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ABSTRACT 

 

Thermal comfort in an indoor environment is largely dependent on the four environmental and two 

personal parameters which is most commonly measured by the Predicted Mean Vote (PMV) model 

developed by Fanger. It has been studied that variations in these parameters beyond a range could lead 

to discomfort complaints. However, little research has been done on the effect of mean radiant 

temperature variations and its influence on predicted mean vote and thermal comfort specially in an 

actual building environment. This study aims to investigate the relationship between mean radiant 

temperature and predicted mean vote in indoor environment. Using the methods of on-site measurement 

of indoor environmental parameters and subjective votes on thermal sensation in an educational building; 

it was found that rise in mean radiant temperature lead to rise in PMV value and discomfort vote amongst 

occupants seated near glazed façade. A very strong positive correlation was found between mean radiant 

temperature and PMV near the window side of the room under warm and sunny weather conditions. 

Analysis of indoor environmental data from the several measurement sessions concluded that rise in 

mean radiant temperature and PMV was not noticed until there was a direct solar transmission through 

the window. It is advisable to use solar shading on windows, but special consideration should be given to 

the trade-offs between energy consumption (heating or cooling) and lighting energy consumption. 

No conclusions could be made in terms of ankle draft discomfort due to experimental limitations and 

more research would be required to investigate this phenomenon. 

 

Keywords:  Mean Radiant Temperature (MRT), Predicted Mean Vote (PMV), Local thermal discomfort,  

                     Thermal sensation (TSV), Solar shading, Window performance. 
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SAMMANFATTNING 

 

Termisk komfort inomhusmiljö är till stor del beroende av de fyra miljö och två personlig 
parametrar som oftast mäts av Predicted Mean Vote (PMV) modell som utvecklats av Fanger. Det 
har studerats att variationer i dessa parametrar utanför en limit kan leda till missnöjeklagomål. 
Däremot har lite forskning gjorts på effekten av mean radiant tempratur och dess inverkan på 
predicted mean vote och termisk komfort speciellt i en verklig byggnadsmiljö. Syftet med denna 
studie är att undersöka sambandet mellan mean radiant tempratur och predicted mean vote i 
inomhusmiljö. Användning mätmetoderna av inomhusmiljöparametrar och subjektiva röster av 
termisk komfort uppfattning i en byggnad för utbildning; det konstaterades att stiga i medel leda 
mean radiant tempratur att stiga i predicted mean vote värde och missnöje rösta bland byggnad 
brukarna sitter nära glasfasaden. En väldigt positiv korrelation mellan men radiant tempratur och 
predicted mean vote nära en fönstersida under varma och soliga väder var noterat. Genom att 
analysera data av inomhusmiljön från de multipla mätningssessionerna konkluderat att ökningen i 
mean radiant tempratur och predicted mean vote inte märktes tills det fanns en direkt 
soltransmission genom fönstret. Det är rekommenderar att använda solskydd på fönster, men med 
tanke på kompromisser mellan energiförbrukning (värme eller kyla) och ljussättning konsumtion. 

 

Inga slutsatser kan göras om luftdrag på fotled grund av experimentella begränsningar och mer 
forskning skulle krävas för att undersöka detta fenomen. 
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1. INTRODUCTION  

If advancements in structural engineering has allowed us to build tall skyscrapers today, then it is the 
building services engineers which make those buildings livable for the occupants by providing ambient 
indoor climate and bringing life to those buildings. Building services engineering is about making buildings 
meet the needs of the people who live and work in them. The buildings in which we live and work can have 
a direct effect on our health and wellbeing (CIBSE). The effect of buildings on humans can be estimated 
from the fact that people nowadays spend about 90% of their time indoors (European Commission, 2003). 
The main objective of the buildings is to provide healthy indoor environment and ambient thermal comfort 
conditions for its occupants.  

It is noteworthy to mention here that space conditioning in buildings has the largest contribution in its 
energy consumptions bills. In the European Union heating and cooling in buildings accounts for half of 
energy consumption (Heating and Cooling-European Commission, 2016). In 2017, about 39% of total U.S. 
energy consumption was from the residential and commercial sectors (U.S. Energy Information 
Administration, 2018). 

The purpose of heating, ventilation and air-cooling systems (HVAC) in buildings is to provide ambient 
indoor environment conditions. HVAC systems exist mainly to generate good indoor environment for 
people (Mathisen et. al, 2002). Being the people who designs these systems for ambient indoor climate and 
comfort indoors, the building services engineers are now also in the process of responding to discomfort 
complaints. These discomfort complaints occur when there is a mismatch between the user’s expectations 
and building systems operations (Goins & Moezzi, 2013). Buildings are not static, and they change and 
adapt over time in response to external factors (climate, exposure) and internal factors (space use, 
maintenance and operations) (Douglas, 1996). 

The HVAC systems job is to create and maintain these indoor environments is energy-intensive, but these 
systems are not particularly successful at keeping occupants truly comfortable. Almost 75% of all occupant 
complaints in buildings are thermal-comfort related (Martin et al., 2002). These occupant complaints in the 
buildings are caused by discomfort in local body parts such as feet, hands, and neck; based on field survey 
in displacement ventilated office buildings (Melikov et al., 2005). Earlier what was supposed to be a job 
for building services engineers to provide optimal comfort in indoor environments has now become a set 
of people on a battle against discomfort in buildings. 
 
In a room human thermal comfort is strongly influenced by presence of fenestration system as it possesses 
different optical and thermal properties in comparison to wall, roof or floor materials. The comfort 
conditions in the room and sensitivity of occupants in it could be adversely affected by the presence of a 
large hot or cold surface (Lyons et. al, 1999). Discomfort in local body parts could occur in highly 
asymmetric environments with large windows or the ones having very high or very low glass temperatures 
(Huizenga et. al, 2006).  
 
The reason being why fenestration systems and windows have a substantial impact of indoor comfort 
conditions is because of the that window surface temperatures fluctuate more than any other surface present 
in the room. An occupant could experience discomfort even when room air is maintained at a comfortable 
temperature. This is due to the radiant heat loss towards the cold window surface and draft induced by the 
cold air drainage making the occupant feel uncomfortable. Whereas, in summer the solar gains from direct 
transmission and absorption of solar heat into perimeter zones and indoors, make occupants in the vicinity 
uncomfortable (Lyons et. al, 1999). 
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This differential comfort and local discomfort conditions in the room and in buildings hence makes these 
indoor spaces less attractive and people avert to use these uncomfortable and unattractive spaces. There is 
a need to identify these discomfort scenarios in buildings where normal day-to-day activities happen and 
develop approaches to deal with them and avoid these discomfort scenarios before it happens rather than 
addressing the discomfort scenarios with cooling and heating later. This study will focus on identifying 
these local discomfort conditions in an environmentally certified green building in a university and 
investigate how the comfort conditions changes in lecture rooms due to variations in indoor environmental 
conditions of the rooms and how does it affect the perception of the students. 
 

1.1 Objectives 

The objective of this study is to investigate, how thermal comfort conditions in a room (lecture room in this 
case) changes with variation in environmental parameters of the room and how it affects the perception of 
the occupants in that occupied zone. To be precise, this study is interested to see the relationship between 
mean radiant temperature (MRT) and Predicted Mean Vote (PMV) in an indoor environment. Based on the 
relevant literature reviewed this study will carry out field investigations of indoor environment with help 
of probes, sensors and other devices to record how the environmental parameters varies in a lecture session 
of a university building. The purpose here is also to see if there exist differential comfort conditions based 
on the position in the room where the indoor environment parameters are measured.  To set a clear focus 
on how to operationalize two cases were chosen to analyze: 1) Radiant discomfort through window, 2) 
Downward draft due to windows. The hypothesis is that the variation in mean radiant temperature highly 
affects predicted mean vote and subsequent thermal perception and sensitivity of occupants in indoor 
environments. 

1.2 Study Case 

The case study was a university building in KTH Royal Institute of Technology, Stockholm (Sweden). The 
building is called ‘Undervisningshuset’ (The Education Building) which is Miljöbyggnad Guld (Swedish 
Green Building Gold) certified. Miljöbyggnad Guld is also the highest certification rating as per green 
building standard in Sweden. This building will primarily be used by the School of Architecture & Built 
Environment at KTH, allowing to be an education house in itself. The ventilation systems and the 
installations have been kept exposed in this building and the motive behind that it is to allow the students 
and visitors see how the building works and functions. The building is owned and managed by Akademiska 
Hus which is a Swedish government enterprise that owns, develops and manages educational and research 
facilities like colleges and universities in Sweden. (Akademiska Hus, 2018) 

The Undervisingshuset building is equipped with hundreds of sensors measuring and generating data 24/7 
on different metrics like – airflow, CO2 levels, electricity, water, etc. The sensors are connected to an online 
monitoring system where the persons with access can see data trends of these metrics in all rooms and study 
places of the building. The building is equipped with features like shading control, lighting control, 
temperature controls, CO2 level monitoring. The building also houses a test bed that is linked with KTH 
Live-In lab which is a novel collaboration between academia and industry dedicated for research and 
development for future’s resource efficient and sustainable buildings (KTH Live-In-Lab, 2018). 
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Fig. 1.1: Undervisningshuset, KTH Royal Institute of Technology, Stockholm (Christensen & Co Arkitekter, 2018) 

 

 

The study case building is certified with the Miljöbyggnad (then version 2.2- new production), the present 
version in the industry is 3.0 as shown in Fig. 1.2. This standard is the most widely used certification 
standard in Sweden with over 1000 certified buildings. It has been developed for the Swedish construction 
market and is based on building regulations and construction practices in Sweden (Miljöbyggnad, 2018). 
The standard requires 15 indicators to be fulfilled and rates the buildings on Bronze, Silver, Gold rating. 
Out of the 15 indicators 9 related to indoor environment quality which makes this standard focusing more 
towards the indoor environment quality and thermal comfort in buildings with addition to renewable energy 
use and sustainable construction practices. The current investigation is to see thermal comfort variations in 
a high rated environmentally certified building, and to observe that if it is able to provide uniform indoor 
comfort in all its occupancy zones. 
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Fig. 1.2:  Performance indicators of Miljöbyggnad 3.0 (Miljöbyggnad, SGBC) 

 

1.3 Boundaries 

• Observational Study – This study was carried out by recording the environmental parameters in 
the lecture rooms of Undervisingshuset, each lecture was of two hours in duration. It was not 
allowed to change any physical conditions of the room or change the thermostat control setting, 
lighting conditions, shading, power of radiators or use forced ventilation. The author had zero 
control over the environmental conditions during the measurement period. The purpose was just to 
record data about the environmental parameters of the lecture rooms and see what effect (positive, 
negative, neutral) it has on the occupant through the simultaneous questionnaire survey response 
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• Any sought of physical intervention to create artificial discomfort scenario (like warm or cold 
conditions) was not allowed to in this study. It was not allowed to change the air flow in the room, 
increase or decrease the set point temperature of the zone, open windows, dim the lights, etc. The 
author just received the permission to record the environmental parameters in the lecture rooms 
and as per the conditions of property manager it was not allowed to make any changes to the heating 
and cooling settings in the building systems. Also, it had to be ensured during the measurement 
sessions that minimum disturbance is caused to the students and the professors and the 
experimenter not intervene in the proceedings of the ongoing lectures 
 

• Point specific measurements of mean radiant temperature at different sections in the room could 
not be taken as globe thermometer was not used, because of its high response time. Also connecting 
it again to the first and second points, moving with globe thermometer in each section of the room 
would have caused disturbance in the lecture proceedings 
 

• The author only had one type of instrument for measuring the indoor environmental parameters 
(ComfortSense, Dantec Dynamics). No other devices like t-type thermocouples, pyranometers, 
infrared cameras, draft measurement devices near windows could be used and hence the 
phenomenon like effect of solar radiation intensity on thermal comfort, discomfort due to 
cold/warm floor, accurate measurement of radiant temperature asymmetry will not be focused in 
the present study 
 

• The unavailability of data about the window properties (U-values, SHGC, glazing to wall ratios, 
glazing type) limited this study to make any interesting conclusions on the effect of these properties 
on the thermal comfort conditions in the lecture rooms 
 

• This study will only be focusing about the effect of Mean Radiant Temperature (MRT) on the 
Predicted Mean Vote (PMV), and to see variability of mean radiant temperature and predicted mean 
vote based on the position where the measurements are carried out in the lecture rooms. The effect 
of windows on thermal comfort was decided to be studied as they could generate a feeling of 
warmth in presence of solar radiation in summers and feeling of cold in winter due to proximity to 
the window. This clear focus in this study was important because of the limitations to use multiple 
instruments to measure other discomfort phenomenon in lecture rooms and due to the experimental 
design, which will be discussed in the next sections of report 
 

• The present study will not study the effect of clothing on thermal comfort (this will be discussed 
in further sections of the report) and this study will not discuss about the Adaptive Thermal 
Comfort model and Pierce model 
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1.4 Terminology and Concepts 

 

Thermal Comfort  

The ASHRAE 55 standard: Thermal Environmental Conditions for Human Occupancy defines thermal 
comfort as ‘that condition of mind which expresses satisfaction with the thermal environment and is 
assessed by subjective evaluation’. Thermal comfort has two dimensions to it – thermal environment (air 
temperature, mean radiant temperature, air velocity, relative humidity) and the occupant’s dimension of 
his/her psychological state of mind (clothing and metabolic rate). 
 
