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THE LOCAL THERMAL COMFORT IMPACT ON WORKING
PRODUCTIVITY LOSSIN NON-RESIDENTIAL BUILDINGS

Abstract

The dissertation is dedicated to the loca therma discomfort impact on
occupants productivity loss. The research was performed in real classroom, during the
winter semester, for moderate climate conditions, involving voluntaries, students of the
Mechanical engineering Faculty of Belgrade. The measurement had been performed for
four weeks, on the different circumstances of thermal comfort conditions which had
been provoked using four different scenarios and various methods. The local thermal
discomfort is valuated using three scientific methods. experimental, statistical and
numerical research. The improved methodology for measuring the physical parameters
of the environment in real conditions was introduced. The local thermal discomfort is
investigated using the key parameters: floor temperature, radiant asymmetry, vertical air
difference and draught intensity. The student’ skin temperature measurements are also
presented, together with the results of therma imaging camera recording used as a

control method.

The various statistical surveys were performed and valuable data regarding
occupants thermal sensations and impact of local thermal comfort on working
performances have been discussed. The statistical survey was conducted on young adult
population, age between 20 and 25, predominantly male and healthy. The novel
questionnaires had been developed, with special reference to the questions regarding
local thermal comfort and occupants productivity loss. The productivity of the students
was evaluated using the novel questionnaires and concentration test developed
especially for this purpose. The productivity results were gathered based on 240 tests
that had been performed.

In numerical part of the survey, the novel models were developed and physical
parameters were simulated using the commercia software for Computational Fluid
Dynamics. The results were gathered for every point within the classroom model. These

simulations can be used in alack of measuring possibilities in similar types of buildings.



The evauation of the local therma comfort parameters was performed through the
amalgamation of measurements, statistical and numerical results. All results have been
synthesized and novel relations were derived, as an additional tool for engineers,
helping in integrated building design phase. The new correlation relations between local
thermal comfort indicators and the level of occupants productivity were developed, so
as the new correlation between the productivity and novel index “TIP" for the
subjective quantification of the impact of thermal comfort on occupants’ productivity

|oss.

The research findings are that the impact of personal factor is of a tremendous
importance concerning the productivity in classrooms. The impact of local thermal
discomfort is significant, but lower than the personal factor. The third dominant factor is
also carbon dioxide concentration, which significantly contributes to the productivity
loss in classrooms, when it is higher than recommended. So far known relations
correlate only PMV index with productivity loss. Through this research, novel TIP
index is developed, representing the students personal evauation of thermal
environment impact on working productivity and concentration loss. The adopted
recommendation of 5% dissatisfied was reconsidered and using the statistical survey, it
was proven through this research that it is possible to have 0% of dissatisfied (obtained
for percent dissatisfied with floor temperature, for overall PMV in classroom 0.29),
concerning the some of the local therma comfort parameters. The local approach
instead of overall, for whole classroom, helps in distinguishing the higher productivity

loss locally, in certain part of the observed space.

Key words. thermal comfort, local thermal discomfort, PMV, PPD, productivity loss,
CFD simulations, productivity tests, indoor environmental quality, thermal imaging,

skin temperature measurements

Scientific field: Mechanical engineering
Scientific sub-filed: Thermomechanics, Thermal science engineering

UDC number: 697.1:536.24:620.9(043.3)



YTHUIAJ JIOKAJIHOI' CTAIBA TOIIVIOTHOTI' KOM®OPA HA
CMABEBE PAJHE CIIOCOBHOCTH Y HECTAMBEHUM 3I'PAJAMA

Pe3ume

Hucepranmja oOyxBaTa pa3Mmarpame yTHI@ja CTamkba JIOKATHOT  TOIUIOTHOT
IuckoM(popa Ha CMameme MPOAYKTUBHOCTH KOPUCHHKA Ipoctopa. McTpakuBame je
CIPOBEJICHO Y PpEaIHUM YCIOBMMA, y YYMOHHMIM, Yy TOKY 3HUMCKOI CeMecTpa, 3a
YMEPEHO-KOHTHHEHTAJIHE KJIMMATCKE YCJIOBe, YKJbydyjyhu mo06poBosbHO yuerthe
cTyaeHata MammuHckor ¢akyntera YHuBep3urera y beorpany. Mepema cy BpiieHa
TOKOM YETHPH HEJleJbe, Y Pa3IMYUTUM YCIOBUMA TOIJIOTHOT KOM(dopa, KOju je BapupaH
y 4YETUPU pa3iuuuTa CLEeHapujd, KopumhemeMm Bullle MeToja. JIOKaJHM TOMJIOTHU
nuckoM@op je OIEHEeH aHAIM30M pe3yliaTata KOju Cy JOOHJeHH KOpUITNeHEM TpH
Hay4YHE METOJIC MCTPAKMBAMA. EKCIIEPUMEHTAJHE, CTATUCTUYKE U HyMEpPHUYKE METOJIe
UCTpaXuBama. YHampeheHa je weroposiordja Mepema (U3MYKUX —Iapamerapa
YHYTpAIlllh€ CpeAMHE Yy pealHUM YycioBuMa. JlokamHM TOMIOTHU JuckoMdop je
pa3MaTpaH Ha OCHOBY aHAJIM3€ BUIIE KJbyYHHUX MapaMeTapa, Kao LITO Cy. TemIeparypa
noja, paJvjaHTHa acUMETpHja, BEpTUKaJIHA TEMIIepaTypcKa pasivka U HHTEH3UTET
npomaje. Pesynratu Mepema TemmepaType MOBpIIMHE KOXE CTyAeHaTa UM CHUMIIH
TEPMOBH3HUjCKOM KaMepoM, KOjH Cy KOpHIINEHH Kao KOHTPOJIHO Mepeme, Cy Takohe

MPE3CHTOBAHHU y paay.

PaznuuuTe cTaTucTHYKE aHaIM3e Cy CIPOBEACHE M 3HAYajHH MOJAIM O YTHCIUMA
KOPUCHHKA O YTHIIA]y JIOKAJTHOT TOIUIOTHOT KOM(opa Ha CMamEHhe paJHe CIIOCOOHOCTH
cy pasmarpaHd. CTaTUCTHYKO MCTPAXKHUBAKE j€ M3BPLICHO HAa MPETEKHO MYIIKO],
3IpaBoj TMOMYyJANKjH, Koja 00yxBara Miaje, oapacie Jjbyne, ctapoctu usmehy 20 u 25
rogauHa. HOBM yUTHHIM Cy pa3BHjeHH, ca TOCEOHOM MaXXHOM YCMEPEHOM Ha MHTamka O
JOKAaJHOM TOIUIOTHOM KoM(opy W yTHLAjy Ha pajJHy CIOCOOHOCT KOPHCHHUKA.
[IpoayKTUBHOCT KOpUCHHKA je OlEemheHa MoMOhy HOBUX YINHTHUKA U TECTOBA
KOHIIGHTpaIlMje KOju Cy pa3BUJEHH Yy OKBHPY HCTpakwBama. Pe3ynratu

MIPOIYKTUBHOCTH KOPUCHUKA Cy oOpalheHu Ha ocHOBY 240 TecToBa KOjU Cy CIIPOBECHHU.
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VY OKBUpPY HYMEPUUKOT JIe]a UCTPAXKHUBAKbA, PA3BUjEHH CY HOBU MOJICJIN U U3BPIICHE
Cy CHMYyJalgje momMohy KoMepuujatHor coTBepa 3a HyMEPHUKY MEXaHMKY (Iynaa.
Pesyntatn cy noOuWjeHHM 3a CBe Tayke y OKBHpY IoOcMmarpaHe 3ampemMuHe. OBakBe
CUMYyJIallMje CE€ MOTY KOPHCTHTH y HEJOCTaTKy MOTYNHOCTH 3a CIpOBOheHE Mepema y

3rpaiama CJIM4YHC TI/IHOJIOFI/Ije 1 HaMCHC.

EBanyanuja mapamerapa JOKaJHOT TOIUIOTHOT KoMQopa je H3BpIICHa CHHTE30M
U3MEPEHUX, CTATUCTHYKAX M HYMEPUYKHX pe3ynrara. CBU pe3ynTaT cy o0jeAMmBeHN U
HOBE peJalrje Cy U3BeJIeHe, Kao IMOMONHO CPEJICTBO HHKEHEpUMa y (ha3u HHTETPaTHOT
npojexToBama 3rpajga. HoBu kopemanmoHu u3pasu usMely HHIUKATOpa JIOKAJIHOT
TOIIJIOTHOT KOM(Opa ¥ HUBOA pajiHE CIIOCOOHOCTH CY Pa3BHjeHHU, Ka0 M HOBA 3aBUCHOCT
n3Mel)y IpoyKTUBHOCTH KOPHCHHKA M HOBOYBEJICHOT WMHIEKca ,, [ 1P*, koju cimyxu 3a
MPOIICHTYaIHy, CYyOjeKTUBHY KBaHTU(HUKAIM]y YTHIaja TOIUIOTHOT KoMmdopa Ha

ryOUTaK MpOAYKTUBHOCTH KOPHCHUKA.

HajBakHHjU 3aKJbYUIIM UCTPAKUBAa Cy [ je YTHIIA] JUYHOT (PaKTopa o1 H3y3€THOT
3Ha4aja 3a MPOAYKTUBHOCT y YyYHOHHUIAMA. YTHIAj JIOKATHOT CTama TOIUIOTHOT
nuckoMdopa je 3HadajaH, ajdu Mamu o1 JudHor ¢akrtopa. Tpehu moMuHaHTHH GakTop
jé KOHIIEHTpalja YIJbeH-IMOKCHIA, KOja 3HAa4ajHO JONPHHOCH CMAamCHY pajHe
CIOCOOHOCTH y YYHMOHMIIAaMa, aKo je BHIIA O]l IpernopydeHe BpeaHocTH. [lo cama
nyOIMKOBaHe penanuje moBe3yjy camo PMV uHIEKC U cMameme paHe CIIOCOOHOCTH.
Y OKkBHUpY OBOT UCTpakuBama, yBeaeH je HoBu TUII uHaeKkc Koju onucyje JIMYHY OIeHY
yTHIIaja TOTUIOTHE CPEMHE Ha paHy CIIOCOOHOCT M T'yOMTaK KOHIIEHTpaIje. Y cBojeHa
npenopyka on 5% He3aJ0BOJbHUX j€ MpEUCNUTaHa KpPO3 CTAaTHCTUYKY aHaIM3y H
nokazaHo je na je moryhe ma moctoju 0% He3amoBoJbHUX (HOOMjEHO 3a TPOIICHAT
HE3aJI0BOJBHUX TEMIIEpATypoM Moja, mpu mpocednoM PMV y yawmonumum ox 0.29),
y3umajyhu y o03up oapehene mapamerpe TormoTHor komdopa. JlokamHu mpuctym
YMECTO TEHEPaJIM30BAaHOT 3a YWUTABY YYMOHMILY, MOMaxe Npu JaepuHHCcamy Behux
ryouraka pagHe CIOCOOHOCTH JIOKANIHO, y ojapeheHMM JenoBuMMa moOCMaTpaHOr

pocTopa.

Kibyune peum: TOIioTHH KomQop, JOKaTHU TOIUIOTHH auckomdbop, PMV, PPD,
ryourak pagne crocoonoctu, CFD cumynanuje, TeCTOBH NPOAYKTUBHOCTH, KBAJIUTET

YHYTpAIlIbe CPEeANHE, CHUMAhEe TEPMOBHU3U]CKOM KAMEPOM, MEPEH-E TEMIIEPaType KOXKe
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CHAPTER 1

“Everyone can reach his goals, if heisableto think,

if heisabletowait, if heisableto fast.”

Hermann Hesse, Sddhartha

“CBako MOJe /1a IOCTUTHE CBOj I[1Jb, aKO YME J]a MUCIIH,
aKo yMe J1a 4yeKa, ako yMe Ja MOCTHU."

Xepman Xece, Cuoapma

1. INTRODUCTION

1.1. Previousliteratur e data analysis about the thesis subject

The literature information analysis, before the thesis subject determination, was
based previously on the review of the different publications (papers, books, standards,
etc), published by the current professional and scientific community, European and
domestic organizations and institutions such as European commission, World health
organization, national and international legislations and a great number of papers

published in national and international journals.

Based on the analysis, the main conclusion is that the sustainable development and
healthy, energy efficient building are not just in a main focus, but they represent the
ultimate demand in future scientific progress, having in mind implementation of the
results in practice, which would lead to the improvement of working conditions,
decreasing the risk of health problems, decreasing green house gasses emission, and
increasing energy savings. Further, in 2011, the Republic of Serbia adopted new
legislation on the energy efficiency certification of buildings[1, 2]. Thisintroduced new
reguirements which demand proof of adequate levels of thermal comfort in buildings by
designing and conducting energy efficiency reports.
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The most important conclusions from the literature survey about this subject can be

summarized as follows;

1. Previous researches indicate that thermal discomfort can reduce the working
performance for about 5to 15 % [3, 4].

2. According to the results of 24 research studies on the air temperature impact on
working productivity in offices [5], it is suggested that the working productivity
is decreased 1% for every 1% temperature reduction regarding to the
temperature for which is reached the equilibrium between the human body and
the environment.

3. Looking at the thermal comfort in school classrooms, the study on the
productivity of pupils, aged 10 and 12, implies that the decrease in temperature
from 24-25 °C to 20°C can improve talkative and calculative performance for
about 2 to 4 % [6].

4. It isimportant to emphasize that those results are based on the experiments that
were performed in laboratories and do not include the results obtained from
occupants personal validation of performances.

5. There are attempts to correlate a thermal discomfort with working performance
reduction trough the PMV and PPD indexes, but there are not studies that
experimentally confirm thisrelation [7, 8].

Exactly those facts, that there are no experimental correlations between thermal

comfort indicators and working productivity loss, indicate a possibility of novel

approach and strong scientific contribution of this doctoral thesis.

1.2. Thesubject of the study

The subject of the study is directly connected to the sustainable development. The
main principle of the sustainable development is energy efficiency of the building, but
not just in the meaning of energy savings and energy consumption reduction, but in the
meaning of minimizing the energy consumption while providing the desirable indoor
environment for occupants. The second part of the definition of sustainable

development takes into consideration not just a therma comfort acquirement, but also
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indoor air quality impact on occupants health and working performance. In accordance
with this definition, it can be concluded that it is possible to discuss about the energy
efficiency in buildings only when the targets regarding indoor environmental quality
(IEQ) and minimized health risks are reached.

IEQ considers the reached level (category) of thermal, air, light, sound and
aesthetical comfort. Thisthesis especialy takes into consideration the thermal comfort.

Having in mind that the subjective thermal sensations are investigated, it is important
to know the impact of the cognitive, physiological and physical processes that
represents the background of the sensations. The fundamentals of heat transfer are used
for describing the mechanism of sensible and latent heat transfer from the environment
to the human, and the opposite way. According to this comprehensive approach in
thermal comfort definition, the generally accepted indicators for thermal comfort
validation are Predicted Percentage Dissatisfied (PPD) and Predicted Mean Vote
(PMV), which are expressed trough the thermal sensation scale from -3 (very cold) to
+3 (very hot) in accordance with 1SO 7730:2005 [9]. Thermal comfort indexes PMV
and PPD, together with the operative temperature, belong to the category of general,
integral indicators defined as unique values for entire indoor space.

It is important to emphasize the main characteristic of PMV and PPD indexes, which
represents the main motivation for this research: when the value PMV=0, and the total
heat balance between the human body and the environment is reached, the Predicted
Percentage Dissatisfied has a value PPD=5, in other words, 5% of the population is not
satisfied with thermal comfort. The question is why 5% of the population is dissatisfied.
Is this the consequence of the physiological characteristics of the individual, or the
consequence of the physical state of the environment, expressed through non-uniform
distribution of the crucia parameters (air temperature, radiant temperature, relative
humidity, air velocity and turbulence intensity)? It is obvious that both factors have an
impact on value PPD=5. The standard methodology considers the “standard person”,
but the problem of the impact of local environment’s physical parameters values on the
percentage of people dissatisfied is emphasized.

The goa of this research is to quantify the impact of local indoor environment
parameters (air temperature, radiant temperature, relative humidity, air velocity and

turbulence intensity) on the level of thermal comfort of non-residential buildings.
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Looking at the local PPD values, it is necessary to obtain additional indicators that
take into a consideration the local physical characteristics of the environment. The local
thermal comfort indicators are also expressed through the percentage of dissatisfied
taken on basis of the scales that presents the local characteristics of draft, radiant
asymmetry, vertical temperature profile and floor temperature.

Also, according to the sustainable development definition and healthy building
concept, the significant part of the research is dedicated to the derivation of correlation
between the local thermal comfort indicators and the percentage of the working
productivity loss.

Opposite to the single family houses, the public spaces, in which there are a
significant number of occupants, are typical buildings in which non-uniform distribution
of thermal comfort indicatorsis present.

Those typical examples are educationa institutions (classrooms, amphitheaters,
laboratories), health institutions (hospital rooms for severa number of occupants),
cultural and religious ingtitutions (theatres, concert halls, churches), congress halls and

restaurants, etc. Exactly these types of buildings are in the focus of this research.

1.3. The purpose of the research

The main goa of this dissertation is to quantify the impacts of loca indoor
environment parameters (air temperature, radiant temperature, relative humidity, air
velocity and turbulence intensity) on the level of thermal comfort in the non-residential
buildings.

A special purpose of this research is to derive the correlation between thermal
comfort state of the environment and the working productivity loss. Furthermore, to do
thisin away that provides the background for technical instructions and guidelines for
the designers, in order to establish and maintain therma comfort conditions into an
integrated sustainable building design approach, already at the conceptua design phase
of the building’s design.
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1.4. Thetasks of theresearch

The concrete tasks of this research were as follows:
To choose the appropriate building for the research.
To define the experimental investigation scope.

To define the experimental investigation program and measurement protocol.

A 0D

To design questionnaires for the occupants survey in situ, during the
measurements.

To process the results of the experiments and the results of the surveys.

To define the mathematical model and numerical simulations.

To find the desired correlations using the comparative methods.

o N o O

To define the technical instructions and guidelines for non-residential building

design in away of establishing the healthy building concept.

1.5. Basic assumptions

The basic assumption is that the loca non-uniform distribution of physica
environmental parameters (air temperature, radiant temperature, relative humidity, air
velocity and turbulence intensity) has a great impact on the values of both genera and
local thermal comfort indicators and that it is directly correlated to the intensity of the

occupants working productivity loss.

1.6. The scientific resear ch methods

In this dissertation the followed methods were used:

a) Experimental methods: In representative space, in defined periods of time, the
measurements of air temperature, relative humidity, radiant temperature, air
velocity and turbulence intensity in characteristic spots of the space were
performed. These results were used in comparative analysis of non-uniform

distribution of indoor environment physical parameters.
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b) Numerical methods: The numerical simulations of the selected spaces, for
defined scenarios were used for heat transfer model quantification and aso to
define the physical parameters of air in spots which were not covered by the
measurements. According to the appropriate models for local thermal comfort
determination, the possible working productivity loss intensity was obtained.

c) Satistical methods: During the measurements, the occupants survey was
performed in order to determine the subjective thermal sensations together with
the results of working productivity loss. According to these results, the empirical
correlations between therma comfort indicators and intensity of the working

productivity loss were obtained.

1.7. The structure of the dissertation

This dissertation is divided into eight chapters.

Chapter 1 is an introduction into the thesis subject, the details about the previous
subject anaysis, the purpose, goals and tasks of the research, the methods and basic

assumptions that were used.

In Chapter 2, the literature analysis is presented, and the most important researches
that have been published previousy, which are connected to the scope of the
dissertation, are discussed. As a base of the research, more than 570 documents were
collected, sorted and the most influential ones were depicted. The impact of indoor
environmental quality and thermal comfort on occupants health and productivity is
discussed.

Chapter 3 describes the literature analysis concerning the working productivity loss.
This part of the survey is separated in an independent section having in mind the

importance of the productivity loss on scope of the thesis.

In Chapter 4, the experimental investigation is presented, with detailed description of
experiment methods, measuring equipment, the observed classroom and the results of
physica parameters that were measured, calculated and discussed. Also, PMV, PPD
indexes and productivity loss (PLOS in further) are presented for the observed
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classroom. The local thermal discomfort is discussed through the measurement of the
key parameters. floor temperature, radiant asymmetry, vertica air difference and
draught intensity. The students skin surface temperature measurements are also
presented, together with the results of the thermal imaging camera recording of the
observed classroom’s thermal envelope and the surface of users' clothing. The results
obtained by the thermal imaging camera recording were used as a control measurement

within each of the scenarios.

In Chapter 5, students' statistical survey is described and the most important results
regarding the local thermal comfort and indoor environmental impacts on students
productivity are discussed. The students subjective evaluation is presented and

commented in correlation with measured thermal comfort parameters.

Chapter 6 provides the mathematical model and CFD simulation results for the
observed classroom. The importance of CFD simulations for buildings in design phase
of the project, as a valuable tool for therma comfort prediction, is pointed out strongly
through the results discusson and model validation. The model validation was

performed using complex error validation methodology.

Chapter 7 represents the amalgamation of measuring, statistics and numerical results.
The significant conclusions were pointed out and correlated through novel equations
and relations that were developed in this research, as an additional tool for engineers

and as a help in integrated building design phase.

Chapter 8 highlights the final conclusions and suggestions for future work.
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CHAPTER 2

“It isagreat strength in aman who is capable
to be silent even he has aright.”

Leo Tolstoy

“Benuka je cHara y oHora 4oBeKa KOju yme
na npehyTu 1 Kajga uMa mpaso.”

Jlag Toncmoj

2.1EQ AND THERMAL COMFORT - LITERATURE REVIEW

According to US EPA Report to Congress, from the year 1989, people were spending
approximately 93% of the time indoors [10]. This information directly brings up the
question of an importance about the Indoor Environmental Quality (IEQ in further) and
its impact on occupants' health. This field of research became one of the important ones
in contemporary science branches about buildings, its design, sustainability and impact
on globa environmental issues. Having in mind the fact that the building sector is one
of the biggest energy consumers, with a share of 26,8% in final energy consumption in
EU-28 in 2013 [11], and that the costs of people in typical office buildings are 100
times higher than energy costs[12], it is essential to understand and implement the main
principles of indoor environmental hedth at the very beginning of the building and
HVAC systems design phase. The most generally accepted definition about health was
constituted by World Health Organization (WHO): “Hedth is a state of complete
physical, mental, and social well-being and not merely the absence of disease or
infirmity.” [13]. The IEQ observation has been increased dramatically in recent decades,
as aresult of increased complaining by occupants about the poor indoor air quality and
two type of diseases have been identified since, such as Sick Building Syndrome (SBS)
and Building-Related Illness (BRI) [13]. SBS defines a numerous health symptoms
which are related to occupancy in sick buildings, such as. mucosal irritation, fatigue,

headache, skin irritation, lower respiratory symptoms, nausea, etc, if the mentioned
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symptoms persist for more than two weeks. All these symptoms were classified by
WHO into four groups [13]:

* Sensory irritation in the eyes, nose, or throat
e Skinirritation
* Neurotoxic symptoms

e Odor and taste complaints.

According to the various studies [14-18] that were performed, regarding risk of SBS
in mechanically and naturally ventilated buildings, it is concluded that the occupants in
buildings with mechanical HVAC systems have a bigger chance to get sick, compared
to the occupants in naturally ventilated buildings or a mechanical ventilation systems
without cooling [18]. Studies also showed the link between SBS and occupants
productivity [19, 20].

There are numerous studies and papers regarding 1AQ and IEQ in naturally and
mechanically ventilated buildings. Some of them are focused on occupants health and
productivity in connection with 1EQ indicators, some on users behavior and its impact
on IAQ and energy consumption, the others describe the ranking of indoor comfort and
gives a different methods and tools for the occupants' ratings and comfort predictions,
some of them study ventilation rates and indoor airflow in a function of occupants and
furniture, the others describes the impact of materials on users health, and some give
the relationship between the indoor air humidity, mold growth and risk of diseases. The
impact of poor ventilation and therma comfort conditions in winter season on
occupants health in non-residential buildings was investigated by Bajc et al. [21].

During the past ten years, the research concerning thermal comfort has been
dramatically increased, with a peak in 2011, when almost 900 documents about thermal
comfort were published [22].

According to Zomorodian et a. [23], there are two main approaches in thermal
comfort modeling: rational (RTC) or static model [23] and adaptive (ATC) [24].
Rationa model includes Fanger's PMV mode [25] which gives decent results in
comparison with actual mean vote of occupants in ar-conditioned buildings, with
passive occupants behavior, such as the office buildings without openings, or schools

in which the thermal preferences of teachers are dominant and in which pupils are not
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allowed to act in order to change the comfort level [23]. The other stream propagates the
adaptive approach which observes the occupants as active participants in a creation of
thermal environment. This approach was firstly proposed in the 1970s [26] and it takes
into account the physiological, psychological and behavioral elements. The ATC model
is based on external temperatures for comfort temperature prediction, and it could be
rather inadequate for classrooms, where the occupants actions are usualy limited,
according to Zomorodian et a. [23]. There are numerous studies about these two

models and very nice review for the last five decadesis given in [23].

The newest studies have observed the thermal comfort conditions in classrooms by
measuring and also using the questionnaires for students. Almeida et a. [27]
investigated the thermal comfort in classrooms in mild climate, in Portugal, on a sample
of children aged 4 years up to the university students. The data from 10 educational
spaces, with 32 measurements, using 490 questionnaires was collected. Stevanovi¢ [28,
29], measured the thermal comfort indices among children 8 and 9 years of age in
primary school in Serbia and defined the turbulence models of air flow in school
buildings. Alfano et a. [30] investigated the PMV and PPD indices in naturally
ventilated classrooms, on a sample of more than 4000 students, between the ages of 11
and 18 years, in Southern Italy, both in summer and winter seasons. All schools were
naturally ventilated, with operable windows. Martinez-Molina et al. [31] researched the
post-occupancy sensations regarding thermal comfort in primary school in Spain,
comparing the teachers and pupils therma comfort subjective evauation. The
significant differences were noted in teachers and pupils thermal sensation votes.
Wang et a. [32] dso investigated the indoor environments in primary and secondary
school classrooms. They conducted the research in China, in 36 classrooms, on sample
of 1126 pupils, in winter conditions. The results showed that the pupils were less
sensitive to temperature changes than it was expected. Trebilcook et a. [33] conducted
astudy on thermal comfort in 12 schoolsin Chile, in winter and spring. The pupils were
9 to 10 years old. The research pointed out the influential correlation between the
thermal sensation votes and the socio-economic background of pupils, coming from
socially vulnerable area of Santiago, who accepted the lower temperature as a
comfortable in winter period. The published results showed that Fanger’s approach for

naturally ventilated buildings in warm climates gives a good agreement with the

10
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subjective votes if appropriate expectancy factor is implemented. Also, the percentage
of dissatisfied was higher when the respondents were questioned directly about the
acceptability, in comparison with the respondents who voted +2 or +3 [30].

According to Zomorodian et a. [23] the investigation of therma comfort in
University buildings in Europe was done only in Portugal in 2014 and in Italy in 2015,
for mid-season and spring. The sample size consisted of 52 and 126 students
respectively. In Portugal, a rational model was used, and in Italy, both the rational and
adaptive ones. The important conclusion was that the Fanger’'s heat balance equation
had to be revised having in mind the nature of its coefficient development and the
limitation of the results obtained in limited experimental investigation [23]. The loca
thermal comfort conditions in classrooms have a big impact on productivity losses and
are very much different in comparison to the average values. This kind of investigation
hasn’t been researched enough for the adults, university students’ level, according to the

available literature.

2.1. Standardsregarding |EQ and thermal comfort
There are numerous standards regarding thermal comfort and indoor environmental

parameters. The most important standards for this research are presented in this chapter.

2.1.1.1SO 7730:2005

International standard 1SO 7730:2005 [9] determines the “methods for predicting
thermal sensations and degree of discomfort of people exposed to moderate thermal
environments’. The scope considers healthy men and women exposed to a desirable
thermal comfort, but with possible moderate deviations. The specia attention should be
taken into account regarding ethnic, national or geographical differences, having in
mind different clothing, habits and climate characteristics. It describes the PMV and
PPD as a function of the activity and clothing. The PPD and PMV indexes express
warm and cold discomfort for the whole body. The limits for the light, mainly sedentary
activity during the winter period are given in standard. The operative temperature would
be between 20°C and 24°C. The vertical air temperature difference between head and
ankle level would be less than 3°C. The relative humidity should be between 30 and
70% [9, 34].

11
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2.1.2. ASHRAE Standard 55

This standard defines the thermal environmental conditions for human occupancy. It
describes the metabolic rate, clothing insulation, air temperature, radiant temperature,
air speed, humidity and position of the measuring equipment. Operative temperature or
PPD, PMV should be measured or calculated at a height of 0.6 m above the floor level
for seated occupants and 1.1 m above the floor level for standing occupants [35].

2.1.3. SRPS EN 15251:2010

Basic criteria for indoor air quality and ventilation rates in non-residential buildings
are given in SRPS EN 15251:2010, trough Method based on person and building
component, Method based on ventilation rate per person or per square meter floor area
and recommended values of carbon dioxide for energy calculation. This standard is
identical to EN15251:2007 [36], and it isvalid in Europe and aso in Republic of Serbia,
according to Institute for Standardization of Serbia. Recommended ventilation rates can

be calculated, according to this standard, using the following equation:

Qtot = Nqp + Aqp (1)

where:

ot IS total ventilation rate of the room [l/4],

nisdesign value for the number of the personsin the room,
gpis ventilation rate for occupancy per person [l/s/pers]

A isroom floor area[m?]

O is ventilation rate for emission from building [I/s/m?].

The ventilation rates for given occupants and building's emissions are given in the
standard as a function of the building category. For category |1, temperature range for
heating is between 20 and 25°C, and recommended airflow per person is 7 |/s/pers and
0,7 I/9m? for low polluting building. Expected percentage of dissatisfied is 20.
Corresponding CO, above outdoors for energy calculation is 500 ppm for category |l as
itisgivenin standard [36].

12
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2.1.4. ASHRAE Standard 62.1

Standard 62.1:2016 [37] gives ventilation criteria for acceptable IAQ when the
mechanical ventilation system is designed. According to this standard, minimum
ventilation outdoor air rate in breathing zone for office space per person is 2.5 |/g/pers,
while the outdoor air rate per areais 0.3 I/Sm?®. Maximal allowed CO, concentration for
offices, according to ASHRAE 62.1:2016 [37] is 700ppm higher than outdoor air level.
Typica CO, concentration level in outdoor air is between 300 and 500 ppm, so
maximal recommended CO, concentration for offices is from 1000 to 1200 ppm, but it
should be emphasized that the CO, concentration level is not the only and the most
representative criteria for IAQ. Besides this, Volatile Organic Compounds aso has an
influence on IAQ. It is important to emphasize that the allowed concentration should

always be determined as the difference between indoor and outdoor concentration [37].

2.1.5.1S0O 8996

ISO Standard 8996:2004 [38] specifies methods for determination of metabolic rate
as a function of ergonomics of the thermal environment in different working climates.
The standard determines the metabolic rate estimation in context of the task
requirements from the following: the body segment involved into work, the workload
from that part of the body, the body posture and the working speed. The overall
metabolic rate for awork cycle can be calculated using equation [38]:

1 n
M :?ZMiti , 2)
i=1

where:

M is the average metabolic rate for the work cycle [W/m?,

M isthe metabolic rate for activity i [W/m?],

tisthe duration of i-activity [min],

T is the duration of the work cycle and represents the sum of the partial durations t;
[min].

According to this standard, metabolic rate can be estimated from the tables given in the

standard, or using heart rate or oxygen consumption.

13



Doctoral dissertation —Tamara S. Bajc

2.2. Thermal comfort indicators - literaturereview

Comfort has been defined as “that condition of mind that expresses satisfaction with
the...environment” [39]. Therma environment can be described with the following

main physical parameters:

* Air temperature

e Mean radiant temperature
* Reativeair speed

e Humidity.

Thermal comfort is aso affected by the personal factors such as:

e Clothing and
» Metabolic heat production.

Besides these factors, it is also necessary that there is no local discomfort, at any part
of the occupant’s body, that is caused by asymmetric thermal radiation, draughts, warm
or cold floors, nor vertical air temperature differences [39]. Temperature is usually the
most important parameter that affects thermal comfort. Change in temperature by three
degrees affects the response on the thermal sensation scale (Table 1.) by about one scale
unit for sedentary persons. The persons who are more active are less sensitive to the

temperature change in the room.

