 this percentage against different metabolic valees(increasing from very low to high metabolic ratEpr the

407  standard simulatioralow metabolicrate (e.g 180 W)wassetbased on theffice space.

408 To cal cul at e h o ythelshortwave absdrpiiviwasfixedsfsfR T = 0.67 (approximated value
409 for white skin and average clothind ikewise,the longwave absorptivity  of the human bodwassetto be

410 approximately0.95 The fractionof body surface exposed to radiatidh wassetto be0.696(seated)E is the

411 radiation heat transfer coefficigrwhich wasassumed to be equta 6.012W/m?K, and the orientation of the
412  manikinsweretoward the soutHFinally, to compue WBGT, it wasassumed that the office workaverealways

413 nonacclimatizedn order toaim forthe most unfavorabléndoor thermal perception

414 A comparative analysigasalsoperformed for three specific days to better understand the effect of solar radiation
415 on Adjusted MRT and WBGT (Section4}. The analysisvas performedor the F'to the 3¢ of September,
416 considering the maximum incident radiation (in Milan) thaorsthe 29 of Septembeat 11:0Q this allowed

417  monitoiing of the trend of Adjusted MRT and WBGT withe presence of thiacident solar radiation. These
418 three daysvereselected to examine the sensitivity of WBGT, Adjusted M&Td PMV, with the peak vale of

419 theincident solar radiatioandto better study them for the largest solar radiation chasgriisg these three days

420 4 Results and discussion

421 The resultsfrom the simulationsare broken down intdive sectionsand representexamples ofthe typical
422  outcome obtained fllowing the presentednethodology In Section 41, the annual analysis of indoor thermal
423  comfortis presentedSection 42 presents theesultsof theoccupied discomfort hours percentage, driven by solar
424  radiation Then, Section 43 explainsthe resultsof the ARHS metric In Section 44, a comparison between
425 @WBGT and Ad jspresentedn tits\dsttion, detailednalyss for three dayss alsointroduced to
426  Dbetter study and interpret the presence o$thar radiatioron theAdjusted MRT and WBGTSection 4 presents

427  thepointin-time values ofredictedgdVBGT andAdjusted PMV from the simulatian This part of the study
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allows compason ofthe resultsof the here presentealpproachwith the outcome othe traditional thermal
comfortmodel It should be noted thatlaifferent sectiors of theoutcomesarepresented to show the potential

of applying the proposed method under a variety of settings

4.1 Annual analysis of indoor thermal comfort

I n this section, annual
results for T6(@lazingwith an occupanseated).75m away from the windovand facing the glazed surfadgy
considering the anseeFigure5a) largetvariatianmrefound (gaMédEtween 0 °C to 25

°C). By comparing annugh e at maps of oNREvidan tHat theWaBes Aighlightonly severe

heat stress conditiorfseeFigure % and c) This approach estimates the hourly WBGT values and compares them
to theWBGT,f values considering the correct metabolic |gt® find the heat stress conditions.

The annual map of the Adjusted PMRWigure ®) includes black dashdihe patternsepresentinghe conditions
whenAdjusted PMV values excedtle maximumvalidity range of the PMV scalg> +3). This means thatt is
certain thatheat stressonditionis presentbut the graph desnotcommunicatehis conditionaccuratelypecause

it neglecs thecriticality of the conditionAn n u a | heat maps of Adjusted PMV
of preliminary comparison by qualitative mead¢BGT providesa good estimation of the intensity thfermal

heat stresthroughthe color gradientusead by revealing (i) a less sensitive scale than PMY) a redudion of

possible discomfort hourand (iii) the capability of user adaptation.
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447  For the sake of comparison, additional results are preséigesle6shons t he results of three
448 P MV a nBGT #8\W28 glazing with a occupanseated 0.75 m away from the window and facing the glazed

449  surfaceSmaller variationsimte annual heat maga)werdfourngdRhis soersadeempBredg u r e
450 totheT60 glazingscenariosee Figure 5a)The Figure 6b show thatAdjusted PMVvalueswerebetween zero

451  and three during working hours for the whole year. f#WB G T  waskomstantly zeromeaning that hourly

452  WBGT value dd not surpass the WBGF valueall along the yea(see Figure 6¢)As the PMV, theWBGT is

453  sensitive to the solar transmittance oé thlazing when estimatinghermal discomfort in the indoor office

454  environmentBy comparinghe PMV outcomes between the scenafi68 and T28the glazing with lower solar