 
Optimal Thermal Comfort 

 

Thermal condition in which highest possible percentage of the group is in thermal comfort. (Fanger, 1970) 
 
Thermal Neutrality 

 

It is that thermal condition for a person in which he/she would neither prefer warmer or cooler surroundings 
(Fanger, 1970). 
 
 
 
Thermal Interaction of Human Body with Environment  

 
The human body exchange heat or dissipates heat from the body to the surroundings by several modes of 
heat exchange:  
 
 

sensible heat flow C + R from the skin, 
latent heat flow from sweat evaporation, Ersw, 
evaporation of moisture diffused through the skin, Edif 
sensible heat flow during respiration, Cres 
latent heat flow from evaporation of moisture during respiration, Eres 
 
 
 

The phenomenon of sensible heat flow from the skin can be a complex mixture of conduction, convection 
and radiation (for a clothed person in an occupied zone). Skin temperature (tsk) and skin wittedness(w) are 
typically used to express sensible and latent heat loss (ASHRAE Handbook 2017) 
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Fig. 1.3: Representation of thermal interaction of human body with the environment (ASHRAE Handbook, 2017) 

 
 
The net heat production (M-W) that is transferred from the human body to the environment is expressed as:  
 

 
 
 

Conditions that provide Thermal Comfort 

 

Thermal comfort in indoor environment is a cumulative effect of different factors and is mainly dependent 
on six parameters, four of which are environmental and two are personal parameters. All six have a 
significant influence on the thermal comfort perception of a person. 
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• Air Temperature  

 

The air contact temperature measured by the dry bulb temperature (DBT). It is measured in 
degree celcius (C). 
 

• Air Velocity  

 

Velocity is defined as the rate of change of air (displacement per unit of time). It is a measure to 
quantify the speed of air movements in the room. A room having rapid air velocity fluctuations 
might give rise to draught complaints amongst occupants. Relative velocity is measured in m/s or 
fpm (Thermal Comfort, Ecophon.com). 
 

• Mean Radiant Temperature  

The mean radiant temperature is defined as the temperature of a uniform enclosure where a black 
sphere at the test point would have the same radiation exchange as it does with the real environment. 
(Bluyssen, 2009). It is a weighted average of the temperature of the surfaces surrounding a person 
and any strong mono-directional radiation. It is also measured in degree celcius (C) (Crahmaliuc, 
R., 2018). 
 

• Relative Humidity 

 

It is described as the ratio between the amount of vapor in the air to the maximum amount of water 
vapour the air can hold at that air temperature. The relative humidity is measured in percentage 
(Crahmaliuc, R., 2018). 
                

• Clothing 

 

             Clothing acts as an insulation on the human body which slows down the heat exchange from the  
             body to the indoor environment. Clothing has a big impact of the perception of thermal comfort.     
             Clothing levels are measured in the unit CLO (McDowall, R., 2006). 
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• Metabolic Rate 

 

             The human body continuously produces heat through its metabolism. The heat generated by the  
             body must be emitted to maintain a constant core temperature (37C) and have a  
             comfortable skin temperature. Metabolic rate increases with the increase in activity level and  
             affects the perception of thermal comfort based on what kind of activity a person is involved in.  
             The metabolic rate is measured in the unit MET (McDowall, R., 2006). 
 
 

 

 
Fig 1.4: Factors affecting thermal comfort (Simion et. al, 2016) 

 
 
 

 

Thermal sensation & TSV 

 
Thermal sensation is a conscious subjective expression of an occupant’s thermal perception of the 
environment. 
The thermal sensation is expressed on a 7 point scale called as thermal sensation vote having categories: 
“cold,” “cool,” “slightly cool,” “neutral,” “slightly warm,” “warm,” and “hot.” (ASHRAE 55, 2017) 
 
 

 
Fig 1.5: Thermal sensation scale (Overbey, D., 2013) 
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Predicted mean vote (PMV): 

 

The PMV is an index which predicts the mean value of the votes of a large group of occupants on the 7-
point thermal sensation scale based on the heat balance of the human body. The thermal balance of the body 
is maintained when the internal heat production is equal to the loss of heat to the surrounding environment. 
(ISO 7730, 2015). The ISO 7730 standard gives the following equations to calculate PMV: 
 

 
 

  
 

            
             
 

Predicted percentage dissatisfied (PPD): 

 

The PPD is an index that establishing a quantitative prediction of the percentage of thermally dissatisfied 
people who feel too cool or too warm. The thermally dissatisfied people are the ones who would vote for 
hot, warm, cool or cold on the 7-point thermal sensation scale (ISO 7730, 2015). 
 

Where, 

1 metabolic unit = 1 met = 58,2 W/m2;  
1 clothing unit = 1 clo = 0,155 m2 °C/W 
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Fig 1.6: PPD as a function of PMV (ISO 7730, 2015) 

 
 
 
 
 

Categories of Thermal Environment: 

 

The ISO 7730 categorizes the thermal environment into three categories based on the maximum percentage 
dissatisfied for the body as a whole (PPD) and a percentage of dissatisfied PD for each of the four types of 
local discomfort scenarios. These categories apply to persons exposed to the same thermal environment. 

 

 
Table 1.1: Categories of Thermal environment (ISO 7730, 2015) 

 
 
 

Operative Temperature:  

 
It is the uniform temperature of an imaginary black enclosure in which a person would exchange same 
amount of heat by radiation plus convection as in an actual non-uniform environment. It is calculated as the 
average of air temperature and mean radiant temperature and measured degree in degree celcius (C). 
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View Factor 
 

The view factor describes how much a person ‘sees’ a particular surface in the room. It is an indication of 
how much the person is influenced by the temperature of the surface when considering the radiant heat 
exchange between the person and the surrounding surfaces.  The larger the view factor the greater influence 
a surface will have on the thermal comfort of the person and vice-versa as shown in Fig 1.7. The view factor 
is determined by the geometry of the surface and its orientation in relation to a person (Huizenga et. al, 
2006). 
 

 
Fig 1.7: Schematic diagram illustrating how geometry influences view factor (Huizenga et. al, 2006) 

 

 

Depth zone of discomfort 

 
The depth zone of discomfort as described by Huizenga et. al (2006) is that distance from the window that 
is required to maintain comfort for the different inside window surface temperatures and for different 
window sizes. Closeness to a window will give a higher impact on the thermal comfort. A typical 
representation of depth zone of discomfort based on the view factor is as shown in Fig. 1.8. 
 

 
 

Fig 1.8: Depth zone of discomfort as a function of view factor (Huizenga et. al, 2006) 
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Fenestration 

 

Fenestration is defined as an architectural term or building element referring to the arrangement, proportion 
and design of the window/skylight/door. Fenestration serves as physical or can act as a visual connection 
to outdoors and can allow heat gain to an occupied space (ASHRAE Handbook, 2017). 
 

Glazing 

 
The term ‘glazing’ refers to the glass component of building’s façade surfaces (Designbuildings, 2018a). 
 

Double Glazing 

 

Double glazing is a type of glazing which comprises of two layers of glass separated by a spacer. The spacer 
creates an air tight cavity typically of 6-20mm between the two glass layers (Designbuildings, 2018b). 
 

 

Low-e coating 

 

The low emissivity coating are those coatings that reduce radiant heat exchange. Low-e coated glass is 
energy efficient, improves daylighting potential, and enhances occupant comfort (ASHRAE Handbook, 
2017). 
 

Shading/ Solar shading 

 
Shading is an important part of fenestration system. Solar shading acts as solar control which can optimize 
the amount of solar heat gain and visible light that is admitted into a building. (Designbuildings, 2018c) 
 
U-factor 

 

The ASHRAE Handbook describes U-factor as the heat transfer rate through a fenestration system. 
Represented as U it can be expressed as coefficient of heat transfer in Btu/h·ft2·°F (ASHRAE Handbook, 
2017) 
 

Fenestration Solar Heat Gain 

 
It is heat gain by the fenestration system due to solar radiation. It has two components- Directly transmitted 
solar radiation and inward flowing fraction of the absorbed radiation that is subsequently conducted, 
convected or radiated to the interior of the building. (ASHRAE Handbook, 2017) 
 
Solar Heat Gain Coefficient  

 
It governs the solar heat gain through a fenestration’s glazing system and plays a role in fenestration energy 
performance. It is also known as the g-value. 
 
 
Daylight 

 

It is described as the illumination of the interior zones of building with sunlight and sky light known to 
affect visual performance, lighting quality, health, human performance, and energy efficiency. (ASHRAE 
Handbook, 2017) 
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Glare 
 
Glare is a visual sensation which caused by excessive and uncontrolled brightness. It is a subjective and 
glare sensitivity vary widely as it can be disabling or simply uncomfortable (Lighting Research Centre, 
2007). 
 

Illuminance  

 

Illuminance is the measure of amount of light incident on a surface per unit area and is calculated using the 
CIE (Commission Internationale de l'Éclairage) spectral luminous efficiency V(λ) which represents the 
relative spectral response of the human eye for photopic vision (Konica Minolta Inc.). 
 

The following terms and definitions are taken from the ISO 13731:2001, Ergonomics of the thermal 

environment - Vocabulary and symbols, being standard definitions given by International Standard 

Organization only little change has been made while listing it down here, to retain the original meaning of 

the definition as per the ISO 13731:2001:  
 

 
 
Body heat gain or loss 
 

It is the decrease or increase in the heat content 
of the body caused by an imbalance between heat 
produced and heat lost. It is expressed in terms of 
unit area of total body surfaces. 

 
Core temperature  

 
Mean temperature of thermal core of body  

 
Conductive heat flow 
 

 
It is the heat flow by thermal conduction through 
the body surfaces in contact with solid objects 
 

 
Convective heat flow  

 
The heat exchange between the surface (skin or 
clothing) and the thermal environment 

 
Convective heat transfer coefficient  

It is the net sensible heat transfer per unit area 
between a surface and a moving fluid medium 
per unit temperature difference between the 
medium and the surface 

 
Emissivity 
 

 
It is the ration of total radiant energy emitted by 
a body to the energy emitted by a black body at 
the same temperature 

 
Globe temperature 
 
 

 
The temperature indicated by a temperature 
sensor placed in the center of a globe having 
standard characteristics 
 
 

 
 

 

https://www.lrc.rpi.edu/programs/nlpip/lightinganswers/lightpollution/glare.asp
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1.5 Thermal Complaints 

The ASHRAE Handbook mentions that thermal complaints can increase a building’s operation and 
maintenance cost (O&M) in addressing to the unplanned and unscheduled maintenance to correct the 
problem. It mentions about two types of thermal complaints:  

1) Arrival complaints – These complaints occur when the temperature exceeds either the level of hot or  
    cold complaint when an occupant arrives in the building in the morning. This could be due to the fact  
    that the arriving occupant has generally higher metabolic rate due to activity of walking 

 2) Operating complaints – These complaints occur during the occupancy period of the building when  
      the temperature crosses the hot level complaint mark or below the low complaint level mark (ASHRAE  
      Handbook 2017) 

Federspiel (2001) developed a H & L model to predict hourly complaint per zone of area of being too hot 
(vh) or too cold (vt) from the HVAC’s system operating parameters by mean surface temperature (𝑢𝑇), 
stansard deviation of the space temperature (𝜎T), and the standard deviation of the rate of change in space 
temperature (𝜎�̇�H , 𝜎�̇�L ). The subscripts H, L, B refers to too hot, too cold and building respectively. 

                                               

The complaint prediction models could be used to determine the temperature setting that would minimize 
the occurrence of thermal complaints for a building with known and measured HVAC system parameters 
( 𝜎𝑇B and 𝜎�̇�B ) (ASHRAE Handbook,2017). 

1.6 Local Thermal Discomfort 

The ISO standard ‘ISO 7730: Ergonomics of Thermal Environments’ describes local thermal discomfort as 
thermal dissatisfaction caused by unwanted cooling or heating of one particular part of the body. It further 
explains that the people involved in light sedentary activities are more sensitive to local discomfort as at 
lower levels of activity people are less prone to risk of local discomfort as they become less thermally 
sensitive. 

The ASHRAE Handbook Fundamentals explains this as “A person even if feeling thermally neutral as a 
whole might still feel uncomfortable in one or more parts of his/her body being too warm or too cold.” 

Based on the current standards and ASHRAE Fundamentals handbook, the local discomfort can be 
categorized broadly as per the following illustration:  
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This section will touch upon a little on all these local thermal discomfort scenarios superficially as each of 
these local discomfort phenomena and their limits have been derived by extensive research and series of  
experiments done on subjects (male & female exposed to different discomfort scenario in chamber and test 
rooms) by several researchers some of whom were the pioneers of the field of thermal comfort. In this study 
it is not possible to encompass all these discomfort scenarios and how they were derived. 