Table 1. ASHRAE thermal sensation scale [39, 40]

Index value Thermal sensation
+3 Hot
+2 Warm
+1 Slightly warm
0 Neutral
1 Slightly cool
2 Cool
3 Cold

The prediction of therma comfort is usually expressed by using PMV and PPD as
the indexes for thermal sensations. The human thermal sensation is usually related to the

thermal balance of a whole body. This balance is affected by the personal parameters,

14
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such as the activity level and clothing, together with the parameters of the environment,
such as mean radiant temperature, air temperature, air velocity and humidity. These
parameters can be calculated or estimated by calculating PMV index. The thermal
discomfort can be estimated by the PPD index, which can be obtained from PMV.
Therma discomfort can be caused by the local factors that affect comfort such as:
draught, radiant temperature asymmetry, vertical air temperature difference and cold or
warm floor.

By the definition given in standard 1SO 7730:2005 [9], the PMV is “an index that
predicts the mean value of the votes of a large group of persons on the 7-point thermal
sensation scale”. This scaleis given in Table 1. The PMV can be calculated using the
following equations [9]:

PMV =[0.303 - exp(—0.036 - M) + 0,028]{(M — W) — 3.05- 1073 -
[5733 —6.99- (M — W) —p,] — 0.42- [(M — W) —58.15] —1.7-107%- M -

(5867 —pg) — 0.0014 - M - (34 —t,) —3.96- 1078 - £, - [(t + 273)* — G
(& +273)*] = for - he - (o — to)},

to = 35.7—0.028- (M — W) — I (4)

{3.96-1078 - f,; - [(te + 273)* — (& + 273)*] + fo - ke

(ta — ta)},
- {2.38- |t — tg]%?° for values > 12.1 - \[v,, )
© 121 fug, for 238ty — 4197 < 12.1- [,
P {1.00 +1.29-1, for I; < 0.078 m2K/W (6)
t711.05 + 0.645 - I, for 1., > 0.078 m*K/W

where

M is metabolic rate [W/m?],

W is the effective mechanical power [W/m?],
1., isthe clothing insulation [m?K/W],

fz1 isthe clothing surface factor,

t, isthe air temperature [°C],

t, isthe mean radiant temperature [°C],

v, iISthereative air velocity [m/g],

pq 1Sthe water vapour partial pressure [Pa],

h. is convective heat transfer coefficient [W/m’K],

15
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t.; isthe clothing surface temperature [°C].
In order to combine the effect of room air temperature and mean radiant temperature,
the term "operative temperature” is enrolled. The equation describing operative

temperature is asfollows [39]:

he

he + h,

he )__ (7)

“t 1-— :
“+( h.+h.) "

t, =

The mean radiant temperature for Testo Globe probe with diameter 15cm and

emissivity 0.95, can be calculated using the equation for natural convection [41]:
0.25
b= [(ty +273)" +04-10% |t, — | (¢, — )| —273. ®

The predicted percentage dissatisfied (PPD), by the 1SO 7730:2005 standard definition,
is "an index that establishes a quantitative prediction of the percentage of thermally
dissatisfied people who feel too cool or too warm". The PPD index is possible to
calculate when the PMV index is already determined, by using the following equation
[9]:

PPD = 100 — 95 - exp(—0.03353 - PMV* — 0.2179 - PMV?). 9)

The distribution of individual thermal sensation votes, according to ISO 7730:2005 is
givenin Table 2.

Table 2. Thedistribution of individual thermal sensation votes and correl ation between
PMV and PPD indexes [9]

Persons predicted to vote [%0]
PMV | PPD

0 ‘ -lor+1 \ -2,-1,+1 or +2
+2 1 75 15 25 | 70
41 [ 25 130 75 9%
405 10 1550 90 | 98
0 | 5 i60! 95 | 100
05 10 i55% 90 | 9%
1 | 25030 75 i 9%
2 {755, 25 | 0

According to 1SO 7730:2005 standard, the PMV and PPD indexes and local
discomfort describe the thermal environment categories and distribute it in three
categories. A, B and C, asitisshownin Table 3.

16
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Table 3. The thermal environment categories [9]

Thermal comfort Local discomfort
cat PD?with | PD with PD with
or . . N

e PV DRI [ AT | SR | ey
[%] (%] [%]

A <6 -0.2<PMV<+0.2 <10 <3 <10 <5

B | <10 | - 05<PMV<+05 | <20 | <5 i <10 | <5

c | <15 | - 0.7<PMV<+0.7 ' <30 <10 | <15 <10

The air movement has a cooling effect, and due to that air speed should be lower than

0.15 m/s. If the air speed is higher, operative temperature should be increased. A

draught rating should stay lower than 15%. The draught is a function of mean air speed,

local air temperature and fluctuation of air speed [39]. Combination of mean air speed,

air temperature and turbulence intensity for draught rating of 15% is adopted from
CIBSE® Guide [39] and shown on Figure 1.

Mean air speed [m/s]

0.7

0.6

=4
(9]
T

e
~
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w
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22

24 26

Air temperature[ °C]

28

Figure 1. Combination of mean air speed, air temperature and turbulence intensity for
draught rating of 15% [39]

The local thermal discomfort is commonly caused by draught. According to Fanger's

! DR — the percentage of people dissatisfied with draught; draught rate
2 PD — the percentage dissatisfied
% CIBSE — The Chartered Institution of Building Service Engineers
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model [42], the draught rate (DR) can be calculated as follows [9]:

0.62

DR = (34 — to;) (T — 0.05) " (0.37 - 7o, - T, + 3.14), (10)

where
tq, isthelocal air temperature [°C],
7,4, Isthelocal mean air velocity [m/s] and
T,, isthelocal turbulence intensity [%].
The other cause of local discomfort can also be the vertical air temperature difference
between head and ankles. The percentage of dissatisfied can be calculated using the

equation [9]:
100
PD = : (11)
1+ exp(5.76 — 0.856 - At, )
where At, ,, [°C] is the temperature difference between the head and ankles.
Thelocal discomfort caused by warm or cold floors can be described as follows:
PD =100 — 94 - exp(—1.387 + 0.118 - ¢t; — 0.0025 - ¢/2), (12)

where t; [°C] isthe floor temperature.

The cause of dissatisfaction can also be the radiant asymmetry, because people are
very sensitive to a temperature difference between warm ceiling or cold walls or
windows, or cold ceilings and warm walls. The percentage dissatisfied caused by the
radiant asymmetry can be calculated using the equationsin Table 4.

Table 4. Percentage dissatisfied caused by radiant asymmetry [9]

" 100
Warmceling  pp = _55 (13)
At,,, < 23°C 1+ exp(2.84 — 0.174 - At,, )
Cool ceiling pp = 100 (14)
At,, < 15°C 1+ exp(9.93 — 0.50 - At,,)

100

Warm wall PD = —35 (15)
At,, < 35°C 1+ exp(3.72 — 0.052 - At,, )
Cool wall PD = 100 (16)
At,, < 15°C 1+ exp(6.61 — 0.345 - At,, )

Relative humidity has a low influence on warmth until the operative temperature is
lower than 26-28°C. Relative humidity in the range between 40 and 70% is generally

18
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acceptable [39]. The International standard SO 7730:2005 [9] allows a bit wider range,
from 30 to 70%.

Thermal comfort is aso influenced by clothing. Clothing provides insulation which
consists of effective resistance of the material and thermal resistance of the air layer that
is located in the gap between the clothing and the skin. Clothing insulation value can be
expressed in clo units 1clo=0.155 m?K/W. The clothing thermal efficiency is possible to

calculate using following equation [40]:

ter— o

FCl = (17)

tsk - to’

wheret,;, t, and tg;, are temperature of clothed body or clothing, operative temperature
and skin temperature respectively. The typical insulation and permeability values for

clothing ensembles are given in Table 5[39].

Table 5. The typical insulation and permeability values for clothing ensembles [40]

Ensemble description I [clo]l | fa | ia
Trousers, short-seeved shirt, briefs/panties, socks and shoes 0.57 | 115 0.36
Trousers, long-seeved shirt, briefs/panties, socks and shoes 061 |120|041

Trousers, long-sleeved shirt, suit jacket, briefs/panties, socks and shoes 096 | 1.23
Trousers, long-seeved shirt, long-sleeved sweater, T-shirt briefs/panties,
socks and shoes

Knee-length skirt, long-sleeved shirt, half dip, panty hose, long-sleeved
sweater, shoes

101 | 1.28

110 | 1.46

For sedentary persons, a chair has also insulating effect that should be taken into a
consideration. The clothing insulation effect is increased for a person sitting on a chair
up to 0.15 clo [40], or even 0.3 clo [39] depending of the chair material and the contact
area between the chair and the body.

Second persona factor that influence thermal comfort is metabolic heat production.
It is directly dependent on the activity. A resting adult produces about 100W of heat,
and the most of that heat is transferred to the environment through the skin. The average
male skin surface area is about 1.8 m? and female is about 1.6 m? The metabolic
activity is usually characterized by per unit area of skin, and for resting person it is 58
W/m?, which is represented as 1 met [40]. Typica metabolic heat generation in a

function of activitiesisgivenin Table6.
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Table 6. Typical metabolic heat generation in afunction of activities [40]

Activity M etabolic activity [met] | Heat generation [W/m2]
Resting seated, quiet 1 60
Resting standing, relaxed 12 70
Officereading, seated 1 55
Officewriting, seated 1 60
Office typing, seated 11 65

The total sensible heat loss form skin can be calculated combining conduction,
convection and radiation heat transfer, described by [40]:

_ tsk—tcl
C+R==—% (18)
C= fclhc(tcl - ta)r (19)
R = fclhr(tcl - Er)r (20)

where

C is convective heat loss [W/m?],

h. is convective heat transfer coefficient [W/m?K],

h, islinear radiative heat transfer coefficient [W/m?K],

fe 1s clothing area factor [-] which is a ratio of area of the clothed body and DuBois
surface area (nude body surface area) Aq/Ap,

R, isthermal resistance of clothed body or clothing [m?K /W],

t, isthe temperature of ambient air [°C] and,

t,- isthe mean temperature[°C].

Sensible heat transfer mechanism includes heat transfer from the skin surface,
through the clothing insulation, to the outer clothing surface and from the outer clothing
surface to the ambient.

Evaporative heat loss from skin depends on the amount of moisture on the skin and
the difference between the water vapor pressure at the skin and in the ambient, and it

can be calculated using following formula[40]:

_ W(psk,s_pa) 21
ESk N Re,cl+1/(fclhe), ( )

where:

E« is evaporative heat loss from skin [W/m?],
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h, is evaporative heat transfer coefficient [W/m?K],

R, . isevaporative heat transfer resistance of clothing layer [m?kPa /W],
w is skin wittedness [-],

Psk,s 1SWater vapor pressure at skin [kPa] and,

Pq 1SWater vapor pressure in ambient air [kPa)].

The total skin heat loss is a measure of thermal environment and can be calculated as

asum of sensible and evaporative heat |oss, as it follows [40]:

_ tsk=to + W(psk,s_pa) (22)
qSk - ’
Rcl"'Ra,cl Re,cl+1/(LRhcfcl)

where R, .; isthermal resistance at outer body (skin or clothing) [m?kPa /W] and,
LR is Lewis ratio which is relation between convective and evaporative heat transfer
coefficients [K/kPd].

According to Fanger [43], a numerous studies showed a correlation between skin
temperature and the thermal sensations. According to this, it was generally accepted that
the skin temperature of 33-34°C, without sweating or shivering, provides physiological
conditions for comfort, which was experimentally confirmed for sedentary activity by
Fanger [25].

Fanger [25] introduced the skin temperature t;, [°C] and sweat secretion E,,, [W/m?]
equations for steady state conditions [43]:

tg = 35.7 — 0.0276 - M, (23)

E,, = 0.42- (M — 58), (24)

where M stands for metabolic rate, and he concluded that preferable skin temperature
for sedentary activity was 34°C.

Luo et al. [44] derived the conclusion that the metabolic rate increase from 0.9 met to
1.5 met indices more than 2°C variation in predicted neutral temperature and around 1.5
unit difference in PMV scale. The metabolic rate is strongly influenced by the air
temperature, mean radiation temperature, air velocity, relative humidity, activity level
and clothing. According to Yang et a. [45] the key temperature which causes the
metabolic rate changes is 24°C. Under this point, from 18-24°C, the metabolic rate
fluctuation is relatively slow, but from 24-33°C this rate is significant.
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Havenith et al. [46] investigated the impact of clothing and activity on PMV
calculation. They pointed out the relevance of the clothing vapour resistance on skin
wetness, and thus the comfort. Further, they showed that metabolic rate measurements
are necessary for more precise comfort determination, and concluded that more accurate
method for metabolic rate estimation is required than it is suggested in 1SO 8996.

The studies [22, 47] also showed the differences between male and female
impressions regarding thermal comfort. Some of the researchers noted that females
express higher dissatisfaction with environmental conditions than males [47]. On the
contrary, Ciuha [48] pointed out in the study that the differences between genders “had
no significant effect on the range of temperatures perceived as thermally comfortable
for different skin regions and overall body”.

The differences in thermal sensations votes between young, adult and elderly people
were discussed in [49].
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CHAPTER 3

“One can't choose the time of the birth, parents neither the country of the origin,
but one can choose how he will act: whether as a good or a bad man.”

Serbian Patriarch Pavlie

“YoBek He MOXke Ja Oupa BpeMe y KoMme he ce poJuTH 1 )KUBETH,

O BbE€ra HE 3aBHUCHU HU O] KOjI/IX poauTEIba, HUTU OO KOI' HApOoda he CC pOAUTH,
aJM O] Hhera 3aBUCH Kako he mocTynaTu y JaTOM BPEMEHY .

I1a JIA Kao 4OBEK MJIM Ka0 He4YOBeK."

Ilampujapx cpncku [lasne

3. WORKING PRODUCTIVITY LOSS- LITERATURE REVIEW

The definition of productivity is given in [50] as “an index ratio of output relative to
input”. In the same literature is also said that poor IEQ may reduce working
performance, in extreme conditions even 100% when employee is absent from work
[50]. The costs of absence and productivity loss due to health problems among workers
in the U.S. between the ages of 16 and 64 years, was estimated at $260 billion per year
[51]. From total sum of economic lost mentioned, the $27 billion goes on the losses
caused by the reduced productivity [51]. The American Productivity Audit, taken by
telephone on a random sample of 28902 U.S. workers stated that 71% of the costs was
explained by reduced performance at work [52]. Hermann M. [53] investigated the
teachers' productivity and absence from work prior to and during the examination
period and found that it is directly connected to the student exam performance in very
negative way. The other studies [54, 55] showed that the performance on work increases
with the increased air quality. Wargocki et al. [55] stated that the increase in moderate
air quality, which corresponds to the 10% of dissatisfied people, can improve the
performance of typical office work by approximately 1.5%. He aso emphasized the

economic benefit from air quality increase, obtained when ventilation rate was higher
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than the minimal value which is recommended according to ventilation standards. They
suggested that an increase of ventilation rate in office buildings by the double leads to
an increase of typing performances by 1.8%, to an increase of addition by 1.5% and to

an increase of proof-reading performances by 2.8% [55].

Kosonen and Tan [54] published that the productivity loss from 0.5 to 2% had an
economic impact as about the same as the annual cost of the total air-conditioning
system. They also noted “that 1% to 2% reduction of the productivity loss is equivalent
to 5% to 10% of the proportion dissatisfied reduction” [54]. In another theoretical study,
Kosonen and Tan [8] investigated the productivity loss in air-conditioned office
building using PMV index. They compared two tasks in office, thinking and typing, and
compared the productivity loss as a function of PMV using the polynomial expression.
They concluded that the productivity of 100% is expected when the air temperature is
20°C and PMV= - 0.21. The key finding was that when the PMV had a value of +0.5,
the productivity loss for thinking was about 12%, and for typing was around 26% [8].
Kosonen and Tan suggested two equations, correlating productivity loss and PMV. The

first one was suggested for the typing activity, for office work, in aform as follows[8]:

y = —60.543 - x® + 198.41 - x°> — 183.75 - x* — 8.1178 - x3 + 50.24 - x? + (25)
32.123 - x + 4.8988,

and the second one was suggested for productivity loss for thinking activity:

y = 1.5928 - x®> — 1.5526 - x* — 10.401 - x> + 19.226 - x?> + 13.389 - x + (26)
1.8763,

wherey stands for productivity loss[%], and x for PMV.

Seppanen et a. [56] investigated the correlation between the room temperature and
office work and concluded that the highest productivity is expected at temperature
around 22°C. In the same paper, they also suggested the equation, correlating the

productivity with room temperature [56].

The recent researches imply that thermal discomfort can reduce the working
performance by 5% to 15% [3, 4]. Li Lan [57] investigated the effect of thermal comfort
changes on occupants' emotions and working performances through neurobehavioral
tests and with “the Profile of mood states’. The tests showed that the performance was
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decreased when the thermal environment deviated from neutral conditions. The
participants felt uncomfortably hot at a high temperature, experienced more negative
moods and gave more effort to maintain the working performance [57]. The other study
from the same author showed that the optimal performance is achieved when people felt
slightly colder, so the author suggested that the PMV range in workplaces should be
between -0.5 and 0 [58]. He established the relation between relative performance and
thermal sensation index for office work, changing the set-up temperature to 22 and
30°C. The observed office had a mechanical ventilation system, with a constant
ventilation rate of 10 I/s. The survey was conducted in the presence of twelve

volunteers.

According to Shaughnessy et al. [59] “there is limited data linking poor IAQ in the
classrooms to student performance”. They investigated the classroom aong with a
ventilation system, varying the ventilation rates from less than 2.25 |/s-person to more
than 4.5 |/s-person. The obtained results were confusing, with not enough sample in
number of people participating, but they were leading to the conclusion that there is
non-linear connection between IAQ and productivity loss. They suggested more
comprehensive studies with complex protocols involving the impact of various

indicators regarding I1AQ, such as volatile compounds, dust and moisture impact, etc.

Wu et a. [60] aso concluded that the optimal working performance correlates with a
“dlightly cool” thermal environment when the human body exergy consumption is
minimal. They also concluded that the optimal thermal comfort in office environment

not necessarily means that the occupants' working performances will al'so be optimal.

The lack of the data regarding productivity loss, gathered through the experimental
research in educational buildings that was conducted on larger sample of students

working in actual thermal environment, was the main impeller for this research.
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CHAPTER 4

“The human is born to work, to stand and to struggle.
Who doesn't act like this is dedicated on failure.”
Nikola Teda

“Yogek je poheH na paau, Tpnu U 1a ce Oopwu.

Ko Tako He ynHM, MOpa nponacTu.”

Huxona Tecna

4. EXPERIMENTAL INVESTIGATION

4.1. Belgrade weather data

The investigation is performed in Belgrade, Serbia. Serbia has a temperate
continental climate, with more or less dominant local characteristics. It is important to
point out that one of the contributions of this research is that the measurements were
done for a temperate continental climate. According to the literature survey, thereis a
very limited data on this kind of investigation for Western Balkan countries, or on the
moderate climate, for naturally ventilated educational buildings.

Average annual air temperature (Figure 2.) in areas with an elevation less than 300m
is 10.9°C [61]. Belgrade has an elevation of 117m and the highest average winter
season temperature in January is 0.4°C due to dominant heat island effect of urban area.
The hottest month is July, with an average monthly temperature between 20 and 22°C.
The lowest temperatures measured in the period from 1961 to 1990 were between
-35.6°C (registered in §enica, Serbia) to -21°C (in Belgrade). The highest temperatures
in this period were between 37.1 and 42.3°C (Figure 3.) [61]. These data are adopted
from Republic Hydrometeorological Service of Serbia.

Through the research in this PhD thesis, the measurements of local outside air
temperature and humidity were taken during the experiments, using Testo 175H1 sensor
with datalogger. The sensor was placed on external wall, in a place hidden from a direct

sunlight, rain and severe weather.
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Figure 2. Average annua temperature deviation for Belgrade in the period from 1888 to
2005. Reference period is from 1961 to 1990 [62]
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Figure 3. Average and absolute maximal monthly temperature for Belgrade. Reference
period isfrom 1971 to 2000 [62]

The outside temperature and relative humidity have been measured during the whole
year and a half, starting from April 2015 until now, but the relevant period for this
investigation was from 16™ of November until 11™ of December 2015. In Scenario 1,
from 16™ of November until 20" of November the average outside temperature
measured was 15.84°C and average relative humidity was 49.7%. During the period in
Scenario 2, from 23 until 27" of November, the average outside temperature measured

was 6.21°C, and average relative humidity was 74.04%. In Scenario 3, from 30™ of
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November until 4" of December, the average outside temperature measured was
11.1°C, and average relative humidity was 61.79%. In Scenario 4, from 7™ until 11" of
December 2015, the average outside temperature measured was 6.36°C, and average
relative humidity was 77.89%. The outside temperature and humidity were measured
and recorded every 5 minutes and the results are shown on Figure 4. for the whole

period of measurement.
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Figure 4. Outside air temperatures and relative humidity for model building measured
every 5 minutes for the period from 16™ of November to 27" of November and from
30™ of November to 11™ of December.

4.2. Building description

The experiments were done in classroom at Automatic control laboratory at Faculty
of Mechanical engineering, University of Belgrade, in period from 16™ of November
until 11" of December 2015. It is very important to emphasize that all the measurements
and research surveys were conducted “live’, in real conditions, during the winter
semester and during the classes, colloquiums and regular teaching activities. The
kindness of the whole Automatic control staff and voluntarism of the students helped to
realize this research.

The building is located in Belgrade, Serbia. The observed classroom (Figure 5) is
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south-east oriented with one external wall, partly beneath ground level, with two
windows and three internal walls. Beneath the floor is sandstone. The south-west
internal wall is a barrier between the classroom and the unheated space. The north-west
internal wall is the wall between the classroom and the corridor, with lower design
temperature (18°C according to the Main mechanical project and Serbian regulation).
The entrance door to the classroom is located in thiswall. The third, south-east oriented

internal wall, is abarrier between the heated office and the classroom.

Figure 5. The monitored classroom with measuring equipment
The thermal characteristics of the construction envelope are givenin Table 7.

Table 7. The thermal characteristics of the construction envelope®

Number Material d[cm] | A [W/mK] | R[mPK/W]
External Wall 1
Indoor 0.125
Lime mortar 3 0.81 0.037
Full brick 45 0.85 0,529
Grout 3 14 0.021
Outdoor 0.043
U=1.325 W/m’K

* Datawere adopted from Main mechanical project for old Faculty of Mechanical engineering building
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Number Material dlem] | A [W/mK] | R[m’K/W]
External Wall beneath ground level 2
Indoor 0.125
Lime mortar 3 0.81 0.037
Full brick 45 0.85 0.529
Grout 3 14 0.021
U=1.306 W/m’K
Internal Wall 1
Indoor 0.125
1 Lime mortar 3 0.81 0.037
Full brick 45 0.85 0.589
Lime mortar 3 0.81 0.037
Indoor 0.125
U=1.095 W/m2K
Internal Wall 2
Indoor 0.125
Lime mortar 3 0.81 0.037
Full brick 29 0.85 0.341
Lime mortar 3 0.81 0.037
Indoor 0.125
U=1.504 W/m’K
Internal Wall 3
Indoor 0.125
Lime mortar 3 0.81 0.037
Full brick 10 0.85 0.118
Lime mortar 3 0.81 0.037
Indoor 0.125
U=2.262 W/m’K
Ceiling
Indoor 0.167
1 Parquet 0.21 0.095
2 Grout 14 0.014
3 Concrete 25 0.93 0.267
4 Grout 2 14 0.014
Indoor 0.167
U=1.382 W/m’K
Floor on ground
Indoor 0.167
1 Linoleum 2 0.19 0.105
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Number Material dlem] | A [W/mK] | R[m’K/W]
2 Grout 2 14 0.014
3 Concrete 38 0.93 0.409
4 Sandstone 10 1.7 0.059
U=1.326 W/m’K
Window — double glazed wooden U=2.30 W/mK
Internal wooden door U=2.30 W/m’K

The classroom is 8.12 m long, 6.34 m wide and 3.3 m high. The total heated areais
51.48 m? and the net volume is 169.9 m>. Each window has an area of 3.63 m?, and the
door areais 3.91 m?. The area of the blackboard on south-west inner wall is 7.6 m?. The

total number of seating places is 30. The classroom plan is shown on Figure 6 and in

Appendix 6.
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Figure 6. The classroom plan

4.3. Heating system description
The heating system in whole building, and observed classroom as well, is designed
according to standard DIN 4701:1959 [63]. The building is in Il climate zone, with

prescribed design temperature for Belgrade -18°C in winter season, according to
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mentioned standard. According to these recommendations, the heat losses were
calculated, and two pipe central heating system was designed. The monitored classroom
has two aluminum radiators “Global Vox 700" with 13 elements each. This is the only
installed mechanical system.

4.4. Experimental set-up

The experiments were performed in order to obtain the data about the following
physical values:

1) The temperatures of the inner surfaces in several measurement points, which are
defined in measurement protocol: all walls, glassing, window frame, floor,
ceiling and heat sources (radiators and additional heaters).

2) The temperatures and relative humidity in several measurement points across the
classroom.

3) Thetemperature of students cheeks.

4) The radiant temperatures in severa measurement points.

5) Theair velocitiesin several measurement points.

6) CO, concentrationsin several measurement points.

7) Thetemperatures, relative humidity and CO, concentrations of outside air.

The measurements were done according to created measurement protocols for four
scenarios.

The scenarios were created in order to gather data in different environmental
conditions and to create a possible model for prediction and evaluation of users
subjective evaluations and working performance. The scenarios are created as follows:

1) Scenario 1: The door and windows were closed during the classes and were
opened during the 15 minutes break between classes. The thermostatic valves on
radiators were closed during the entire Scenario 1.

2) Scenario 2: The door and windows were closed during the classes and were
opened during the 15 minutes break between classes. The thermostatic valves on
radiators were set on value 3 which corresponded to set temperature of 20°C in
the classroom.

3) Scenario 3: The door and windows were closed during the classes and were
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opened during the 15 minutes break between classes. The thermostatic valves on
radiators were set on value 3 which corresponded to set temperature of 20°C in
the classroom. Additional heat sources were brought to the classroom (three
convective heaters model “Vivax Home CH-2004 F’, set to 750 W power each
(from a maximum power of 1500 W)) and were turned on during the classes.

4) Scenario 4: The door and windows were closed during the classes and were
opened during the 15 minutes break between classes. The thermostatic valves on
radiators were closed. Additional heat sources were brought to the classroom
(three convective heaters model “Vivax Home CH-2004 F’, set to 750 W power
each (from a maximum power of 1500 W)) and were turned on during the
classes.

The performed measurement can be classified in three groups, according to the
duration and ASHRAE Guideline 14-2002 [64]:
*  spot measurement
* short-term measurements
* long-term measurements
Spot measurements are classified as measurements taken briefly, in a period shorter
than one hour. The instruments are portable or hand-held and are not left in situ, but
data was collected in current conditions. This method was usually used to determine
actual conditions and was also used as input data for computational simulations. This
type of measurement was used for measuring the temperature of classroom envelope
with infrared hand-held piston and therma camera, and aso for students cheeks
temperature measurements with infrared thermometer. The students' cheeks temperature
measurements were performed each day, immediately after the subjective statistical
survey, only for students that voluntarily wanted to participate in this kind of
experiment. The thermal camera photo shooting was performed during the survey of the
students. The measuring of the classroom envel ope temperature with infrared hand-held
piston was performed each day, at the end of the measurements, respectively at the end
of the classes.

Short-term measurements were performed with instruments which were temporarily
installed for the short-term periods of time such as one whole day, or few days up to six
months. This kind of measurement was used for air temperature, relative humidity,
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radiant temperature, CO, concentration and air velocity in classroom. Those physical
values were measured during the classes every day for each scenario and were gathered
at the end of the each day.

Long-term measurements are usually performed during the period of six months and
longer, with permanently installed instruments. This type of measurement was used to
gather data on outdoor air temperature and humidity in situ. The outer data logger was
placed on north-west outer wall of the building, hidden from the direct sunlight and rain.
The values were gathered for the whole year, starting from 17" of April 2015 until 17"

of April 2016. The values recorded in research period are previously shown on Figure 4.

4.5. Measuring equipment description

The used equipment was calibrated in certified laboratory of Vinca Institute of
Nuclear Sciences, Serbia. The measuring instruments characteristics are shown in
Table 8.

Table 8. Characteristics of measuring instruments

I nstrument Mlezzries M easuring range Accuracy
parameter
' Hot wire probe: : :
Do ; ; : 0-20 m/s, + +£(0.03 m/s +5% of mv), £0.3 °C
Testo43s L Airvelocity, ar & 5 154700, | (-20t0+70°C)
| temperature ! :
E IAQ (CO : 1 #(75 ppm CO, +3% of mv) (0 to
E hurmidiit 2 i 0t0+10000 ppm CO,, 0to | +5000 ppm CO,) *(150 ppm CO,
Testo 435 tem era}t/L,Jre and 1 +100 %RH, 0to +50 °C, ! #5% of mv), %RH (+2 to +98
abS(l; Ute pressure) ! +600 to +1150 hPa i %RH), +0.3 °C +2, (+5001 to
| P | | +10000 ppm CO,) +10 hPa
' Degree of !
| turbulence: air ! o ! +(0.03 m/s +4% of m.v.) (Oto +5
Test0 445 1\ qocity, air | 0t0+5m/5,010+50°C 1 Ly "10.3°C (010 +50 °C)
| temperature !
Z : ! +(75 ppm CO, +3% of m.v.) (0 to
: . 1 0...+1V0l.%CO,, ! +5000 ppm CO,) +(150 ppm CO,
Tesodds | AmbientCO; i 4 +10000ppmCO, | +5% of m.v.) (+5001 0 +10000
] ] . ppm COy)
Testo 445 - : . : :
globe probe ! 'Zan?a}err];ture { Oto+120°C | Class1
(D=150mm) | P : :
i Temperatureand  © -20to +70 °C, 0 to 100 1 £0.5°C (-20t0 +70 °C),
Testo 174H 4 1 midiity ' o%rH | +3 %RH (2 to 98 %RH)
i Temperatureand  © -20to +55 °C, 0to 100 1 #0.4 °C (-20to +55 °C),
Testo L78HL 1 ity ' orH | +2 %RH (2 t0 98 %RH) at +25 °C
Test0830-T2 | Temperatre | 5010 +500 °C | £05°C of reading at rated
: : + temperature 22°C
FLIR E40bx : Temperature 1 -20°C to 120°C 1 +2°C or +2% of reading
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4.6. Physical parameter s measur ement

Outside air temperature and humidity were measured every day, as given on Figure
4, as it was explained previously. The average values for each scenario are presented in
Table 9.

Table 9. Average outside air temperature and humidity

Scenario tout [°C] RH ot [%0]
1 15.84 49.70
2 | 621 | 7404
3 | 1110 | 6179
4 | 636 . 7789

During the Scenario 1, the outside temperature was significantly higher than in other
scenarios (Table 9), and it was sunny also, which caused higher surfaces temperatures,
especially the window glasses temperatures.

The inner surfaces temperatures of the classroom envelope were measured using
hand-held infrared piston Testo 830-T2 calibrated in Vinca laboratory. Each surface

temperature (Figure 7) was measured on five spots, in every corner and in the middle,

and was averaged.
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Figure 7. Surface positions and labeling
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The measurements were conducted every day, after the survey of the students. The
values were averaged for each scenario and given in Table 10. The results from each
day, and each scenario are given in Appendix 1. These values were used for calculations
of percentage dissatisfied with floor temperature and radiant asymmetry and were used
astheinitial conditions for CFD simulations.

Table 10. The temperatures of the classroom envel ope surfaces

Surface Scenario 1 Scenario 2 Scenario 3 Scenario 4
Glass 1 23.84 : 18.95 ] 2228 194
Glass2 | 2394 | 1000 | 2268 | 1942
walll | 2274 1 2195 | 2300 | 2232
wal12 | 284 | 2178 | 2208 | 2230
wal13 | 2262 | 2183 | 2298 | 2234
wal2 | 2348 | 2310 | 2432 | 2372
wals | 2354 | 2315 . 2408 | 2394
wal4 | 2300 | 2298 | 2378 | 2326
Foor | 236 | 2155 | 2198 . 2164
Celing | 2386 | 2443 | 2514 | 2544
Radiator1 | 260 | 278 | 2478 | 2902
Radiator 2 | 2282 | 3005 | 2630 | 2300
Blackboard | 2350 | 2335 | 2436 | 2378
Door | 2334 | 2285 | 2398 | 2356

The indoor air temperature and humidity were measured and logged in 34 spots all
over the classroom and they were classified in 3 groups according to the height on
which the loggers were placed. The positions of these loggers are marked on Figure 8.
Fifteen loggers were placed on one foot of the each table, 10 cm above the floor level,
the other fifteen loggers were placed in the middle, on the bottom side of the tables,
cca.60 cm above the floor level. Four loggers were placed in four corners of the
classroom 1.6 m above the floor level (they are marked as T1, T2, T3 and T4 on Figure
8). The measured data were collected on Fridays, at the end of each scenario. These
values were etaloned for each logger and averaged for every position from Monday to

Friday, for every scenario and they are shown in Tables 11-14.
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Besides the indoor and outdoor air temperatures and humidity, the indoor CO,

concentrations were also measured in different spots every day and were averaged for

every scenario and student’s position. They are presented in tables mentioned before.