455  transmittance valudid not showvalues outsidethe maximumthresholdof thePMV (see Figure 5b and 6tJhe

456  &WGBT maps(Figure 5¢c and 6asserthatrisk of heatstressvasavoidedin theT28 scenarigwhile theextreme

457  heat stress conditiorfmtensily and periodiwerehighlightedin the T60 scenario due the glazingused.
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459  Figure6- Annualhe at maps for T28, 0.75 m from the fa-ade: a) ®@MRT,

460 Asit was foundn the preliminary investigationdescribedn Section 2.2, usinthe CBE Thermal Comfort Tool

461 the PMV valueconsidering direct solar radiatiman beabovethe maximum value of the thermal comfort scale

462 (>+3. The comparison of the annual heat maps of Adj u:
463  highlights that when the PMV exceeds the maximum range of the nnoaielextreme conditio(see Figure 5b)

464 it cannot well represent how warm the condition iscpedby the occupantsOn the other hand, the WBGT

465 approach can be seen as a better option, given that it is not only a less sensitivauinalsrprovidesa good

466 estimation of the heat stress condition taking into account the effte sflar radation.
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4.2 Occupied discomfort hours percentage, driven by solar radiation

The occupieddiscomforthours percentage, driven ltiye presence of theolar radiationfor different glazing
types (T60 and T28), occupant posit®(0.75m, 1.25 m,and 1.75m away from the window) and metabolic
ratesarecompared irFigure 7a (during the working hours) This percentagevascalculatedn accordancevith
the value of WBGT thasurpasesthe limit boundaries oiNVBGT.er, for each of theassumednetabolic rates.
Figure7asummarizeshefindings by countinghe annual hourlgonditionsof heat stress fahe scenario328
and T6((figures7b, c, and d)By assuming amcreasedevel of activityfrom very low(e.g., resting wittM=115
W) to very high activity(e.g., exercising witM=415 W), the risk of heat stresdsorises Snce the body produces
more heatnternally, it experienesa higherbody core temperature. For tlseenarioT60 at 0.75 m away from
the window the difference between tlrecupieddiscomforthourspercentagelriven by solar radiatiofor avery
low andvery high level of activity inside the spaeas35.0%.Due to thegresence oflirect solar radiation, there
wasa strong link between the perceived discomfort conditions and the transmittance of the glazing syiséem. In
caseof T28 at 0.75 m away from the windowhe difference between tloecupieddiscomforthourspercentage
driven by solar radiatiohetweeravery low andvery high level of activitywas halvecanddecreasetb 17.®%.
Figures 7b, ¢, andd presentthe annual distribution of WBGT for threffferent positions 0.7, 1.25m, and
1.75m from the window for thecenariol 60. Moving away from the windovirom 0.75m to 1.75m, a reduction
of the calculate®BGT valuesthatarepositioned above thé&/BGT..s can be seerf-or thescenariol60, 1.75m
away from the windowthe general trendstablished wathat from winter to summethe values of WBGvere
rising from 10 °C until 31 °C. This means that then@asno conditionabove WBGTe lines of 115 W and
consequentlythe occupied discomfort hours percentage, driven by solar radi&diothis metabolic ratevas
zero.In winter, due tothelower altitude of the sun, the manil{for both 0.75 mand 1.25 nfrom the window)
receivel a greateramount ofsolarradiation.Whereasn summerdue to thehigheraltitude of the sun; onlthe
area near the faca@@.75 m from the window)eceivel a high amount afolarradiation.This does not mean that
the manikin far from the window (1.75 rd)d notrepresent ghermal discomfort condition, but it implies that the
influence of direct solar radiatiomasreduced compared to the manikin closer to thedeaw (0.75 myand the

heat sressconditionstill canoccurdepending on other facto(.g., metabolic rajedefinng theWBGTsvalue.
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494 Figure 7 - a) Occupied discomfort hours percentage, driven by solar radiatiod,variation of WBGT during the year for

495  T60:b) 0.75m, c) 1.25m, and d) 1.7%n from the window.
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4.3 Annual Radiation Heat Stress

An example of spatial mapistributionof ARHS s heréby reportedandis useful if it is based on the separation

of manikins.This map show¢he percentage of occupidiéscomforthours thatiswh er e t he @WBGT
than 0°C. This mapwascreated consideringn increase imWB G(E.g., 1 °Cwhichcorrespond$o heat stress,
under some particular conditioa..air temperature, metabolic rate), but it does not give an idea of the magnitude.
Figure8 shows thdalsecolor plots ofARHS Autonomy for two different iteration®ne without shadingT60)

andthe other considering movable rollesshadgT60+R) for typical working hours in Milan(8:00-18:00)

[a] [b]
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21.00<
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| 16.00
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4.00
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Figure 8 - False color plots of Annual Radiation HeBtresswith glazinga) T60, and b) T60+R.