 

 

Fig. 1.9: Typical environmental chamber test (Fanger, 1973) 
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The thermal radiation field around the occupant’s body can be nonuniform due to the presence of cold 
surfaces or hot surfaces, direct sunlight or extremely cold temperatures outside. Due to this asymmetry in 
temperatures a person in a given space may be affected by local discomfort and this asymmetry have the 
potential to reduce the thermal acceptability of the space. It is believed that people are more sensitive to 
asymmetric radiation caused by a warm ceiling than by hot/cold vertical surfaces. The ISO:7730 gives the 
following formula for calculating the percentage of dissatisfied due to warm ceiling, cool wall, cool ceiling, 
warm wall respectively:  
 
 
(Warm ceiling) 

 

 
 

(Cool wall) 

 
 
(Cool ceiling) 

 
 
(Warm wall) 

 

 
 
Where,   
  PD= percentage of dissatisfied 
  tpr is radiant asymmetry  

 

 
 
 

Radiant Temperature Asymmetry 
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Vertical air temperature difference in ASHRAE 55 has been described as thermal stratification resulting in 
temperature of the air at head level being warmer compared to the temperature of the air at the ankle level. 
If the air temperature gradient in the occupied zone is sufficiently large, it is expected that the occupant in 
such a zone will experience warm discomfort at head or cold discomfort at feet even if the body or thermal 
state of the occupant as a whole is thermally neutral. 

 
Fig. 1.10: Percentage of people expressing discomfort caused by Asymmetric Radiation (ASHRAE 55, 2017) 

 

 
 
 
 

Draft as per ASHRAE Handbook is described as undesired/unwanted local cooling of the body caused by 
air movement. The sensation of draft depends on air speed, air temperature, metabolic rate, clothing. Also, 
it is identified that the uncovered body parts – head region (head, neck, shoulders) and leg region (ankles, 
feet and legs) are more sensitive to draft (ASHRAE 55, 2017). Draft is identified as an annoying factor in 
the offices and people on exposure to draft demand higher air temperatures in the room or demand that 
ventilation systems should be stopped (ASHRAE Handbook, 2017). 

The EN-ISO 7730 recommends the following equation to calculate draught rate (DR):  

 

Where,  
           Ta,I is the local air temperature, in degree celcius, 20C to 26C 
           𝑣𝑎̅̅ ̅,I is local mean air velocity, in metres per second, < 0.5 m/s 
           Tu is the local turbulence intensity, between (10-60%), for unknown cases 40% be used 

Vertical Air Temperature Difference 

Draft/Draught 
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However, this model of draught should be applied to people doing light sedentary activities with the 
entire body sensation close to neutral. 

Fanger et. al 1989, investigated effect of turbulence intensity on the sensation of draft. Their model 
developed can be applied to check draft risks in spaces and to develop air distribution systems with a lower 
draft risk.  

 

Where PD is the percentage of dissatisfied and Tu is the turbulence intensity (in percent) defined by:  

 

For V < 9.8 fpm, insert V = 9.8, and for PD > 100%, insert PD =100%. Vsd is the standard deviation of the 
velocity measured with an omnidirectional anemometer having a 0.2 second time constant. 

In the new Addendum to ASHRAE Standard 55-2017 (approved 31st October 2017); the occupants which 
are at neutral or cooler thermal sensations under certain combinations of Met rate and Clo value with 
operative temperatures to below 23°C (73.4°F), average air speeds within the comfort envelope of ±0.5 
PMV, should not exceed 0.20 m/s (40 fpm). This limit applies to the air movement created by building, 
fenestration systems, and HVAC system and exclude the air movement produced by office equipment or 
occupants. 

 

 

The new addendum to the ASHRAE 55 (2017) describes ankle draft as the draft experienced at lower-leg 
region in buildings conditioned by thermally stratified systems (displacement ventilation, underfloor air 
distribution, downward draft due to cold air dropping along external wall/window). To quantify the 
discomfort due to ankle draft in occupied zone the maximum air speed at the ankle level is deduced from 
the predicted percentage of dissatisfied with ankle draft PPDAD.  The Fig 1.11 can be used as guide to deduce 
PPDAD  giving allowable limits based on the whole-body thermal sensation.  

 
Fig. 1.11: Air speed limits at 0.1 m (4 in.) above the floor as a function of whole-body thermal sensation. 

(ASHRAE 55, 2017 addendum) 

Ankle Draft 
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PPDAD is an index established to quantitatively predict the percentage of thermally dissatisfied people with 
the draft at ankles. PPDAD  is calculated according to the following formulae:  
 𝑃𝑃𝐷𝑎𝑑 =  exp (−2.58 + 3.05𝑉𝑎𝑛𝑘𝑙𝑒 − 1.06𝑇𝑆)1 + exp (−2.58 + 3.05𝑉𝑎𝑛𝑘𝑙𝑒 − 1.06𝑇𝑆) 

(Vankle in m/s) 

 𝑃𝑃𝐷𝑎𝑑 =  exp (−2.58 + 0.015𝑉𝑎𝑛𝑘𝑙𝑒 − 1.06𝑇𝑆)1 + exp (−2.58 + 0.105𝑉𝑎𝑛𝑘𝑙𝑒 − 1.06𝑇𝑆) 

                                                                                (Vankle in fpm) 

Where, 

 PPDad =    predicted percentage of dissatisfied with ankle draft % 
 TS       =   whole-body thermal sensation, equal to PMV calculated using the input air  
                                         temperature and speed averaged over two heights: 0.6m and 1.1 m 

                          Vankle     =  air speed at the 0.1m above the floor, calculated as  
                                          Vankle < 0.35TS + 0.39 (Vankle in m/s) 

                                         Vankle < 70.7TS + 79.6 (Vankle in fpm) 

 

 

When in a building the occupant has direct contact between the feet and the floor, local discomfort of the 
feet can often be caused by a too-high or too-low floor temperature (ASHRAE 55,2017). The temperature 
of the floor rather than the floor covering, or material is the important factor for thermal discomfort due to 
warm and cool floors. The ASHRAE 55 standard, based on the people wearing lightweight indoor shoes, 
expresses the percentage of occupants to be dissatisfied to the floor temperature (tf). The limit for the floor 
temperature (tf) is based on the following figure in the standard and it assumes that a maximum of 10% 
occupants are dissatisfied by warm or cold floors. 

 

Fig. 1.12: Local discomfort due to warm & cool floors (ASHRAE 55,2017) 

Warm & Cool Floor 
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1.7 Mean Radiant Temperature (MRT) 

The ASHRAE Standard 55 describes mean radiant temperature as ‘the temperature of a uniform, black 
enclosure that exchanges the same amount of heat by radiation with the occupant as the actual enclosure’ 
(ASHRAE 55, 2017).  

Mean radiant temperature is a mean of expressing the influence of surface temperatures in the room on 
occupant comfort. The simplest and the least accurate way to calculate is considering a homogenous steady 
area weighted of the unconditioned surface temperature (HealthyHeating.com, 2012).  

Tmr
 = T1A1  + T2A2  + …+ TNAN  / ( A1  + A2  + …+ AN  ) 

 

where, 
                Tmr = mean radiant temperature, °C 
               TN = surface temperature of surface N, °R (calculated or measured) 
              AN = area of surface 

This method is least accurate and unreliable as it does not reflect the geometric position, posture and 
orientation of the occupant, ceiling height, radiant asymmetry. 

However, this is never a case as in reality mean radiant temperature is ambiguous as the occupant is free to 
move around in the space, the heat exchange in a space is different, internal and external environmental 
conditions are different. (Healthy Heating.com, 2012). Presence of a window or an uninsulated outer wall 
could lead to higher radiant asymmetry if there is extreme cold or hot weather outside and that surface 
would be having significant temperature difference from the other surfaces in the room. 

 

Fig 1.13: Typical example of heat exchange due to temperature difference in a room  

(Bean, R., HealthyHeating,com, 2012). 
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Explaining this phenomenon with a help of an example, in the presence of large glazing surface exposed to 
outdoor environment in winter due to hot sun shining on the glazing surface will have a larger influence on 

the perception of the comfort of the individual regardless the air temperature of the occupied zone kept at 
ambient levels. Same discomfort scenario could be there in cold environments where a person sitting close 
to a cold glazing surface with his back exposed to it could experience cold perception even if the entire 
occupied zone is conditioned as per the set point temperature. This happens because of radiant transfer from 
the occupant body to the hot or cold surface. This is where the view factor discussed in the terminology 
section comes into play in indoor environments. 

Halawa (1994) has highlighted that effect of mean radiant temperature on thermal comfort has often been 
neglected by researchers and HVAC designers. The reason being the difficulties in measuring this 
parameter and its complicated nature of control systems required to take into consideration.  

Alfano et. al (2011) carried out a sensitivity analysis of the PMV index and accuracy in measurements of 
its six independent variables. It was found by the authors that the accuracy of mean radiant temperature 
strongly affected the PMV assessment. Based on the findings and recommendations of: ISO 9920, Havenith 
et. al (1999), Thorsson et. al (2007), Dell’Isola (2010) they concluded that the measurement of mean radiant 
temperature is a crucial aspect for the thermal environment assessment as radiative heat transfer is related 
to fourth power of mean radiant temperature and even small errors in evaluation can further amplify the 
inhomogeneities between the mean radiant temperature and air temperature and could lead to uncertainty 
in assessment in thermal environment. This was further found in agreement with the study of Chaudhuri et. 
al (2016) who used the ASHRAE RP-884 database to quantify the discrepancy in comfort level 
determination of the simplistic assumption of mean radiant temperature equal to air temperature resulted in 
wrong determination of thermal sensation of 644 people (6.7% comfort level inaccuracy on a world 
database). The authors also found that mean radiant temperature has a stronger influence on the thermal 
comfort amongst the six parameters as the surrounding radiant temperature influences the occupant’s 
sensation in reporting on the thermal sensation scale. 

The reason why mean radiant temperature is neglected amongst the HVAC designers and research fraternity 
is the complexities in its measurements as it is not directly. Also, the methods to measure mean radiant 
temperature in an occupied space with respect to an occupant position is a laborious process and involves 
a lot of calculations. The ISO 7726 in Annexure B gives the recommendations and processes to measure 
the mean radiant temperature:  
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The black-globe thermometer consists of a black globe in the center and a temperature sensor is usually 
placed like – mercury bulb, thermometer, thermocouple, or a resistance probe. The external surface of the 
globe absorbs the radiation from the walls of the room/zone. (ISO 7726). 
 
The mean radiant temperature measurement by globe is given by:  
 

 

 

Where,  

  tr̅ = mean radiant temperature 

  tg = temperature of the globe in kelvins 

  ta = air temperature 

  va = the air velocity at the level of globe in m/s 

This equation however is only to be used for a standard globe in case of forced convection. The standard 
mentions other equations for calculating MRT in natural convection also. It also mentions several numbers 
of precautions while measurement of MRT, some recommendations are made based on the shape of the 
globe used and based on the diameter of the globe (This section will not cover those points and further 
information could be found in the ISO 7726). 
 

Black Globe Thermometer 
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This instrument consists of two spheres of different emissivity (usually one black and other being a polished 
one). An ellipsoid shape is recommended by the standard as it closely resembles the shape of the human 
body. Both spheres are heated and are exposed to same convective heat loss. Since the emittance of black 
sphere is higher than polished sphere there is a difference in heat supply to the two spheres and this leads 
to measure of radiation. The mean radiant temperature is then then calculated as:  

 

 

 

 
 
The measurement of mean radiant temperature is done by a sensor (sphere, ellipsoid) which is controlled 
at the same temperature as the surrounding air temperature; with heat loss by convection and the necessary 
heat supply /cooling supply to the sensor being equal to the radiant heat loss /gain. The mean radiant 
temperature is then calculated as: 
 

 

 

 

 

Two Sphere Radiometer 

Constant Air Temperature Sensor 
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The calculation of mean radiant temperature from surrounding surfaces considers:  

• Surface temperatures of the surrounding surface 
• Angle factor between a person and the surrounding surface 

(Angle factor is as function of shape, size, position with respect to occupant being seated or standing 
position) 

Considering the building materials being of high emissivity (e) the reflection is then disregarded and the 
surfaces of the room are assumed as black (ISO 7726). 
 
 

 

 
 

The sum of angle factors is unity and the fourth power of mean radiant temperature is seen to be equal to 
the mean value of the surrounding surface temperatures to fourth power which are weighted according to 
the size of the respective angle factors (ISO 7726). 
 
 
 
 

 

 

 

This is probably the most accurate method to calculate the mean radiant temperature in an occupied zone, 
but this method involves good amount of calculations to know the plane radiant temperature in the six 
directions of the room (This study will not include the steps to calculate plane radiant temperature and more 
information could be found in annexure 6 of ISO 7726). The mean radiant temperature by this method 
considers:  

 

• Plane radiant temperature, tpr, in six directions 
• Projected area factors for a person in the same six directions. 