The outside CO, concentration was about 450 ppm in al scenarios. The precise values

are given in Appendix 2.

The indoor CO, concentration was measured from Monday to Friday on two

measuring spots in classroom, using two probes, one on the easel beside the black globe
and the other one behind the seats P5.3 and P5.4. Probe beside the black globe (the

black globe varied from place M0O1 to MO5, as it is shown on Figure 9) was adopted as

the referent one, and the other CO, probe was used as a control one.
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The values were distributed in the five fields mentioned before, and were averaged

for every student’s position in each field. Every Monday, black globe was placed on the
position MO1, on Tuesdays on the position M02, etc. Also, the same easel for black

globe probe carried also the equipment for velocity, air temperature, relative humidity

measurements and IAQ probe. The black globe probe was used for measuring the globe

temperature and the radiant temperature calculation, which is one of the main physical

parameters concerning thermal environment. One of the varied easel positions is shown

on Figure 10.
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Figure 10. The easdl position M05 with black globe, IAQ and HOT wire probe.

In the third and fourth scenario, additional electrical heaters were installed in
classroom. The heaters were placed on three school tables (73 cm above the floor level)
behind the students' back in order to provoke alocal thermal discomfort, precisely the
radiant asymmetry and vertical temperature difference and to investigate the students
satisfaction or dissatisfaction caused by a temperature difference and its impact on
productivity loss (Figure 11).
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Figure 11. Additional electrical heaters with hot wire and turbulent probe instruments

According to the experiment protocol, the hot wire and turbulent probe were placed
near the windows in scenario 1 and 2 (Figure 12A), and 0.5 m in front of the electrical
heatersin scenarios 3 and 4 (Figure 12B).

Figure 12. Hot wire and turbulent probe position for A) Scenarios 1 and 2 B) Scenarios
3and 4

The averaged and filtered measured values of physical parameters. the air
temperature on various heights (0.1, 0.6, 1.1, and 1.6 m), radiant temperature, relative
humidity and CO, concentrations were measured according to the measurement
protocols and are given in Tables 11 to 14. Radiant temperature was calculated
indirectly, using measured temperature of a globe probe.
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Table 11. Averaged values of physical parameters measured for Scenario 1

" t t t t t RH1L  RH2 _ RH3
Postion ©Oim)  (06m) (1im) (L6m) (@im (©im) (©6m) (6m)  C©
°c oc oc oc oc % % % ppm
PL1 | 2248 | 2272 | 2403 | 2207 | 2288 | 4710 | 4243 | 3747 | 1027
Pl2 | 2248 | 2272 | 2403 | 2207 | 288 | 4710 | w243 Taii7 | 1027
P13 | 2301 | 2311 | 2403 | 2320 | 2088 | 4194 | 4L75 | 3747 | 1027
P14 | 2301 | 2311 | 2446 | 2320 | 2426 | Alo4 | ai7s | 62 | isis
P15 | 2275 | 2099 | 2446 | 2323 | 2426 | 4376 | 4213 | 3562 | 1818
PL6 | 2275 | 2299 | 2446 | 2323 | 2426 | 4376 | 4213 | 3562 | 1818
P21 | 2229 | 2093 | 2403 | 2357 | o288 | 4695 | al73 | 3747 | 1027
P22 | 2229 | 2093 | 2403 | 2357 | 2088 | 4695 | 4173 | 3747 | 1027
P23 | 2310 | 2366 | 2204 | 2421 | 2342 | 4251 | 4222 | 3747 | 809
P24 | 2310 | 2366 | 2004 | 2421 | 2342 | 42l | 4225 | ase2 | 809
P25 | 2201 | 2371 | 2446 | 2451 | 2426 | 4187 | 4210 | 3562 | 1818
P26 | 2201 | 2371 | 2446 | 2451 | 2426 | Als7 | 4210 | 62 | 1818
P31 | 2249 | 2343 | 2403 | 2437 | 2288 | 449 | 4L27 | 3747 | 1027
P32 | 2249 | 2343 | 2403 | 2437 | 2288 | 449 | 4L27 | 3747 | 1027
P33 | 2318 | 2387 | 2004 | 2457 | 2342 | 4177 | 4020 | 3747 | 809
P34 | 2318 | 2387 | 2004 | 2457 | 2342 | 4L77 | 4020 | 3562 | 809
P35 | 2301 | 2326 | 2446 | 2350 | 2426 | 4143 | 4186 | 3562 | 1818
P36 | 2301 | 2326 | 2446 | 2350 | 2426 | 4la3 | alee | 62 | i8is
Pal | 2248 | 2326 | 2469 | 2403 | 2445 | 4490 | 4186 | 37.06 | 1676
Pap | 2248 | 2326 | 2469 | 2403 | 2445 | 4490 | alee | 3706 | 1676
Pa3 | 2312 | 2384 | 2004 | 2456 | 2342 | 4064 | 3945 | 37.06 | 809
Pa4 | 2312 | 2384 | 2004 | 2456 | 2342 | 4064 | 3945 | 3538 | 809
Pa5 | 2288 | 2413 | 2485 | 2537 | 248> | Al4s | 3986 | 3538 | 1711
Pa6 | 2288 | 2413 | 2485 | 2537 | 2482 | 4145 | 3956 | 3538 | 1711
P51 | 2237 | 2326 | 2469 | 2415 | 2445 | 4440 | 3987 | 3706 | 1676
P52 | 2237 | 2326 | 2469 | 2415 | 2445 | 4440 | 3987 | 3706 | 1676
P53 | 2308 | 2368 | 2469 | 2428 | 2445 | 4030 | 3901 | 3706 | 1676
P54 | 2308 | 2368 | 2485 | 2428 | 2482 | 4030 | 3901 | 3538 | 1711
P55 | 2320 | 2360 | 2485 | 2400 | 2482 | 4128 | 4098 | 3538 | 1711
P56 | 2320 | 2360 | 2485 | 2400 | 2482 | 4128 | 4098 | 3538 | 1711
Average 2282 2343 2416 2404 2390 | 4302 4110 3633 | 130
Table 12. Averaged values of physical parameters measured for Scenario 2
N t t t t t RH1L  RH2  RH3
Position ©Oim)  (06m) (1im) (L6m) (@im ©im) (©6m) (6m)  C©
PLL
P12
P13
PL4
PL5
PL6
P2.1
P2.2
P23
P2.4
P2.5
P2.6
P31
P32
P33
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RH2 RH3
(0.6m) (1.6m)

% % ppm
3411 | 39.99 1086

Position
index

P3.4
P3.5
P3.6

P4.1
P4.2
P4.3

P4.4

P4.5
P4.6
P5.1

P5.2
P5.3
P5.4

P5.5

P5.6
Aver age

Table 13. Averaged values of physical parameters measured for Scenario 3

ta ta tas tas trag RH1 RH2 RH3 CO,

Pi?%téi” ©im)  (06m) (LIm) (1L6m) (L1m) (0.1m) (0.6m)  (16m)  IAQ

P11
P1.2

P1.3

P1.4
P15

P1.6
P2.1
pP2.2

P2.3
P2.4

P25

P2.6
P3.1

P3.2
P3.3
P3.4

P3.5
P3.6

P4.1
P4.2
P4.3

P4.4
P4.5

P4.6

P5.1
P5.2

P5.3
P5.4
P5.5

P5.6 ! ! ! ! ! !
Average 22.57 23.39 25.15 24.63 24.91 40.34 38.27 37.53 1322
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Table 14. Averaged values of physical parameters measured for Scenario 4

ta to tws ts tra RH1 RH2 RH3 co2

Pi‘;%tég” ©im) (0.6m) (L1m) (L6m) (L1m) (0.1m) (0.6m) (16m)  IAQ

P1.1

P1.2
P1.3
P1.4

P15
P1.6

P2.1

P2.2
P2.3

P2.4
P2.5
P2.6

P3.1
P3.2

P3.3

P3.4
P3.5

P3.6
P4.1
P4.2

P4.3
P4.4

P4.5

P4.6
P5.1

P5.2
P5.3
P5.4

P5.5
P5.6 : : : : : :
Average  22.16 23.07 24.70 24.31 24.47 44,65 41.83 41.18 2050

4.6.1. The mean radiant and oper ative temper atures

The mean radiant temperature, firstly introduced by Fanger [65], is one of the most
important parameters defining thermal comfort.

The mean radiant and operative temperatures were calculated using the formulas (7)
and (8), according to [39], using measured data for all scenarios. The calculation was
done using the refined code given in Annex D of standard 1SO 7730:2005 [9] and the
results are shown in Table 15.



Doctoral dissertation —Tamara S. Bajc

Table 15. Calculated operative and radiant temperature based on measured values of

physical parameters measured in four scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Position to ty trad to ty trad to tg trad to ty trad
index °C °C °C °c | ¢ | °c | °C °C °C °C °C °C
P1.1 2348 | 2318 | 22.88 | 22.97 | 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P1.2 2348 | 2318 | 22.88 | 22.97 { 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P1.3 2348 | 2318 | 22.88 | 22.97 | 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P14 2439 | 24.31 | 24.26 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 2497 | 24.88 | 24.87
P15 2439 | 24.31 | 24.26 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 2497 | 24.88 | 24.87
P1.6 2439 | 24.31 | 24.26 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 2497 | 24.88 | 24.87
P2.1 2348 | 2318 | 22.88 | 22.97 | 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
p2.2 2348 | 2318 | 22.88 | 22.97 | 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P2.3 2320 | 2321 | 2342 | 2297 | 22.88 | 22.90 | 24.84 | 24.72 | 2457 | 24.66 | 24.62 | 24.58
P2.4 2320 { 2321 | 2342 | 22.78 { 22.72 | 22.73 | 24.84 | 24.72 | 2457 | 24.66 | 24.62 | 24.58
P25 2439 | 24.31 | 24.26 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 24.97 | 24.88 | 24.87
P2.6 2439 | 24.31 | 2426 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 24.97 | 24.88 | 24.87
P3.1 2348 | 2318 | 22.88 | 22.97 { 22.88 | 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P3.2 2348 { 2318 | 22.88 | 22.97 { 22.88 { 22.90 | 26.46 | 26.33 | 26.18 | 25.21 | 23.59 | 24.75
P3.3 2320 { 2321 | 2342 | 2297 { 22.88 | 22.90 | 24.84 | 24.72 | 2457 | 24.66 | 24.62 | 24.58
P3.4 2320 { 2321 | 2342 | 22.78 { 22.72 | 22.73 | 24.84 | 24.72 | 2457 | 24.66 | 24.62 | 24.58
P3.5 2439 | 24.31 | 24.26 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 24.97 | 24.88 | 24.87
P3.6 2439 | 2431 | 2426 | 22.78 | 22.72 | 22.73 | 24.23 | 24.20 | 24.20 | 24.97 | 24.88 | 24.87
P4.1 2461 | 24.37 | 24.45 | 23.31 { 23.18 | 22.96 | 24.37 | 24.28 | 24.36 | 23.78 | 24.99 | 23.37
P4.2 2461 { 24.37 | 24.45 | 23.31 { 23.18 | 22.96 | 24.37 | 24.28 { 24.36 | 23.78 | 24.99 | 23.37
P4.3 2320 { 2321 | 2342 | 23.31 | 23.18 | 22.96 | 24.84 | 24.72 | 2457 | 24.66 | 24.62 | 24.58
P4.4 2320 | 2321 | 2342 | 23.58 | 23.55 | 23.58 | 24.84 | 24.72 | 24.57 | 24.66 | 24.62 | 24.58
P4.5 2488 | 24.82 | 24.82 | 23.58 | 2355 | 2358 | 25.25 | 25.16 | 25.11 | 24.36 | 24.37 | 24.46
P4.6 2488 | 24.82 | 24.82 | 23.58 | 2355 | 2358 | 25.25 | 25.16 { 25.11 | 24.36 | 24.37 | 24.46
P5.1 2461 | 24.37 | 2445 | 23.31 | 2318 | 22.96 | 24.37 | 24.28 | 24.36 | 23.78 | 24.99 | 23.37
P5.2 2461 | 24.37 | 2445 | 23.31 | 2318 | 22.96 | 24.37 | 24.28 | 24.36 | 23.78 | 24.99 | 23.37
P5.3 2461 | 24.37 | 2445 | 23.31 | 2318 | 22.96 | 24.37 | 24.28 | 24.36 | 23.78 | 24.99 | 23.37
P5.4 2488 | 24.82 | 24.82 | 23.58 | 2355 | 23.58 | 25.25 | 25.16 | 25.11 | 24.36 | 24.37 | 24.46
P5.5 2488 | 24.82 | 24.82 | 23.58 | 2355 | 23.58 | 25.25 | 25.16 { 25.11 | 24.36 | 24.37 | 24.46
P5.6 2488 | 24.82 | 24.82 | 23.58 | 2355 | 23.58 | 25.25 | 25.16 | 25.11 | 24.36 | 24.37 | 24.46
Average | 24.06 | 23.92 | 23.90 | 23.10 | 23.03 | 23.00 | 25.07 | 24.97 | 24.91 | 24.66 | 24.46 | 24.47

The highest mean radiant temperature which had been

averaged for the whole

classroom was measured in Scenario 3, when the local highest mean radiant temperature

reached was 26.18°C, and the lowest one, 22.73°C, was measured in Scenario 2, asit is
presented in Table 15.



Doctoral dissertation —Tamara S. Bajc

4.7.PMV, PPD and PLOS results

The calculation of PMV and PPD indices was done using the refined code given in
Annex D of standard 1SO 7730:2005 [9]. The indices are dependent on the input
variables for clothing, metabolic rate, air temperature, mean radiant temperature,
relative air velocity,
calculated for natural convection regime. The measured input values were presented in
previous text. The productivity loss was calculated based on the regression correlations
availablein literature [7], for the warm side of comfort zone, which is aso incorporated

in Phoenics FLAIR, together with regression correlations for productivity loss in office

buildings given in [8]. These results are shown in Table 16.

relative humidity and water vapour pressure, and al were

Table 16. Thelocal PMV, PPD and PLOS results for four scenarios

L Scenario 1 Scenario 2 Scenario 3 Scenario 4
Position index

PMV \ PPD [%] | PMV \ PPD [%] | PMV | PPD [%] | PMV | PPD [%]
P1.1 042 | 987 |023! 908 [ 105! 2969 | 051 | 1167
P1.2 0421 987 | 023! 908 | 105 2969 | 051 @ 1167
P1.3 042 987 |023 908 | 105! 2069 | 051 11.67
P1.4 068 | 1547 | 024 | 809 | 054 1294 | 078 | 1857
P15 068 | 1547 | 024 809 | 054 1294 | 078 | 1857
P16 068 | 1547 | 024! 809 [054: 1294 | 078 1857
P2.1 0421 987 | 023! 908 | 105 2969 | 051 | 1167
P2.2 042 . 987 | 023 908 | 105: 2969 | 051 1167
P2.3 033 806 |023! 908 |[070: 2067 | 067 1522
P2.4 033 806 | 024 809 | 070 2067 | 067 1522
P25 068 | 1547 | 024 809 [054; 1294 | 078 1857
P2.6 068 | 1547 | 024 : 809 | 054 1294 | 078 1857
P3.1 042 i 987 | o023 908 | 105 2069 | o051 1167
P3.2 042 987 |023 908 | 105: 2069 | 051 11.67
P3.3 033 806 | 023! 908 |070: 2067 | 067 1522
P3.4 033 806 |024; 809 [070: 2067 | 067 : 1522
P35 068 1547 | 024! 809 | 054! 1294 | 078 | 1857
P3.6 068! 1547 | 024 809 | 054 1294 | 078 | 1857
P4.1 070 | 1596 | 0.36 | 1047 | 059 i 2125 | 084 i 2040
P4.2 070 | 1596 | 036 | 1047 | 059 | 2125 | 0.84 | 20.40
P4.3 033 806 | 036 1047 | 070 | 2067 | 067 | 1522
P4.4 033! 806 [039: 977 |070: 2067 | 067 | 1522
P45 072 1632 | 039 977 | 081 : 2105 | 063 1528
P4.6 072 1632 | 039 977 |08l 2105 | 063 1528
P5.1 070 | 1596 | 036 | 1047 | 059 | 2125 | 0.84 | 20.40
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L Scenario 1 Scenario 2 Scenario 3 Scenario 4
Position index
PMV [ PPD [%] | PMV | PPD [%] | PMV | PPD [%] | PMV | PPD [%]
P5.2 070 : 1596 | 036 : 1047 | 059 ! 2125 | 0.84 | 20.40
P5.3 070 | 1596 | 036 | 1047 | 059 . 21.25 | 0.84 | 2040
P5.4 072 1632 | 039 977 |08l 2105 | 063 1528
P55 072 1632 [ 039 | 977 | 081! 2105 | 063 1528
P5.6 072 1632 | 039 977 |08 2105 | 063 1528
MAX 0.72 16.32 0.39 10.47 1.05 29.69 0.84 20.4
MIN 0.33 8.06 0.23 8.09 0.54 12.94 0.51 11.67
Average 0.56 12.90 0.29 9.20 0.74 21.13 0.68 16.05

The lowest PMV was recorded in Scenario 2, with averaged vaue for whole scenario
of 0.29, but locally varying from 0.23 to 0.39. According to the ISO 7730:2005, this
indicates that the thermal environment belongs to the category "B". The highest PMV
index was recorded in Scenario 3, reaching maximally 1.05, as it is shown in Table 16.
Non-uniformity of physical parameters locally, such as air and radiant temperatures and
air velocities, cause a deviation of local PMV and so the PPD values, aso, along the
observed classroom. The significance of the local thermal comfort indexes analysis is
evident through the very wide differences of PMV localy, which is even more
expressed in scenarios with hotter conditions. This conclusion is an important base for
the productivity loss analysis.

The values for productivity loss were obtained using existing model for typing and
thinking tasks suggested by Kosonen and Tan [8], based on PMV indexes measured in

all four scenarios and presented in Table 17.

Table 17. Productivity loss for typing and thinking task using equations (25) and (26)

Scenario 1 Scenario 2 Scenario 3 Scenario 4
L PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS
Position | typing | Thinking | typing | Thinking | typing | Thinking | typing | Thinking

index % % % % % % % %

PL1 4 1 10 2 | 6 13 25 12
P2 | 4 | 10 | 2 1 6 | 13 | s | & | 12
PL3 | 4 i 10 | 2 1 e | 13 1 s | 6 | 12
PL4 | 8 1 17 | 2 1 e | 6 | 13 | 10 i 19
PL5 | 8 | - 17 | 2 1 6 | 6 | 13 | 10 | 19
Pl6 | 8 | 17 | 2 s | 6 | B3 | w0 19
P21 | 4 | 10 | 2 1 e | 13 | s | 6 | 12
P22 | 4 | 10 | 2 1 6 | 13 s | 6 i 12
P23 | 3 i 8 | 2 1 6 | 8 17 | 8 6
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Scenario 1 Scenario 2 Scenario 3 Scenario 4
. PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS PLOSS
Postion | tyning | Thinking | typing | Thinking | typing | Thinking | typing | Thinking
index % % % % % % % %
P24 3 i 8 2 i 6 8 i 17 8 i 16
P25 | 8 i 17 | 2 16 | 6 . 13 | 10 | 19
P26 | 8 17 | 2 16 | 6 : 13 | 10 : 19
P31 | 4 | 10 | 2 e | s T 6 | 12
P32 | 4 | 10 | 2 6 | 138 i 25 | 6 | 12
P33 | 3 | 8 | 2 1 e | g8 | 17 | 8 | 16
P4 | 3 1 8 | 2 1 6 | 8 | 17 | 8 | 16
P35 | 8 1 11 | 2 1 e | 6 | 13 | 10 | 19
P36 | 8 | 17 | 2 1 e | 6 : 13 | 10 | 19
Pa1 | 8 | 17 | 3 0 e T 7 7 T [T T 0
Paz | 8 | 17 | 3 9 | 7 0 14 | 10 | 20
Pa3 | 3 8 | 3 1 9 | 8 i 17 | 8 | 16
Pa4 | 3 1 8 | . 4 19 | 8 | 17 | 8 i 16
Pas | 9 17 | 4 1 9 | w0 1 20 | 7 15
Pas | 9 | 17 | - 4 1 9 | 20 | 7 15
Ps1 | 8 | 17 | 3 1 9 | [ 14 | 10 | 20
Ps2 | 8 | 17 | 3 L 9 | T 14 | 10 20
PR3 | 8 1 17 | 3 1 9 | 70 14 | 10 20
Ps4 | 9 . 17 | - 4 9 | 10 1 20 | 7 15
P55 | 9 | - 17 | 4 T o | T 0 | 7T 15
P56 | 9 | 17 | 4 o | w0 i 20 | 77 15
MAX 9 17 4 ; 9 13 25 10 20
MIN | 3 | 8 | 2 1 e | 6 | 13 | 6 | 12
Average | 14 | | 18 | 16

The maximal PLOS obtained using this model is 25% in third Scenario. Thisresult is
pretty much different from the results obtained in productivity test performed through

this research, which is going to be discussed in further chapters.

4.8. Thelocal thermal discomfort
The local thermal discomfort was evaluated using standard 1SO 7730:2005 [9] and

the calculated values for number of people dissatisfied with draught intensity, vertical
air difference, warm and cold floor and radiant asymmetry.
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4.8.1. Vertical air temperature difference

The percentage of dissatisfied with vertical air temperature difference, measured on a
height level between 0.1m and 1.1m, was also calculated for al scenarios in accordance
with 1SO 7730:2005, using formula (11). The results are presented in Table 18. The
averaged values for scenarios 1 and 2 are lower than 2%, which implies that the
classroom belongs to thermal environment category "A", according to Table 3.
Scenarios 3 and 4 had a difference higher than 6%, but still lower than 10%, which

corresponds to category "C" of thermal environment. Since the percentage of people

dissatisfied with vertical air temperature difference is lower than 2% in Scenario 1 and

2, theinfluence of this factor on productivity loss can be neglected in this scenarios, but

in scenarios 3 and 4 its impact is notable.

Table 18. Percentage of people dissatisfied with vertical air difference, heights between

0land1.1m

Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4

» PD dTair | PD dTair | PDdTair | PD dTair
Position Index
% % % %

P1.1 2.05 1.39 26.63 5.50
P1.2 205 | 139 | 2663 | ! 550 |
P13 122 | 082 | 1443 | 297 |
P14 17 | 080 | 199 | 587 |
P15 Y 087 | 237 | 620 |
P16 Y 087 | 237 | 620 |
P2.1 219 | 079 | 1386 | 510 |
P2.2 219 | 079 | 1386 | 510 |
P2.3 049 | 08 | 406 | 445 |
P2.4 049 | 08 | 406 | - 4.45 |
P25 7 082 | 218 | 554 |
P2.6 7 082 | 218 | 554 |
P3.1 220 | 101 | 1850 | ¢ 601 |
P3.2 220 | 101 | 1850 | ¢ 601 |
P3.3 045 | 082 | 395 | 427 |
P3.4 045 | 079 | 395 | 427 |
P3.5 158 | 079 | 202 | 519 |
P3.6 158 | 079 | 202 | 519 |
P4.1 337 | 305 | 505 | 19.95 |
P4.2 337 | 305 | 505 | 1995 |
P4.3 050 | 200 | . 482 | 497 |
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Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4
. PD dTair | PD dTair | PD dTair | PD dTair
Position Index
% % % %
P4.4 0.50 197 4.82 4,97
P45 237 | 178 | 583 | 312 |
P4.6 231 | 178 | 583 | 312 |
P5.1 352 | 153 | 201 | 1753 |
P5.2 352 | 153 | 201 | 1753 |
P5.3 204 | 206 | 279 | 1019 |
P5.4 23 | 194 | 503 | 328 |
P5.5 239 | 231 | 743 | 443 |
P5.6 239 | 231 | 743 | 443 |
Average 1.90 1.39 7.42 6.89

This calculation was done for the temperature difference on a height level between
0.1 and 1.1m since the highest temperature was in breathing zone. In this analysis height

level between ankle and head was compared.

4.8.2. The percent dissatisfied with floor temperature

The percentage of people dissatisfied with floor temperature was calculated in
accordance with 1SO 7730:2005 (formula (12)) and it is presented in Table 19.
According to the obtained values, the classroom belongs to the category "A" of thermal
environment, based on this parameter (Table 3).

Table 19. Calculated values of PD caused by warm or cold floors

Scenario tioor [°C] | PDioor [%0]
1 22.36 5.85
2 21.55 6.48
3 21.98 6.11
4 21.64 6.39

It is a question why are these 6% of dissatisfied taken as a minimum in ISO
7730:2005 standard. The answer to this question is explained through the results

obtained in thisresearch and is presented in Result synthesis chapter.
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4.8.3. Draught

Studying the available literature [66, 67] , it is concluded that the Fanger's model of
draught (equation (10)) was obtained using the equipment that had an accuracy for air
velocity measurement of 0.05 m/s, hence the formula for percentage of people
dissatisfied with draught had a form (10). The novel velocity probes are more accurate,
and in this research Testo 0635 1025 telescopic temperature and velocity probe with
accuracy 0.03 m/s +5% were used, so the equation (10) was upgraded into a following
equation:

0,62

DR = (34 — to;)(Fa; — 0.03) " (0.37 - 7o, - T, + 3.14), (27)

and used in this research as given above. This is aso one of the contributions of this
thesis. The turbulent intensity T,, was calculated according to a measured air velocities
for four scenarios and presented in Appendix 3. The results of percentage of the people

dissatisfied with draught intensity for four scenarios are presented in Table 20.

Table 20. Percentage of the people dissatisfied with draught intensity calcul ated

according to 1SO 7730:2005

Scenariol | Scenario2 | Scenario3 | Scenario4
Position | PD draught | PD draught | PD draught | PD draught

Index % % % %

P11 1.40 15.20 0.00 0.00
pL2 | 140 | 1520 | 000 | 000
PL3 | 140 | 15320 | 000 | 000
pL4 | 200 | 000 | 000 | 000
PL5 | 200 | 000 | 000 | 000
PL6 | 200 | 000 | 000 | 000
P21 | 140 | 1520 | 000 | 000
P2 | 140 | 1520 | 000 | 000
P23 | 000 | 1520 | 000 | 000
P24 | 000 | 000 | 000 | 000
P25 | 200 | 000 | 000 | 000
P26 | 200 | 000 | 000 | 000
P31 | 150 | 1520 | 000 | 000
P32 | 150 | 1520 | 000 | 000
P33 | 000 | 1520 | 000 | 000
P34 | 000 | 000 | 000 | 000
P35 | 180 | 000 | 000 | 000
P36 | 180 | 000 | 000 | 000
Pl | 270 | 1547 | 159 | 350
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Scenariol | Scenario2 | Scenario3 | Scenario 4
Position | PD draught | PD draught | PD draught | PD draught
Index % % % %
P4.2 2.70 15.47 1.59 3.50
P43 | 000 | 1547 | 000 | 000
Pas | 000 | 000 | 000 | 000
P45 | 000 | 000 | 040 | 000
Pa6 | 000 | 000 | 040 | 000
P51 | 270 | 1547 | 159 | 350
P52 | 270 | 1547 | 159 | 350
P3| 270 | 1547 | 159 | 350
P54 | 000 | 000 | 040 | 000
P55 | 000 | 000 | 040 | 000
P56 | 000 | 000 | 040 | 000
Average 122 7.65 0.33 0.58

From the results presented in Table 20. it can be concluded that the draught intensity
is amost negligible in all scenarios, except in Scenario 2 for the positions near
windows. It is obvious that during the Scenario 2, was windy and the impact of air
movement was noticeable, but still lower than 10% averaged for whole classroom
which indicates that the therma environment category is "A" globaly, but locally it
changes into "B" category. This also implies that local approach is more detailed and

reliable when drawing the conclusions on productivity loss. This factor can be neglected

in Scenarios 1, 3 and 4 as irrelevant for students productivity loss.

4.8.4. Radiant asymmetry

According to the investigations worldwide, the radiant asymmetry is considered to be
a significant cause of local thermal discomfort. Sakoi et a. [68] had investigated the
thermal comfort concerning the whole body and local parts of the body as well, in
different asymmetric radiant fields, and they concluded that the manikin skin
temperature changes locally depending on the non-uniformity of the thermal
environment even though the mean skin temperature is amost the same. They also
concluded "that the distribution of the sensible heat loss varies depending on the
magnitude and direction of the environmental non-uniformity".

The radiant asymmetry and percentage of dissatisfied caused by radiant asymmetry
was calculated according to the literature [9, 69-75].
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For Scenario 1 and Scenario 2, the direction from externa wall and its windows to
the wall 3 (Figure 7) was adopted as an dominant direction for side-to-side asymmetry,
causing higher asymmetry discomfort as suggested in standard 1SO 7730:2005. In
Scenario 3 and Scenario 4, the dominant asymmetry direction was the direction from
blackboard to electrical heaters (front to back). The results are presented in Tables 21 to
24 for al scenarios. The surface temperatures used for these calculations are presented
in Table 10 and Table A1.1 in Appendix 1. View factors were calculated with respect to
the students position regarding the radiant surface, according to the methodology
suggested in [70].

For Scenario 1 and Scenario 2: The view factor F; was calculated with respect to the
left side of students’ body, facing the external wall and its windows, and factor F, was
calculated with respect to the right body side orientation, parale with Wall 3.
Temperature t; is appropriate surface temperature on left side with respect to the
positions, and t, is the temperature of the Wall 3. The radiant temperature asymmetry is
Aty and it was calculated as atemperature difference between the left and the right sides

of classroom thermal envelope, and were multiplied with appropriate view factors.

Table 21. The view factors regarding the students' position, radiant temperature

asymmetry and percent dissatisfied for Scenario 1

Postionindex | F1 | Fit1[°C] | F, | Fot2[°C] | At [°C] | PD [%]
P11 011 252 [00L: 024 | 228 | 030
P12 010! 219 100l 024 | 195 | 026
P13 003! 076 i002; 038 | 038 | 015
PL4 002! 036 1003: 079 : -043 | 012
PL5 001! 023 1011 249 | -226 | 006
PL6 0017 023 [011] 264 | -241 | 006
P2.1 010! 241 001! 024 218 | 028
P2.2 008] 200 j00L: 024 | 177 | 025
P23 0021 050 i001! 019 | 032 | 015
P2.4 0011 014 {002: 055 | -042 | 012
P25 001} 024 (010, 225 | -201 | 007
P26 001! 024 (010; 242 | -218 | 006
P3.1 010 241 00L: 024 | 218 | 028
P32 008] 200 [001; 024 | 177 | 025
P33 002! 050 001! 019 | 032 | 015
P3.4 001! 014 1002: 055 | -042 | 012
P35 0017 024 :010] 225 : -201 | 007
P36 |00 024 (010 242 | -218 | 006
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Positionindex | Fy | F1t;[°C] | F, | Fot,[°C] | Aty [°C] | PD [%]
P4.1 011: 254 001! 024 ' 230 0.30
P4.2 010) 222 i00L: 024 | 199 | 027
P4.3 004! 082 (002 038 | 044 | 016
P4.4 002{ 042 (003, 079 | -038 | 012
P4.5 00l 023 [011; 249 | -226 | 006
P4.6 001! 023 011! 264 : 241 | 006
P5.1 011 265 00l 024 i 241 | 031
P5.2 010 228 (001! 024 | | 204 | 027
P5.3 003! 074 (002! 038 | | 037 | 015
P5.4 00l 032 1003; 079 | -047 | 011
P5.5 001! 024 :011: 249 : -225 | 006
P5.6 001! 024 011! 264 | -240 | 006
min 0.06
max 0.31

average 0.16

The results for Scenario 2 are presented in Table 22.