The application of dynamic shading for the case of T6@eRmack according to the criteria defined with the
representativeensot(placed on the human badst the distancef 1.25m from the windowand as described in
the methodology chapter.

Due tothe control strategy applied for tleases of T60+RFigure 8b), lower annual radiation heat stress
percentagesvere observed near the window thanthe case of T60. It is visible from the plots for the case of
T60+R that thee is no area withRHS > 12%because athelower frequencyof heat stressompared to the case
of T60. Thus the case of T60+R da morefavorableperformancén terms of heat stress caused by solar radiation
and a more flexible furniture plan for designing the interior space

The metric ofARHS calculated usingpWB GT can b e farauhstects and designelisecgmpare
different fenestration systemespecially in the preliminary design stage reduce the effect dhe incoming
shortwave solar radiatio In a moreholistic anddetailed analysis, it can integrateboth daylight and energy
simulations to address the tradis between althermal and visual aspedisr designinga more appropate

building envelopeand shading devices systems
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4.4 Comparative analysis of indoor thermal comfort

A comparative analysiswas performed for the sLto the 3 of September to better understand the effedhef

solar radiation odjusted MRT and WBGTThe choice of the three days was made following the distribution

of the change in the WBGT presented in Figtren whichcan be seera peak in heat stress due to the coupled
effects of temperatursplarradiation intensityand solar altitude (and related solar acc&ighificant variations

on the WBGTwerefound,with a considerable hourly fluctuation of the vatiiing the dayand in particulaat

midday. The maximum value éfdjusted MRT for this perio&as51 °C, while the value of WBGT reached up

to R °C, coupled both with an indoor air temperature equal to 286@asidering the distance of 1.25 m from the
window). As expead, in Figure9 it is shown thathe value ofAdjusted MRTwasoften higher than the MRT

For example, on the"2of Septembeat1 2 : 0 0, MR7°C fFiguacbaara b).

Figure 9c also compares the hourly values of Adjusted PNNl(ding the intensity of the shortwave solar
radiation on the occupant) with @WBGT f ormwindolwfer case
the selected analysis period. For the worst conditierthe2" of Septembeat15:0Q for the case of 0.7 away

from the window, the Adjusted PMV reacheal +4 thermal sensation scalehich exceeded the limits dfs

standard sevepoint scale while the WBGTremainedunder the maximum limit (Figure 3Lonsequentlythe

WBGT waswithin the boundaryhresholdswhile theAdjusted PMVWas not The Bernard and Liljegren tags on

the horizontal axis of Figure 9c show the period #eaathof the methodsvasused to estimate the hourly WBGT

value which is @mpara with the WBGT«f or c al c ul doriinstance gh®wRildren methodology
wasused with the presence of solar irradiance during midday, while there are conditions that the Bernard method

wasimplemented due to the absencehafsolar irradiance.
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Figure 9 - a) Comparative analysis of air temperature, MRT, Adjusted MRT, WBGT, and Solar radiation frotdtbel
3 of September, 1.25 m from the window for T60, b) comparative analysis of air temperature, MRT, Adjusted MRT, WBGT,
and Solar radiation from the®tto the 3 of September, 1.25 m from the window for T28, and c) the effect of user distance

from the fa-ade on @WBGTtothadof Beptpmbertfee 0.PMV from t he 1

Thedetailed hourlyresults presented this sectiorshow that the WBG,Tsuch as Adjusted PM\i sensitive to

the position of occupantaiidh e mat er i al 6 s pr op e respéecilsthesotar trarfsrittabice i | di ng
value of the glazingand can be used estimate thédissatisfaction inheindoor office environment

Comparative analysis of indoor thermal comforbvesthat the Adjusted PMV value could be higher than the

maximum acceptable value of PMV for some extreme conditldowever,given that it is a less sensitive index

to huge solar radiation chandgbe heat stress index of WBGT can be seen as a better tppigsesthe direct

solar radiation effecinds, to smooth the out of scale values by limiting their intenSitg time span of hours
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