 
 
The projected area factors for a seated or standing person for the six directions: up (1), down (2), left (3), 
right (4), front (5), back (6). 
 
The mean radiant temperature is then calculated by multiplying the six measured values by the relevant 
projection factors as given in the table 1.2 and adding the resultant data and dividing the result by the sum 
of the projected area factors. The formulae for a seated and standing person are different. (ISO 7726). 

Calculation from surrounding surfaces 

Calculation from plane radiant temperature 
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Table 1.2: Projected area factors (ISO 7726,2012) 
 

For a seated person, 
 

 
 

For a standing person, 
 

 

 
 
Where,  
    

         tr is the mean radiant temperature; 
        tpr is the plane radiant temperature. 

 

 
When the orientation of the person is not fixed or not known the average of the Right/Left and Front/Back 
projected area factors are used. The equation according to ISO 7726 will become:  
 

 

 
 
 
ISO 7726 and REHVA Guidebook 7 (Low Temperature Heating and High Temperature Cooling) mentions 
another set of equations apart from the graphical method of calculation angle factors developed by Fanger’s 
study (Fanger, P.O., 1970). The formula and the method suggested is as shown in table 1.3: 
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Table 1.3:  Equations for calculations of the angle factors (ISO 7726, REHVA Guidebook 7) 

 

Where, 
AC is a/c and BC is b/c on Fig. 1.14 

 
The other graphical method for angle factor calculation is as shown in Fig. 1.14 
A typical angle factor calculation sheet could look like in Fig. 1.15 and Fig 1.16 
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Fig 1.14 : Representation to calculate angle factors (Fp-N) with respect to surfaces and activity of occupant in a zone (ISO 7726) 

Angle Factor for 

vertical surface 

above or below 

(Sitting) 

Angle Factor for 

vertical surface on 

the ceiling or on 

the floor 

(Sitting) 

(Sitting

Angle Factor for 

vertical surface on 

the ceiling or on 

the floor 

(Standing) 

Angle Factor for 

vertical surface 

above or below 

(Standing) 
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Fig 1.15: Typical example of calculating angle factor for the surfaces in the room (Bean, R., HealthyHeating.com, 2012) 
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Fig 1.16: Typical example of calculating angle factor for the surfaces in the room (Bean, R., HealthyHeating.com, 2012) 
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1.8 Recent developments in calculation of mean radiant temperature  

In the research project of ASHRAE RP-1383 ‘Developing a radiant system module for the simulation 
and analysis of spaces and systems’ by Barnaby & Pedersen (2015) built up a simulation tool which 
allows the calculation and investigations of comfort conditions at any point in the room. The tool 
developed in this research project is called as ‘Radiant Performance Explorer (RPE) which is an 
enhanced version of ASHRAE Comfort Tool. The tool allows calculation of PMV and PPD with 
knowing the values of room surface temperatures. It allows easy modelling of mean radiant temperature 
around the room area and other radiant values such as radiant temperature asymmetry. A typical  
simulation interface screen is as shown in Fig 1.17 (The usability of this tool could not be assessed in 

this study as the author was unable to receive access to this tool which is available only for registered 

ASHRAE members). 

 

 
Fig. 1.17: User interface photos of ASHRAE RPE tool (Bean, R., HealthyHeating.com,2012) 
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2. LITRATURE REVIEW 

 

 
As stated in the boundaries section, this study has been only limited to the effect of windows in creating 

discomfort condition and relationship of mean radiant temperature on PMV in hot weather conditions 

near windows and downward draft problem in cold weather near windows. The literature studied in 

this section has been limited to effect of mean radiant temperature on thermal comfort and how windows 

generate discomfort conditions in the indoor environment. This limitation was necessary given the 

scope of master thesis as well as limitations of the experimental design, the latter will be discussed 

further in this report. The author has tried to review/study literature to provide on the above stated 

conditions of MRT, radiant thermal discomfort and cold draft effects; however the literature review 

does not claim to provide a complete picture of these effects and it may or may not provide a concrete 

understanding to these subjects and there might be more relevant studies giving a holistic view on the 

topics of mean radiant temperature effects on indoor thermal comfort. Having stated this, the studies 

reviewed under this section have been selected based on high relevancy to the topic of research of this 

study. The studies reviewed are categorized under the following categories – Chamber studies, Field 

studies, Simulation and Modelling studies, Simulation + experiment studies, Critical review studies. 

The studies of downward draft through windows have been separately grouped as they were found in 

agreement with each other.  An illustration of the categorization of studies is presented on page 33. 

(The author is considering studies carried out in test room, experimental lab room with high control 

environment settings as Chamber studies). 
 
Thermal comfort depends on six parameters (4 environmental, 2 personal) plus physiological and 
psychological satisfaction of person. Also, a person’s wellness or sickness can affect his/her perception 
of the environment. This study will not provide a picture on any other environmental factors (except 
MRT) and physiological, psychological factors on thermal comfort. 
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LITRATURE REVIEW  

Field 

Rowe (2003) 

Emuwa (1996) 

Lopez et. al (2015) 

Kalmar & Kalmar (2012) 

Walikewitz et. al (2014) 

Simulation 

Gan (2001) 

Manz & Frank (2004) 

Atmaca et. al (2015) 

Jain et. al. (2011) 

Sengupta et. al (2006) 

Sengupta et. al (2005)  

Sengupta et. al (2005) – cases 1,2,5,6 

Sengupta et. al (2005) – cases 3,4,7,8 

Lyons et. al (1999) – cases 4,8 

Lyons et. al (1999) – case 1 

Huizenga et. al (2006) 

La Gennusa et. al (2005) 

La Gennusa et. al (2007) 

Mariano et. al (2015) 

Chamber 

Simulation + Experiment 

Critical Review 

Ge & Fazio (2004) 

Heiselberg (1994) 

Rueegg (2001) 

Khamporn (2014) 

Hodder & Parsons (2006) 

Halawa (2014) 

Mc Intyre (1982) 

Alfano et. al (2013) 

Chaudhuri et. al (2016) 

Lindberg et. al (2013) 

The literature review division has been made in the following manner:  

Red shows radiant thermal discomfort studies due to hot environments 

Blue shows downward draft discomfort or cold window discomfort 

Black shows studies that either covers studies on MRT or thermal comfort investigation in broad 
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2.1 Field studies 

Rowe (2011) did a longitudinal field study for a two-year period to investigate that weather comfort levels 
of occupants near the window are affected by hot and cold discomfort depending on the time of day and 
season of the year. The study was conducted in an office building in Sydney. The building studied is six 
storied with glass panels (1000mm x 50mm). All faces received direct sunlight, but northeast and northwest 
façade received the most sunlight. No external shading or attached shading devices were present on the 
building. The study was conducted on level three and four of the building, 144 persons volunteered for the 
study. Subject’s thermal sensation vote was recorded twice (morning and afternoon) by a right now survey 
and thermal preference vote was also recorded on three-point scale (want warmer, want no change, want 
cooler). Environmental variables (air temperature, relative humidity, air velocity and radiant temperature 
in six orthogonal directions) were recorded besides the subject’s work stations using an indoor climate 
analyzer. Data sets were recorded within a distance of 2 meters from the window, 490 diurnal pairs were 
collected from the people in the perimeter zones. The radiant asymmetry effect was studied in two groups 
(subjects with frontal exposure and the other as lateral exposure).  The diurnal operative temperatures shifts 
were examined calculating the mean change in comfort vote for 0.3C intervals of temperature change. The 
results were categorized as: 
 
a) Operative temperature distribution- 65% of the observed value fell between 21.8C to 24.2C. Indoor   
    operative temperatures rose with warmer weather 
b) Acceptability vote- The votes sorted on half degree Celsius bins, showed 82% votes showed acceptability  
    with the thermal conditions 
c) Radiant asymmetry – The data grouped under 0.1C intervals showed most area was within 3C to - 
    2.5C. 
d) Simple regression analysis between air temperature and comfort vote was (Rsquare= 0.58) 
e) Multiple regression analysis testing the significance of mean radiant temperature and air temperature      
    on mean vote  
             For lateral asymmetry,  
  Vote= 0.305Tr+0.46Ta – 10.782; Rsquare = 0.617 
             For frontal asymmetry, 
  Vote= 0.364Tr+0.46Ta – 10.855; Rsquare = 0.699 
 
f) Temperature Shifts – 40% of the grouped operative temperatures (in 0.3C intervals) were outside the 
ASHRAE guideline limit of 0.5C per hour. 
g) Relationship between change in mean vote and temperature shift - Mean votes calculated for each 0.3C 
temperature shift interval a case weighted linear regression gave Rsquare value equal to 0.864 
     

                 𝛥Vote= 0.528 𝛥Topt+ 0.116 
 

Based on this relation, the authors suggested that a shift of about 2C in a period of three hours could 
produce a thermal sensation vote change of about one comfort vote interval. The authors concluded that 
exposure to asymmetric radiant heat flow strongly affects the comfort sensations of a person seated near a 
large single glazed window. They suggested the use of double-glazed with an appropriate low-e surface 
treatment to avoid discomfort by asymmetrical radiation and temperature drift near windows or using 
windows of smaller sizes that can reduce outdoor heat loads in the perimeter zone. 
 

Emuwa (1996) carried out an experimental study in a mid-rise condominium building in Toronto to 
investigate how the surface temperature of window walls could  affect thermal comfort of occupants during 
summer between July 3-10 and July 26-August 1. The measurements were carried out with twenty t-type 
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thermocouples set up at various heights and locations connected to a data acquisition system in the sitting 
area of a 2-storey condominium loft located on the north façade of the building. Temperatures were taken 
of these elements in the condominium: Window Wall (WW), Indoor Air (IA), Internal Wall (IW), Spandrel 
Panel (SP) and External Wall (EW). The results showed that on a clear day faster temperature increase took 
place and peak temperature of the window wall was noticed each day during the measuring period between 
17:52 to 19:52, that implicated that the performance of window walls is largely affected by the orientation 
of sun. In the study the window wall is oriented north northwest (NNW), the authors studied solar gain 
analysis with respect to the orientation of window walls in building. The measurement from July 21 at the 
north facing wall show the variation in solar heat gain during different time of the day. At north wall highest 
gain was 117 W/m² (18:00), there was no direct gain at 6:00. Whereas, on the western orientation the 
window wall received 117 W/m² plus 118 W/m² from slightly western orientation at 18:00. The window 
walls oriented east or west would receive a large amount of solar heat gain of 679 W/m² at 8:00 and 16:00 
respectively, i.e., approximately six times more than north facing window for peak radiation in a given 
time. An increase in solar gain will lead to increase in interior surface temperatures of glass and might as 
well lead to higher indoor temperatures.  

The temperature profiles of both the study periods of the experimental studies showed similar profiles for 
the interior surfaces and indoor air. However, it was reported by the author that 1st test study had more 
significant temperature gradients between the surface temperatures because of hotter outdoor climatic 
conditions.  It was concluded by the author that the temperature increase above the ASHRAE standards 
were due to increase in temperature due to window wall. Increase in temperature of indoor air was mainly 
due to direct solar radiation that increased the interior surface of the window wall by +8.4C.  In general, 
the study results showed on clear sunny days the surface temperature of the window wall was high. It was 
found in the study that no other surface apart from window wall and spandrel panel contributed to the 
substantial increase in ambient temperature. The author suggested a reduction in window wall size or either 
improvement in glazing performances would greatly reduce the energy consumption by the HVAC system 
that might be stressed to restore ambient indoor conditions during solar radiation effect indoors. Fig. 2.1 
and Fig. 2.2 shows peak temperature period during the day and surface temperature profiles for the two 
study cases respectively. 
 

 
Fig. 2.1: Comparison of Peak Temperatures of 1st & 2nd test studies (Emuwa, 1996) 
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Fig. 2.2: Combined Surface Temperature Profiles of 1st & 2nd test studies (Emuwa, 1996) 

Walikewitz et al. (2014) carried out a field study in four rooms at different heights of a university building 
in Berlin to investigate the simplification of mean radiant temperature being considered equal to the air 
temperature. The measurements were carried out with the help of three different globe thermometers and 
two methods of integral radiation measurement from 16th august 2013 to 2nd September 2013.  The analysis 
was carried out using five different ways of measuring and calculating Tmrt. Comparisons were done 
calculating the differences in daily cycles ( ∆Ta-mrtGB, ∆Ta-mrtGG and ∆Ta-mrtIS) for a four day 
measurement period.  The study also carried out measurement of surface temperatures (Tsc and Tst),  short 
wave radiation (SW), long wave radiation (LW) and the sum of short wave and long wave radiation (RAD). 
The results were analyzed under the following aspects:  
 
1. Temporal course of MRT – In R1 all the three Tmrt (∆TmrtGB, ∆TmrtGG, ∆TmrtIS) values were quite 
similar. In R2 the Tmrt varied more as compared to R1.  TmrtGB was reported to be lower throughout the 
period. ∆TmrtGG, ∆TmrtIS were found to be similar with increasing temperatures but  ∆TmrtGG fell below  ∆TmrtIS during decreasing and low temperatures. In R3 differed a lot in the four days at average lower 
temperatures Tmrt differed at maximum daily temperature and also differed with decreasing temperatures 
(∆TmrtIS above  ∆TmrtGG and  ∆TmrtGB with the lowest values) whereas on second and third day all 
Tmrt values were at agreement and they showed the same daily maximum. In R4 Tmrt differed with 
decreasing and during low temperatures. ∆TmrtGB had the lowest and  ∆TmrtIS had the highest values. 
 