Table 22. View factors regarding the students' position, radiant temperature asymmetry
and percent dissatisfied for Scenario 2

Postionindex | F1 | Fit1[°C] | F, | Fot2[°C] | At [°C] | PD [%]
P1.1 011: 243 :001: 023 : 220 0.29
P12 010! 211 100L; 023 | 188 | 026
P13 003! 073 1002 037 | | 036 | 015
P14 002! 035 [003: 078 | -043 | 012
PL5 001} 022 (011 245 | -223 | 006
P16 001 022 (011 260 ;| -238 | 006
P2.1 010 192 100L; 023 | 168 | 024
P2.2 008! 159 001! 023 & | 136 | 021
P23 0027 040 001! 018 | 022 | 014
P2.4 001{ 011 (002! 054 | -044 | 012
P25 001! 019 [010: 222 | -203 | 007
P2.6 00l 019 1010; 238 | -219 | 006
P3.1 010! 192 (00L: 023 i | 168 | 024
P3.2 008! 159 001 023 i | 136 | 021
P3.3 002! 040 (001! 018 | | 022 | 014
P34  |001! 011 :002| 054 | -044 | 012
P35 001! 019 (010 222 | -203 | 007
P3.6 001! 019 1010; 238 | -219 | 006
P4.1 011! 242 001 023 | 219 | 029
P4.2 0100 212 (001! 023 | 189 | 026
P4.3 004{ 078 (002! 037 | 041 | 015
P44 [002{ 040 (003 078 | -038 | 012
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Positionindex | Fy | F1t;[°C] | F, | Fot,[°C] | Aty [°C] | PD [%]
P4.5 001: 022 :011: 245 | -223 0.06
P4.6 001 022 (011 260 | -238 | 006
P5.1 011! 210 {001: 023 | 187 | 026
P5.2 010! 181 00l 023 : 158 | 023
P5.3 003 059 :002; 037 . 022 | 015
P5.4 001! 026 :003: 078 : -052 | 011
P55 001! 019 (011! 245 | 226 | 006
P5.6 00l 019 ;01l1: 260 | -241 | 006
min 0.06
max 0.29

average 0.15

In case of Scenario 3 and Scenario 4, the dominant radiant asymmetry was caused by
electrical heaters from the students back, so the face-back direction was adopted as a
dominant direction. The view factors and radiant temperature asymmetry were
calculated regarding electrical heaters, and were marked as F; and t; respectively. In
Scenario 3 and Scenario 4, the surface temperature of electrical heaters was adopted in
accordance with thermal imaging results, where average front surface temperature value
was 45°C. View factor F2 was calculated with respect to the students positions and
position of the Wall 4 and blackboard. The temperatures of the surfaces were given in
Table 10 and Appendix 1.

According to the ISO 7730:2005, the highest asymmetry discomfort is caused by
side-to-side (l€ft to right) asymmetry. This fact was aso confirmed with calculated view

factors, which were lower for front-back than for |eft to right asymmetry.

Table 23. View factors regarding the students' position, radiant temperature asymmetry
and percent dissatisfied for Scenario 3

Posttionindex | F; | Fyt,[°C] | Fp | Foty[°C] | Aty [°C] | PD [%]
P11 0001 | 005 :010: 238 : -233 | 006
P1.2 0001 005 (010 238 | -233 | 006
P1.3 0001 : 005 :010; 238  -233 | 006
P1.4 0001 | 005 1010: 238 | -233 | 006
P15 0001} 005 :010: 238 : -233 | 006
P16 70001 | 005 :010: 238 | -233 | 006
P2.1 00016 007 |007: 166 | -159 | 008
P2.2 00016 007 ;007 166 | -159 | 008
P2.3 00016 007 :007; 166 . -159 | 0.08
P24 | 00016 007 (007} 166 | -159 | 008
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Postionindex | F; | Fit,[°C] | F, | Fato[°C] | A, [°C] | PD [%]
P2.5 00016 007 |(007: 166 | -159 0.08
P2.6 00016 007 007, 166 | 159 | 008
P3.1 0003 014 {005 119 | -105 | 009
P3.2 0003 014 ;005 119 | 105 | 009
P3.3 0003 . 014 :005; 119 : -105 | 0.09
P3.4 0003 014 005! 119 | 105 | 009
P3.5 0003 | 014 :005: 119 | 105 | 009
P3.6 0003 | 014 005! 119 | 105 | 009
P4.1 001 | 023 (004 095 | -073 | 010
P4.2 001 | 023 1004; 085 : -073 | 010
P4.3 001 | 023 004! 095 i 073 | 010
P4.4 001 ¢ 023 004! 095 | 073 | 010
P4.5 001 | 023 (004 095 | 073 | 010
P4.6 001 ¢ 023 (004 095 | -073 | 010
P5.1 002 ;. 072 ;003; 071 ; 001 | 013
P5.2 002 | 072 1003 071 | 00l | 013
P5.3 002 ¢ 072 1003: 071 : 001 | 013
P5.4 002 | 072 003 071 | 001 | 013
P5.5 002 | 072 {003 071 | 001 | 013
P5.6 002 | 072 {003] 071 : 001 | 013
min 0.06
max 0.13

average 0.09

Table 24. View factors regarding the students' position, radiant temperature asymmetry
and percent dissatisfied for Scenario 4

Position index = Fi-ta[°C] | Fo | Fot2[°C] | Aty [°C] | PD [%]
P1.1 0.001 005 010: 233 -2.28 0.06
P12 0001 | 005 :010; 233 | -228 | 006
P13 0001 | 005 010! 233 i 228 | 006
P14 0001 ¢ 005 010! 233 | 228 | 006
PL5 70001 005 (010! 233 | 228 | 006
P16 00010 005 010 233 | -228 | 006
P2.1 00016 007 :007: 163 @ 2156 | 008
P2.2 00016 007 :007: 163 | -156 | 008
P23 00016 007 :007: 163 . 2156 | 008
P24 | 00016 007 :007: 163 | 156 | 008
P2.5 00016 | 007 :007: 163 | 156 | 008
P2.6 00016 007 ;007 163 | -156 | 008
P3.1 0003 | 014 :005; 116 . -103 | 009
P3.2 0003 | 014 (005! 116 | 2103 | 009
P3.3 0003 | 014 005{ 116 | 2103 | 009
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Postionindex | F; | Fit,[°C] | F, | Foto[°C] | Aty [°C] | PD [%]
P3.4 0003 | 014 :005: 116 | -1.03 0.09
P35 0003 014 {005, 116 | -103 | 009
P3.6 0003 014 005 116 | -1.03 | 0.09
P4.1 001 ! 023 004! 093 | -071 | o1l
P4.2 00l | 023 1004; 083  -071 | o011
P4.3 001 : 023 004! 093  -071 | 011
PA.4 001 | 023 {004 093 | -071 | o1l
P4.5 001l | 023 004! 093 | -071 | 011
P4.6 001 | 023 (004 093 : -071 | 011
P5.1 002 | 072 1003 070 | 002 | 014
P5.2 002 | 072 1003! 070 : 002 | 014
P5.3 002 ¢ 072 003! 070 | 002 | 014
P5.4 002 1 072 (003, 070 | 002 | 014
P5.5 002 ¢ 072 (003 070 | 002 | 014
P5.6 7002 ;| 072 003; 070 ; 002 | 014
min 0.06
max 0.14

average 0.10

According to the results of the measurements, the very low percent dissatisfied was
predicted during all scenarios regarding radiant asymmetry, which is explained by
relatively similar temperatures of the classroom thermal envelope and small radiant
surfaces of the electrical heaters. There was no record of any significantly cold surface
in the classroom. The asymmetry would be more conspicuous if there were cold walls
surfaces surrounding the students. The percent dissatisfied never even reached 0.5%,
which indicates that the thermal environment was in category "A". This result turned
out to be more different than it was predicted in initial hypothesis. Initialy, the expected
higher impact of radiant asymmetry was correlated with additional electrical heaters
behind the students' back. This impact turned out to be significant only for the students
seating right in front of the heaters. For the others, this influence was of no importance
in radiant point of view, because of the small heaters surfaces. Only the impact of
higher air temperature in whole classroom was dominant, and thus the overall radiant

temperature, also.
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4.9. Skin surface temperature measurements

The various studies regarding correlation between the skin temperature and thermal
comfort were conducted in the past, mostly in climate chambers, on manikins, [47, 48,
68, 76-81]. One of the pioneering investigations was conducted in 1985 by Fanger et al.
[65]. They correlated the impact of the radiant asymmetry and percent dissatisfied with
thermal environment, with the skin temperature. The most important conclusions were
that the local cold surfaces more likely cause discomfort than the warm ones, that the
skin temperature of the part of the body exposed to the radiant asymmetry is changeable
and causes the heat losses from the human body and that it is preferable for a human to
have higher temperature in a feet zone and lower in the zone of the head (for more
details see [65]).

Foda and Siren [82] applied Pierce two-node model for local skin temperature
prediction using modifications. They performed the investigation in controlled
environment and validated the model accuracy. Their results showed that the revised
model predicts local skin temperature with average deviation of £0.3°C [82]. According
to Doherty and Arens [83], Pierce two-node model for local skin temperature prediction
gives decent predictions for people seated at rest, but for the activity level, such is
exercising, it is not accurate enough.

The complex nature of the human body and its physiological and psychological state
are in adirect relationship with people thermal sensation votes. The skin temperature is
one of the indicators of possible local discomfort, together with the psychological state,
which is very difficult to evaluate.

In order to determine the impact of the indoor environment on occupants
physiological state, the measurements of skin surface temperature were performed on a
group of voluntaries every day, right after the statistical survey. The results of
measurements are presented in Figure 13.

The measurements were done, for the both right and the left cheeks, using I1C
thermometer in order to investigate hypothesis about non-uniform local thermal
conditions and asymmetric radiation. In general, the temperatures of the left and right
cheek turned out to be the same. The dlight deviations of 0.1°C were within accuracy
range of the thermometer. Due to the similar results and comprehensive number of data,

the diagrams were formed only for the left side values. The voluntaries which were
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chosen as relevant ones for the research stated that they were in a good physical shape,

with no illness symptoms whatsoever suggested in questionnaire.
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Figure 13. Students' skin temperature for four scenarios: a) Scenario 1, b) Scenario 2, €)

Scenario 3 and d) Scenario 4

The tota number of valid data, measured on voluntaries in Scenario 1 was 42, in

Scenario 2 was 29, in Scenario 3 was 47 and in Scenario 4 was 58
four scenarios in total. The average skin temperature was betw

More obvious deviations regarding the temperature of the left

,which is 176 datafor

een 36.5 and 36.7°C.
and right side of the

cheeks appeared in Scenario 4, among the students seated right in front of the electrical

heaters, where the deviations reached 0.4°C, which can indicate

the thermal environment caused by local radiant asymmetry.

the non-uniformity of
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The correlation between the students' cheek temperature and thermal sensation votes

(TSV) is presented on Figure 14.
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Figure 14. Students' thermal sensation votes for a) Scenario 1, b) Scenario 2, ¢) Scenario
3 and d) Scenario 4

According to the measurements, the most uniformed students' cheek temperature and
TSV was noticed in Scenario 2, which was recognized as the most comfortable one. The
biggest variations in TSV were noticed in Scenario 4, where the votes were allotted
almost equally from neutral to warm, with some students having thermal sensation of

hot environment also.
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4.10. Theresults of the thermal imaging camerarecording

The spot measurements of temperature taken by thermal imaging camera were
performed right after the statistical survey, productivity tests and cheek temperature
measurements, in order to measure the clothes and body temperature, and to check and
compare the temperature of the local surfaces, aso. The thermal imaging camera FLIR
E40bx was used. The emissivity factor for human skin was set to value of 0.98 [84].
These measurements were not used for the calculations. The temperature of the front
side of the electrical heaters was used, as an input result for the radiant asymmetry
calculation. The obtained camera shots are presented on Figure 15 to 19.

Figure 16. Camera shot taken in Scenario 2, on Thursday, 26.11.2015.
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Figure 17. Camera shot taken in Scenario 3: @) on Tuesday, 1.12.2015.

b) on Wednesday, 2.12.2015.

Figure 19. Camera shot taken in Scenario 4, on Wednesday, 9.11.2015.

As the control measurements within each of the scenarios, the results of the thermal
Imaging camera recording of the observed classroom’s thermal envelope, together with

the surface of users' clothing and the surface skin temperature, were used and are shown
in this chapter.
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CHAPTER 5

“If you don't go after what you want, you'll never have it.
If you don't ask, the answer is always no.

If you don't step forward, you're always in the same place.”
Nora Roberts

“ AKo He Tparare 3a OHHUM IIITO JKeJuTe, HeheTe ra uMaTH.
AKoO He nUTaTe, OIrOBOP j€ YBEK HE.

AKo He uckopauute, yBek here crajaru y mecry.”

Hopa Pobepmc

5. STATISTICAL SURVEY

5.1. Methodology of subjective evaluation

In order to establish the relations between the objective measured physical
parameters of therma comfort in observed classroom and the students subjective
feelings, the standard procedure with questionnaires was performed.

Some examples of questionnaires for occupants subjective evaluation are given in
EN 15251:2007 [36]. The questionnaires should had been filled out after the continuous
stay in evaluated space, and not just after arrival or lunch break [36]. The types of
questionnaires that were used in this research were created for this purpose with a
specia attention to the impact of productivity loss. The general one is presented in
Appendix 4.

The measurement and the survey were performed during four weeks, every day. On
Mondays, Tuesdays and Wednesdays the experiments were done in the afternoon, from
2 pm until 7 pm, and on Thursdays and Fridays in the morning, from 8 or 9 am until 1
pm. The investigated group of students was the same during these four weeks. The total
number of students which were officially involved in the subjects is 115 during the
week, but not all of them were always present, although not all of the lectures were
obligatory. Usualy, around 30-60 students were involved in investigation in each

scenario during the week.
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For the purpose of the survey, each seat at every school desk was labeled with a
label, on which the first mark defined the row and the second one defined a student’s

position (where P1.1 stands for position 1 in first row), asit is presented in Figure 20.
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Figure 20. Students’ positions and five characteristic classroom segments

The surveys were performed every day, after the relevant number of classes, but
never before at least than two classes (90 minutes) in continuity in order to secure the
students’ adaptation to the environment. The observed population was between the ages
of 20 and 25 years, predominantly male, healthy and in good shape. As the experiments
were done in the winter period, the men clothing was pretty much the same: a sweater
or ajacket, t-shirt or a shirt, trousers or jeans, socks, classic underwear, and sneakers or
shoes. According to ASHRAE Handbook — Fundamentals [40] and ASHRAE Standard
55-2013 [35], as it is given in Table 3, clothing ensembles mentioned has a value of
1.01 clo. For sedentary school activity, typical recommended value for metabolic rate is
1.2 Met [35, 36].

The questionnaires were divided in two types. First type of questionnaire was generd
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one, asking the questions about the physical state of the student, type of the clothing,
guestions about the general thermal comfort, local discomfort, subjective evauation of
productivity loss and the general air quality. In this questionnaire, the important part
was the question about students physical heath, which was an elimination factor, in
order to exclude the subjective response given by students with fever, headache,
toothache, sniffle or sore throat. The answers of the students feeling sick were excluded
from the research analysis. In this manner, the objectivity of answers was higher. The
example of the questionnaire is given in Appendix 4.

The second part of the survey was dedicated to the concentration test in order to
evaluate the productivity loss which is in correlation with local thermal comfort. The
test was different each day. After the significant number of classes, without the break,
the prepared text with approximately 200 words was read to the students. After the
reading, the students were given the tests with 5 questions from the text that they had to
fulfill. The texts were different each day, with subjects that were interesting, but not
very well known. Usually, they were given texts about some of the geographical
wonders all over the world, or some interesting historical facts, which were not the
subjects that they were studying. The students were asked about the names, years or
some facts from the text. Having in mind that these subjects were not their field of
research at university, and also were not widely known, it is assumed that the facts were
totally unknown to them. This assumption was of a big interest for concentration

estimation. It is important to emphasi ze that students had in mind that they were tested

and wanted to fulfill the tests as best as they could, regardless the anonymous character

of the tests, so they had higher attention during the reading, which was not the same

level as during the classes. Also, the interesting nature of the texts was an aggravating

factor for the estimation. This kind of research hasn’'t been conducted before in this
manner and it is one of the contributions of this research. It is very difficult to
conduct the mental concentration tests in real conditions, during the real classes.

Thiswas a huge challenge.

5.2. Theresults of the survey regarding students' subjective evaluations

5.2.1. Theoverall IAQ - survey estimation

The part of the general survey was the overall students' estimation of indoor air

quality in classroom. The students were asked about air quality, the symptoms they felt
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and about the percent of IAQ impact on their thinking concentration and intensity of
memory loss. The questionnaire is given in Appendix 4, together with the students
answers. The overal analysis for Scenario 1 is given in Figure 21. Around 51% of
students (from 55 answers in total) estimated the air quality as poor. The average
percent of poor IAQ impact on students productivity and concentration was 19%.
About 56% of 55 votes in total stated that they had some or all of the symptoms given
in questionnaire such as. stuffiness, sleepiness, reduced concentration and hard
breathing. Only 4% felt all of the symptoms.

Very
poor
3%

Figure 21. Students' votes for IAQ for Scenario 1 (left) and Scenario 2 (right)°

Scenario 2 showed better results, as it was expected. The overall share of votes is
shown on Figure 21. About 39% of students evaluated the IAQ as good. In this
scenario, no one stated to have all four symptoms given in questionnaire. Further, 26%
of students (from 31 votes in total) felt some of the symptoms, and no one stated to feel
all of them.

The Scenario 3 proved to be the most uncomfortable for the occupants. Of 55 votes
in total, 51% stated that the IAQ in classroom was poor during the third scenario. The
distribution of votes is given in Figure 22. According to the analysis, 71% of students
had some or all of the symptoms described in questionnaire (Appendix 4), and 15% had
al of the symptoms.

® Abbreviation CNTE - can't be estimated.
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Figure 22. The IAQ during the Scenario 3 (left) and Scenario 4 (right) - students' survey

Also, the Scenario 4 turned out to be one with a poor IAQ in classroom, with 20% of
votes for very poor and 45% of 60 votes in total for poor IAQ. The distribution is given
in Figure 23.

During the Scenario 4, around 63% of students stated that they felt one, two, three or
four of the symptoms offered in questionnaires, such as. stuffiness, sleepiness, reduced
concentration and hard breathing. Also, 15% of students felt all four symptoms.

The reduced concentration and thinking ability caused by poor IAQ in classroom,
according to the subjective students evaluation is obtained for each scenario, as a
percent of votes in overall number of votes, separately for each scenario and are
presented together on Figure 23.

100

80|
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40t ]
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Figure 23. Students' evaluation regarding reduced concentration ability caused by poor
IAQ in classroom
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The concentration loss was the lowest in Scenario 2 (around 20%), and the highest in
Scenario 3 (more than 50%). It is interesting to notice that the students' perception about
concentration ability loss caused by poor IAQ in classroom was around 20% in neutral
thermal conditions, when also the measured CO, concentration was within the desirable
level (Table 12) in accordance with standards.

Looking at the overall results for IAQ for all scenarios, the conclusions can be drawn
asfollows:

the students' subjective feglings about IAQ in classroom generally match with overall

results on 1AQ obtained by measurements; the occupants were most sensitive to high

temperatures and lack of ventilation (in scenarios with measured high CO,

concentrations); negative impact on students' health was noticeable, having in mind

that students were also additionally complaining on having a headache in Scenario 3

and Scenario 4; the thinking productivity and memory ability was also decreased,

according to students' votes.

5.2.2. PMV evaluations and impact on PLOS

Through questionnaires the students were asked to vote the therma comfort
parameters in the classroom every day, for each scenario. The results are shown in
Figures 24 to 31. The students who didn’t feel well during the evaluations are excluded,
and their subjective rating is not considered in aresult analysis.

The special contribution of this research is the nove index, introduced for the first

time describing the quantitative subjective percentage of thermal comfort impact on

students' concentration and productivity loss, TIP in further text. TIP has values from

0% to 100%, meaning that 0% is for no impact of therma comfort on productivity and

100% is for total dissatisfaction with thermal comfort and a huge impact on

productivity. It is used to evaluate the personal perception of thermal comfort in indoor
space.

Students' votes distribution regarding PMV index in Scenario 1 is shown on Figure
24.
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Figure 24. Students' votes distribution regarding TSV index in Scenario 1

The results showed that 53% of 60 votes in total had a TSV index 1. Another 20%
felt neutral, with TSV =0. Further, 25% had the worm thermal sensation, and only 1 vote
stated that in the classroom was hot.

As it is shown on Figure 25. high percentage of students votes showed that the TIP
index in classroom during Scenario 1 was around and lower than 20%.
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Figure 25. Students' votes distribution regarding dissatisfaction in Scenario 1

The averaged TSV for Scenario 1 was 1.1, while TIP was around 20.6%.
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The students' votes regarding TSV and TIP indexes in Scenario 2 are shown on

Figure 26 and 27 respectively.
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Figure 26. TSV index voted by students for Scenario 2

According to analysis of students subjective evaluation, the 58% of students had a
feeling of dightly warm environmental conditions in classroom, while 26% felt neutral.
The rest of 16% felt warm, while no one evaluated the environment as hot. The

averaged TSV for Scenario 2 was 0.9.
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Figure 27. The students' subjective dissatisfaction with thermal comfort in Scenario 2

The averaged subjective percent of thermal environment impact on productivity loss for
this scenario was 14%.

Third scenario was the list pleasant, according to the TSV index voted by students.
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The subjective evaluation showed that the average TSV was 1.6, while the averaged
percent of dissatisfaction, according to votes was 27.3%. The subjective evaluation for
thermal sensation for Scenario 3 is given on Figure 28. The 56% of students stated that
it was warm in the classroom, 37% felt slightly warm, while 6% stated that it was hot.
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Figure 28. Students' votes for thermal environment sensation in Scenario 3

The students’ evaluation of thermal comfort impact on productivity loss in Scenario 3 is
shown on Figure 29. Averaged feeling was that thermal comfort impacted around 25.4%
students’ capability of thinking and productivity loss.
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Figure 29. The students' subjective dissatisfaction with thermal comfort in Scenario 3
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In Scenario 4, average feeling of thermal environment was evaluated as TSV=1.3
(Figure 30). The average impact on PLOS was evaluated as27.3%, which indicated that
the overal feeling of dissatisfaction with thermal comfort was highest precisely in the
fourth scenario (Figure 31). Having in mind the votes for thermal environment
satisfaction, where 19% stated to feel neutral, 37% dlightly warm, 39% warm and 5%
hot, it can be concluded that the overall dissatisfaction was not just caused by the
temperature, but also by the global conditions in the classroom, which was expected
according to the measurements of CO, concentration in Scenario 4, which is shown to

be the highest precisely in this scenario.
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Figure 30. Students' votes for thermal comfort in Scenario 4
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Figure 31. Students' dissatisfaction with thermal comfort for Scenario 4
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The summarized votes for all scenarios, for each position are shown in Table 25. The

averaged values show that the Scenario 4 was the most unpleasant, with around 27%

percent impact on PLOS, right next to the Scenario 3 with 25.4% percent impact on
PLOS. It is interesting that the TSV evaluation showed that students in Scenario 3 felt
more unpleasant, voted 1.6, than for Scenario 4, when TSV was voted 1.3.

Table 25. The students' answers regarding PMV and TI1P summarized for all scenarios

Scenario 1 averaged | Scenario2averaged | Scenario 3 averaged | Scenario 4 averaged
Posit. Posit. Posit. Posit.
Position TIP | occup TIP | occup TIP | occup TIP | occup
index TSV ancy | TSV ancy | TSV ancy | TSV ancy
% % % % % % % %
P11 0 10 : 00 25 0.0 20 ; 0
P2 | 1 o e o T e o T
PL3 | 1 i o | & o]0 ;2 Joo; |2 |
PL4 | 00 | . 20 J 00} | 25 |20} 22 20 | 10 150! 20 |
PL5 | | | |
P16 | E ! | E
P2.1 | o | |
P2.2 i i | i
P23 : : : | i
P2.4 13 180 10 : 30 ¢ 75 20 @ 58 80 1.8 @ 493 : 100
P25 | | | |
P2.6 ; ; ; ;
P3.1
P3.2 i i | i
P33 : i D12, 0 ! 2 118
P3.4 0.0 180 15 1 200 50 20 : 30 60 05 @ 200 60
P35 | . | 60 | i 150 |20} 13 60 | 30 600! 20 |
P36 | 10 [ 350 80 | 10 {225| 50 | 10 | 20 | 8 | 30 | 500 20 |
P41 | Lo | o | i o | i 0 |
S o0 | o o | e o | o 0 |
P43 | 10 ; 100 100 | 10 (850 50 | 13 | 35 | 60 | 10 | 125 100 |
P44 | 10 {150 60 | i i 25 | 13 | 23 : 8 | 15 :313: 80 |
PA5 | 07 [ 25| 80 | 10 { 00 | 25 | 20 | 30 | 40 | 10 | 100} 60 |
P46 | 13 {100 8 | 10 | | 25 | 10 | 53 | 60 | 10 | 600 60 |
P51 | 15 i450} €0 | i i s | it o | N 0 |
P52 | 10 | 50| 60 | 00 | : 25 | 15 : 20 : 40 | 00 i  : 20 |
P53 | 17 250 60 | 05 {150 50 | 10 | 15 : 8 | 13 :275: 60 |
P54 | 17 {450 8 | 10 [ 00 | 50 | 25 | 55 . 40 | 17 | 300 80 |
P55 | 00 i i o | o | i 0 | 15 1300 40 |
Ps6 | i i o | o | i 0 | 20 i250; 0 |
Average 11 206 09 140 16 254 13 273
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This could be the consequence of subjective feeling of the highest operative and
radiant temperatures in Scenario 3, having in mind that in Scenario 4, the radiators were
turned off. The other possibility is the CO, concentration which was almost 35% higher
in Scenario 4 (Table 14), and almost twice as high than the ones recommended in
standard SO 7730:2005, so the students had more unpleasant sensations of the overall

comfort in the classroom.

The overall results of students evaluation are in accordance with the measured
values for four scenarios. The values are higher than calculated, having in mind the
ASHRAE thermal scale, and the questionnaire structure in which the values on scale are
from -3 to +3, with astep 1. The measured values are presented for minor notches of the
scale. Regardless the size of the notches, the distribution of the average voted value of

TSV for each scenario is in accordance with a measured PMV.

5.2.3. Thelocal thermal discomfort survey

5.2.3.1. Discomfort caused by draught

The students' subjective evaluation was performed every day in each scenario and
presented for each position in all scenarios. The number of students participating in the
evaluation is expressed through the percent of position occupancy. So, if a student
seated at the position and voted only one day a week, the total occupancy value for that
position is 20%. If there was no one on a position, the row was left blank, as if the
student didn't answer that question. The total number of valid answers in Scenario 1 was
53. The answers which were obviously not objective and could not be included into the
final conclusion were excluded and highlighted red. About 35.8% of the students stated
that they were sensitive to draught, but averaged draught intensity voted by students was
only 0.46%.

Gray fields represent the students who stated that didn't feel well, having the
symptoms previously described. The students were asked if they were sensitive to
draught (given in tables as "Sens. Y/N" for "Yes" and "No0") and the percent of draught
intensity that they felt in the classroom (DR [%0]).

Looking at the students evaluations from Table 26 for Scenario 1, the draught was
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not noticeable in the classroom. Only the students seated near the windows (position
P2.2 and P3.1 and 3.3) felt some air movement, subjectively expressed as a 10% of the

intensity.

Table 26. Draught intensity voted by studentsin Scenario 1

16.11 17.11 18.11 19.11 20.11 | Percentage
Position of position | Number
index Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR occupancy of

YIN| % | YIN| % | YIN| % | YIN] % |YN]| % % anSWers
PLL | b E E : : : : : : 0 L0
pi2 | e e
PL3 | b n 0 0
P14 O A T R T T 200 DI S T I
PLS | i LY oo iobobb o420 o
PL6 | i i Y {0 NGOG oo 4420 G2
P21 | N {0 o L N T R R
P22 | U TN 01 Y ol A 0 e0 | 3
P23 [ N o I N fo i NGO bt 80 3
P2.4 N io0 ! N o IR 1 8 . 2
P25 N o/ N IO/ N!O!NIO0O:! " © '8 ' 4
P26 | N 0! N 0! N {0: P b P 80 i 3
P3.1 "N 10, Y 0! N 0! 10 | 3
P3.2 . I N 10 Y o0 i b 80 2
P33 [ I @ I .1 80 I 1
P34 [N S L I T T S O
P3.5 N ' 0 Y060 _____ 2
P3.6 N f 0 Y to 0 80 1 2
P4l | I O L A e e
0 R T T T T O O e s o e e
P43 | PPN To vy o NS w0 o2
PA4 | N o i LY 1Ol Y P0G i i 60 i 3
PA5 | Y {0 N {0 N N 0o 80 | 3
P4.6 "N {0 N [0 Y io0i A - R - T
P4 | N {0 Y {0} & i b 060 o2
P5.2 YO ________ P | NO _________ b 60 ______ P 2 _____
P5.3 Y fo! Y fo! U VN Ol it te0 3
Ppsa AR N (0 N (O Y 0 0 s 13
P55 | Y (o0 i i a0 U1
P5.6 S R N A T R

Note: (Gray fields represent the students who stated that they didn't feel well, having the symptoms described above.)

In Scenario 2, no one (from 31 answers) felt the air movement neither the draught,
and 39% of students stated that they were sensitive to draught, as it was shown in Table

27. which was not in correlation with the measured values. The measured velocities
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near windows showed that there was some draught impact at these positions (Table
A3.1. given in Appendix 3). The Scenario 2 had four days of measurements due to lack
of classes on 25.11.2015.

Table 27. Draught intensity voted by studentsin Scenario 2

2311 2411 26.11 2711 Percentage of

Position position Number of
i dex Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR occupancy anSers

YN | % | YIN| % | YIN| % | YIN| % %

[N

P1.1 ! E : PN 10! : : 25
P1.2 ' ' ' ' ' ' ' '

P1.3
P14

P1.5

P1.6

P2.1

pP2.2

P2.3

P2.4

P2.5

P2.6

P3.1

P3.2

P3.3

P3.4
P3.5
P3.6
P4.1
P4.2
P4.3
P4.4
P4.5
P4.6
P5.1
P5.2
P5.3
P5.4

P5.5

P5.6

Note: (Gray fields represent the students who stated that they didn't feel well, having the symptoms described above.)

In scenario 3 (Table 28) some of the students, from total 53 answers, felt the draught,

the ones near the windows and aso at the positions closer to electrical heaters, which
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also caused air movement, driven by the buoyancy effect. Averaged subjective feeling
was 3.3% of draught intensity for the whole scenario, and 39.6% of students stated that

they are sensitive to draught. On Monday and Tuesday, students felt around 8% of

draught intensity averaged for all positions. On Thursday and Friday they felt no

draught.

Table 28. Draught intensity voted by studentsin Scenario 3

30.11 1.12 2.12 3.12 4.12 Percent. of
Position position | Numb.
) Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR of
index occupancy ANSers
Y/N % Y/N % Y/N % Y/N % Y/N % %
PL1I | L L L L L , N 0 L L 20 1
P2 | .+ L L L L L L 0 ;0
PL3 | i L L LY o L 2
PLA | [ A L A N
PLS | i R L L
PL6 | L L L L L L ..o 0
P21 |  N:O0O: N:O0: L L L 0 2
P22 | N 0 LY 1o L N 0 2
P23 | i Y i3I N IO N OGN O 8 i 4
P24 | Y 10 & PN 1Oi Y PO N IO 80 i 4
P25 | N | 0O: N 0. L . N 0 R 60 3
P26 | N O: N:O0 . L L L L L 40 2
P31 | N 0: vy +~11: L L L L o 60 2
P32 | v o S v ‘o N fo0iY io0i 10 4
P33 N P100 N PO 80 i 2
P3.4 Y ro: R L 60 1
P35 | Y Q______l\_l___'__(_)__i____N____i__(_)__i ________ L L 80 L 3
P36 | N i 0: Y PO N IO N PO i 80 i 4
R N O O T T O O T e e
Pa2 | P R R O S T R T A
P43 | N PO 4 Y 0G4 0N 10 60 i 3
Pa4a | Y fo iy o N fo SIS 80 | 3
P45 | . L Y 0 N 0 L 40 L 2
P46 | Y 170 N 50 i i NP0 i e i 3
P51 | L i L .. o i 0
P52 | N i10: N 1O i i 4 0 42
P53 BEEE = BEES T 80 | 2
P54 | ' N0 Y 10 L L 40 2
P55 | o+ e L L 0 0
P5.6 ! i ! : | | ! | ! 0 0
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In scenario 4 (Table 29), only two students, from the total of 62 answers, stated that

they felt the draught, the one in the middle of the classroom P2.3, and the other one at

the positions P4.4 closer to electrical heaters, which also caused air movement, driven

by the buoyancy effect.