2. Temporal differences between Ta and Tmrt – In overall analysis the authors did not found any large 
differences between Tmrt and Ta at low and moderate temperatures. However, larger differences between 
them were noticed at high air temperatures. 
 
3. Surface temperatures of the surrounding walls – Tsc (three point measurement with a contact 
thermometer) of window wall in all rooms exceed Ta and Tmrt maxima highest values in R1 are reached 
at 2 pm (30.4C), in R3 at 1 pm (32.2C) and in R4 at 7 pm (32.5C) and their temperature amplitudes  
were (R1 8 K, R3 8.1 K, R4 9.4 K). The opposite walls in R1, R3, R4 show minor daily temperature maxima 
(R1 26.4C, R3 28C, R4 27.9C) and lower daily temperature amplitudes (R1 1.4 K, R3 2.5 K, R4 2.1 K). 
Whereas, in R2 the Tsc values differed less in comparison to all rooms the SW window wall in R2 showed 
27.1C at 10 am and lower daily temperature amplitude (3.7 K)  the opposite NE wall has the highest 
temperature at 8 pm (26.4C) and a very small daily temperature amplitude of 0.7 K. In  general, the Tst 
values of the window walls show a markedly broader range at all measured periods compared to the Tst 
values of the opposite walls. It meant that the surface temperatures of window walls change throughout the 
day and probably rose as the day progressed during afternoon hours.  
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4. Influence of short and long wave radiation – R1 and R3 showed very strong correlation s to both range 
of radiations on the window side.  In R1, the variance of Ta and Tmrt at the window wall (opposite wall) 
was 82% (30%), whereas in R4 just 37% (20%), This was further tested with regression analysis between  ∆TamrtIS and sum short and long wave radiation (RAD). The window side correlation for R1 and R3 were 
found to be very high 0.91 and 0.93 respectively. Even R2 and R4 showed strong to middle correlation 0.73 
and 0.50 respectively. It is noteworthy to mention here that correlation on the opposite walls were lower 
compared to the window walls reported to be 0.80, 0.79, 0.58, 0.25 for R1, R3, R2 and R4. 
 
The authors concluded through the analysis of   ∆Ta-mrt depends on not only solar radiation but on a room 
characteristic as well (building material, floor level, and exposition of the room). The high percentage of 
window surfaces in R1 and R3 allowed direct sunlight to enter the room during high radiation intensity 
times. Whereas, the low values of  ∆Ta-mrt could be because of cloudy conditions during the measurements, 
which the authors related to Lindberg et. al 2013 findings that cloudiness reduces global radiation and hence 
the direct radiation beam into the rooms. Hence, Tmrt decreases and approaches the values of Ta. Low 
correlation of short and long wave radiations for R4 can be explained by the smaller size of the window in 
the room, also its oriented towards the NW side and received less direct sunlight during exposure rates. In 
R1 it was noticed that surface temperatures reached highest temperatures under the influence of direct 
sunlight hitting the surfaces for 9 hours. This supported the findings that  difference between Ta and Tmrt, 
increases at midday and reaches its maximum almost simultaneously with surface temperatures also 
reaching to higher values. The authors found that intensity of solar radiation had a great influence in large 
window areas room with SW exposition (R1 and R3) to which they concluded that intensity of solar 
radiation entering the room and duration of solar exposure is a major driving factor for Tmrt. This was quite 
evident as well in the study where correlation of ∆TamrtIS and the sum of short and long wave radiation 
(RAD) R4 had Rsquare = 0.25 because the window wall is NW exposed and the exposure rate was 4 hours. 
 
Lopez et. al (2015) did a field study assisted by subjective responses (right-now survey) to investigate 
thermal comfort in three naturally ventilated school in Paraguay. The investigation was carried out in 
February 2014 (summer), various probes, thermo-anemometer, data loggers, black globe thermometer were 
used recorded the environmental variables.  A set of four data loggers and probes were fixed near the 
facades, whereas globe thermometer and thermo-anemometer were fixed in the center as the concentration 
of students was higher. The thermal sensation scale used was a seven-point scale from -3 (very cold) to +3 
(very hot). The authors used algorithm developed by Andreasi, W.A (2009) to predict TSV specifically in 
naturally-conditioned environments and evaluated applicability of PMV/PPD to TSV-Andreasi. The 
thermal sensation votes of students were studied in terms of their positioning in the classroom row 1 was 
closest to the blackboard in the front and rows 4 and 5 were near the backside window. The TSV votes 
indicated that students were more comfortable in the row 1 than students of rows 4 and 5. In general, more 
dissatisfied TSV votes were obtained in school 1, than in school 2 and school 3, the reason being there were 
no row 5 in schools 2 and 3, which meant less responses from the students sitting near the rear window 
wall. The study results showed that TSV-Andreasi values presented less deviations than PMV, but it mainly 
due to the fact the equation of the proposed algorithm is a function of outdoor climatic variables. The 
authors concluded that the high percentage of the glass area in the classrooms caused external climatic 
conditions to influence the indoor thermal environment in the classrooms. Discomfort declared by the 
occupant next to the was due to high percentage of glass area in the classrooms and was responsible for the 
negative effect on thermal comfort indoors.  
 
Kalmár and Kalmár (2012) carried out experimental study in a university building in Hungary which 
permitted them to compare mean radiant temperatures in rooms with similar height and width but different 
lengths. Measurements of globe temperature and air temperatures were done using data loggers. Two study 
cases where analyzed for an occupant sitting in center of the room (position 1: external wall on the left side, 
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position 2: external wall behind occupant). It was found that for the same length, difference between MRT 
values were 2.5C for position 1 and 1.1C for position 2. PMV calculations were done  assuming, ta = 
22C, RH = 50%, Icl = 1.0 clo, M = 1.2 met and the relative velocity of the air Var = 0.08 m/s. PMV 
variation depending on the room height was found to be parabolic and minimum value was obtained for 
greater heights and bigger lengths of the room cases analyzed. For square-shaped rooms, the influence of 
room height was found to quite important that had increasing PMV values with increase in height (except 
for 1 case that had a bit parabolic curve). Whereas, for rectangular rooms the PMV increased with increase 
in height for position 1 and PMV decreased or perhaps showed a parabolic curve for the position 2 with 
increase in height of room. 
 

2.2 Chamber studies  

Hodder and Parsons (2006) investigated the relation between solar radiation and thermal comfort in a test 
chamber. The authors explored effect of solar radiation intensity on thermal sensation (Study 1) and effect 
of glazing types on occupant perception to the simulated solar radiation through the glazing (Study 3). Eight 
male subjects were exposed to four levels of simulated radiation in first study (0, 200, 400 and 600 W/m2.).  
To study effect of glazing the subjects were exposed to 1000 W/m2 of simulated solar radiation through the 
glass (four different glazing types were studied: TM- tinted monolithic, CL: clear laminate, TL: tinted 
laminate, PPB: PPB clear glazing). The test chamber was kept at environmentally neutral conditions 
(PMV=0±0.5) and MRT=TA was set as a priori when the direct radiation effect was not considered.  All 
four environmental conditions were recorded every 10 secs with data loggers. The results of study 1 showed 
that when actual radiant temperature was placed into thermal comfort equation the effect of solar radiation 
changed from (PMV=0) to warm (PMV=2) to hot (PMV=3). The skin temperature of subjects was taken 
by skin thermistors shown the skin temperatures increased by over 2C from control condition to 200 W/m2 
condition. The skin temperatures increased as the solar radiation intensity increased for all ranges of 
radiation (200, 400, 600 W/m2). Thermal sensation votes were recorded by the subjects in every 5 minutes.  
The votes showed a clear increase in the level of discomfort by subjects for each case, it was noticed that 
after 30 minutes of exposure thermal sensation votes were approximately one sensation scale warmer and 
the condition of 600 W/m2 was voted as the highest sensation vote (very uncomfortable). The subject’s 
stickiness votes showed an increased level of discomfort due to stickiness felt for each condition and it was 
found that stickiness levels raised consistently with increases in radiation intensities. Results of study 3 also 
showed that when actual mean radiant temperature was put in comfort equation PMV changed to +1.5 to 
+2, CL and CM glazing had higher mean radiant temperature conditions and higher values of glazing 
temperatures. Skin temperature rose to about 2C for CM and CL cases, while mean skin temperature of 
subjects rose over 3C for TL and PPB glazing. The thermal sensation votes varied between “slightly warm” 
and above “hot” that was found to be related to the glazing types they were exposed. Stickiness votes 
showed that the subject felt slightly sticky for PPB and TL and sticky for CM and CL glazing. The results 
of the stickiness levels when plotted against time showed that the sickness levels increased with the time 
exposure and were highest around the 30 minutes mark. The authors concluded with the findings of their 
experiments that a linear relationship existed between solar radiation and the thermal sensation vote and an 
increase of one unit could be expected for an increase of 200 W/m2 of radiation. The mean skin temperature 
measurements support that solar radiation is the main determinant of thermal comfort and could be 
determined by uncomfortable and stickiness ratings of a subject affected by solar radiation.  
 

Khamporn and Chaiyapinunt (2014) carried out an experiment during December in a test room with west 
wall exposed to outside air of size 0.9m x 1.1m,  to investigate thermal comfort of a person near glass 
window in a sedentary situation. Two type of windows were studied – 6 mm clear glass window and 6 mm 
tinted glass window. Two pyranometers were installed outside the test room for measuring outside solar 
radiation and another pyranometer was installed inside the test room to measure transmitted solar radiation. 
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Also, shading ring was used as a pyranometer as well to measure the diffused solar radiation. Environmental 
parameters: air temperature, air velocity, air humidity, inside air temperature, operative temperature was 
measured with the help of different transducers and data loggers. Type J thermocouple was used to measure 
the surface temperature of glass window and the walls. The results for the two cases are summarized in 
table 2.1: 
 

Environment Factors Clear Glass Tinted Glass 

Inside air temperature near 
window  

Between 22-25C (found close to 
outside glass temperature 

25C 

Surface Temperatures  Same  Quite close to each other 

 
Inside glass temperature  

 
21-32C, (32C when solar radiation 
reached to maximum value) 

25-47C  
(High value in temperature 
because of high absorptance by 
the glass) 

Operative temperature 21C to 32C in afternoon  
(showed similar pattern as solar 
radiation) 

25 to 30C  
(showed similar pattern as MRT 
surface temperature) 

MRT  23-39C  
(MRT due to surface temperature was 
found to be 27C) 

25-38C 
(MRT was 33C due to surface 
temperature in afternoon) 

PMV 0 to +2.2 (highest value between 15-17 
in afternoon) 

0 to +2 (highest value between 
15-17 in afternoon) 

PPD 5% in morning to  90% afternoon 
PPD due to surface temperature ranged 
from 5-14% 

8% in morning to 76%  
PPD due to surface temperature 
was 45% 

Curve of OPD and MRT Depended upon solar radiation 
trendline 

Dependent more upon the 
surface temperature trendline 

Curve of PMV  Same as MRT Same as MRT 
PPD curve Same as curve of PMV and MRT Similar as OPT 

Table 2.1: Experiment results from clear glass and tinted glass of Khamporn et. al (2014) 

 

The authors concluded that for thermal comfort evaluation MRT is an important parameter. With their 
results they proposed that MRT, PMV and PPD are all dependent on transmitted solar radiation and the 
surface temperature of the glass window and a higher value of MRT will yield a higher value of PMV and 
PPD. 

2.3 Simulation studies 

Lyons et. al (1999) conducted a joint study at Lawrence Berkeley National Laboratory (LBNL) and the 
Center for Environmental Design Research (CEDR) at University of California at Berkeley using 
WINDOW 4.1 and ASHRAE Thermal Comfort Tool. Their study was based on a parametric approach to 
evaluate the effect of windows on indoor thermal comfort. They studied 10 different glazing systems (as 
shown in table 2.2 to address importance of long wave and short wave (solar radiation), draft effects under 
summer and winter conditions. In this study occupant comfort was evaluated taking in account the view 
factors and asymmetry in radiant temperature considering the occupant position. An interesting plot of 
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window performance and thermal comfort was developed as conclusion from this study which mapped the 
sensitivity of comfort predictions to clothing, posture and metabolic activity. The MRT, PMV, PPD were 
evaluated according to ISO 7730 with the help of ASHRAE Thermal Comfort Tool software (Fountain & 
Huizenga, 1995) that employed the Gagge 2-node model which uses skin and core temperatures of a human 
body. Draft probability was evaluated using the algorithms developed by Heiselberg (1994) considering 
velocity as a function of glazing temperature, size of the window, distance of occupant from the window. 
To take in account the effect of direct solar radiation on radiant temperature asymmetry they incorporated 
linear expression developed by Sullivan (1986) to Fanger’s PMV model. 
 𝑑𝑃𝑀𝑉𝑑𝑞 =  𝑑𝑃𝑀𝑉𝑑𝑀𝑅𝑇 ? 𝑑𝑀𝑅𝑇𝑑(𝑎𝑓𝑞) ? 𝑑(𝑎𝑓𝑞)𝑑𝑞  

                                                      
 

  
                        

      
                                                
 
 
 
 
 
 
With the help of ASHRAE Thermal Comfort Tool in batch mode parametric calculations were performed 
to examine eight sets of environmental conditions, ten glazing systems, up to seven clothing ensembles, 
and two window sizes which generated a 3-D plot that showed the effect of these parameters on thermal 
comfort. For summer conditions it was found that perception of comfort is largely based on solar load 
dominance and discomfort increased with CLO level and glazing solar heat gain coefficient (SHGC). One 
of their important finding was low-emissivity double-pane windows also created discomfort problems as 
uncoated single-pane windows. In cold and sunny winter conditions different PPD for different CLO values 
were obtained as they explained which was because of tradeoff between glazing U-factor and solar body 
heating. In important thing to look here is that heating effect is usually welcome by an occupant on a cold 
sunny day, this have a strong implication that in buildings relying on passive solar gain for offsetting their 
winter heating costs. For cold-sunny conditions the PPD resulting from draft was below 10% and negligible 
for high performance window case. In very cold nighttime condition, comfort was dependent on U-factor 
and clothing insulation. The results from this case were: single-pane, uncoated double-pane, low-emissivity 
double-pane and the triple-pane / high-performance window pair (worst to best performer). The results from 
all four scenarios studied are shown in Fig. 2.3 (a,b,c,d). 
 
 
 
 
 
 
 
 
 
 
 
 

where: a = average solar absorptance of person 
            f = projected area factor for person 
             = (area projected to beam)/(effective radiation area of person), 
                 (Ap)/(Aeff) 
           q = solar insolation on surface normal to beam, W/m 2 

              = solar irradiance times direct solar transmittance of window 
           a ≈ 0.6, f = 0.3 and q is obtained from WINDOW 4.1 



41 

 

 

 
Glazing Type Environmental 

Condition 

Outside 

Temperature 
(oC) 

Indoor  

Temperature 
(oC) 

Wind 

(m/s) 

Vertical 

Solar 

Load 
(W/m2) 

U-value SGHC 

Single 3mm clear      6.30 0.87 

Single 3mm bronze Hot & sunny 31C 23.9C 3.4 783 6.29 0.72 

Double 3mm, 
clear/12mm air/clear 

Very cold night -10C 21.1C 3.4 783 2.78 0.77 

Double 3mm, 
bronze/12mm 

air/clear 

Very cold & 
cloudy 

-18C 21.1 6.7 0 2.78 0.62 

Double 3mm, 
clear/13mm 

argon/pyrolytic low-E 
(0.20) 

     1.73 0.72 

Double 3mm, 
pyrolytic 

low-E (0.20)/13mm 
argon/clear (reversed) 

     1.73 0.64 

Double 3mm, 
sputtered 

low-E (0.08)/13mm 
argon/3mm clear 

(high 
SHGC) 

     1.47 0.58 

Double 3mm, 
selective 

low-E (0.04)/13mm 
argon/3mm clear 

(low 
SHGC) 

     1.37 0.41 

Triple 3mm, low-E 
(0.08)/ 9.5 Kr / clear / 

9.5 
Kr / low-E 0.08 

     0.65 0.49 

Hypothetical 
highperformance 

window 
(low U, low SHGC) 

     0.49 0.39 

Table. 2.2:  Indicative properties of 10 generic glazing systems and test conditions of Lyons et. al (1999)  
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           (a)    (b) 

 

 

 

 
             (c)    (d) 
   

 

Fig.2.3 (a) Long-wave, solar radiation and draft contributions to the PPD for a large glazed door 
                         (b) PPD under cold sunny conditions as a function of clothing level and glazing U-factor. 
                         (c) PPD under summer conditions as a function of clothing level and glazing SGHC 
                         (d) PPD winter conditions as a function of clothing level and glazing U-factor 
 
   (Lyons et. al  1999) 
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In the research project of Sengupta, Chapman, Keshavarz (2005a) quantified window performance on 

human thermal comfort with eight case studies of different window systems which included different 

glazing to wall percentage and different window orientations in the room. A summary of the study 

cases is been showed in table 2.3 By building up a combined strategy of WINDOW 5.1 and BCAP 

methodology, the thermal comfort conditions were plotted in terms of penetration depth and 

distance from the wall. The study result showed that the effect of MRT was quite evident in all the 

summer cases (1,2,5,6). For case 1 when the sun was beaming into the window directly. For case 1 the 

temperature was reported to be 32C near the left window side while near the back window it was 

28C. It was also found that the cases with double glazing windows were found to be hotter than single 

glazing if they were kept unconditioned. The reason for they gave for this heating was; that rooms 

rapidly gained heat from the solar radiation, but it did not lost heat at the same rate from the interior. 

In general, it was found that the penetration depth for double glazing was lesser than the cases of 

single glazing. However, it was found by them for case 1 and case 2 (i.e. single and double 

glazing/daytime summer) the penetration depth was same from which they concluded that during 

solar boundary condition during daytime in summer the window area overrides the glazing type as 

the major factor influencing thermal comfort. This was confirmed by the results of case 5 & case 6 

where the lower glazing to wall percentage lead to lower penetration depth which means larger area 

of the room will be comfort conditions. An overview of the simulated cases is shown in Table 2.3. 

 

Case Glazing Orientation Weather Glass 

Properties 

Indoor 

Temperature 

(in degree C) 

Outside  

Temperature 

(in degree C) 

Penetration 

Depth 

(in m) 

Power 

requirements 

for 

conditioned 

space 

(in W) 

1 40% 
area in 
2 walls 

1 left wall & 
1 back wall 

Daytime 
Summer 

Single 
glazed 
6mm 

24 32 3.20 2268 

2 40% 
area in 
2 walls 

1 left wall & 
1 back wall 

Daytime 
Summer 

Double 
glazed 
6mm 

24 32 3.20 1369 

3 40% 
area in 
2 walls 

1 left wall & 
1 back wall 

Nighttime 
Winter 

Single 
glazed 
6mm 

21 -18 2.95 2052 

4 40% 
area in 
2 walls 

1 left wall & 
1 back wall 

Nighttime 
Winter 

Double 
glazed 
6mm 

21 -18 2.60 869 

5 20% 
area in 
1 wall 

Both left 
wall 

Daytime 
Summer 

Single 
glazed 
6mm 

24 32 2.90 654 

6 20% 
area in 
1 wall 

Both left 
wall 

Daytime 
Summer 

Double 
glazed 
6mm 

24 32 2.30 352 

7 20% 
area in 
1 wall 

Both left 
wall 

Nighttime 
Winter 

Single 
glazed 
6mm 

21 -18 2.70 661 

8 20% 
area in 
1 wall 

Both left 
wall 

Nighttime 
Winter 

Double 
glazed 
6mm 

21 -18 2.30 266 

Table 2.3:  WWR, glazing types, weather conditions and power conditions for demonstrated cases  

(Sengupta et. al 2005) 

 

The study further quantified each of the cases in terms of power required to achieve comfortable indoor 
conditions. Really interesting conclusion were made about the glazing properties and power 
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consumption. It was found that double glazing windows in both weather condition cases performed 
better than single glazing (i.e. power required was less for double glazed cases). The indoor operative 
temperatures for all 8 cases were plotted together and a summary graph was developed comparing 
penetration depth, comfortable floor area and power consumption to achieve comfort conditions for all 
cases depicted in Fig. 2.4(a) and Fig. 2.4(b) 

 
                (a)    (b) 

Fig. 2.4..(a): Operative temperature comparison as a function of distance from the window  

(b) Comfort condition comparison in terms comfortable floor space area, penetration depth, power consumption 

(Sengupta et. al 2005) 
 

 
Sengupta, Chapman, Keshavarz (2005b) studied the same studied case room with same boundary with 
an interface set-up program between WINDOW 5.1 and BCAP to analyze numerous fenestration 
systems to develop a new metric to quantify thermal comfort in a room called penetration depth. The 
following cases were studied, and the unconditioned space is referred as the baseline case:  
 

Case D-R-1-1 No fenestration baseline space 

Case D-R-1-2 No fenestration conditioned space 

Case D-R-2-1 Fenestration baseline space 

Case D-R-2-2 Fenestration conditioned space 

 

The major findings were thermal comfort parameters for the conditioned space and unconditioned space 
remained to be nearly the same. But the complete plot of temperature distribution was found to be raised 
or lowered in the cases. The conclusions made from the study was that, heating or cooling systems does 
not impact thermal comfort distribution by the fenestration systems in the room. From their analysis 
they plotted thermal comfort parameters (PMV, AT, MRT, OT) as a function of distance from the 
window and outside temperature. They introduced a new metric to evaluate thermal comfort which they 
termed as ‘penetration depth’, defined as the distance from the window into the room beyond which 
thermal conditions are in acceptable limits or thermally comfortable conditions exist. A representation 
of the case D-R-2-2 (fenestration with conditioned space) is shown in Fig. 2.4 and the developed chart 
of this study called Thermal comfort penetration depth is shown in Fig. 2.5. 
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Fig. 2.4: Case D-R-2-2, thermal comfort signatures for fenestration and conditioned space 

(J. Sengupta, K. S. Chapman, and A. Keshavarz, 2005) 

 

 
Fig. 2.5: Thermal comfort penetration chart (J. Sengupta, K. S. Chapman, and A. Keshavarz, 2005) 
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Sengupta et. al (2006) developed a fenestration performance map to illustrate the severity of having a 
fenestration system on thermal comfort distribution in the room. Based on a modified version of BCAP 
methodology (Building Comfort Analysis Program) developed by Jones & Chapman (1994) in 
ASHRAE RP 657; they included transmission through the glazing system and used PMV to assess 
thermal comfort which allowed them to calculate PMV distribution at 1.25m height from the floor. The 
impact of window on thermal comfort was analyzed considering a test room of size 4 × 4 × 2.5 m. 

Case D-R-1-1 Without fenestration system nor heating 

Case D-R-1-2 Without fenestration system with heating 

Case D-R-2-1 With fenestration system without heating 

Case D-R-2-2 With both fenestration system and heating 

Table 2.5: Analyzed cases in Sengupta et.al (2006) 

(Considerations – Uvalue of 0.38 W/m2·K, relative air velocity 0.1m/s, relative humidity 40%, 0.25m grid size in all 

coordinate directions) 

This analysis helped them to develop thermal comfort signatures in which Tair, Tmrt, Top and PMV 
are depicted as contour plots on a horizontal plane at a height of 1.25 m from the floor. It was found 
that window severely impacted thermal comfort and the average temperatures saw a drop of 10C from 
16 to 6C. The PMV plot of case D-R-2-1 showed the entire room was thermally uncomfortable, with 
a heat input of 655W in case D-R-2-2 the PMV plot showed only 37% of floor area to be thermally 
comfortable. The conclusions from their preliminary analysis further motivated them to develop 
fenestration performance maps for winters taking the same room size for analysis. PMV values 1m from 
the window were considered to develop these maps. 