Table 29. Draught intensity voted by studentsin Scenario 4

7.12 8.12 9.12 10.12 1112 | Percentage

Position of position | Number

e Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR | Sens. | DR occupancy of
YIN | % | YIN| % | YIN| % | YIN| % | YIN | % % answers

P11 N R . . i 0 0
PL2 | N {0 Y to oy a2
P13 | N 0 | 1 rih o
PL4 | N | 0 ¢ TR e T Y
PL5S | | o R R o | 0
PL6 | | R I O A e L0 .o
P21 | N 10 Y Yoy to e 13T
P22 | Y o N o T T e0 T2
P23 | Y |15 N 0 N fo N o 100 | 4
P24 | N ioi vy o N v ol N o0 100 | 4
P25 | N i 0: N |0 P L i 2
P26 | N P0: N iO: U NilO:! 1 i e | 2
PB1 | N 10! N 0! N ‘0! N O} N 01} 100 | 5
P2 | 0 T Y Toi N0 N0 U T7Te 1z
P33 | Y {0 N {O! N {O:! N {O! Y {0} 120 | 5
P34 [ Yy o B N o b nie0 12
P35 | N [0 ! oL 0 L
P36 | Y 0 i A
Pal | LT R o i o
e R R e e s e e e
P4.3 N (0! N {O{Y {O! N {0 1200 | 4
P4.4 Y (42 Y 0N 0 Y [0 8 . 4
P45 | N 10! N iO0 i i N ol 60 i 3
P46 | N "6"-5 """" N O f e b2
ps1 | ! ! e o | o0
P52 | Y ‘o0 [ o A 20 1
P53 | 1 ] N oY 0! N o0 i Te v 3
P54 | N io: PPN folyY ilo: it g i3
P55 | 1 Y to U VUN o T T 2
P56 | . | | N o0 L T

Note: (Gray fields represent the students who stated that they didn't feel well, having the symptoms described above.)
It is interesting to notice that same students, on the same positions felt some draught

during the whole investigation, except in Scenario 2, when the draught actually existed,
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according to the measured air velocities (Appendix 3). The averaged draught intensity
feeling was rated as 0.67%, and 32.3% percent of the students stated that they are

sensitive to draught.

Comparing the survey results with measured air velocities from Appendix 3 (Table
A3.1) and draught intensity calculations according to SO 7730:2005 from Table 20.
with students’ survey, it is very interesting to notice that students evaluated the draught
intensity as 0% in the second scenario, when the actua measured air velocity was
doubled in relation to other scenarios. The highest evaluated draught intensity was
noticed in third scenario, but actua measured mean air velocity averaged for third
scenario was the lowest, as it was only 0.03 m/s. This result strongly implies
subjectivity of occupants' feelings regarding thermal comfort in buildings.

Looking at the overall results of students evaluation, it can be concluded that the

draught intensity impact on students' productivity was very small and can be neglected,

except for the positions near the windows. According to the survey, even the majority of
students seated near the windows usually did not fedl the draught.

5.2.3.2. Thelocal discomfort caused by cold floor

The students were also asked to evaluate the impact of floor temperature on their
work. Their answers are presented in Tables 30 to 33. In scenario 1, from total 56

answers, the averaged impact on work was evaluated as 3%. The total percent of the

students dissatisfied with a floor temperature was 1.8%, which is significantly lower
than predicted by 1SO 7730:2005.

Table 30. The percentage of students dissatisfied with floor temperature for Scenario 1

Ppsition stuggnn:sl?fetrel?fthe Number_ of Impactoon work Per;sgi?gr? 4 Number of
index influence Unsatisfied [%] occupancy [%] answers
P1.1 J ______________ o o O __________ o 0 _______
PL2 | S N S B
P13 ! ! ! 0 ! 0

PL4 | 1 i o i 00 20 A 1
PL5 | 1 . 0 i 00 20 o 1
PL6 | 1 G0 4 00 i 22 i 2
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Ppsition stuggnn:sb?;l?fthe Numt_Jer of | Impact on work Pergsgi?gs e Number of
index influence Unsatisfied [%] occupancy [%] answers
P2.1 0 : 0 0.0 40 1
P2 | 0 1 0 i 33 e i 3
P23 | 1 0 50 ¢ 80 i 3
P24 | 1 i 0 i 00 {80 o 3
P25 | 1 o0 1 25 . 80 | . 4
P26 | 2 . 0 i o0 : 8 i 4
PRL | 1 o i 00 i 100 4
P32 | 1 0 10 . 8 2
P33 | 1 i o i oo . s i 2
P34 | 1 i 0 i o0 i 80 I 1
P35 | 1 0 o0 | 60 i 2
P36 | 0 . 0o . 255 i 8 i 3
P4.1 ________________________________________________ o i o
Ppa2 | N o i o
P43 | 1 i 0 i 00 00 2
Pa4 | 1 o0 b o0 | 60 | 2
P45 | 1 . 0o i 50 . 80 i 2
P46 | 1 o0 i 00 i 80 i 3
P51 | 1 i 0 i 00 60 i 2
P52 | 0 i 0 i o0 . 6 i 2
P53 | 0 i 0 i 23 . 60 | 3
P54 | 2 T 175 1 8 | 3
P55 | 1 o 00 i 0 1
P56 | L 0 o

In Scenario 2, from 31 answers, the averaged impact on work was 0.6%. There was

not a single person dissatisfied with the floor temperature, which is a significant

contribution of this research, showing that it is possible to have 0% of occupants
dissatisfied, and not necessary 6% as it given in 1SO 7730:2005.

Table 31. The percentage of students dissatisfied with floor temperature for Scenario 2

P_osition stulggr?g?trel?f[he Numl:_)er. of Impactoon Perpcct)egi?gs @ Number of
index influence Unsatisfied work [%] occupancy [%] answers
P11 0 : 0 ] 0.0 | 25 1

PL2 | i 0 . 0.
PL3 | o i o
pL4 | o o0 | o0 T 25 T 1
PLS | b0 ioo
PL6 | N R O
P2.1 0 0
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P_osition stuﬁgrrw?g%?zhe Numt?er_ of Impact on Pergsgi?gﬁ e Number of

index influence Unsatisfied work [%] occupancy [%] answers
pP2.2 0 ' 0 ] 0.0 ; 50 | 2

P23 | 1 L o i o0 s0 i 2
P24 | o o0 | 00 L 75 1
P25 | o i o o0 i s 1
P26 | o o0 | o0 b % T 1
P31 | o .o i o0 i s 3
P32 | o i o i 25 s 2
P33 | o o | 65 o 75 3
P34 | o i o i 20 i 0 2
P35 | o i o i o0 I 50 2
P36 | o .o | 00 o 50 . 2
P41 | L T o i o
Ppa2 | T T o o
P43 | 2 1 o i oo 0 2
Paa | L 25 o
P45 | o o0 | o0 T B o 1
P46 | o .o i o0 i 5 1
P5L | i 5 1 o
P52 | o 0 | 00 o B 1
P53 | 2 . o | o0 | 50 2
P54 | 0 o I o0 I 50 1
PSS | 0 0.
P56 | L o i o

In Scenario 3, the number of answers was 54, and the overall impact on work was
evaluated as 8.6%. Furthermore 9.3% of students were dissatisfied with the floor

temperature.

Table 32. The percentage of students dissatisfied with floor temperature for Scenario 3

Position | Number of students | Number of Impact on Percen_tgge €] Number of
index felt theinfluence | Unsatisfied work [%] position answers
occupancy [%]

PLL | 1 0 i 0 : 20 i 1

P1.2 O ________ o
PL3 | 1 o i 0 i 20 1
PL4a | o o | o I 20 b 1
PLE | o o |
P1.6 O ________ o |
P21 | 0 i o . o i 0 L 2
P22 | 0 1 o | o i 0 2
P23 | 1 i 1 20 1 80 T 4
P24 | 1 T o . 5 i 80 4
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Position | Number of students | Number of Impact on Percen_tgge €] Number of
index felt theinfluence | Unsatisfied work [%] position answers
occupancy [%]

P2.5 1 | 1 | 0 60 k 3

P26 | 2 o o i 0 2 ]
P31 | o0 1 5 60 o 3 |
P32 | 1 1 o { o i 100 4
P33 | 1 1 o | o i 80 b 2 ]
P34 | 0 o i 0 0 1]
P35 | 1 o i 3 0 i 3|
P36 | 1 T 63 . 80 R 4
P4.1 O ________ o |
P42 | L g 0o |
P43 | 1 T T 2 60 L 3
P44 | 2 T o i 3 B0 3
Pa5s | 1 1 o o i 0 o 2
pas | 1 o i 3B 60 | 3
P5.1 O ________ o |
P52 | 0 i o i 0 i 0 T 2
P53 | 0 1 o i o i B0 2
P54 | 1 o i 3 0 2
PSS | b0 0.
P5.6 T e 0o |

In Scenario 4, the number of answers was 62, and the overall impact on work was
evaluated as 6.1%. In this scenario, 9.7% of students voted as dissatisfied with floor

temperature.

Table 33. The percentage of students dissatisfied with floor temperature for Scenario 4

Position | Number of students | Number of Impact on Percen_tgge €] Number of
index felt the influence Unsatisfied | work [%] position answers
occupancy [%]

P1.1 5 0 0

PL2 | 1 0 25 0 2
PL3 | o I o i 00 | 20 1
PL4 | 1 0 00 | 20 1
PLS | o 0.
P16 T o
P21 | 1 1 0 50 1 60 L 3
P22 | 100 00 | 60 i 2
P23 | R 450 1 100 4
P24 | 1 B 67 | 100 4
P25 | o i o i 00 w0 2
P26 | 2 0 00 | 60 | 3
P31 | 2 1 93 | 100 5
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Percentage of

Ppsition Number pf students Numt?er_of Impact on position Number of
index felt the influence Unsatisfied | work [%] occupancy [%] answers
P3.2 0 | 0 | 2.0 ; 60 : 3

P33 | 3 1 o i 50 I 10 i 5
P34 | o .0 ¢ 00 60 L 2
P35 | o i 0 i 30 i 20 L 1
P36 | o o0 1 200 | 20 L 1
2 S S DS O U O
P4.2 | § j 0 ! 0

P43 | 2 1 00 100 o 4
pas | o ¢ o 700 i 80 T 4
Pas | 1 70 s 60 i 3
Pa6 | o .0 00 i 60 i 2
pL | e L o
P52 | T 1 7 150 20 o 1
P53 | o | o i B0 i i 60 s 3
P54 | 2 1 0 i 00 i 80 L 3
P55 | o o0 T 00 0 o 2
P56 | T .o i 00 0o i 1

Looking at the overall results of students evaluation, it can be concluded that the

floor temperature impact on students productivity was very small in Scenarios 1 and 2

and can be neglected as non dominant for PLOS analysis. According to the survey, the

floor temperature impact on students was as a bit higher (around 8.6%) in Scenario 3
and around 6% in Scenario 4. Looking at the Scenario 3, it is notable that the studentsin
the positions closer to eectrical heater voted that they felt the impact, and the students

seated away from the heaters did not felt the impact of the floor temperature. Having

in mind that the measured temperatures of the floor (Table 10) were almost the samein

al scenarios, about 21.8°C, it can be concluded that the psychological aspect of the

unpleasant indoor environment is also very important. The students reflected the

disaffection with indoor environment on various aspects of thermal comfort indicators

in their evaluation.

5.2.3.3. Radiant asymmetry survey results

The students' subjective evaluation in regards to radiant asymmetry impact on their
performances is processed and presented in further. The total number of votes in
Scenario 1 was 56 and 8.9% of people were dissatisfied with the radiant asymmetry.
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The number of students who could feel the radiant asymmetry for each position is given
in Tables 34 to 37, together with the number of students dissatisfied and the evaluation

of radiant asymmetry impact on productivity loss for each scenario.

Table 34. The radiant asymmetry influence on productivity loss — statistical survey for

Scenario 1
Position index Rediant a-sy.mmetry PEEENEES OF I Number of answers
Influence | Unsatisfied | PLOS [%] | occupancy [%]
P11 0 0
P1.2 0 0
P1.3 0 0
P14 1 0 0 20 1
P15 0 0 0 20 1
P1.6 1 0 0 40 2
P2.1 1 1 15 40 1
P22 2 2 1.67 60 3
P2.3 1 0 15 80 3
P2.4 0 0 0 80 2
P25 1 0 0 80 4
P2.6 3 0 0 80 4
P3.1 1 0 30 100 3
P3.2 1 1 14 80 2
P3.3 0 0 70 80 1
P3.4 1 1 0 80 1
P3.5 0 0 0 60 2
P3.6 2 0 0 80 3
P4.1 0 0 0
P4.2 0 0 0
P4.3 2 0 0 100 3
P4.4 2 0 0 60 3
P4.5 2 0 0 80 3
P4.6 1 0 0 80 3
P5.1 2 0 0 60 2
P5.2 1 0 0 60 2
P5.3 0 0 11 60 3
P5.4 0 0 12 80 3
P5.5 1 0 0 40 1
P5.6 0 40 0
average 7

The tota number of votes in Scenario 2 was 31 and 12.9% of people were
dissatisfied with the radiant asymmetry.
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Table 35. The radiant asymmetry influence on productivity loss — statistical survey for

Scenario 2
Position index Rediant a-sy.mmetry PEEETETEE [0 10 Number of answers
Influence | Unsatisfied | PLOS [%] occupancy [%]

P11 0 0 ! 0 25 | 1
P2 | - 5"""""'" o 0 o ]
P13 T A I o ]
P1.4 o0 i o i o i+ 25 b 1
PLE [ ] ! 0 N o |
P16 ey o o |
P2.1 o o L o L o |
P22 | 1 1 o 7o s 2
P2.3 o0 o | 25 s 2
P2.4 o0 | o i o i s o 1
P25 | 1 . o o i s 1
P26 | 1 o 4+ o 25 L 1
P3.1 2 4 2 4 s s 3
P32 | T Y s 1 2 ]
P3.3 o 1 o i es B L 3
P34 | 1 17 15 50 i 2 ]
P3.5 o0 o i o o 0 i 2
P36 | 1 o + o | 50 i 2 ]
Pa1 | A o i o |
P4.2 N Y o o |
P43 | 1 o | 5 50 L 2 ]
Pas | L L 25 L o |
P45 | 1 . o o i 25 L 1
P46 | 1 o T o i 25 T 1
P5.1 I A 25 1 o |
P5.2 o0 ¢ o + o i 25 [ 1
P5.3 0 i o I 5 o 0 2
P5.4 o i o ‘o i so i 1
Ps5 | - o o e"""""' o ]
P5.6 T A T o ]
average 2.26

The total number of votes in Scenario 3 was 54 and 35.2% of people were
dissatisfied with the radiant asymmetry.
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Table 36. The radiant asymmetry influence on productivity loss — statistical survey for

Scenario 3
L Radiant asymmetry Percentage of position

Position index 7 ence | Unsatisfied | PLOS [%] occuagancyp[%] Number of answers
PLI | 0 0 § 0 § 20 ] 1
PL2 | o L . o L o
PL3 | R ' T
P14 1 1w 420 1
P15 e P L o P o
P16 - e o i o
P21 | 2 . 2 . 15 0 2
P22 | 1 i 0 7o Ve U2
P23 | 3 ¢ 3 | 33 . s i 4
P2.4 1 1 b f s o 4
P25 | 1 . o i o i e oo 3
P26 | 2 { o ‘o 40 2
P31 | 1 ¢ 1 i 5 i+ s L 3
P3.2 3 i 3 i 25 i 100 i 4
P33 | 11 10 8 2
P34 | 11 ‘3 e T
P35 | 2 . o i o I e i 3
P36 | 2 i 2 . s < 8 L 4
P41 | i T A o o
P4.2 S o o o i o
P43 | o 0o ‘215 ¢ 80 o 3
P44 | 2 1 """" L 2580 """"" 3
P45 | 1 0o 15 e 2
P46 | 1L a3 L Te0 T 3
PR1_ | o o o i o
P52 | 1 ¢ o { o | 0 A
P53 | 2 i 1 i 3 | 8 2
P5.4 1 i1 vz 40 2
P5.5 e L . o o o
P5.6 T T T o o
average 17.33

The total number of votes in Scenario 4 was 62 and 17.7% of people were
dissatisfied with the radiant asymmetry.
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Table 37. Theinfluence of radiant asymmetry on productivity loss — statistical survey
for Scenario 4

Position index Rediant a-sy.mmetry FEEETEEE0] [T Number of answers
Influence | Unsatisfied | PLOS [%] occupancy [%]
P11 : f : 0 | 0
P12 | o ¢ o i 25 0 L 2 ]
P13 | o | o | o v 20 i 1
P14 | 1 i o i o 20 1
PLE | i R B 0 . A 0 |
P16 o o o o |
P21 | 2 1 75 60 L 3
P22 | 1 o o 4T o i 2
P23 | 1 1 7 e ¢ 100 1. 4
P24 | 2 ¢ 2 | %3 | 10 . 4
P25 | o { o i o 0 2 ]
P26 | 2 { o ‘o 0 i 3
P31 | 3 ¢ 1 ¢ 33 ¢ 100 L 5
P32 | 1 f 1 i 23 60 3
P33 | o | o | a2 i 10 i 5
P34 | o : o | o i 60 o 2 ]
P35 | o { o i 20 0 i 1
P36 | o : o | 20 i 20 L 1
pal | i T T o i o |
P4.2 S L L o i o
P43 | 2 ¢ 1 . 267 | 10 P 4 ]
Pa4 | 3 | 2 i 35 & g0 i 4 ]
P45 | 1 o ¢ o 60 L 3
P46 | o i o o i o0 i 2 ]
P51 | i L o o i o |
P52 | 10 1 0 10 20 L 1]
P53 | o | o i 5 o0 3
P54 | 2 1 1 110 &0 3
P55 | o : o | o i+ 0 L 2
P56 | A R T R 20 1 1]
average 9.81

Total percent of students dissatisfied with radiant asymmetry is shown in Table 38.
Students also evaluated their productivity loss caused by radiant asymmetry. It is
obvious that the votes were granted to the Scenario 3 as the most uncomfortable, which
Is also in agreement with the measurements. The radiant asymmetry was marked as one

of the most influential local thermal comfort factors on productivity loss in the observed

classroom, concerning the students' votes.
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Table 38. PD caused by radiant asymmetry obtained from students' survey

Scenario Number of votes | Unsatisfied | PD [%] | PLOS[%]
1 56 ! 5 P89 7
2 N 4 129 | 226
3 T ma 19 | 32 | 1733
4 e 1 177 981

5.2.3.4. Vertical air temperature difference— statistical survey

The statistical survey was also conducted concerning the vertical air temperature

difference and its impact on students' productivity loss. The total number of votes in
Scenario 1 was 56, and total percent of students dissatisfied was 16.1%. The students

answers for Scenario 1 are presented in Table 39.

Table 39. Vertica air temperature difference impact on productivity loss — statistical

survey for Scenario 1

Position Vertical Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS[%)] occupancy [%] answers
P11 | ; ' 0 ' 0

P1.2 s L o i o
P1.3 _______________________________ 0 __________________________ 0 _________
PL4 | 1 1 10 20 i 1
PL5S | 1 o o v 20 VT 1
PL6 | 1 ¢ o i o o0 2
P21 | 1 1 . 15 o 1
P22 | | o 1 s oo 3
P23 | 3 1 ¢ 3 so i 3
P24 | o ¢ o | o 7 so 2
P25 | 1 1 i o i so i 4
P26 | 3 . o | 10 1 g0 . 4
P31 | 1 . o i 75 00 3
P32 | 2 - &0 i 2
P33 | 1 ¢ o i o i+ so 1
P34 | 1 ¢+ o o i+ so 1
P35 | o : o { o 60 . 2
P36 | 1 1 o i 25 i g0 3
PA1 [ N o
P42 | L o i o
P43 | 2 U o T o T 100 i 3
Pas | 2 0 1 o . o 3
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Position Vertical Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%] occupancy [%] answers
P45 T . o i 2 | 80 5 3
P46 | 2 1 o0 o L so [ 3
P51 | 1 ¢ o i 10 | 60 2
P52 | 1 i o i o i+ oo 2
P53 | 2 . 2 i o 60 3
P54 | 1 1 w0 LT go 3
P55 | 1 ¢ o i o | 0 1
Ps6 | o T 0 L o

Average 57

According to the students subjective evauation, the average PLOS caused by the

vertical air temperature difference was around 5.7% in Scenario 1.

The total number of votes in Scenario 2 was 31, and total percent of occupants
dissatisfied was 12.9%. The results are shown in Table 40.

Table 40. Vertica air temperature difference impact on productivity loss — statistical

survey for Scenario 2

Position Vertica Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%)] occupancy [%] answers
P1.1 o ! 0 0] 25 J 1

Lo | g
P1.3 5 0 0

PL4 | | o . o | o | A 1
PLS | i o 0
PL6 | S I o I o
P2.1 | ] ! 0 | 0

P22 | 1 ¢+ o + o <+ 50 i 2
P23 | 1 7 o o v s0 1 2
P24 | o { o | o i s v 1
P25 | | o , o i o i s 1
P26 | 1 ¢ o i o o 5 1
P31 | 1 1+ w0 s 3
P32 | o i o TTaio 75 VT 2
P33 | 2 1 i o0 i s 3
P34 | 1 1 1 4 50 [ 2
P35 | 1 i o i o i so 2
P36 | 1 ¢+ o i o o so i 2
P41 | L I o
P4.2 e o i o
P43 | 2 ¢ o | o 50 I 2
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Position Vertical Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%] occupancy [%] answers
P4.4 ' E : 25 ' 0
P45 | 1 1 1 s L 1
Pas | 1 ¢ o o o 25 1
P5.1 e L s o
P52 | o ¢ o | o 7 I 1
P53 | O R TS s 2
P54 | o . o | o | s i 1
P55 | o A o [ o
P56 | . o o

Average 4.4

The impact on PLOS is evaluated as 4.4% in second scenario.

The results for third scenario are presented in Table 41. The total number of votesin
Scenario 3 was 54, and total percent of students dissatisfied was 58.9%.

Table 41. Vertica air temperature difference impact on productivity loss — statistical

survey for Scenario 3

Position Vertica Tair difference Percentage of position Number of
index | Influence | Unsatisfied | PLOS [%] occupancy [%] answers
PL1 | O o | o0 20 | 1
P1.2 e o i o
P13 | 1 ¢ o i o o 20 1
P14 | 1 01 2 20 1
PLS [ b R o
PL6 | i o o i o
P21 | o i 1 20 i 0 2
P22 | 1 o i o i 0 L 2
P23 | 2 1 2 i o4 4 g0 4
P24 | 1 1 45 &0 i 4
P25 | 1+ o i 10 60 i 3
P26 | 2 Vo o T o T 2
P31 | 11 s 60 L 3
P32 | 3 . 2 . 25 . 100 4
P33 | 2 . o i o &0 2
P34 | 1 1 . 3 60 i 1
P35 | 72 R - o 3
P36 | 3 | 2 | 185 | so i 4
Pa1 | o T o [ o
P4.2 s L o i o
Pa3 | 11 B 0 i 3
Pas | 2 2 25 so i 3
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Position Vertical Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%] occupancy [%] answers
P4.5 2 2 0 ; 40 i 2
P46 | 3 1 1 0 e 60 [ 3
P51 | L o o
P52 | 1 i1 o 0 2
P53 | o : o . o = so 2
P54 | 2 i 1 w0 LT w0 T 2
P5.5 _______________________________ 0 __________________________ 0 _________
Ps6 | o T o L o

Average 152

The impact on PLOS in third scenario was rated as 15.2%, and evaluated as the worst

case.

The total number of votes in Scenario 4 was 62, and total percent of students
dissatisfied was 30.6% and results are shown in Table 42.

Table 42. Vertica air temperature difference impact on productivity loss — statistical

survey for Scenario 4

Position Vertica Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%)] occupancy [%] answers
P1.1 ; 0 ; 0

PL2 | 2 - 0 2
PL3 | o ¢ o | o 20 i 1
PL4 | 1 ¢+ o i o i+ 20 1
PLS | o ! o L0
P16 L L o o i o
P21 | 1 1 ouer o0 i 3
P22 | 1 ¢+ o { o i+ 60 i 2
P23 | 72 T v 7 S R 100 i 4
P24 | 2 1 2 1 w33 | 100 . 4
P25 | o , o i o i o 2
P26 | 2 . o i 5 oo 3
P31 | 3 2 1425 1 100 5
P32 | 1 - o0 i 3
P33 | . 4 2 1333 | 100 5
P34 | o : o o 1 60 [ 2
P35 | 0 0 ______ _____ 20 20 _________ 1
P36 | 0 0 _____ 0 0 1
Pa1 | L o i o
P4.2 e o i o
P43 | 2 1 o o0 100 I 4

90




Doctoral dissertation —Tamara S. Bajc

Position Vertical Tair difference Percentage of position Number of
index Influence | Unsatisfied | PLOS [%] occupancy [%] answers
P4.4 3 | 3 | 3467 | 80 5 4
P45 | 2 L o i o | e 3
P46 | 1 1 o1 60 o 2
P5.1 e T o i o
P52 | o o o i 20 o 1
P53 | 101 U T T e 3
P54 | 3 1 2 1 a5 so i 3
P55 | 2 1 1 i so 0 T 2
P56 | 1 . o . o i 20 1

Average 14.3

The evaluated impact on PLOS was lower in forth scenario than in third one, but still
notable with its average value of 14.3%.
The overall evauation for vertical air temperature difference impact on students

dissatisfaction with thermal environment for four scenariosis presented in Table 43.

Table 43. Percentage of students dissatisfied with vertical air temperature difference and
subjective evaluation of personal productivity loss

Scenario | Number of votes | Unsatisfied | PD [%] | PLOS [%0]
1 56 : 9 1161 5.7
2 | 3L 4 129 | 44 |
3 | 54 21 | 389 | 152 |
4 | e2 1 19 | 306 | 143 |

The worst case is again Scenario 3, with amost 40% of people dissatisfied. This
factor is also marked as dominant potential cause of impact of local thermal comfort on

productivity loss.

5.3. Students' productivity - experimental investigation

The productivity of students participated in this research was evaluated each day,
using tests described previously in chapter “Methodology of subjective evaluation”. The
purpose of these tests was to evaluate students' productivity in different thermal comfort
conditions and to develop the correlations between the local thermal comfort and
productivity loss. Each test was carefully prepared in order to have the listening tests of
approximately equal weight. The students' task was to listen the test of approximately
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200 words, and after that to answer five questions from the text which was read to them
and given in aform of test. The questions were about years, names or some details from
the text, but aways similar type in order to achieve approximately equal weight. The
results of the tests were scored in percentage and presented on Figures 32 to 35 for each
scenario.

Total number of results in scenario 1 was 73. The averaged productivity for first
scenario was 58.5%. 58% of the results were higher than average 58.5% productivity. In
Scenario 2, the 37 results were processed with an averaged productivity of around 68%.
Third scenario, with 62 results, had an averaged productivity of 58%. In scenario 4, 68
answers were observed and average productivity for whole scenario was 44.5%.
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Figure 32. Productivity test results for each day in Scenario 1
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Figure 33. Productivity test results for each day in Scenario 2
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Figure 34 . Productivity test results for each day in Scenario 3
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Figure 35. Productivity test results for each day in Scenario 4

The variety of the results obtained in this investigation, especially for the students

sitting next to each other, and having the same local therma comfort parameters,

strongly implies that the personal factor, taking into a consideration student’s personal

skills, metabolism, and overall psychologica and physiologica state, is powerfully

dominating over the environmental thermal comfort conditions. This conclusion is very

important for this, and for future researches, as well.
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CHAPTER 6

“Defeats are only resting places for future victories.”
Mihajlo Pupin
»1lopasu cy camo Kpartka oaMmopwuinTa 3a oyayhe moodene.”

Muxajno [lynun

6. NUMERICAL SIMULATIONS

This part of the research had been performed using the Computational Fluid
Dynamics (CFD) model in order to obtain the temperatures, velocities, air turbulence
and thermal comfort indexes. CFD is widely used model for air distribution prediction
in buildings. The first CFD models of a ventilated room were developed in 1970s by
Nielsen [85], and these days there are numerous studies on this topic.

A lot of authors had been investigating ar flow, IAQ and indoor thermal
environment using different model-rooms with furniture and occupants for CFD
simulations. Zhuand et al. [86] had investigated the different ventilation schemes for
twelve typical offices with different furniture. They had used RNG k-¢ turbulence model
in their smulations and compared the results with the experimental data on velocity,
temperature and CO, concentration. They found a good agreement between the
experimental results and the simulation. Horikiri et al. [87] adso used RNG k-¢
turbulence model for finding correlations between heat generation, ventilation velocity
and thermal sensation indices. They made a model to investigate the effect of a furniture
arrangement with and without heat generation and occupants in terms of indoor thermal
comfort. Also, they concluded that the location of the occupants to the incoming flow
stream is very important and that the PPD distribution is symmetrical in the span-wise
position, but asymmetrical in stream-wise position [87]. Aryal and Leephakpreeda [88]
investigated a relationship between the therma comfort and position of partitionsin air-
conditioned building, using CFD and concluded that the partition installations in open
spaces are not recommended when it comes to the thermal comfort, as well as energy

consumption, which can increase by 24%. They compared the simulations results with
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the measurements of air temperature and relative humidity that also had been performed
and verified that the maximal deviation was lower than 10%. Nielsen [89] gave an
interesting 50-years review of CFD historica use and development in the indoor
environment. He discussed about the right selection of the governing equations and
turbulence models and gave the comparison of the usually chosen turbulence model,
according to Zhang investigation [90]. Zhang had compared the characteristics of
different turbulence models for room distribution and concluded that the best
predictions for natural and mixed convection are obtained using V- turbulence model,
but computing time is twice as long when using RNG k-¢ or SST k-comodel. For forced
convection, RNG k-¢, LRN and V2f give decent predictions, while for the strong
buoyancy the SST k- seems to be the most appropriate choice.

Bajc et al. [91] had been investigating a natural convection and radiative heat transfer
inside a passive house and Trombe wall, using RNG k-¢ turbulence model. The
influence of radiation was implemented through DO radiation model and the use of
solar calculator for Belgrade at a considered time of the year and day. In this research,
the Boussinesq assumption was used in order to consider the buoyancy caused by
temperature differences. The simulations were performed for steady-state and transient
as well, for characteristic periods of the year: winter, summer and transient conditions.

The model showed good resultsin both cases.

6.1. Mathematical background

The observed classroom is naturally ventilated space, without any additional
ventilating system. The airflow mechanism in the classroom is natural convection,
driven by the vertical temperature difference in room.

The problems of natural convection airflow and radiative heat transfer are governed
by the conservation equations for mass, momentum in each flow direction and energy,
together with the additional mathematical relation for closing the system of equations.
Furthermore, the airflow is considered predominantly turbulent. The model of the
turbulence was formed using a modification of standard k-¢ model for natural
convection with an additional buoyancy effects, using the model presented in [28]. The
model also includes radiation heat transfer model through the non-transparent medium,
also presented in [28].
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6.1.1. The basic assumptions

In order to define the mathematical model it is necessary to define the appropriate

assumptions for indoor natural convection. The basic assumptions are as follows [28]:

a)

b)

d)

The flow is steady-state. The physical parameters’ changes are very small during
the time, and local changes of parameters are negligible. This implies that all
derivates of physical parameters in time are equal to zero.

The flow is turbulent. Despite the fact that the natural convection is
characterized by small velocities and Re numbers, the turbulent regime is
dominant because of the volume forces fluctuations and high Re numbers. This
phenomenon requires a modification of standard k- model, using the additional
termsin differentia turbulence equations.

The heat transfer models in room are convection, conduction and radiation.
Looking at the conduction and convection, the heat transfer is observed through
the air and also solid medium. Heat radiation model is considered for non-
transparent medium (air), which implies the necessity of defining the relations
for effective emissivity coefficients, air dissipation and CO, and water vapor
concentration. The implemented heat radiative model is shaped using gradient
technique, modeling the radiative heat flux in gradient formulation (analogously
to conduction heat transfer).

Theair is considered to be an ideal gas. This assumption closes the system of the
equations (the number of relations is equal to the number of the independent
variables). Theideal gaslaw isused to close the system of equations.