 

Outside 
Temperature 

(in degree C) 

Fenestration to 
wall ratio 

Frame Glazing Fenestration  
U-factor 

 
 
 
 

 
–40, –30, 
–20, –10, 
0, 10, 20 

 
 
 
 

 
      10% to 100% 
increasing steps of 

10% 

 
Aluminum 

 
 
 

Aluminum 
 
 
 

Vinyl 

 
Single clear 
 
 
Double low-e 
(0.20) 
on surface 2 with 
12.7 mm air apace 
 
Quadruple low-e 
(0.10) on surface 2 
and 4 with 12.7 
mm air gap 

 
6.42 W/m2·K 
 
 
 
3.23 W/m2·K 
 
 
 
 1.05 W/m2·K 

Table 2.6: Cases for Fenestration Performance Map for winter, Sengupta et. al (2006) 

 
 
In their analyses they correlated complex outside temperature, fenestration area, and fenestration type 
with thermal comfort (PMV distribution) inside the room in the form of a simplified graph as shown in 
the Fig 2.6. The outside temperatures were plotted as a function of fenestration-to-wall ratio. 
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Fig. 2.6: Fenestration performance map for winter for different glazing type, Sengupta et. al (2006) 

Huizenga et. al (2006) summarized 200 relevant research articles based on effect of windows on thermal 
comfort. The UCB Comfort Model was used to analyzed different range of conditions created by 
different window systems, but the major focus of their work was on : 1) Effect of window surface 
temperature on long-wave radiation heat exchange between the body and window, and 2) Solar radiation 
transmitted by window and absorbed by body. In their analysis their key factor to determining the 
impact of window on comfort was geometry and distance of occupant from the window, which they 
defined by view factor. The view factor directly effects the comfort from the window, the greater the 
view factor they larger the impact. The study included different combinations of window systems 
(single/double hung), window on one wall to window on two walls, window sizes, occupant distance 
from window (1m,2m,3m,4m).  Comfort effects of windows were studied for both summer and winter 
conditions. Their results found that for winter the comfort is largely dependent on surface temperature 
of the window which in turn is directly related to U-factor and outside temperature. While for summer 
the comfort condition depends on inside surface temperature and transmitted solar radiation, both them 
directly related to optical properties of windows. The authors developed a Summer rating and Winter 
rating to generalize comfort ratings for a given set of parameters. For winter rating, they proposed a 
minimum outside temperature for which comfort conditions will exist for a person sitting near the 
window. (Assumptions: Distance from window =1m, View factor= 0.26, Metabolic rate= 1.2 Met, 
Clothing= 0.59 Clo, Inside Temperature=23.5C). 
 

Winter comfort rating (°C) = [-45.3/U-factor (W/m2-K)] + 23.5°C 

 

The summer rating that they developed was based on two important characteristics namely Tsol 

(direct solar transmittance) defined as the amount of solar radiation transmitted directly through the 

window and falling on the body and SHGCindirect is defined as increase in inside window surface 

temperature due to the solar radiation absorption by glazing. This absorbed energy is emitted to inside 

environment due to convection and radiation from the interior glazing surface. For summer rating 

they considered two scenarios: (1) a case where the occupant is only exposed to diffuse radiation, (2) 
a case where the occupant is exposed to direct solar radiation. 
Their rating method is based on comfort solar heat gain coefficient, which is defined as: 

SHGCcomfort = Tsol + k*SHGCindirect 
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Here, k is a weighting factor on the indirect heat gain, whose value is dependent on the exposed to direct 
and/or diffuse radiation on the occupant. In their analysis, they found that for scenario 1 SGHCindirect 
was approximately 4.4 times more important in its impact on comfort as Tsol, for scenario  SGHCindirect 
was approximately 2.4 times more important in its impact on comfort as Tsol. However, the value of 
SGHCindirect depends on the assumptions of direct solar radiation for the case. 
 

Scenario 1 – only diffuse radiation: Summer Comfort Index = Tsol + 4.4* SHGCindirect 

Scenario 2 –direct radiation: Summer Comfort Index = Tsol + 2.4* SHGCindirect 

 

Based on this they concluded that lower the value of summer comfort index rating, lower is the negative 
impact from the fenestration system. An important metric that they developed during their study was 
‘Depth of Zone of Discomfort’ defined as the distance required away from the window necessary to 
maintain comfort conditions within the room. They found depth of zone of discomfort increasing with 
increasing window size when the window temperature is kept constant. Also, the depth of zone of 
discomfort increases for extreme window temperatures when the window size is kept constant. They 
analyzed for cases of window arrangement with four different view factor of the occupant (0.06, 0.10, 
0.15, 0.26). A representation of their analysis on the discomfort depth with respect to inside surface 
temperature of window and view factor is shown in Fig 2.7. 
 

 
Fig. 2.7:  Discomfort zone depth with respect of view factor of windows as in Huizenga et. al (2006) 

 

Marino et. al (2015) did a simulation study by using EnergyPlus to analyze mean radiant temperature 
for a subject exposed to solar radiation. The MRT was calculated for two different cases (a) in the case 
of an un-irradiated subject  𝑡̅𝑟,𝑈 (as per ISO 7730), (b) case of an irradiated subject (calculated by 
algorithm by La Gennusa et. al. 2005). The authors carried out evaluation of indoor environment quality 
by EQI (Environmental Quality Index), I,e, a spatial function of the considered point and then they set 
up the comfort quality classes, A-G (Marino et. al 2012). A building module located in Rome of 
dimensions (8mx5mx3m) with a south facing window (1.5mx3m) with a SHGC of 0.786. The module 
studied was for an office building occupied between 7am to 5pm. To assess the comfort conditions by 
PPD and whole year thermal simulation was run for which the subjective and physical parameter were 
assumed as: Met= 1.2 M , relative humidity = 50% , air velocity = 0.15m/s. A total of 5 cases were 
analyzed as in table 2.7. 
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Case Temperature control 
range 

Shading device Sun effect on comfort 

0 20-26C No No 
1 20-26C No Yes 
2 20-26C Yes Yes 
3 20-24C Yes Yes 

Table 2.7: Simulation cases of Marino et. al (2015) 

 
The results between case 0 and case 1 showed that the MRT in irradiated case for point 18 on the grid 
in the room (located at a distance of 3 m from the north wall and of 4 m from the west wall) were 
significantly higher resulting higher PPD values. The MRT for irradiated case exceeded by 15C 
compared to unirradiated case when the sun altitude caused the subject to be hit by direct beam of solar 
radiation, this rise was found in the winter month. ISO-EQI curves for both unirradiated and irradiated 
conditions showed that due to the position of the window the area near the window and central area of 
the room were reported in class F of EQI index (i.e second worst). Case 3 results with overhang for 
shading restored the environmental conditions over the floor area on an annual basis when compared to 
case 0. Whereas, for the case 3 reduction in cooling air temperature set-point improved the comfort 
quality level to much higher extend. In terms of energy consumption, a reduction in cooling energy was 
found in the case with overhang, while reducing the set-point temperature made the cooling energy 
demand higher. The authors concluded that the presence of solar radiation can create unacceptable 
environmental conditions in a large portion of the room. They also proposed that acceptable comfort 
conditions can be achieved by the use of shading, but this may cause increase in lighting energy 
consumption. The authors suggested to have accurately designed operational mode of building taking 
in account the trade-offs between energy consumption and comfort condition indoors. A summary of 
the experiment’s EQI index and yearly energy consumption breakage for all cases analyzed is shown 
in Fig. 2.8. 

 
   Fig. 2.8: Cooling, Heating, Lighting energy consumptions for analyzed cases in Marino et. al (2015) 

Atmaca et. al (2007) did a simulation study to investigate local differences between body segments by 
high radiant temperature. A part of this study was also to analyze the interior surface temperatures and 
its effect on thermal comfort of different wall and ceiling constructions in Turkey. The authors with 
CFD simulation and using the Gagge 2-node model determined time dependent latent and sensible heat 
loses to determine PMV index by considering 16 body segments. For each body part thermal load was 
calculated thermal load (L) and then total thermal load was calculated. The clothing value was set to 
0.57 clo (typical summer clothing), sedentary activity was chosen, air velocity was assumed to be 0.2 
m/s and relative humidity was held constant about 50%. Also, only two walls and ceilings as radiant 
surfaces were considered in the simulations and ambient air temperature was assumed to be 27C. The 
authors noticed that with an increase in temperature difference between interior surface and indoor air 
increased the radiant temperatures affecting the body parts. The radiant temperatures of the left 
shoulder, head and chest segment were high that caused local thermal discomfort in these sections as 
they were closer to the warm surface. It was also reported by them that the mean skin temperature also 
rose with increase in temperature.  Even when the ambient air temperature and relative humidity was 
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kept in control 27.1C and 50% RH, the high radiant temperature caused an increase in PMV index. 
For analyzing, the effect of interior surface temperature on thermal comfort sol-sir temperature 
approach was used and PMV index was obtained. Two cities of Bursa and Sanliurfa in Turkey was 
chosen to study effect under different environmental conditions. A total of 6 cases were simulated 
depending on wall direction and ceiling types ambient air temperature. The temporal variations of 
interior surface temperature of the south-facing wall, west-facing wall, ceiling and hourly variations of 
the mean radiant temperature and the hourly PMV index for both the cities were plotted. The results 
showed that the high solar radiation affected the cases having uninsulated walls and higher interior 
surface temperature caused high mean radiant temperature. The city of Sanliurfa had higher solar 
radiation and mean radiant temperatures. 
 In uninsulated wall cases the PMV index reached to +1.5, +1.1, +1 whereas for insulated cases it 
remained under +0.3. For the city of Bursa with lower solar radiation, PMV was approximately +1.3, 
+0.92, +0.84 for uninsulated cases and for insulated cases it was under +0.28. 
 

La Gennusa et. al (2005) introduced an analytical method to evaluate the thermal field in a confined 
environment under the influence of solar radiation at a given point on the floor. The authors developed 
an algorithm by taking in account:  
                          1. Radiative exchange happening between the confined environment and the human  
                              body (Net radiative energy flux by the human body- Emitted radiation QS, Low  
                              frequency radiation QA→S, Diffuse radiation Qd→S , Direct radiation Qb→S 
 
                             2. Thermal flow exchanged for radiation between subject and environment 
 
Taking all the above considerations, they generalized the following equation for calculating MRT of an 
irradiated person in a confined environment,  

                                    

Where,  
             Ti,irr is the mean radiant temperature of the irradiated subject; 
             Ti is the absolute temperature of the ith isothermal surface of the environment; 
             FS!i is the angle factor between the subject and the ith isothermal surface of the environment; 
             FS!j is the angle factor between the subject and the jth transparent surface of the environment; 
             Iind;j is the diffuse solar radiation entering the environment through its transparent surfaces; 
             Iin bn is the beam solar radiation entering the environment through its transparent surfaces and hitting  

                     the subject valued on a surface orthogonal to solar rays; 
             airr,d and airr,b are the relative absorbance respectively referring to the diffuse and the direct solar  

                                   radiation 

               fp is the projected area factor of the subject in the solar beam direction; 
             Cdn is the day–night coefficient; 
              CinS is the indoor building shield coefficient. 

 

The authors demonstrated the use of the developed equation by an numerical example of a building 
module (600x400x300 cm3 ) to evaluate MRT, PMV and PPD and a new ling time index. The analysis 
was done through 24 hours of 21st December in a parallelepiped room, located in Palermo (38.070N, 
13.210 E). The glazed surface was south wall with dimensions (200x120 cm2). The room was portioned 
into 9 grid points. The projected area factors were computed with algorithms developed by Rizzo et. al.  
[for the hours in which direct solar radiation reached the subject. The spatial analysis of the room over 
a period of 24 hours gave the authors interesting results in the variation in the values of MRT and PMV 
in the regions where solar radiation was incident the comfort condition moved to (PMV > +0.5). To 
analyze the time changes of MRT in the room and its effect on comfort conditions a new index was 
proposed by authors in terms of PPD index rather than in PMV range.   
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𝐼 = ∑ 𝑃𝑃𝐷𝑖𝑃𝑃𝐷𝑙𝑖𝑚𝑖𝑡𝑁
𝑖=2 × ∆𝑡𝑖 𝑓𝑜𝑟 𝑃𝑃𝐷𝑖 > 𝑃𝑃𝐷𝑙𝑖𝑚𝑖𝑡 

 
Where,  
            PPDi is the predicted percentage of dissatisfied valued in the ith period of time,  
             ∆ti; and PPDlimit is set to 10% (limit of the comfort conditions). 
 
Using, this index calculation was done for each grid point in the room module according to which high 
index values were obtained at points 1,2,4 and 5 that were close to the window and null value was 
obtained for the point 7 and interesting point 7 was never hit by solar radiation in the given period of 
the day. Values as shown in Fig. 2.9: 

 

Fig. 2.9:  Values of PPDi (PPD long term index) of La Gennusa et. al (2005) building module 

 

Using the algorithm developed by La Gennusa et. al (2005); La Gennusa et. al (2007) developed a 
comprehensive method to compute MRT of a person in thermal moderate indoor environment in the 
presence of solar radiation. To include the effect of solar radiation on the person, the value of MRT is 
then dependent on both the temperature of the internal surfaces and the solar radiation intensity, 
calculated by the following equation by La Gennusa et. al. (2005). In their analysis they mentioned 
solar radiation is directional and person irradiated by sun is subjected to increased amount of thermal 
radiation due to sun beam in half part facing the sun. The grid view of the irradiated zone is as shown 
in Fig. 2.10: 

 
Fig. 2.10: Grid view of irradiated zone in La Gennusa et. al (2007) room module 
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The authors analyzed a module located in Rome in winter weather. The room module was divided into 
15 grids to evaluate the spatial differences in MRT, PMV and PPD. Shading effects at each grid were 
verified or and for the vertical surfaces to know if the point is hit by direct beam, based on the 
calculations of coordinates three grid points were found which were found to be in a condition where 
the direct sun will reach into those areas. Angle factors were calculated between the subject and the 
internal surfaces of the room module, then MRT, PMV and PPD were calculated for both cases of un-
irradiated person and irradiated person in presence of solar radiation. Results showed that in un-
irradiated case the MRT values were pretty much similar throughout the room grid ranging from 19.7- 
20.9C with PMV at grid point 4, 5 ,7 as -0.05, -0.05 and -0.03 respectively and PPD of 5% for each of 
three points. Whereas, in case of irritated case the MRT values at the grid number 4, 5 and 7 were 
29.9C for each of them while the MRT for other grid points was between 20-21. The PMV for grid 
points 4, 5, 7 in irradiated case was +0.89, +0.89 and +0.90 respectively and PPD at these points was 
21.6%, 21.8% and 21.9% respectively. The authors made a conclusion that in irradiated zone thermal 
sensation of subject turns from comfort to discomfort, meanwhile the outside the irradiated zone the 
sensation remains unchanged. Also, a little increase in PMV can be expected close to the window. 