6.1.2. The governing equations

Mass conservation equation for 3D airflow [91]:

dp  d(pu)  9d(pv) d(pw) _ (28)
E-}_ ox + oy + 0z =0,

where p[kg/m?3] stands for air density, and u, v, w for velocity componentsin x, y and z

direction respectively. For the incompressible airflow, the air density is constant (the
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local variationsin density are negligible to the local velocity variation), so equation (28)

can be written in index notation as:

oU; 0 (29)
Oxl- o

Navier-Stokes equation for the incompressible 3D airflow with constant viscosity

(momentum conservation equations) [28, 92]:

_ S (30)
U o __1&P+ J ( Vi —uiujJ—(%)(P—Pref)gi

—=—— vV
Voxj  poax oax | 9x

where:

U; isvector of averaged air velocity (i=1,2,3) [m/g],
P isaveraged air pressure [Pa],

pisaveraged air density [kg/m?],

O isreferent value of averaged air density [kg/m],
v is molecular kinematic air viscosity [m?/d]

g; isvector of gravity force (0, 0, -9,81) [m/s”] and

uju;j issymmetrical tensor of Reynolds turbulent stress.

Energy conservation equation is applied for the air, and given in averaged, filtered form
asfollows[28, 92]:

oT (v ol —
. = _ _eu.

where:

T istemperature,
Pr is Prandtl number,
Saqisaradiative heat flux,

6u; isturbulent heat flux vector.
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CO, concentration conservation eguation can be written as scalar conservation

equation in followed form [28]:

U_dCCOZZ Vi [Lﬂccq}
J 228 J% | Sc I%

where Ccoz [ppm,] is averaged volumetric CO, concentration.

Theideal gaslaw is given with an equation:
P
— = RT,
p

where Risideal (universal) gas constant for air [ JkgK].

(32)

(33)

The system of the equations (30), (31) and (32) is not closed because of the additional

variables: yu;j , Sas and E, Due to that and also the turbulent nature of the airflow, it

is necessary to introduce additional equations for turbulent flow model.

The turbulent flow model is based on the assumption of homogeneous and isotropic

turbulence. Using the Bussinisg formulation, it is possible to write turbulent heat flux

vector and tensor of Reynolds turbulent stress as follows [28]:

_W 0T

6u; = ,
Op 0%

. oU;
Uin =gk5,j—|/t %‘F—J )
3 0xj 0%
where:

v; isturbulent kinematic air viscosity [m?/g],
o; isturbulent Schmidt number,

k is turbulence kinetic energy and

1forj=i

9; is Kronecker deltawhich isafunction d; :{Oforj’_/,:i :

(34)

(35)

Introducing the turbulent kinematic air viscosity v; alows the system equations
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closure and defines the type of the model, but the expressions for v; do not represent

the turbulent model. Kolmogorov and Prandtl [28] suggest that it is convenient to
express the turbulent kinematic viscosity using the turbulence kinetic energy and

characteristic turbulent length (/7 ), asit iswritten in the following equation [92]:
v =C,tk, (36)

where Cﬂis empirical constant for turbulent model.

In this manner, the turbulent kinematic air viscosity v; depends only from the
turbulence characteristics of the flow, and not directly from the main flow. In literature
it is possible to find a lot of expressions for ¢ [28], but it has shown that it was most
convenient to use the turbulent kinetic energy dissipation rate ¢, due to its energy
character and the turbulent flow characteristics in the field of high Re numbers. The
expression for turbulent viscosity v; :

K (37)

Ve = up? '

iswell known as the standard k-¢ model.

The k-¢ model is a turbulence model in which transport equations are solved for the
turbulent kinetic energy k and its dissipation rate e. It combines p, k and ¢ with turbulent

viscosity vy using constant ¢, , which can be experimentally obtained [85]. Those

equations are not derived from basic principles of mass, momentum and energy
conservation, and they cannot be named as basic equations, but more precisely the
transport equations, because they define the transport phenomena of turbulent scalars k
and ¢ [28]. This moded requires two additional equations to be solved: transport
equation for the turbulent kinetic energy k and its dissipation rate ¢, but it obtains the
good results in the domain of a developed turbulent flow, far from a stagnant region and
stationary surfaces [93]. According to Nielsen et a. [85], the k-¢ model has two main
disadvantages: it over-predicts the shear stress in adverse pressure gradient flow and it
requires near-wall modification. The standard k-¢ model does not include buoyancy

effect, which is dominant in natural convection.
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In order to overcome those disadvantages, a lot of modifications of this model were
developed, and the most common is RNG k-¢ model [93] which takes into account the
effect of aflow in the domain of low Re value. The second common turbulence model
isk-co, which is better than k-¢ model in predicting adverse pressure gradient flows, so
Menter [94] made a combination of these two models, known as SST (Shear Stress
Transport) model [85]. Another usual model is V>f which is similar to standard k-¢
model, but takes into account some near-wall turbulence anisotropy. It gives very good
results for natural and mixed convection, but takes even double duration for computing
[89].

In this research, the modified k-¢ model is used. The first modification refers to the
transport turbulent kinetic energy equation. On the right side of the equation one
additional term is necessary, besides the shear production of turbulent kinetic energy Pk
and its dissipation ¢, and it is the buoyancy production of turbulent kinetic energy Gy.

The modified transport equation for turbulent kinetic energy is[28, 92, 95]:

ok J v, ) 9k
AN VL S A ) R P
0% d&{(wak]d&} KTHTE 39)
where:
_ (9, 9\,

i Vt[dxk+d><ij0"xk’ 39
oT (40)

G - L

Kk Vtﬁg'axi

and B=1/T,g isthecoefficient of air thermal expansion.

Also the transport equation for turbulent kinetic energy dissipation rate ¢ should be
modified as follows [28, 92, 95]:

o 0 Vi |0E|_€
U——— — |—=—(C C.aG, -C ,
|axi % {V"'Jgjdxi} k( e1Fk +Ce3Ci 525) (41)

where 0, ,0,,C,,C,,,C, ae empirica constants for turbulent model. They had
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different values during the last decades, but these days standard values are taken from
Low-Reynolds number k-¢ model of Jones and Launder and they are given as follows
[95]:

o.=1, 0,=1314; C,=144; C,=192 and C, =0.09. (42)

The main characteristic of these constants is that they are independent from the
relation between the basic flow directions and gravity vector direction. But the

empirical coefficient C,,depends on gravity vector direction. During the last decades,

this coefficient had different values, and the best results were obtained using values
between 0 and 1. Stevanovic [28] suggested the assumption that this coefficient should
be variable, depending on the local relation of dominant flow direction and the direction

of gravity vector. For definition of this relation, the followed equation is used [28, 95]:

C.4 =tanh Y,
3 E | (43)

where U, is the velocity component in direction of gravity vector, and

IS the component in lateral direction. This model is implemented in Phoenics FLAIR

software code and used in CFD simulations in this research.

6.1.3. Thermal radiation mode

Besides the heat convection and conduction mechanisms, a thermal radiation is also
very important and it was implemented into a mathematical model and described in
further section.

The implemented model iswell known as a“radiosity or gradient model” and used in
FLAIR software as the IMMERSOL model of radiation [96]. The radiation energy
emitted by a blackbody per unit of time and surface areais known as Stefan-Boltzmann
law and it is described with afollowing equation [75]:
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B (T)=0T*, )

where:

Ey, (T) is ablackbody emissive power [W/m?],

o isa Stefan-Boltzmann constant, o =5.67x10° [W/m?K],

T isan absolute temperature of the surface [K].

Using the equation (44), it is easy to introduce the radiant temperature T,q4, as an

effect of the radiation. The expression can be transformed into the following:

() =0Ty @)

In order to define this temperature, the equation (31) can be used and expressed as [28]:

daT, J v v |OT
U._a:_ _+_t Za + i , (46)
: oXj I KPr Prtj % } Sair -rad

where T, stands for the air temperature in order to make a difference between the

radiant temperature and this one. Having in mind the IMMERSOL model, the radiant
temperature can be obtained from the differential equation, when member on left side of
the equation is equal to zero. In that case, the convective part of radiant temperature
does not exist [97]:

V74 oT,
0= % (/]rad dr);ad J"’ Srad-air » (47)

where A;5q 1S thermal conductivity expressed in terms of radiant temperature [96] and
given with in form [28]:

3
40T,
Arad = rad , (48)

0.75(¢'+s')+

Leap

where:
&' isthe emissivity per unit length,
S' is scattering coefficient per length of two phases in the transparent to radiation
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q)mea

Leap IS the gap between nearby solid wall.

The energy transfer per unit volume S 44— Can be obtained using the relation:

Sad = Sair-rad = ~Srad-air = 5'J(Trdéd _Taff) . (49)

Inside the solid body and at the solid walls, the radiant temperature T, 4 is equal to the

temperature of solid. The radiation flux at solid body walls is not only a function of the

Ty aq gradient, but also depends on the solid surface emissivity [96].

The assumption that the radiation heat flux does not depend on the wavelength is not
precise enough. In order to improve the model, the assumption about a gray medium
was introduced. The relation for gray medium can be obtained using two limits for
“optically thick” and “optically thin medium. The IMMERSOL radiation model is valid
both for and between those limits [96]. Both of these extremes are used in practice.
Optically thick medium is considered to appear in a large coal-fired furnace, where the
products of combustion are considered as optically thick. Second example stands for the
room air which can be considered as an opticaly thin medium. The equation for

radiation flux for the optically thick medium is given in form:

0 (T4) (50)

1
g
'+

4= s' 0%

_4
3¢

where T stands for a medium temperature.
If the medium is considered as optically thin, the expression for radiation flux is given
as[28]:

-1

1- 1-

q =[1+ “h +—£C] BT[@T# —TC4) , 1)
¢h &

where subscripts “¢” and “h” stand for cold and hot wall. From the equations (50) and
(51) it is possible to obtain the expressions for the effective conductivities for optically
thick and thin mediums.

By setting the equation (48) it is possible to express the effective thermal conductivity

for optically thick medium in aform as follows [28]:
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16 oT3 (52)
Aeff =—F7——.
of =73 (e'+s")

Anaogous, if the emissive coefficients of walls are equal to one, the equation (51)

becomes:

q=40T3(T,-T,). (53)

Since temperature gradient of wallsisequal (T, —T.)/ Lgap . the effective conductivity
is:

dett =4Lloap 0TS, 4

where Lgpp Stands for the difference between the solid surfaces and the conductivity

increase is directly proportional to inter-wall difference.
By combining the expressions (48) and (52) it is possible to assume that for the case
between the extremes the equation for the conductivity becomes [28]:

3 1

“(e'+s)+
/1—1_(4(8 *) LGAPJ (%9
=

40T3 '

Having in mind the fact that the air in the classroom during the classes is
contaminated with high concentration of triatomic molecules, such as CO, and water
vapor, the air can be considerate as a non-transparent medium. The relative humidity
can be assumed as constant, and the concentration of ozone can be neglected, so it can
be assumed that the emissivity and scattering coefficients are function just from CO,
concentration. These functions are considered to be linear as follows [28]:

£'=A+B[Ccnp, (56)
s'=0.20&".
where constants A and B have the values [28]:
A=0.31,

(57)
B =1.852[10"%.
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6.2. Phoenics FL AIR softwar e descriptions and results

Phoenics FLAIR is commercial software for HVAC systems and building
simulations which can provide information of thermal comfort, IEQ, productivity loss,
contamination, smoke movement and fire risk and many other possibilities for airflow
analysis. This software was used in this thesis in order to determine airflow, velocities,
temperature distribution, radiant temperature, CO, concentrations, PMV, PPD and
PLOS in every spot of the observed classroom. The measured values were used as the
initial and boundary input parameters for CFD simulations for each from the four
described scenarios. The idea was to compare measured and simulated values in the
same spots of the classroom in order to evaluate the CFD model and its accuracy. Then,
it is possible to obtain the values in every spot, and to use them with certainty for local
thermal comfort prediction.

The program has three main features. problem definition (in pre-processor),
simulations using solver and presentation of results (in post-processor).

The problem definition starts with geometry and shapes creation directly in a Virtual
Reality Graphical Interface, or it can be imported as a CAD file. The created geometries

for al four characteristic scenarios are shown on Figure 36.

Figure 36 . Geometry of the observed classroom for each scenario
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The less important surfaces, such as interna walls, doors and ceiling are hidden in
order to have a good overview of the classroom inside.

After the geometry creation, it is necessary to define the materials, thermodynamic
characteristics, solvers, domain-boundary conditions and computational grid. The
number of cells can be set in Grid Mesh settings menu. The thickness of the grid was set
manually around every solid and near the surfaces which are subject to a change of the
observed variables. The cells were ordered thicker near the critical spots, where the
transition between the materials or elements was important regarding the results
(Fig.37).

Scenario 2

Figure 37. The mesh example shown for Scenario 2
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Pre-settings can be defined in Domain Settings menu. After the settings part, the
solver EARTH starts with a main program. The time for solving the problem depends
from the complexity of the task and the wanted number of iteration. The number of
iteration was checked in range from 100 to 500, and it is concluded that the optimal
number of iterations in these cases is 300, having in mind the long period of time for
each simulation. The results are very close to the measured values already for 200

iterations.

The EARTH solver with the converged solutions for four scenarios is shown on
figure 38. It can be seen that the curves on the right side of each graph (the error values)
have decreased steadily, which indicates the convergence of solutions. The left side of
each graph shows the variations of the variables in setting spot. The right part, with the

error values is more important as a parameter of the solutions accuracy.

B libref= : Scemario 1 1

Spot Values at ( 47, 35, 24) % Error - Cut off 1.000E-02 %

A
Value Change Low High Variable Max % Error  Change Value Change Low High Variable Max % Error  Change
1.46E-02 2.45E-05 0.00E+00 2.00E-02 Pl 6.31E+02 1.92E+01 -1.98E-01 1.93E-02 -6.45E-05 0.00E+00  2.00E-02 P1 6.31E+02  3.34E+01 -6.05E-01
2.91E-02 3.32E-04 -2.00E-02 4.00E-02 vl 1.00E+01 1.60E+00 -8.51E-04 8.58E-02 1.86E-03 -1.00E-01 2.00E-01 U1 1.00E+01 9.91E-01 -2.92E-03
1.95E-02 -2.77E-03 -3.00E-02 5.00E-02 1.00E+01 1.78E+00 -3.59E-03 1.49E-02 -1.26E-03 -3.00E-02 3.00E-02 1.00E+01 1.06E+00 -1.19E-03
-1.45E-03 -3.54E-04 -3.00E-02 2.00E-02 7.94E401  2.35E+00 -1.12E-03 1.33E-02 -3.75E-04 -4.00E-02 4.00E-02 1.00E+02 1.52E+00 -3.50E-03
2.93E-05 -6.48E-07 0.00E+00 1.00E-04 KE 3.98E+02 1.60E+01 -1.14E-02 4.46E-04 5.00E-06 0.00E+00 5.00E-04 KE 2.00E+02 1.40E+01 2.53E-03
1.86E-06 -5.37E-08 0.00E+00 4.00E-06 EP 1.26E402 4.06E+00 -1.89E-02 4.46E-05 4.97E-07 0.00E+00 5.00E-05 EP 1.58E+02 5.11E+00 -5.51E-02
1.31E+03 3.34E-02 0.00E+00  2.00E+03 co2 7.94E+01  8.14E+00 -9.17E-02 9.59E+02 6.19E-01 7.00E+02 1.00E+03 coz 3.98E+01  8.85E+00 -4.33E-01
2.31E+01 -3.81E-06 2.00E+01  3.00E+01 T3 1.26E+06 3.66E+00 -9.11E-04 2.25E+01 -2.14E-04 2.00E+01  3.00E+01 T3 3.16E+07 1.15E+00 2.10E-03
2.33E+01  6.68E-04 2.00E+01  3.00E+01 TEML 1.00E+06 2.50E+00  3.80E-03 2.28E+01  7.74E-04 2.00E+01  3.00E+01 TEML 2.51E+07  3.11E+00 -9.21E-03
NX NY Nz ISWEEP 500 TIME Press a 2 q NX NY Nz ISWEEP 500 TIME Press a character key
135 127 63 IZSTEP OFF Working 119 120 62 IZSTEP OFF Working to interrupt.
[g libref= : Scenario 3 1
Spot Values at ( 45, 41, 22) % Error - Cut off 1.000E-02 % Spot Values at ( 45, 44, 22)

——

A=

Value  Change Low High Variable Max % Error  Change Value  Change Low High Variable Max % Error  Change
3.80E-02 9.85E-06 0.00E+00 4.00E-02 P1 6.31E+02  8.35E+00 -8.69E-02 3.58E-02 -6.15E-05 0.00E+00 4.00E-02 P1 6.31E+02 2.50E+01 -9.43E-02
7.10E-02  3.84E-04 0.00E+00  §.00E-02 uL 1.00E+01  9.08E-01 -5.04E-04 6.49E-02 -1.33E-04 0.00E+00  7.00E-02 UL 1.00E+01 1.18E+00 -4.84E-04
_3.97E-02 1.56E-04 -6.00E-02 1.00E-02 1.00E401 9.73E-01 -3.36E-04 -4.45E-02 -3.71E-04 -5.00E-02 0.00E+00 1.00E+01 1.21E+00 -1.48E-03
1.53E-02 -9.14E-06 -4.00E-02 2.00E-02 7.94E+01  1.14E400 1.93E-04 -8.30E-03 -1.97E-04 -4.00E-02 1.00E-02 7.94E+01  1.81E+00 -1.93E-03
1.96E-04 1.46E-06 0.00E+00 2.00E-04 KE 2.00E402 1.38E401 -3.61E-03 1.72E-04 1.20E-06 0.00E+00 2.00E-04 KE 2.51E+02  1.66E+01 -1.39E-02
1.49E-05 1.27E-07 0.00E+00 2.00E-05 EP 3.98E+02 3.08E+00 2.65E-03 1.51E-05 2.12E-07 0.00E+00 2.00E-05 EP 1.00E+03 2.67E+01  2.43E-01
1.15E403 3.41E-01 1.00E+03 2.00E+03 coz 2.00E401 2.12E400 —4.96E-03 1.94E+03 -1.58E+00 1.00E+03 2.00E+03 coz 3.16E+01  6.59E+00 -6.09E-02
2.43E+01 1.30E-04 2.00E+01 3.00E+01 3 1.26E407 1.45E+00 5.57E-05 2.38E+01 3.60E-04 2.00E+01  3.00E+01 3 5.01E+06 2.26E+00 -1.84E-03
2.46E401 7.82E-05 2.00E+01  3.00E+01 TEML 1.00E407 _1.74E-02 2.42E+01 1.71E-03 2.00E+01 3.00E+01 TEML 5.01E+06 7.38E-01 2.58E-02

NX NY Nz ISWEEP 300 TIME NX NY Nz ISWEEP 200 TIME Press a character key @

125 173 45 IZSTEP OFF Working 125 178 47 IZSTEP OFF Working to interrupt.

Figure 38. Solution convergence for A) Scenario 1, B) Scenario 2, C) Scenario 3, D)

Scenario 4

The results of ssmulations can be viewed using “GUI post processor” (VR viewer),
where the desirable point or plane or section can be adjusted and exported as a picture.
Theresultsfor all four scenarios are numerous, and for different heights: z=0.1 m,
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0.6 m, 1.1 m, 1.3 m and 1.6 m above the floor level. Due to the cumbersome display of
all of these numerous results, the values are divided into tables instead of the figures and
shown in the Appendix 5. The results are shown and discussed in next chapter. Some of
the results are presented in figures 39 — 67 just as an example of the obtained results.
The part of the results had been published in paper [98] discussing the impact of local
thermal comfort conditions on students' productivity loss.

The results presented in further were chosen in order to obtain the values on students
heads level (1.3 m). The measurements were possible only in the limited number of
spots. The simulations give decent results in every spot of the classroom volume and
according to model validation (7.3. Models validation and Appendix 5), they can be
used with a good certainty.

Temperature, °C =
28.48154
28.03674
27.59194 4

27.14713
26.70233
26.25753
25.81273
25.36792
24.92312
24.47832
24.03351
23.58871

Scenario 1

Probe value
23.63577
Average value
23.65748

23.14391
22.69910
22.25430
21.80950
21.36470

FLAIR

Figure 39. Temperature field at 1.3 m height for Scenario 1
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Velocity, m/s
.549189
.514882
.480575
.446268
.411960
.377653
.343346
.309039
.274732
.240424
.206117
.171810
.137503
.103196
.068888
.034581
.741E-4

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2

FLAIR

-

OO0 0000000 OO0

.884031
.801226
.718422
.635617
.552813
.470009
.387204
.304400
.221595
.138791

055987

.026818
.109622
.192427
.275231
.358035
.440840

FLAIR

Figure 40. Velocity field at 1.3 m height for Scenario 1

Figure41. PMV index at 1.3 m height for Scenario 1

Scenario 1
Probe value
0.047441

Average value
0.056003

Scenario 1
Probe value
0.395744
Average value
0.375981

109



Doctoral dissertation —Tamara S. Bajc

Scenario 1
Probe value
8.269067
Average value
8.039310

.031209
.000000

FLAIR

23.84933
23.58442
23.31950
23.05459
22.78967
22.52476
22.25984
21.99493
21.73001
21.46510
21.20018
20.93527
20.67035
20.40544
20.14052
19.87561
19.61069

- e e | Scenario 1
Probe value
23.42672
Average value
23.20329

FLAIR

Figure 43. Radiant temperature at 1.3 m height for Scenario 1
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PLOS, %
11.00452
10.31674

.628956

.941174

.253391

.565609

.877826

.190043

.502261

.814478

126696

.438913

.751130

.063348

.375565

.687783

.000000

COHNRNWBRBBBUMNGO OO W

coz2
1818.000
1754.938
1691.875
1628.812
1565.750
1502.688
1439.625
1376.562
1313.500
1250.438
1187.375
1124.312
1061.250
998.1875
935.1250
872.0625
809.0000

FLAIR

™~

Figure 45. CO, concentration at 1.3 m height for Scenario 1

Scenario 1
Probe value

3.967690

Average value

3.730800

Scenario 1

Probe value

1270.665

Average value

1294.722
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Temperature,
30.
29.
28.
28.
27.
27.
26.
25.
25.
24.
24.
23.
22.
22.
21.
21.
20.

05001
45751
86502
27252
68003
08754
49504
90255
31005
71756
12506
53257
94008
34758
75509
16260
57010

FLAIR

Velocity,

WooOOoOOOOODOOODOOOOO

0.
.461400
.430642
.399884
.369126
.338368
.307610
.276852
.246094

492158

215336
184578
153820
123062
092304
061546
030788
020E-5

FLAIR

Figure 47. Velocity field at 1.3 m height for Scenario 2

Scenario 2
Probe value

22.92026

Average value

22.97013

Scenario 2

Probe value

0.027213

Average value

0.048083
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.8864590
.804991
.723493
.641994
560496
478997
.397499
.316000
.234502
.153003
071505
.005994
.091492
.172991
.254489
.335988
.417486

7 Scenario 2
Probe value
0.246490
Average value
0.228105

OOUOOOUOOOO%

| |
(=== == i = B

FLAIR

Figure 48. PMV index at 1.3 m height for Scenario 2

PPD, % = (
21.59172
20.55474
19.51776
18.48077
17.44379
16.40681
15.36983
14.33284
13.29586
12.25888
11.22190
10.18491
2.147930
8.110948
7.073965
6.036983
5.000000

Scenario 2
Probe value
6.261356
Average value
6.139555

FLAIR

Figure 49. PPD index at 1.3 m height for Scenario 2
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Scenario 2
Probe value
22.83197
Average value
22.65627

FLAIR

Figure 50. Radiant temperature at 1.3 m height for Scenario 2

J
=t

PLOS, % £
11.03784
10.34797

658108

968244

.278378

588513

898649

208784

518919

829054

139189

449324

759459

069595

379730

. 689865

000000

Scenario 2
Probe value
1.879349
Average value
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Figure 51. Productivity loss at 1.3 m height for Scenario 2
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Figure 52. CO, concentration at 1.3 m height for Scenario 2
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Figure 53. Temperature field at 1.3 m height for Scenario 3

Scenario 2

Probe value
985.9355
Average value
989.1815

Scenario 3
Probe value
25.99688
Average value
24.82743

115



Doctoral dissertation —Tamara S. Bajc

Velocity, m/s
0.
.487259
.454781
.422304
.389827
.357349
.324872

WOOOOODODODODOOOOOODOOOoOo

519736

292395

.2599817
.227440
.194963
.162485
.130008
.097531
.065053
.032576
.878E-5

FLAIR

&

OO0OO0OO0COKFHKKEFHFHNMNNMNOMNMNW

.000000
.805269
.610538
.415807
.221076
.026345
.831614
.636883
.442153
.247422
.052691
.857960
.663229
.468498
.273767
.0792036
-0.115695

FLAIR

Figure 55. PMV index at 1.3 m height for Scenario 3
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Figure 57. Radiant temperature at 1.3 m height for Scenario 3
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Figure 58. Productivity loss at 1.3 m height for Scenario 3
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Figure 59. CO, concentration at 1.3 m height for Scenario 3

Scenario 3
Probe value
8.480475
Average value
7.450789

Scenario 3
Probe value
1399.475
Average value
1247.439%9

118



Doctoral dissertation —Tamara S. Bajc

Temperature,

56.
.61726
.35353
.08981
.82607
.56234
.29861
.03488
<1111
.50742
.24369
.9799%6
.71623
. 45250
.18877
.92504
.66131

88100

FLAIR

°c

Velocity, m/s

0

VWOOoOOOODOOODOODOOOOO

.557585
.522742
.487898
.453055
.418212
.383369
.348526
.313682
.278839
.24399%6
.209153
.174310
.139466
.104623
.069780
.034937
.355E-5

FLAIR

Scenario 4

Probe value
24.52515
Average value
24.51118

Figure 60. Air temperature at 1.3 m height for Scenario 4
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Figure 61. Velocity field at 1.3 m height for Scenario 4
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Figure 63. PPD index at 1.3 m height for Scenario 4
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Figure 64. Radiant temperature at 1.3 m height for Scenario 4
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Figure 65. Productivity loss at 1.3 m height for Scenario 4
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Figure 66. Productivity loss at 1.3m height for Scenario 4 — vertical section across the
classroom
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Figure 67. CO, concentration at 1.3 m height for Scenario 4
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6.3. Models validation

According to Schatzmann et a. [99] the modd validation procedure consists of:
model and database description, scientific evaluation, code verification, model
validation and user-oriented assessment. Model and database description include detail
description of characteristics of the model, the range of use, the theoretical background,
software and hardware requirements and the explanation about database that had been
used. The scientific evaluation covers the mathematical background and the explanation
of the chosen numerical model. Code verification includes the error identification in
code notation and the validation of the results in comparison with areal physical nature
of the problem. The model validation takes into consideration the comparison between
numerical and experimental results, quantifying the difference between the results. The
deviation between the results describes the quality of the model. The user-oriented
assessment describes how the model is applicable in wide range of problems and also
the user-friendly interface of the software [99].

The model validation was done using relative error examination between the
measured values and the values obtained through the simulations for each of the four
scenarios, comparing validation pairs. A lot of simulations were done for four scenarios,
but as the appropriate ones only the models with relative error lower than 5% for
physical parameters and lower than 50% for thermal comfort indices (in comparison to
the measured values) were selected.

Therelative error is expressed through the following formula[100]:

Error = X% 100, (58)
X0
where x is ameasured value and X, is asimulated value.
The total number of validated pairs in Scenario 1 was 23. The comparison between
the measured and values obtained in simulations for Scenario 1 is given in Table 44 and
45. The comparisons for other Scenarios are given in the Appendix 5.
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Table 44. Measured and simulated air temperatures at different levels of height — Sc.1

Meas.  Flair ' Meas.  Flair ' Meas.  Flair ' Meas.  Flair
Position Tal Tal Rel.e ' Ta2 Ta2 Rel.e ' Ta3 Ta3 Rel.e ' Tab Tab Rel.e
index (0.1m) (0.1m)  rror E(O.Gm) (0.6m)  rror i(l.lm) (2.2m)  rror 5(1.6m) (2.6m)  rror
°C c % | c % | c % | c %
PL1 | 2248 | ; L 272 | ; | 2408 | ; L 2297 | ;
PL2 | 2248 | S 272 b D 2403 1 S 207 | .
P13 | 2301 | P K s 2408 1 e 2820 1 P
PLa | 2301 | i Gasm . i iaass i Gaww
PL5 | 2275 | 2210 | 246 | 2200 | 2345 | 197 | 2446 | 2362 | 355 | 2323 | 2442 | 488
PL6 | 2275 | S 200 | 2446 | S 2323 e
P21 | 2229 1 S 2203 e o403 | S L2357 L |
P22 | 2229 | 2283 | 077 | 2293 | 2338 | 192 | 2403 | 2355 | 202 | 2357 | 2401 | 181
P23 | 2310 | 2213 | 496 & 2366 | 2317 | 241 | 2294 | 2350 | 239 | 2421 | 2405 | 069
P24 | 2310 | 2207 | 482 | 2366 | 2344 | 091 | 2204 | 2348 | 280 | 2421 | 2476 | 221
P25 | 2001 | 2192 | 402 | 2371 | 2342 | 126 | 2446 | 2350 | 408 : 2451 | 2402 | 205
P26 | 2291 | 2213 | 391 | 2371 | 2360 | 050 | 2446 | 2401 | 186 | 2451 | 2516 | 257
P31 | 2249 | 2213 | 183 | 2343 | 2321 | 095 | 2403 | 2341 | 263 | 2437 | 2528 | 361
P32 | 2249 | 2208 | 204 | 2343 | 2340 | 012 | 2403 | 2406 | 012 | 2437 | 2554 | 450
P33 | 2318 | 2202 | 497 | 2387 | 2317 | 305 | 2204 | 2369 | 318 | 2457 | 2500 : 171
P34 | 2318 | 2000 | 402 | 2387 | 2367 | 083 | 2204 | 2403 | 454 | 2457 | 2419 | 156
P35 | 2301 | 2205 | 433 | 2326 | 2345 | 083 | 2446 | 2361 | 360 | 2350 | 2446 | 391
P36 | 2301 | 2206 | 401 | 2326 | 2374 | 202 | 2446 | 2370 | 320 | 2350 | 2462 | 457
Pal | 2248 | e BN 260 | e 2008 1
Pa2 | 2248 @ L 2826 1 L 2469 1 L © 2403 1 C
P43 | 2312 | 2200 2384 | 2351 | 140 | 2204 | 2364 | 296 | 2456 | 2567 | 433
P44 | 2312 | 2206 2384 | 2341 | 185 | 2004 | 2423 2456 | 2454 | 008
P45 | 2288 | 2200 | 413 | 2413 | 2312 | 436 | 2485 | 2348 2537 | 2472 | 262
P46 | 2288 | 2206 | 395 | 2413 | 2360 | 223 | 2485 | 2428 | 236 | 2537 | 2480 | 231
P51 | 2237 | 2290 | 220 ' 2326 | 2338 | 050 ! 2469 | 2357 | 476 | 2415 | 2529 | 450
P52 | 2257 | 2251 | 135 | 2326 | 2321 _?__d._z_s_"iL_éléé__i_"2_3_.é%__i__Z%%"E_"zlié"i"ééfdzi_J- _______ |
P53 | 2308 | 2212 | 418 : 2368 | 2326 | 178 | 2460 | 2455 | 058 : 2428 | 2551 | 483
P54 | 2308 | 2021 | 442 | 2368 | 2339 | 124 : 2485 | 2366 J B8N 2428 | 2538 | 435
P55 | 2320 | 2212 | 443 | 2360 | 2301 | 256 | 2485 | 2410 | 313 | 2400 | 2501 | 401
P56 | 2320 | . 2360 1 I EE . 2400 1 I
Average | 22.82 22.17 2.92 23.43 23.38 0.21 24.16 23.77 1.62 24.04 24.88 3.39
q 0.90 1.00 0.86 0.95

Table 45. Measured and simulated radiant temperatures at 1.1 m height - Scenario 1

s M easur ed Flair
Position index Toat (L) [°C] | Traa (1.1) [°C] Rel. error [%]
PL1 | . 2288 A ]
PL2 | . 2288 . ]
P13 | . 2288 e e
P14 | 2426 o ]
PLS | . 2426 2821 i 426 |
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. M easur ed Flair

Position index T @D T | Trae @) [°C] Rel. error [%]
PL6 | 2426 L
P21 | 228 1
P22 | 2288 1 2320 i 138 |
P23 | 2342 1 2324 i 076 |
P24 | 2342 1 2327 i 064 |
P25 | 2426 12331 i 406 |
P26 | 2426 2328 i 421 |
P31 | 2288 1 2310 i 094 |
P32 | 2288 0 2319 i 133 |
P33 [ 2342 12332 i 045 |
P34 | 2342 1 2333 i 038 |
P35 [ 2426 . 2337 i 38 |
P36 | 2426 1 2331 i 410 |
PAL | 2445 e
P42 | 2445 T 009090
P43 | 2342 12332 i 042 |
Pa4 [ 2342 1 2335
P45 | 2482 @ 2335  SN6820
- 2482 2331 SN680
P51 | 2445 2273 S8
P52 | 2445 12309
P53 [ 2445 1 2333 |
P54 | 2482 1 2333 688
P55 [ 2482 1 2333
P5.6 24.82 , ,

Average 23.90 23.25 211
q 0.71

The other significant parameter for model validation is the hit rate. According to the
definition from the literature [99]: “The hit rate specifies the fraction of model results
that differ within an allowed range D or W from the comparison data. D accounts for
the relative uncertainty of the comparison data. W describes the repeatability of the
comparison data.” The hit rate g can be described using the equation [99]:

1 for <D or [P-O|<W
N 1 , L 59
q:_:_zNi’Ni: 0 else ' (9)
N Nz

where P; is normalized model result and O; is normalized comparison data. The allowed
D vaueis up to 25% for physical parameters according to VDI2005, and W depends on
experimental uncertainty and it is different for each variable [99]. For this investigation,
the allowed relative difference for physical parameters is 5%, and for PMV, PPD and
PLOS indexes the allowed D value is considered to be 50% on alocal level, having in
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mind the complex nature of these indexes, as a function of several parameters and the

deviation from ideal conditions. The hit rate value has to be ¢>0.66.

The model validation using hit rate parameter is shown in Table 46-49. for the air
temperatures at 0.1, 0.6, 1.1 and 1.6 m height and in Table 50. for radiant temperature at
1.1 m height above the floor.

Table 46. Model validation for air temperatures at 0.1 m height

Measured Simulated
Scenario | Taray (0.1m) | Ty o (0.1m) | Error [%] | g | Validated | Valid pairs < 5% error
1 22.82 22.17 292 0.90 | 21 19
2 | 2147 2152 | 023 100! 14 14
3 | 257 1 2301 | 209 094 18 | 17
4 | 2 2200 | | 080 (100 23 : 23
Table 47. Model validation for air temperatures at 0.6 m height
Measured Simulated
Scenario | Tapa (0.6m) | Tora (0.6m) | Error [%] | g | Validated | Valid pairs < 5% error
1 2343 2338 021 1.00: 21 21
2 | 2170 2232 | 280 100 14 | 14
3 | 2330 | 2440 | 364 094! 18 | 17
4 | o7 7 2368 | | 257 1100 238 | 23
Table 48. Model validation for air temperatures at 1.1 m height
Measured Simulated
Scenario | Tazav (1.2mM) | Taza (1.1m) | Error [%] g | Vaidated | Valid pairs < 5% error
1 2416 23.77 162 1086 21 18
2 | 2310 | 2315 | 025 100} 14 | 7
3 | 2515 | 2495 | 078 083 18 | 15
4 | 2470 | 2428 | 257 1091 23 | 21|
Table 49. Model validation for air temperatures at 1.6 m height
Measured Simulated
Scenario | Tasay (1.6m) | Tasa (1.6m) | Error [%] ‘ q ‘ Validated ‘ Valid pairs < 5% error
1 24.04 2488 339 1095 21 20
2 | 2239 | 2355 | 494 086 14 | 12
3 | 2463 | 2514 . 197 09 18 i 17
4 | 2431 | 2494 | 249 09! 23 i 2
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Table 50. Model validation for radiant temperatures at 1.1m height

Measured Simulated
Scenario Trad,av Trad,av Error [%] ‘ | Validated ‘ Valid pairs < 5% error
1 2390 : 2325 211 0.71 21 ' 15
2 2300 | 2271 i 126 100 14 | 1w
3 2491 | 2436 | 228 083 18 | 15
4 | 2447 1 2393 | 126 091: 23 21

The hit values for both air and radiant temperatures show very good agreement
between the measured values and the simulations, so the accepted models for scenarios
1 to 4 can be considered satisfying, looking at the physical parameters. air and radiant
temperatures at different levels of height.

The model validation for thermal comfort indices and PLOS are presented in Tables
51-54. The hit rate is validated for the valid pairs for each scenario.

Table 51. Model validation for thermal comfort indexes and productivity loss for

Scenario 1
Scenariol | Meas. ‘ Sim. ‘ Error [%)] | | Validated | Valid pairs < 50% error
PMVo | 056 ; 039 ; 3280 ;086 21 & 8
PPDy, | 1290 : 818 | 3801 .__9-_7__1__. ______ 2 Lo
PLOSS, | 637 | 383 | 4050 067! 21 | 14

Table 52. Model validation for thermal comfort indexes and productivity loss for

Scenario 2
Scenario2 | Mess. ‘ Sim. ‘ Error [%)] | ‘ Validated | Valid pairs < 50% error
PMVey | 029 | 024 : 1922 5__1_99 ________ S 4
PPDa, | 920 [ 618 8278 1100 M 4
PLOSS,, 257 187 . 2751 079 14 ; 11

Table 53. Model validation for thermal comfort indexes and productivity loss for

Scenario 3

Scenario3 | Meas. | Sim. ‘ Error [%] | | Validated ‘ Valid pairs < 50% error
PMVy | 074 : 063 | 1722 1094: 18 . .. LA
PPDay | 2113 ; 1385 3784 (08, 1B 5
PLOSS, | 897 | 747 | 2227 094 18 | 17
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Table 54. Model validation for thermal comfort indexes and productivity loss for

Scenario 4
Scenario4 | Meas. | Sim. Error [%] q Validated Valid pairs < 50% error
PMVo | 068 | 085 @ 2426 1 100: 23 . 3
PPD, | 1605 : 1132 | 3409 100 28 & 3
PLOSS,, 811 ! 619 ! 2968 : 100 ! 23 E 23

According to the results shown in Table 51 to 54, the models used for Scenarios 1 to
4 showed a good agreement with the measured values. The relative error is lower than
predicted 50% for thermal comfort indexes and productivity loss, as well as a hit rate,
which is higher than alowed 0.66.

Looking at both physical parameters and therma comfort indices, the used models
have a decent agreement with the experimental results, and can be used as a valuable

prediction tool when the experiments are difficult or impossible to perform.
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CHAPTER 7

“The cave you afraid to enter holds the treasure you seek.”
Joseph Campbel
»1lehuHa y Kojy ce mamm fa yhemr ckpuBa 6Jaro Koje Tpaxun.”

Lozeqh Kemnoen

7. SYNTHESIS OF MEASUREMENTS, STATISTICAL AND NUMERICAL
RESULTS

In this chapter the combined results obtained through experiment, statistical analysis
and the use of numerical simulation (Figure 68) are presented and discussed.

- TSV

- Clasfaroom
o r
™| temperature te:wuperagjre
Air
™| humidity 1 1
. . . Air
= Air velodity =\ Productivity | temperature
Radiant i i
temperature 1 1 e
Classroom i
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Skin surface!
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Radiant
= PMV =1 agymmetry -1 oS
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= PD Tair
= PDfloor
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Radiant
asymmetry

Figure 68. The synthesis of the measured, surveyed and simulated values
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The measured and surveyed values are shown in grey fields, the same as the values
used as an input for the numerical simulations. The indirectly deduced values, using

calculations and simulations, are presented in white rectangles.

7.1. Comparison between the measurements and questionnaires

The differences between the students' persona sensations about thermal environment
and its impact on students’ productivity and the measured values are presented in this
chapter, correlating the data collected, processed and concluded through this research
into afinal conclusions and suggestions for the future work.

The comparison between the measured PMV and PPD and TSV and TIP collected
through the questionnaires and its impact on students’ performances are averaged for
each position and presented in tables 55 to 58.

Table 55. PMV, PPD and TIP indices in correlation with an ability to work, compared

for measurement and questionnaires for Scenario 1

Position index | PMV | TSV | PPD [%] | TIP[%] | Productivity [%]
P1.1 042 ! 1987 ! !
P1.2 042 | esr 4T
P13 042 ¢ 987 L
P14 068 . 00 ! 1547 | o 900
P15 068 | 10 : 1547 | 100 :
P16 068 0 i 1547 1 200
P2.1 042 © 20 ¢ 987 : 50 i 800
P2.2 042 | 13 | 987 | 150 | 1 500
P2.3 033 | 13 | 806 | 193 | 650
P2.4 033 ; 13 ! 806 | L 625
P2.5 068 | 10 | 1547 | 113 ! 675
P2.6 068 | 08 ! 1547 | 65 | | 625
P3.1 042 | 10 . 987 | 183 | . 20
P3.2 042 | 10 { 987 | 200 | ! 575
P3.3 033 . 20 . 806 | 725 ! 675
P3.4 033 00 : 806 : i 633
P3.5 068 i 1547 1 550
P3.6 068 | 10 | 1547 | 350 | 725
P4.1 o7 ¢ {1396 | .
P4.2 07 L i 1596 | o
P4.3 033 10 | 806 : 100 | . 40
P44 | 033 | 10 | 806 | 150 | 433
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Position index

PMV | TSV | PPD [%] ‘TIP[%] | Productivity [%]

P4.5 072 | 07 | 1632 2.5 733
P4.6 "()72""'"1"9;";r"'i's'.é'z'mr"'i'o"d"" """"" 800
P5.1 07 | 15 1596 | 450 | | 500
P5.2 07 | 10 ! 1596 | 50 | 533
P5.3 07 i 17 | 1596 | 250 | 67
P5.4 072 0 17 | 1632 | 450 | . a3
P5.5 0721 00 | 1632 | P 250
P5.6 072 i i 1632 | i 600
MAX 072 | 2 | 1632 | 725 90
MIN 033 0 0 | 806 | 25 | 20
Average 0.56 | 1.07 | 1290 | 2058 | 58.5

Table 56. PMV and PPD indices in correlation with an ability to work, compared for

measurement and questionnaires for Scenario 2

Position index

PMV | TSV | PPD [%] | TIP[%] | Productivity [%]

P11

P1.2

P1.3

P1.4

P1.5

P1.6

P2.1

pP2.2

P2.3

P2.4

P2.5

P2.6

P3.1

P3.2

P3.3

P3.4

P3.5

P3.6

P4.1

P4.2

P4.3

PA.4

P4.5

P4.6

P5.1

P5.2

P5.3

023 | 1.0 | 908 : 00 | 0.0
0231 1 908
023 . 908 { i
024 i 00| 809 | o 650
024 1 gos
024 i goe f i
023 i 908 :
023 05 908 i 100 : 700
023 05 908 ! 50 800
024 ; 10| 809 | 30 | 667
02400 809 : i 750
024 0 10| 809 : 10 | 900
0230 17 | 908 | 175 | 900
023 15| 908 | 50 | 800
023 13} 908 | 125 | 767
024 0 15 | 809 | 200 : 25
024 go9 i 950
024 : 10 | 809 . 225 [ 550
036 i 047
036 . | 1047 | o
036 ; 10 | 1047 | 80 | 650
0390 U am 800
039 0 10| 977 : 00 | 00
039 10| 97 | 600
036 : | 047 i
036 | 00 | 1047 | o 400
036 : 05 1047 : 150 650
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Position index

PMV | TSV | PPD[%] | TIP[%] | Productivity [%]

P5.4 039 { 10 | 977 | 00 | 75.0

P5.5 039 i 9m i
P5.6 039 | o L o
MAX 039 {167 | 1047 | 8 | 95

MIN 02 0 : 809 | 0 i 0
Average 029 | 086 | 920 | 1404 | 68.4

Table 57. PMV, PPD and TIP indicesin correlation with an ability to work, compared

for measurement and questionnaires for Scenario 3

Position index

PMV | TSV | PPD[%] | TIP[%] | Productivity [%]

PL1 105 | 000 | 2969 55.0
PL2 1051 G 2069 1 L
PL3 105 1100 2069 | 0 i 400
PL4 054 {200 1204 | 22 | 450
PL5 054 1 1 1204 14
PL6 054 1 1294
P2.1 105 200 2069 | 20 | 400
P2.2 105 150 | 2069 | 3 . 550
P2.3 070 {200 2067 | 43 | 538
P2.4 070 200 2067 | 58 | 438
P2.5 054 167 | 1294 | 18 | 750
P2.6 054 (1500 1294 | 4 i 700
P3.1 105 0167 | 2069 | 20 . 733
P3.2 105 {2251 2069 | 41 | 600
P3.3 070 (200 2067 | 13 775
P3.4 070 {200 2067 : 30 i 567
P3.5 054 : 200 1204 : 13 67
P3.6 054 i 100 1294 : 20 650
P4.1 059 i 1 2125 | e
P4.2 059 | | 2125 | .
P4.3 070 : 133! 2067 | 3B 600
P4.4 070 | 133 2067 : 23 | 413
P4.5 081 (200 2105 | 30 i 925
P4.6 08l 0100 2105 | 53 400
P5.1 059 ¢ 1225 | e
P5.2 059 (150 . 2125 . 20 | 850
P5.3 059 100} 2125 | 15 | 25
P5.4 08l ! 250 2105 : 55 525
P5.5 081 i 2105 1
P5.6 08L 0 | 2105 | o
MAX 105 | 25 | 29.69 575 925
MIN 054 0 | w204 | 0 R5
Average | 074 | 160 | 2113 | 2538 58
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Table 58. PMV, PPD and TIP indicesin correlation with an ability to work, compared
for measurement and questionnaires for Scenario 4

Positionindex | PMV | TSV | PPD [%] | TIP[%] | Productivity [%]
PL1 051 | L1167 | |
PL2 051 io11er i 50
PL3 051 00 | 1167 L %0
PL4 078 1 10 | 1857 | 150 | 550
PL5 ‘078 i | 1857 | .
PL6 078 1 1857 1
P2.1 051 | 13 | 1167 | 200 | 87
P2.2 051 % 00 ¢ 1167 L %0
P2.3 067 | 08 | 1522 | 300 | 290
P2.4 067 | 18 | 1522 | 493 | . 50
P25 078 1 20 | 1857 | 225 | . 450
P2.6 078 | 17 | 1857 | 77 . 7
P3.1 "()féi"j"'1'.21"j'"'iiﬁé%""ihmi'i.émdi """"" 20
P3.2 051 | 13 : 1167 | 150 | 233
P3.3 067 | 12 | 1522 | 184 | 490
P3.4 067 | 05 | 1522 | 200 | 6.7
P35 078 30 | 1857 : 600 | . 450
P3.6 078 0 30 | 1857 | 500 | 850
P4.1 084 I L2044
P4.2 084 1 i 204 U
P43 067 | 10 | 1522 | 125 | . 450
P4.4 067 | 15 | 1522 : 313 | . 450
P45 063 | 10 | 1528 | 100 | 433
P4.6 063 10 . 1528 . 600 : 550
P5.1 Tos4 | 1204 T
P5.2 084 | 00 : 204 : . 300
P5.3 084 | 13 | 204 | 2715 | 300
P5.4 063 | 17 | 1528 | 300 | 533
P55 063 15! 1528 ' 300 375
P5.6 063 | 20 ¢ 1528 : 250 300
MAX 084 : 3 | 204 | 60 85
MIN 051 0 ! 1167 | 767 | 2333
Average | 068 [ 130 | 1605 | 2727 | 44.50

Comparing the results above, it is shown that the students' productivity was lowest in
Scenario 4, where aso their subjective evaluation of therma comfort, reflected through
the TIP index, shown the highest percent of people dissatisfied (around average 27%).
The highest productivity is evaluated through tests in Scenario 2, when both measured
and evaluated values of PMV, PPD and TIP werelowest. The  deviation  between
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measured PPD and subjectively evaluated by students TIP was 35%. Evaluated impact
of thermal comfort on PLOS was around 14%, even though the averaged measured PPD
was around 9%. The productivity of students averaged for each scenario as a function of
students' persona evaluation of therma comfort impact on PLOS, TIP is shown on

figure 69.
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Figure 69. The productivity as a function of personal students' dissatisfaction with

thermal environment TIP

According to the results, the productivity loss is proportional to the students
dissatisfaction: the higher dissatisfaction the higher the losses. The collected data is
possible to correlate using the new equation, which is derived through this research,
using TableCurve 2D v5.01 software for curve fitting:

Productivity =a+b-e™ +c-e TP, (60)

where the coefficients have the values. a =59.3199,b = —2.1057 - 10711,¢c =
1.1364 - 107.

This correlation is obtained for averaged data for TIP and productivity evaluated
through tests for four scenarios, and can be used as an overall prediction of productivity
in the classroom, if the students dissatisfaction is quantified through the survey. This
equation is not valid for individual student's productivity prediction.
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Looking at the nature of all obtained results, it is noted that the impact of personal
factor is huge. If the results are concerned averaged for the whole section of the
classroom, as it was done during the radiant temperature measurements, it is possible to
have a more general correlation between the productivity and PMV, which is less
influenced personally. It is very difficult to observe productivity of each student locally
and derive genera conclusions. The results are shown on figure 70.
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Figure 70. Productivity and measured PMV in five classroom sections

The part of the classroom MO1 is depicted as the one with the highest students
productivity results. It is an interesting fact that this was the part of the classroom where
the students with the best marks in university subjects were seated. Their productivity
was the highest in the Scenario 2: about 76% averaged. The productivity loss of about
16% is noticed comparing to the fourth scenario. Looking at the M0O3 part of the
classroom, personal factor was the most visible: when the PMV was the lowest, in
Scenario 2, it was expected that the students would have the highest productivity, but on
the contrary: the productivity was about 55% averaged for the students' results in this
section, which was even lower than in the first and the third scenario. These results
strongly indicate that the personal factor is dominant, comparing to the PMV impact.

The deviation from an average productivity for each scenario is clearly visible on

Figure 71. The impact of personal factors is dominant.
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Figure 71. Students productivity in five sections of classroom for all scenarios

The impact of the personal factor and its correlation with thermal sensation votes is
possible to distinguish through the much detailed analysis of human physical and
psychological condition. This attempt was made through the skin temperature
measurement, presented in Chapter 4. The cheek temperature is correlated with TSV
and TIP. The personal evaluation of the impact of the environment on students
performances and PLOS in relation with the left cheek temperature of the participantsis
shown on Figure 72-75.
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Figure 72. TIP in correlation with students cheek temperature for Scenario 1
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Figure 73. TIP in correlation with students cheek temperature for Scenario 2
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Figure 74. TIP in correlation with students cheek temperature for Scenario 3
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Figure 75. TIP in correlation with students cheek temperature for Scenario 4

The students' evaluation of thermal comfort impact on concentration and productivity
loss, presented above was, as expected, in direct correlation with thermal environment
conditions, suggesting the highest impact on students performances in third and fourth
scenario. The highest average students' skin temperature was noticed in first scenario.
The biggest deviation between left and right cheek temperature is noticed in fourth
scenario, on students seated close to the electrical heater. The deviations between the
temperatures from Scenario 1 to 4 were dlight, just within in the 0.5°C. Significant
deviations were not noticed. As suggested by the numbers of researchers, the normal
adult human body temperature is in between 35.7 to 37.7°C [101, 102]. For defining the
more precise correlations, more detailed investigations are necessary. The cheek
temperature measurements are insufficient for describing the physical and psychological
state of human body and metabolism in non-uniform environments. More detailed
investigation, with measurements of other body parts, sweat secretion and neuro-
behavioral tests is necessary for drawing the more precise conclusions, which is very
difficult to accomplish in real classroom, during the regular semester.

Productivity loss equations known so far are function of PMV index only [8, 103], or
thermal sensation votes [58]. The available data in literature regarding the possible
methods for productivity loss calculations are limited and based on assumptions and
researches performed in experimental conditions on a relatively small number of
volunteers. This investigation demonstrated that the productivity and productivity loss
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are not just afunction of PMV index. The obvious prove is shown on Figure 76.
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There is no simple relation in real conditions that can link productivity with a PMV
index only. The obtained results were conducted for 19 days in different conditions of

thermal environment, in real classroom, during lectures, on a sample of 73 for scenario

1, 37 for scenario 2, 62 for scenario 3 and 68 samples for scenario 4, which is in total

240 results of productivity tests. These results represent a valuabl e contribution obtained

through this research.

The results shown on Figure 76 clearly emphasizes that the productivity is not a
simple function of a PMV. During the interview with students, they stated that the
impact of thermal environment on their performance was noticeable, but significantly
lower than their personal state. Also, analyzing all important factors conducted through
this research, it is noted that the worst results regarding students' performance occurred
during the fourth scenario, even though the PMV index was lower than in third scenario.
Looking at the physical parameters in Tables 11 to 14 it is clear that the CO,
concentration was significantly higher exactly in Scenario 4, with an average value of
2050 ppm. Scenario 2 had satisfactory results with an average value of 1052 ppm. The
Scenario 1 and 3 had almost equal concentration: 1390 and 1322 ppm respectively.
Knowing the negative influence of high CO, concentration on human health and
performance, this factor can be observed as an important one for searching the causes of
higher productivity lossin fourth scenario.

7.2. Local thermal discomfort impact on productivity loss

The results obtained comparing the calculations using formulas given in Standard
ISO 7730:2005 and gathered through the students survey in situ showed a vauable
mismatching and confirmed one of the hypothesis of this research that there is no reason
to believe that there are always 5% of people dissatisfied in moderate thermal

environments. This is an origina contribution obtained through this thesis. This

observation is derived from the results regarding the floor temperature, as one of the
local discomfort parameters. The comparisons for PD caused by floor temperature are

given in table 59.
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Table 59. Percentage of people dissatisfied calculated by SO 7730:2005 and evaluated
by students

Scenario | tieor [°Cl
1 2236 . 58
2 | 2155 i 648
3 .. 2198 . 61 . 93
4 2164 | ‘

Comparing the results from Table 59. it can be concluded that even though the floor

temperatures in Scenario 2 and 4 were amost equal (only 0.09°C difference), the

subjective evaluation was almost 10% different. This was definitely the consequence of

students' dissatisfaction with overall therma comfort conditions in the classroom, which
they also reflected on dissatisfaction with floor temperature. From this point, it can be
concluded that persona factor and subjective feelings have a huge impact on results.

The personal factor is very difficult to evaluate in precise boundaries of values.

Looking at the similarity of the measured floor temperatures in all scenarios, it can be
pointed out that their impact on students productivity loss can be neglected as non
dominant.

The parameters for local thermal discomfort impact, such as floor temperature,
draught, and radiant asymmetry measured and calculated in this dissertation showed no
significant impact on productivity loss. Only the percentage of people dissatisfied with a
vertical air temperature difference was about average 7% in third and fourth scenario,
which can have an impact on productivity loss. This parameter is considered through the
local PMV index, calculated for every position. The percentage of students dissatisfied
with draught was about 7.6% in Scenario 2, for the seats next to the windows, but in this
scenario, not a single person (from 31 answers) felt an ar movement neither the
draught, and 39% of students stated that they were sensitive to draught, as it was shown
in Table 30. This parameter is also considered as non-significant for productivity lossin
this research. Air movement is also included indirectly in PMV index calculation for

each segment of the classroom through the air velocity.

The significant parameters for this research are PMV index, personal factors and CO,
concentration. These so far known relations are dependent only from PMV index in a

form:
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PLOS = f(PMV), (61)

The results for productivity loss, obtained using the polynomial correlation suggested
by Kosonen and Tan [8], take into a consideration only thermal environment impact
through the PMV index, measured in the observed classroom (Table 17). The values
obtained using the equation suggested by Kosonen and Tan for thinking activity are
pretty uniform, as expected in ideal conditions, and because of that, inappropriate for
real conditions, in the actual classroom. Exactly this original conclusion, influenced on
the need to form more realistic model, which takes into consideration the influence of
CO; concentration and the most influenced personal parameter expressed through the

variable Cpgs.

Through this research, the novdl, original relation is suggested in form:

PLOS = f(PMV,CO,, Cpers), (62)

According to the measured data for PMV in the classroom, CO, concentrations and
productivity tests during 19th days, using 240 test results in this period, the novel
equation is developed, using multiple regression analysis. The suggested equation
showed a good agreement (the relative error is lower than, or equal 20% for 70% of the
test results) with the productivity tests results. The obtained equation has a form as

follows;

z=a+bx+cx?+dx®+ex* + fx5+ gy + hy? +iy® + jy* + ky® (63)

where z stands for productivity, x for PMV and y for CO, concentration; coefficients a,
b,c d, ef g h i jandk are obtained using TableCurve 3D v4.0 software for curve
fitting and have the values:

a = -358.808868, d = -64808.8852, g=5.747102797, j=-151-107°,
b =-10929.1291, e =51070.70669, h =-0.00788315, k=172-10713,
c = 38910.35993, f =-15370.0523, i =5.04-1076,

The personal factor of each student is strongly visible through the test results, but

very difficult to quantify precisely and express mathematically, due to that, it is
excluded from the equation.
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The suggestion for future work would be to consider the personal factor through the

variable Cpes Which could be possible to derive through the input tests, used as an etalon

for measuring personal availabilities of each person, together with a medical research.

The novel equation, suggested in form (63), more realisticaly approaches the
problem, considering aso the high CO, concentration in the classroom, which is also
marked as one of the key, environmental parameters of productivity loss. A lack of this
model is a difficulty of a personal factor prediction, and generalization of it in a global

model equation for overall productivity loss.

Thisis anovel and an original contribution obtained through this thesis and it can be

implemented in the existing thermal comfort standards as an additional tool for

productivity evaluation in therma environments such as classrooms, lecture halls, open

spaces offices with alarge number of occupants and natural ventilation. Thisresearch is

done for hot scenarios in winter season, so the equation is applicable for this period. In
order to examine the applicability and reliability of this equation for the summer season
in air-conditioned spaces, more detailed researches in the future are necessary.

In this research, with much effort the physical parameters of local thermal discomfort
have been correlated with the students productivity loss. The most important
conclusions are: a personal factor is much more dominant then thermal environment
parameters, there are the impacts of the local thermal discomfort which are not possible
to strictly separated from personal factors (thus mathematically quantify); for personal
factor quantification it is necessary to perform neuro-behaviora tests, along with other
medical researches on each person, as it is also necessary to perform the initial testsin
"ideal" conditions, in which is possible to evaluate the maximal personal performance,
and then to use it as an etalon for comparison with other cases. These are some of the

suggestions for future work.
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8. FINAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

A new approach implemented in this research gives a comprehensive data on local
and overall thermal comfort indicators in the observed classroom, and together with a
subjective evaluation and numerical simulations helps researching the reasons of
students’ productivity loss. The local approach, instead of overall, gives an opportunity
to distinguish the reasons for higher productivity loss locally, in a part of the classroom
with more unfavorable therma comfort conditions. The comprehensive research done
through this thesis is the first of this type done "live", in real classroom with university
level students, for moderate climate conditions. The improved methodology for
measuring the physical parameters of the environment in real conditions introducing
detailed, continuous measurement across a large number of locations within the volume
was implemented. Vauable data was collected during the ongoing winter semester, for
adult occupants between the ages of 20 and 25. The results published so far in literature
are mainly based on research conducted in laboratory conditions, but the research
conducted for this dissertation represents a significant contribution to the understanding
of the correlation between local thermal comfort and working productivity loss in real
conditions, in non-residential buildings. The need for this analysis came from the fact
that it is quite difficult to predict productivity loss in non-residential buildings in real
conditions, and that the correlation between the therma comfort obtained in laboratory
conditions substantially differs from the results in rea classrooms and buildings of a
similar sort, with large number of users. The research also analyzed the impacts of air
velocity, radiant temperature, vertical air temperature differences, floor temperature and
the concentration of carbon dioxide on occupants productivity loss. Anayses have
shown that the local value of the indicator of thermal comfort conditions differs
significantly from the averaged values, and that this deviation is one of the causes of the
occupants productivity loss. The second significant factor is carbon dioxide
concentration which, when increased above the prescribed limits, leads to concentration
loss, drowsiness and reduced productivity loss. The third and also dominant factor is the
sum of complex personal parameters which are very difficult to quantify precisely, and
therefore complex to separate and anayze individually. The origina questionnaires
were developed and used during the research. The first kind collected general data
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related to age, sex, physical condition and clothing of the population that was surveyed,
then the part with an evaluation of the thermal comfort conditions; as well as the local
parameters which can affect thermal discomfort and evaluation of parameters regarding
the indoor environmental quality, as well as the subjective feeling of the users about the
impact of these parameters on working productivity loss, concentration and overall
health of the user. The second kind was a more specific questionnaire, which included a
concentration test. A significant number of concentration tests were performed during
the four-week period. Tests were carried out every day and the level of productivity,
thus productivity loss, was determined using these results. Through this research, a new
index TIP was developed, describing the students' subjective evaluation of thermal

environment impact on working productivity and concentration |oss.

It was found that the users’ subjective feelings about the indoor air quality generally
correspond to the results of measurements. It has been shown that the occupants were
most sensitive to higher temperatures in the space (radiant and air temperature), the
vertical temperature difference, a high concentration of carbon dioxide and poor
ventilation. A negative impact of indoor environmental conditions on users health was
noted, because in Scenario 3 and Scenario 4, users complained of headaches, the
productivity loss and a decrease in concentration caused by staying in the classroom. A
novel index for the quantitative subjective evaluation of the percentage of thermal
comfort impact on the concentration and productivity loss (TIP) was developed in the
research. The "TIP" index is expressed as a percentage (from 0 to 100%) and represents
a guantitative subjective evaluation of the impact of therma comfort on the
concentration and productivity loss of users. By using this index in the collection and
analysis of questionnaire data, it is possible to detect the existence of factors that
decrease levels of thermal comfort in buildings, based on which these causes can be
eliminated, thereby contributing to the development and promotion of the concept of
healthy buildings.

The results of the statistical survey showed that Scenario 2 was rated as the scenario
with the best working conditions, with influence on loss of working productivity at an
average of 14%, while Scenario 4 was rated as the worst, with a TIP index value of
almost 30%. Respondents also rated the local therma comfort indicators and based on
what is shown, all users in Scenario 2 declared that the intensity of the draught in the
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classroom was 0%, the percentage of those dissatisfied with the floor temperature was
aso 0% (proven for overdl PMV=0.29 on percent dissatisfied with a floor
temperature). According to these results, the adopted recommendation of 5% of people
dissatisfied in neutral conditions is not aways suitable. The lowest percentage of those
dissatisfied with the radiant asymmetry and the vertical air temperature difference was
also observed during Scenario 2, in comparison with all four scenarios.

Using a total number of 240 productivity test results, the complex nature of
productivity loss was determined, which, as highlighted, does not only depend on the
thermal comfort index, but also on the concentration of carbon-dioxide in space, as well
as on avariety of persona parameters, which are very complex in nature. Based on this
analysis, a unique correlation equation between thermal comfort, the concentration of

carbon dioxide in a space and productivity was established.

The most important conclusions are: personal factor is more dominant then thermal
environment parameters; there are certainly the impacts of the local thermal discomfort
which are not possible to be strictly separated from personal factors, and thus
mathematically precisely quantified in that manner. For personal factor quantification it
IS necessary to perform neurobehavioral tests together with other medical researches on

each person.

Creating models and combining this with numerical methods, further validated by
experimental results, highlights the importance and potential of using numerical
simulation during the planning and design phase of a building, as well as to make
decisions on new systems of heating, cooling and air conditioning implementation,
which significantly affect the optimal conditions for users' comfort and productivity.

The obtained results give the novel guidelines for existing standards in order to
improve a thermal comfort in educational buildings. The results can also be researched
for office buildings, with a large number of occupants, and a future work could follow
this direction.
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The suggestions for future work could follow the direction of researching the
personal factors more exactly. The impact of persona factors is of tremendous
importance for a more comprehensive analysis and during the therma comfort
measurements in buildings, the medical and psychological research should also be
carried out simultaneously. Moreover, it is necessary to perform the initia tests in
"ideal" conditions in which it is possible to evaluate (but never mathematically precise)
the maximal persona performance, which would then be possible to use as an etalon for
comparison with other cases. In this manner, it would be possible to deduce a relation
regarding the productivity loss caused by persona factors and implement it into a
complex correlation with local therma comfort parameters.

Correlations between the local thermal comfort state and indoor environmental
quality impact on occupants productivity loss can rarely be found in the existing
literature. Most of the available studies in this field are related to general models of
thermal comfort, and the results are obtained mainly in the laboratory, using a small
sample size. In the dissertation, the novel results were obtained using a variety of
experimental, numerical and statistical analysis methods, from which novel correlations
of local thermal comfort conditions and user productivity were developed, obtained in

real conditions, using alarge sample group of respondents.
The scientific contributions achieved in the doctoral dissertation are as follows:

* improved methodology for measuring the physical parameters of the environment
in real conditions introducing detailed, continuous measurement across a large
number of locations within the volume.

» quantification of the impact of local physical parameters of air non-homogeneity
in indoor environments on the general and local thermal comfort indicators, using
experimental methods.

* models for the complex numerical analysis of local thermal comfort parametersin
all points of the observed space.

» original questionnaires for statistical data collection and a subjective evaluation of
the parameters of general and local therma comfort.

* novel testsfor the evaluation of user productivity levels.
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e anew TIP index for the quantification of the subjective impact of general and
local thermal comfort on occupants' productivity.

* new correlation relations between local therma comfort indicators and the level of
occupants' productivity.

* new correlations between productivity and TIP index.

» recommendations and guidelines for the interdisciplinary design of new, healthy
buildings during the earliest stages of design, as well as the inclusion of the
concept of healthy buildings in the process of upgrading existing buildings and
HVAC systems.

e increased levels of knowledge and consideration of the complex impacts of
general and local thermal comfort conditions, and the quality of the indoor
environment on the health and productivity of occupants in high-capacity non-

residential buildings.
The scientific contributions of the research can be verified by the publications:
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APPENDIX
APPENDIX 1

Table Al. 1. Average surfaces temperature for four scenarios

4.12

- Radi Radi
Surface Glf$ GI§$ V!TI VXaZH VX%“ W;“ W;“ Wf“ Floor C[?g“ atfr atzor B(I)g;:léb Door
Scenario 1
1611 [ 212 3 21 227 ) 229 ; 226 : 236 | 238 ] 232 ) 224 | 239 | 224 : 225 ; 235 233 |
171l [ 222 ;22 . 226 ; 227 ; 227 ; 234 i 235 ; 234 ; 227 238 | 231 : 232 . 236 | 235 |
1811 | 229 1 229 | 231 ; 228 } 223 | 235 [ 236 ; 231 | 226 [ 241} 23 1 234 [ 24\ 235 |
1911 | 261 : 277 : 226 1 227 : 229 i 233 : 234 1 223 : 22 i 235 : 222 i 227 : 231 i 231 |
20.11 268 | 261 i 227 ! 231 ! 226 | 236 ! 234 1 23 ! 221 ' 24 ! 223 i 223 ! 233 ! 233
Aver. 238 | 239 | 227 | 228 | 226 | 235 | 235 | 230 | 224 | 239 | 226 | 228 | 235 | 233
Scenario 2
2311 | 192 ; 191 : 218 ; 213 ; 216 ; 227 . 226 ; 226 : 214 | 243 ; 326 : 388 . 227 ; 227 |
2411 | 188 : 19 : 219 : 222 : 22 ; 232 : 234 ; 232 : 215 ; 247 : 246 : 242 : 235 229 |
2611 | 18 ; 183 | 224 22 ; 222 | 236 ; 233 ; 233 ; 222 | 24 1 256 : 294 | 236 | 231 |
27.11 198 1 196 @ 217 | 216 @ 215 : 229 | 233 228 : 211 | 247 ' 286 : 278 1 236 ' 207
Aver. 189 [ 190 | 219 [ 218 | 218 [ 231 | 231 [ 230 | 215 [ 244 | 278 [ 300 | 233 | 228
Scenario 3
30.11 209 1 215 1 221 1 228 1 224 1 242 1 238 1 234 ' 218 | 248 | 224 1 266 ! 234 1 232
112 » 2L : : : : : : : : :
212 . : ; i ! ] : ! ] :
312 |
[

Aver. 223 | 227 | 230 | 230 243 [ 241 ] 238 | 22

Scenario 4
712 | 188 ; 185 1 223 | 221 ; 225 3 24 | 244 , 233 : 218 | 257 , 223 | 259 . 234 | 232 |
812 | 18 ; 18 217 : 219 : 219 : 232 : 234 ; 233 } 219 : 241 ; 226 : 218 | 231 } 237 |
912 | 19 194 . 219 | 221 ; 221 : 234 | 235 : 226 : 213 : 256 ; 239 ; 23 . 235 | 233 |
1012 | 209 | 209 | 232 | 232 } 232 | 243 [ 245 1 239 | 218 [ 265 | 229 | 226 [ 25 | 242 |
11.12 203 1 203\ 225 | 2221 22 | 237 | 239 : 232 | 214 | 253 : 229 | 217 | 239 . 234
Aver, 194 | 194 [ 223 | 223 [ 223 | 237 | 239 | 233 | 216 | 254 | 229 | 230 | 238 | 236
APPENDIX 2

Table A2. 1. Average measured concentration of CO, in outdoor air

Date CO3 out [PPM] Date CO3 out [PPM]
16.11 ' 450 30.11 ; 434
Czan b awm o112, L 439
1811 I 0212. o 448
1911 = R 0312. A a7
"""" 2011 | 484 | o412 | s01 |
Scenario 1 aver. 453 Scenario 3 aver. 459
2311 : 461 07.12. § 406
"""" 2411. . 47 | 0812 . 390 |
"""" 2611 | 450 | ooz 1 as ]
"""" 2711 i 481 | 1012 | 483 |
Scenario 2 aver. w0 | 1112, ___________ 487 |
Scenario 4 aver. 450
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APPENDIX 3

Table A3. 1. Thelocal mean air velocity measured for four scenarios according to 1SO

7730:2005

Scenario 1 2 3 4
Position index V) [m/s] Vo, [M/g] V) [m/s] V) [m/s]
P1.1 0.04 0.16 ! 0.03 0.03
PL2 | 004 | 016 : 003 | 003 |
PL3 | 004 | 016 | 003 | 003 |
P14 | 004 | 003 | 003 . 003 |
P15 | 004 | 003 | 003 | 003 |
P16 | 004 | 003 : 003 003 |
P21 | 004 | 016 | 003 | 003 |
P22 | 004 | 016 | 003 | 003 |
P23 | 003 | 016 i 003 | 003 |
P24 | 008 { 003 [ 003 : 003 |
P25 | 004 | 003 | 003 | 003 |
P26 | 004 i 003 : 003 | 003 |
P31 | 004 | 016 | 003 . 003 |
P32 | 004 | 016 | 003 | 003 |
P33 | 003 | 016 | 003 . 003 |
P34 | 008 { 003 | 003 | 003 |
P35 | 004 i 003 : 003 i 003 |
P36 | 004 | 003 : 003 | 003 |
Pa1 | 005 | 019 | o004 | 006 |
P42 | o 005 | 019 : o004 | 006 |
P43 | 008 { 019 | 003 . 003 |
Paa | 003 i 003 | 003 | 003 |
P45 | o 003 | 003 : 004 : 003 |
Pa6 | 003 | 003 | 004 003 |
P51 | 005 | 019 | 004 | 006 |
P52 | 006 | 019 | 004 006 |
P53 | 005 | 019 | 004 | 006 |
P54 | 003 | 003 | 004 | 003 |
P55 | 003 | 003 | 004 | 003 |
P56 | 003 | 003 | 004 | 003 |
Average 0.04 0.10 0.03 0.04
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Table A3. 2. Turbulent intensity cal culated for four scenarios according to 1SO

7730:2005
Scenario 1 2 3 4
Position index Tu[%] Ty [%] Ty [%] Ty [%]

P11 4410 1 2997 | 0.00 | 0.00

P12 | 4410 | 29097 | 000 000 |
P13 | 4410 | 2097 i o000 | 000 |
PL4 | 4389 | 000 | 000 | 000 |
P15 | 4389 1 000 | 000 : 000 |
P16 | 4389 | 000 | 000 i 000 |
P21 | 4410 1 2097 000 000 |
P22 | 4410 | 2097 : 000 | 000 |
P23 | 000 | 29097 | 000 | 000 |
P24 | 000 | 000 | 000 | 000 |
P25 | 4389 . 000 000 i 000 |
P26 | 438 000 | 000 | 000 |
P31 | 4410 | 2997 | 000 | 000 |
P32 | 4420 | 2997 000 | 000 |
P33 | 000 | 2097 | 000 | 000 |
P34 | 000 | 000 | 000 : 000 |
P35 | 4389 | 000 | 000 i 000 |
P36 | 4389 000 : 000 | 000 |
Pal | 4444 2147 1 2897 | 2687 |
Pa2 | 4444 0 2147 | 2897 | 2687 |
P43 | 000 | 2147 | 000 | 000 |
Pas | 000 : 000 : 000 i 000 |
P45 | 000 000 : 3527 . 000 |
Pa6 | 000 000 | 3527 | 000 |
P51 | 4444 1 2147 0 2897 | 2687
P52 | 4444 2147 | 2897 | 2687 |
P53 | 5533 | 2147 | 2897 | 2687 |
P54 | 000 | 000 | 327 | 000 |
P55 | 000 i 000 | %27 000 |
P56 | 000 | 000 | 327 000 |

Average 28.30 13.28 10.71 4.48
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APPENDIX 4 - Questionnaireform
Questionnaire

DATE:

TIME:

INSTRUCTIONS:

1. The am of the questionnaire is to establish the correlation between the
subjective thermal comfort sensations and 1EQ with measured physical data and
productivity loss.

2. Please read carefully and give an honest, independent response without the
suggestions from other students.

3. Thesurvey is anonymous and has no negative implications.

4. Please circle the answer which best describes your subjective feeling.

Please circle just one answer if not indicated otherwise.

STUDENT'SPOSITION INDEX:

GENERAL DATA ABOUT RESPONDENT

1. Gender: malefemale
2. Year of birth:

3. Body height [cm]:

4. Body weight [kq]:

GENERAL DATA ABOUT PHYSICAL CONDITION

Have you had a breakfast/lunch? YES NO
Do you have a headache, sniffle, fever, toothache or sorethroat? YES NO
Areyou in agood physical shape? YES NO
Do you exercise? YES NO

For how many hours have you slept last night?

o &~ w NP
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GENERAL DATA ABOUT CLOTHING

1. Please describe the clothes you are wearing (for example: shoes or boots,
sneakers, underwear (standard or long), trousers, skirt, scoop-neck blouse, T-
shirt, shirt, sweater, jacket, etc.)

GENERAL THERMAL COMFORT

1. Pleasecirclejust one answer in accordance with your subjective feelings:
A. Hot (sweating)

Warm (need to remove the clothes or move to another place)

Slightly warm (nicely warm — you don’t mind)

Neutral (can’'t decide)

Slightly cool (nicely cool —you don’t mind)

mmo 0O W

Cool (need to add the clothes or move to another place)
G. Cold (shivering, reduced breathing, cower)

2. If your answer is different from “D”, please give your subjective evauation, in
percentage, of how much has the therma comfort in classroom impacted your

productivity loss and a possibility to remember new information.
Answer: %

LOCAL THERMAL COMFEORT

1. Do you feel the impact of floor temperature (cold or not)? YES NO
2. If your answer is*“yes’, are you satisfied with afloor temperature: YES NO

3. If you are NOT satisfied, please give your evaluation how many percent the

floor temperature has influenced your productivity loss.
Answer: %

4. Do you fedl the impact of the temperature of the surfaces around you (radiator,

wall, window, etc.)?

YES NO
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S.

If you feel the impact, please answer whether you are satisfied with

temperature asymmetry around you.

YES NO

If you are NOT satisfied, please give your evaluation of how many percent the

temperature asymmetry has influenced your productivity loss.

Answer: %

Do you feel the impact of the air temperature in the classroom on your ankles,
legs, belly, hands or head?

YES NO

If your answer is “yes’, are you satisfied with the vertical air temperature

difference?
YES NO

If you are NOT satisfied, please give your evauation of how many percent the
vertical air temperature difference has influenced your productivity loss.

Answer: %

10. Are you sensitive to draft (draft is an air flow around your body that you can

feel)?

YES NO

11. If you are sensitive, please answer is the intensity of draft in the classroom

8.

bothers you.
YES NO

If you are NOT satisfied, please give your evauation of how many percent the

draft intensity has influenced your productivity loss.

Answer: %

GENERAL AIRQUALITY

1

Please evaluate the air quality in the classroom:
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Very bad
Bad

| can’'t judge
Good

mo O & »

Very good

2. If your answer is“A” or “B”, please circle the symptoms that you feel (you can
circle morethan one answer):
A. stuffiness
B. hard breathing

C. poor concentration

D. sleepiness

3. If your answer is“A” or “B”, please give your evaluation of how many percent

the air quality has influenced your productivity loss.

Answer: %

Thank you!
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APPENDIX 5

Table A5. 1. Measured and simulated air temperatures at different levels of height for

Scenario 2
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Table A5. 2. Measured and simulated radiant temperatures at different levels of height

for Scenario 2

Position index

Trad, meas. [OC] Trad, flair. (1.1) [OC] Rel. error [%]

P1.1 22.90 ] i

P1.2 290
P1.3 20 o
P14 R < T
P15 % - T
P16 o273 S
P2.1 290 e
P2.2 20 o
P2.3 2e0 LR
P2.4 273 1 260 057
P25 273 0 2 S 022
P2.6 273 1 2300 . 116
P3.1 2900 | 239 L 229
P3.2 200 TR
P3.3 29 | 284 i 115
P3.4 273 1 286 033
P35 273 282 N 039
P3.6 273 1 2303 13
P4.1 229 e
P4.2 29 . 225 i 1718
P4.3 229 E
P4.4 2388 R
P45 28 e
P4.6 2358 2300 o 253
P5.1 Cmee T
P5.2 29 i 253 . 193
P5.3 29 | 263 L 147
P5.4 2358 1 263 e 420
P55 358 22 e 379
P5.6 2858 i n
Average 23.00 22.71 1.26

q 1.00
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Table A5. 3. Measured and ssimulated air temperatures at different levels of height for

Scenario 3
Meas. Flair Meas. Flair Meas. Flair Meas. Flair

Position Ta Ta Rel.er Ta Ta Rel.er Tas Tas Rel.er Tas Tas Rel.er

index (0.1m) | (0.1m) | [%] | (0.6m) | (0.6m) | [%] | (L.1m) | (1.1m) | [%] | (1.6m) | (1.6m) | [%]
[*q [*q [*q [*q [*q [*d [*q [*q

P11 2198 | | | 2284 | | | 2667 | | | 2436 | ;
PL2 | 2198 | 1 284 e L 667 e 2436 L
PL3 | 2288 | o 2335 1 o L2667 | o 2436 1 ]
PL4 | 203 | S s S 2 S Cm T
PLS | 2239 | | e S a0 S T R T
PL6 | 2230 | | C 28 | S 2420 | S Coam i o
P21 | 2245 | 2407 JUGBONY 2330 | 2424 | 472 : 2667 | 2467 \WUBINN 2436 | 2536 | 393 |
P22 | 2245 | : 2330 1 o L2667 | : L2436 1 L
P23 | 2295 | 2337 | 265 | 2371 | 2397 | 286 | 2499 | 2449 | 200 | 2436 | 2470 | 136 |
P24 | 2205 | | w7 S 2109 S PR ]
P25 | 2255 | 2325 | 289 | 2348 | 2408 | 488 | 2420 | 2473 | 218 | 2492 | 2465 | 109 |
P26 | 2255 | 2324 | 201 | 2348 | 2435 | 312 | 2420 | 2465 | 185 | 2492 | 2469 | 091 |
P31 | 2237 | 2323 | 374 | 2378 | 2436 | 057 | 2667 | 2630 | 137 | 2436 | 2501 | 260 |
P32 | 2237 | 2329 N 'zf%s'"["z'a'.%é' = (315 | 2667 2464 - 2436 ELg |
P3.3 2299 1 2292 ¢ 021 : 2394 : 2422 : 359 : 2499 ! 2467 | 128 : 2436 : 2477 i 164
P34 | 2200 | 2205 i 031 | 2394 | 2453 | 311 | 2499 | 245 | 170 | 2492 | 2479 | 051 |
P35 | 2271 | 2297 | 137 | 2338 | 2413 | 439 | 2420 | 2475 | 229 | 2492 | 2507 | 060 |
P36 | 2271 | 2317 | 153 | 2338 | 2460 | 447 | 2420 | 2453 | 135 | 2492 | 2476 | 065 |
Pa1 | 272 | L 2308 1 i 2439 1 L Coaal ]
Paz | 2172 | [ s L e a0 L T Coaa | ]
P43 | 2277 | 2263 | 046 | 2365 | 2416 | 275 | 2499 | 2463 | 144 | 2441 | 2482 | 164 |
P44 | 2277 | 2267 | 034 | 2365 | 2437 | 302 | 2499 | 2496 | 012 | 2483 | 2525 | 165 |
P45 | 2247 | 2281 | 160 | 2370 | 2397 | 292 | 2531 | 2477 | 214 | 2483 | 2520 | 181 |
Pa6 | 2247 | 2284 | 154 | 2370 | 2424 | 224 | 2531 | 2468 | 249 | 2483 | 2592 | 418 |
Ps1 | 2a10 | i Gasos i Goase i i s i
P52 | 2310 | 2303 | 249 | 2306 | 2420 - 2430 | 2482 | 175 | 2441 | 2488 | 186 |
P53 | 2285 | 2275 i 075 | 2366 | 2427 | 181 | 2439 | 2462 | 096 | 2441 | 2493 | 205 |
P54 | 2285 | 2258 | 134 | 2366 | 2494 | 338 | 2531 | 2480 | 202 | 2483 | 2592 | 419 |
P55 | 2224 | 2310 | 225 | 2300 | 2437 | 459 : 2531 | 27.90 (MOWAM 2483 | 2610 | 486 |
P56 | 2224 | o 2300 1 o osa i o483 1 ]

Average 2257 2305 209 2339 2427 364 2515 2495 078 2463 2514 197

q 0.94 0.94 0.83 0.94
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Table A5. 4. Measured and simulated radiant temperatures at different levels of height

for Scenario 3

Position index

Trad, meas. [OC] Trad, flair. (1.1) [OC] Rel.error [%]

P11 26.18 |
PL2 | 2618 0
PL3 | 2618 o
PLa | 2420 T S
PL5 | 2420 T S
PL6 | 2420 N
P21 | 2618 | 2348 1149 |
P22 | 2618 i
P23 | 2457 | 2418 i 163 |
P24 | 2457
P25 | 2420 o 2421 S 029 |
P26 | 2420 | 2430 o 040 |
P31 | 2618 | 2396
P32 | 2618 | 2414
P33 | 2457 | 2430 | 1.13
P34 | 2457 | 2432 S 104 |
P35 | 2420 2437 i 068 |
P36 | 2420 1 2437 1 069 |
P41 | 2436 L
P42 | 2436 | i
P43 | 2457 . 2439 . 073 |
P44 | 2457 | 2445 | 049 |
P45 | 2511 2447 1 262 |
P46 | 2511 2445 . 270 |
P51 | 2436 |
P52 | 2436 . 2461 | 102 |
P53 | 2436 | 2478 | 171
P54 | 2511 | 2484 . 107 |
P55 | 2511 | 2481 123
P56 | 2511
Average 24.91 24.36 2.28
q 0.83
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Table A5. 5. Measured and simulated air temperatures at different levels of height for

Scenario 4
Meas. Flair Meas. Flair Meas. Flair Meas. Flair
Position Ta Ta Rel.er. Ta Ta Rel.er. Tas Tas Rel.er. Tas Tas Rel.er.
index (0.1m) | (0.1m) [%] (0.6m) | (0.6m) [%] (1.1m) | (1.1m) [%] (1.6m) | (1.6m) [%]
[*q [*q [*q [*q [*q [*q [*q [*q

P11 2161 | 1 2254 12416 | 1 2398 |

PL2 | 2161 | 2201 | 178 | 2254 | 2351 | 414 | 2416 | 2421 | 021 ; 2398 | 2426 | 116
PL3 | 2252 | 2208 | 201 | 2295 | 2361 | 280 | 2416 | 2409 | 028 | 2398 | 2435 | 153
PL4 | 2252 | 2207 | 206 | 2295 | 2390 | 399 | 2499 | 2411 | 364 | 2477 | 2431 | 190
PLS | 2200 | S 260 | S Toage | T Vo T |
PL6 | 2209 | S 260 | S Uoage | S Voamr | |
P21 | 2206 | 2254 | 215 | 2277 | 2386 | 455 | 2416 | 2414 | 007 | 2398 | 2520 | 486
P22 | 2206 | 2212 | 028 | 2277 | 2380 | 429 | 2416 | 2417 | 005 | 2398 | 2425 | 114
P23 | 2261 | 2198 | 286 | 2344 | 2447 | 423 | 2465 | 2410 | 101 | 2308 | 2449 | 241
P24 | 2261 | 2164 | 446 | 2344 | 2371 | 114 | 2465 | 2424 | 169 | 2477 | 2508 | 121
P25 | 2224 | 2200 | 067 | 2328 | 2398 | 290 | 2499 | 2421 | 322 | 2477 | 2449 | 117
P26 | 2224 | 2208 | 074 | 2328 | 2372 | 187 | 2499 | 2424 | 312 | 2477 | 2548 | 278
P31 | 2191 | 2218 | 124 | 2303 | 2393 | 375 & 2416 | 2486 | 280 | 2398 | 2486 | 355
P32 | 2101 | 2202 | 052 | 2303 | 2335 | 138 | 2416 | 2433 | 068 | 2398 | 2505 | 429
P33 | 2256 | 2155 | 468 | 2358 | 2313 | 195 | 2465 | 2423 | 172 | 2398 | 2483 | 345
P34 | 2256 | 2183 | 333 | 2358 | 2383 | 103 | 2465 | 2425 | 163 | 2477 | 2505 | 112
P35 | 2240 | 2163 | 357 | 2335 | 2378 | 180 | 2499 | 2433 | 272 | 2477 | 2469 | 034
P36 | 2240 | 2186 | 249 | 2335 | 2360 | 141 | 2499 | 2434 | 266 | 2477 | 2562 | 332
Pa1 | 213 | P L2269 1 L L o562 || L 239 | S
Paz | 2135 | A 260 | T Case T Vme | [
P43 | 2239 | 2187 | 238 | 2347 | 2403 | 232 | 2465 | 2424 | 170 | 2392 | 2466 | 298
P44 | 2239 | 2191 | 218 | 2347 | 2367 | 082 | 2465 | 2429 | 148 | 2453 | 2490 | 151
P45 | 2224 | 2188 | 161 | 2320 | 2328 | 035 | 2421 | 2438 | 060 | 2453 | 2463 | 043
P46 | 2224 | 2207 | 075 | 2320 | 2357 | 157 & 2421 | 2438 | 068 | 2453 | 2549 | 377
Ps1 | 215 | T o o s L Cme | T
P52 | 2215 | 2199 | 070 | 2272 | 2346 | 314 | 2562 | 2431 2392 | 2465 | 295
P53 | 2238 | 2200 | 173 | 2356 | 2391 | 146 | 2562 | 24.26 2392 | 2505 | 450
P54 | 2238 | 2211 | 123 | 2356 | 2310 | 198 | 2421 | 2423 | 010 | 2453 | 2549 | 377
P55 | 2195 | e ECN A L as
P56 | 2195 | 2218 | 104 | 2283 | 2336 | 207 | 2421 | 2448 | 100 | 2453 | 2666 !

Average  22.16 21.99 0.80 23.07 23.68 2.57 24.70 24.28 1.73 24.31 24.94 2.49

q 1.00 1.00 0.91 0.96
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Table A5. 6. Measured and simulated radiant temperatures at different levels of height

for Scenario 4

Position index

Trad, meas. [OC] Trad, flair. (1.1) [OC] Rel.error [%]

P11 24.75 |
PL2 | 2475 . 2363 472
PL3 | 2475 2384 e 380 |
PL4 | 2487 | 2890 S 406
PL5 | 2487 S
PL6 | 2487 N
P21 | 2475 1 2300 15|
P22 | 2475 1 2362 i 4.80
P23 | 2458 | 2388 S 204 |
P24 | 2458 | 2393 S 273
P25 | 2487 | 2402 S 355
P26 | 2487 | 2410 e 320 |
P31 | 2475 | 2383 - s17 |
P32 | 2475 2379 ; 4.06
P33 | 2458 | 2393 S 272
P34 | 2458 . 239% . 260 |
P35 | 2487 | 2406 . 335 |
P36 | 2487 1 2414 1 302 |
P41 | 2337
P42 | 2337 S
P43 | 2458 . 239% . 258 |
P44 | 2458 . 2400 | 243 |
P45 | 2446 | 2408 . 156 |
P46 | 2446 2416 . 124 |
P51 | 2337 T
P52 | 2337 . 2405 | 284 |
P53 | 2337 | 2430 | 381
P54 | 2446 | 2432 058 |
P55 | 2446 L n
P56 | 2446 | 2425 08 |
Average 24.47 23.93 1.26
q 0.91

APPENDI X 6 - Building plans
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Mpunor 1.

UsjaBa o ayTopcTBy

Motnwecana Tamapa C. Gajy
bpoj uHaekca D 11/09

Wzjaemeyjem
Aa e ACKTOpCKa aucepTaumja noa Hacnosom

"¥YTunaj JokajHOr cTalba TOILIOTHOT Kom(popa Ha cMalbebe pajiHe
CNOCODHOCTH y HecTaMOeHum 3rpagama’

("The local thermal comfort impact on working productivity loss
in non-residential buildings")

* PE3yNTaT CONCTBEHOr UCTPAKMBAYKOr paaa,

* AanpeinoxeHa auceptaumja y UennHn HW y AenoBMmMa Huje Buna npeanoxera
3a pobujake Buno koje gunnome npema CTYAW|CKUM NporpamMuma gpyrux
BMCOKOLLUKOMNCKWX yCTaHOoBa,

* [acCy pesynTaTih KOPekTHO HaBeaeHW 1

* A3 HMCaM Kpwno/na ayTopcka Npaesa W KOPUCTUO WHTENEKTYanHy CBOjWHY
APYTUX NUa.

MoTtnuc gokTopanaa

¥ beorpapny, 22.05.2017.
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Mpwunor 2.

N3jaBa 0 MICTOBETHOCTU WITaMNaHe u efeKTpoHCckKe
Bep3uje AOKTOPCKOr pana

Wme v npeaume aytopa Tamapa C. Bajuy
Epoj wHaekca D11/09

Cryaujcku nporpam JoKTopcke cTyauje

Hacnoe paga "YTuuaj NokanHor cTaka TONMOTHOr KOMhopa Ha cMatbekse panHe
cnocoBHocTH ¥ HecTamBenum arpagama” ("The local thermal comfort impact on
working productivity loss in non-residential buildings")

MeHnTop npod. Munow Bara

=

:
MoTnucanu/a /—2 > o

&

WsjaBrbyjem Oa je WTamnaHa sepawja Mor AOKTOPCKOr paja UCTOBETHa NEeKTPOHCKO)]
BEp3WjM  Kojy cam npegao/na 3a  objaBroueare  Ha noprtany Jurutandor
peno3vTopujyma YaueepsuteTta y Beorpaay.

[ozsorsaeam ga ce ofjase Moju NWYHM nNogdauw eesaHn 3a aobujake akagemckor
3Bar-a QOKTOpa Hayka, Kao WTo Ccy MME W Npe3vumMe, roguHa W MecTo pofjerwa u aatym
onbpadHe paaa.

OB NWYHK nogaum Mmory ce oDjaBuTM Ha MpeXHWM cTpaHuuama gurdTanHe
GuBnuoTeKe, y enexKTPOHCKoM Kartanory v y nyBnukaumnjama Yuueepauteta y beorpany.

MoTnwc pokTopaHga

Y Beorpany, 22.05.2017. — o
Mg O, &
/ f



Mpunor 3.

N3jaBa 0 kopuwhewy

Osnawhyjem YHusepsutetcky 6ubnuoteky ,Ceetosap Mapkosuh' ga y AduratanHu
penosvTopujym YHueepsuteta y Beorpagy yHece mojy OOKTOPCKY AWcepTauujy nog
HAaCNoBOM:

"VTHHA] JOKAJTHOT CTAlLA TOIIOTHOT KoM@opa HA CMALEHLE DajJHe

cnocodHocTH v Hectambenum 3rpagama'’’ (" The local thermal comfort

impact on working productivity loss in non-residential buildings')

KOja j& MOojé ayTopCcKo Aeno.

AucepTauunjy ca cCBMM NpUNoO3IMMa Npeaac/na cam y enekTpoHCKoM OpMAaTy NoroaHomM
33 TPajHO apxXvBNpate.

Mojy AokTopcky AMcepTauujy noxpareedy y QUriTandn penosvTopujym YHWBEpauTeTa
y Beorpagy mory aa KOpuCTe cBW Koju nowTyjy ogapeabe cagmkade y ogabpanom Tuny
nvueHue KpeartneHe 3ajeaHuue (Creative Commons) 3a Kojy cam ce ogny4uo/na.

1. AYyTopCTEO
2. AYTOPCTEO - HEKOMEPLMW|ENHD
@Aympcmo — HexomepuwjanHo — 5es npepage
4. AYTOPCTBO — HEKOMEPUWjanHO — AENWTH NOA WCTUM YCNOBUMA
5. AytopcTeo — Bes npepape
6. AyTOpCcTBO — AenWTw Nog UCTUM YCNoBuMa

(Monumo pa sackpyxwTe caMo jeaHy oA wecT noHyfeHux nWUeHUW, KpaTak onwc
nuueHUM AaT je Ha nonefjuHn nucta).

MoTnuc gokTopanga

Y beorpagy, 22.05.2017.
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1. AyTtopcTBo - [lo3BorbaBaTe yMHOXaBawe, AUCTpUOYLM)y U jaBHO caoniiTaBare
Aena, v npepage, ako ce HaBefe UMe aytopa Ha HaduH ofpefeH oA cTpaHe ayTopa
Ny gaBaoua nuueHue, Yak u y komepuwmjanHe cepxe. OBo je HajcnobogHuja o cBUX
nULEeHUMN.

2. AytopcTtBo — HekomepuwmjanHo. [lo3sorbaBaTe yMHOXaBakwe, AUCTpubyuunjy n jaBHo
caonwtaBawe gena, v npepage, ako ce HaBede MMe aytopa Ha HauuH ogpeheH of
CTpaHe ayTopa vnu gasaoua nuueHue. OBa nuueHua He 003BOSfbaBa KoMepuwmjanHy
ynoTpeby aena.

3. AyTopcTBO - HekomepuumjanHo — 6e3 npepage. [lo3BosbaBaTe YMHOXaBahe,
anctpubyumnjy u jaBHo caonwTaBake [fena, 6e3 npomeHa, npeobnukoBawa wnu
ynoTpebe gena y cBOM [erny, ako Cce HaBede uUMme ayTtopa Ha HavvH ogpeheH of
CTpaHe ayTopa vnu gasaoua nuueHue. OBa nuueHua He 003BOSfbaBa KoMepuwmjanHy
ynoTpeby gena. Y ogHocy Ha cBe ocTane nuueHue, OBOM JMLEHLOM Ce orpaHvyaBa
Hajsehu o6um npaBa kopuwhewa gena.

4. AyTOpCTBO - HekomepuMmjanHO — AenuTu nod WUCTUM ycnoBuma. [osBorbaBare
YMHOXaBahe, AMCTpUbyLMjy 1 jaBHO caonwiTaBawe Aena, v npepaje, ako ce HaBeae
MMe ayTopa Ha HauuH ogpeheH of cTpaHe ayTopa MnM AaBaoula NUUeHLe U ako ce
npepaga Auctpubympa noa WUCTOM MNM cnvdHOM nuueHuom. OBa nuueHua He
[03BOrbaBa komepumjanHy ynotpeby aena v npepaga.

5. AyTtopctBo — 6e3 npepage. [Jo3BorbaBaTe yMHOXaBawe, AUCTPUOYUM)y U jaBHO
caonwTasawe aena, 6e3 npomeHa, npeobnvkosara unu ynotpebe gena y cBom geny,
ako ce HaBefe VMMe ayTopa Ha HadvH ofpefeH o cTpaHe ayTopa wunu gasaoua
nuueHue. OBa nuueHua A03BOrbaBa komepuujandy ynotpeby gena.

6. AyTopcTBO - denutu nog WUCTUM ycnoBuma. [o3sBorbaBaTe YMHOXaBawe,
ancTpubyumjy n jaBHO caonwiTaBawe Aena, u npepage, ako ce HaBede Mve aytopa Ha
HauuH oapefeH of cTpaHe ayTopa WM JaBaoua NuueHue M ako ce npepaja
ouctpmbyupa nog MCTOM wunuM  cnudHom nuvueHuom. OBa nuvueHua [03BOSbaBa
KomepuujanHy ynotpeby gena v npepaga. CnuyHa je cOPTBEPCKUM NMuUeHUama,
OLHOCHO NuueHuama OTBOPEHOr Koaa.