 

2.4 Experiments plus simulation study 

This section of literature review focusses on the studies that highlighted that mean radiant temperature 

can be a problematic environmental variable because of its complexity to measure and different 

methods to measure it. The studies also mentioned that the common assumption that mean radiant 

temperatures is equal to air temperature can lead to discrepancy in evaluation thermal comfort of 

occupants. 

 

Alfano et. al (2013) did a critical review on measurement methodologies and common practices related 
to MRT and its influence on indoor thermal environment. Under their detailed review they have 
highlighted important facts that present measurement methodologies are not easy nor their it is user-
friendly to implement. The ISO standard 7726 suggests three methods to measure MRT: black globe 
thermometer, two sphere radiometer, constant air-temperature sensors and two calculation methods: 
angle factor method between the occupant and the surfaces and on the plane radiant temperatures. 
Moreover, it classifies characteristics of measuring instruments into Class C (comfort) and Class S 
(stress) based on the range of measurement. (Table 2 in ISO 7726). The authors studied different 
measurement methods in terms of their advantages and disadvantages as shown in tables 2.8 (a,b,c). 
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Table 2.8.a: MRT measurement based on instruments from Alfano et. al (2013) 
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Table 2.8.b: MRT measurements based on calculation methods from Alfano et. al (2013) 
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Table 2.8.c:  MRT measurement methods on equations from Alfano et. al (2013) 
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The authors carried out an experiment in a test room to investigate differences between MRT and its 
effect on indoor thermal environment. To obtain different values of MRT in test room a special system 
of dummy wall of thermostatic plate was used to produce summer and winter conditions and the angle 
factors from sensors-panel and sensor window system were kept same. Infrared thermometer/thermal 
camera method was used to calculate the angle factors. For measuring MRT different instruments of 
different measurement accuracy were chosen. The measurement instruments based on the measurement 
methods chosen in their study are shown in table 2.9; the direct method based on globe was considered 
as the reference case. Air temperature, relative humidity and air velocity were measured respectively 
by a dry bulb thermometer, a psychrometer and a hot-sphere anemometer 
 
Thermal environment assessment was carried out with the help of their special program TEE package. 
Reference value for MET was set as 1.4 and typical summer clothing (0.5clo) and winter 
clothing(1.0clo) was considered. To further verify the uncertainty between the measurement methods 
and probes used, the analysis was extended to test Predicted Heat Strain model as per ISO 7933. 
Metabolic rate values were increased in PHS model analysis and air temperature and Relative humidity 
were increased keeping the same values for air velocity and mean radiant temperature. The result 
implicated that as the MRT increased the differences of measured tr values seemed to increase. Angle 
factor calculation method and contact with surface temperature measurements had high agreement with 
each other and in good agreement with globe method (but for low mean radiant temperatures). At lower 
mean radiant temperatures in case between thermal camera and infrared thermometer the deviation 
between the reference value was registered lower due possibility to adjust emissivity of surface and 
better spatial resolution. Net radiometer was found to give anomalous systematic difference with respect 
to other instruments at both high and lower values of MRT. Based on the measurement results they 
generalized: globe method is; angle factor method with contact thermometers is problematic to 
implement and requires calculation angle factors but is capable of tracking sudden changes in MRT in 
case of glass surfaces exposed to solar radiation;  
 

Measurement method Measurement instruments Comments from authors 

 
 
Indirect method based on the calculation 
of the angle factors and the measurement 
of the contact surface temperatures 

 
 
Several K-type thermocouples linked 
with a cold junction compensated data-
logger 

 
Difficult installation of probes 
requires the calculation of the 
angle. However capable of 
tracking even sudden changes of 
the mean radiant temperature on 
the solar irradiated glass surface.  
 

The indirect method based on the 
calculation of the angle factors and the 
measurement of the surface temperatures 

Remote infrared thermometer and a 
thermal camera. 

Requires the assessment of 
emissivity of the surfaces, easier 
installation 

 
Direct method 

Two commercial globes compliant with 
ISO Standard 7726 requirements for 
application of class C (comfort) 

Reliable, user friendly and cheap 
but the response time is very high 

Table 2.9:  Measurement instruments used based on the measurement method in Alfano et. al (2013) 

 
The effect of MRT from different measurement instruments on PMV was substantial. A little difference 
in MRT values resulted in very strong variations in PMV index. For the winter condition, the PMV 
varied about three decimal places and for summer it exceeded to six decimal points, for which they 
provided a reasoning that radiant thermal flow has high sensitivity with respect to MRT (according to 
the Stefan Boltzmann’s law the relationship is of the fourth order). The values obtain for mean radiant 
asymmetry for summer conditions clearly varied from each other for summer conditions. Based on the 
results of this study and their results from Alfano et. al (2011) they concluded that measurement of 
MRT played a crucial role in the assessment of the moderate thermal environment. 
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Chaudhuri et. al (2016) studied the consequences of assuming mean radiant temperatures equal to air 
temperature in indoor climate studies. The authors used the RP-884 database which was originally 
collected from 15 experimental studies. After reviewing the responses from the data and excluding 
missing responses 9356 entries for PMV and 9333 entries for AMV based study were considered. 
MRT was calculated using the following equation: 

 
 

Using the information about metabolic rate, clothing rate, air temperature, humidity, air velocity and 
globe temperature; the MRT was calculated. The authors calculated PMV for two cases: 1) PMV1 
(MRT ≠ Ta): air temperature and mean radiant temperature measured separately and used in PMV 
equation; 2) PMV2 (MRT = Ta): MRT is assumed to be equal to air temperature. Based on these 
calculations the authors carried out an PMV error analysis (which is difference between ideal case 
PMV1 and assumed case PMV2). It was found in their analysis that the mean error was low, but the 
maximum error was equal to 1.54 and the error (PMV1 - PMV2) was mostly positive which meant 
PMV1 was mostly found greater than PMV2. According to the authors such high errors can affect 
comfort level determination and mislead in predicting the PPD indices. In this study inaccuracy in 
comfort level was determined as number of cases with incorrect comfort-levels divided by the total 
number of cases where is %𝛥Tm mean absolute percentage difference between air temperature and 
mean radiant temperature. 
 

 
 
The inaccuracy results showed that a small difference of 2.6% between MRT and air temperature lead 
to 6.7% of comfort level inaccuracy (i.e. comfort level of 644 people were incorrectly determined 
because of the assumption MRT=Ta). By plotting CL inaccuracies with the increase in temperature 
difference high correlation coefficient was received (r2 = 80.4%) to which the authors implied a certain 
temperature difference can create an inaccuracy of almost double its value. Analysis based on climate 
zone found that the %𝛥Tm (temperature differences) are higher in summers for humid , subtropical, 
mediterranean and hot arid climate zones, to which they indicated that hot summers are characterized 
by high solar radiation leading to higher levels of mean radiant temperature indoors. The authors also 
performed a comparative correlation analysis between the six parameters of thermal comfort and the 
AMV vote of occupants, the correlation test showed that MRT had the highest correlation with the 
AMV, meaning that MRT has a stronger influence on thermal comfort. This implies that the assumption 
MRT =Ta is more likely to affect comfort level determination in the uncomfortable range (cold, cool, 
warm, hot). Analysis based on PMV error with the acceptability vote TSA (1- unacceptable, 2- 
acceptable). It was observed that when TSA=1 error in PMV was higher (meaning when the occupants 
reports thermal environment to be uncomfortable/unacceptable); to which they implicated that 
assumption of MRT=Ta will more likely affect the comfort level in the extremities of the scale (i.e. 
uncomfortable range cold, cool, warm, hot). The authors concluded that the assumption MRT=Ta in 
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indoor environments could lead to underestimation of the PMV value and false representation of 
thermal sensitivity on the comfort scale. 
 
2.5 Downward draft studies 

This section specially focusses on downward draft discomfort studies due to convective heat flows at 

the window during winters. The study reviewed under this section are categorized as: 

Heiselberg (1994) – environment chamber 

Rueegg (2001) – environmental chamber 

Ge and Fazio (2004) – environmental chamber 

Gan (2001) – simulation 

Manz & Frank (2004) - simulation 

To improve design methods and to address thermal discomfort from cold convective flows from glazed 
facades in winter Heiselberg (1994) carried out an experimental study to develop expressions for the 
velocities of air flow  and temperature of floor area of the thermal comfort in the occupied area. The 
experiments were carried out in a test room of dimensions (7m x 6m x 3m). One end of the wall was 
covered with water cooled panel radiators, temperature levels were 18C and 20C in test room while 
the cold surfaces were kept between 10-16C. Measurement of velocities and temperatures along the 
floor were measured at 0.01-0.5 m from the floor and 0.2 to 6m from the cold surface. The air velocity 
was measured with hot-sphere anemometer and temperatures by thermocouples. The author stressed on 
the maximum velocity with the distance from the surface and the temperature difference between cold 
air flow along the floor to quantify discomfort due to downdraft. The maximum velocities a were 
measured for less than 0.4 m from cold surface minimum temperatures at a height 0.03 m from the 
floor. The maximum velocity Umax was calculated by the equation:  ⋃𝑚𝑎𝑥 = 𝑘√ℎ𝛥𝑡 𝑚/𝑠 

Where, h is height of the vertical surface, 𝛥𝑡 is temperature difference between cold surface and the 
reference in the occupied zone. The value of k in this experiment was taken as 0.55. The value of k 
varies between 0.052-0.10 based on the previous experiments (Eckert et. al 1951, Lilja and Kallras 
1966, Shillinglaw 1977). Based on the measurement the author divided the flow field: ( 1. At vicinity 
of the cold vertical surface where flow changes from vertical to a horizontal direction; 2. The flow turns 
to a thermal jet; 3. The zone where the height of the flow and velocities becomes constant) illustrated 
in the Fig. 2.11. 

 
Fig. 2.11: Principal of air flow development from the window towards floor, Heiselberg (1994) 

The author made the conclusions that two-flow domain exists due to cold convection at windows, one 
is with the growth of thickness section that means entrainment in to the room air. The other flow domain 
is with both a constant thickness and a constant velocity with very little room entrainment. A decrease 
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in air velocity was reported 2m away from the cold surface which was 25% less than velocity at the 
cold surface. The author proposed a PPD equation based on the analysis: 

𝑃𝐷 = 13800 [(𝑣 − 0.04 𝑡𝑎 − 13.7 + 0.0293)2 − 0.000857] % 

In the experiments results a rapid decrease in percentage of dissatisfied persons was found at distance 
of 2m from the surface, because of decrease in maximum velocity. 

Rueegg et. al (2001) investigated whether downward draught problems exist in a laboratory room with 
highly insulated windows by calculating the resulting air velocity in the occupied zone for different 
window sizes, insulating standards and outside temperature. The façade side was on north and inner 
surface temperature of façade and opposite wall were kept constant and were controlled. Two computers 
and three-person simulators (kept at 1.1 m distance from glazing) were used as total heat load. Air 
velocities were measured at 0.5m and 1m from the glazing surface. The air flow was visualized as fog 
path and it was found that upper border of window frame diverted the air flow to middle of sill. The 
results showed clear effect of load on boundary layer thickness and air velocities. The boundary layer 
(down draught) increased with the heat load condition in room & with higher heat load the velocities 
were found to be lower. In their measurements they found the boundary layer increased with distance 
from the glazing and the velocity kept on decreasing, which the authors explained that it might be due 
to the plumes generated by heat loads spread at ceiling that had been circulating down together with 
down draft along the glazing surface. One of their findings from their experiment test was openings in 
the window sill at top and bottom reduced the draught risk in the room. The authors concluded that the 
critical element for the downdraft problem is window frame and not the window pane. Their finding 
was for the tested building room and in the studied climatic parameters neither active heating not 
roughness elements/opening in sill would be required. The authors recommended to use highly 
insulating glazing (triple glazed with U 0:55 W/m2/K and frames insulated profiles with U 1:4 
W/m2/K). However, they agreed that unacceptable down draught risk can be expected in very extreme 
climatic conditions. 
 
Gan (2001) did a simulation analysis on effect of glazing and window geometry on the mean radiant 
temperature and thermal comfort by taking an office room model (5m x 4m x3m). The room model was 
based on the radiosities from the room surfaces and the mean radiant temperature was calculated for 
each surface. The dry resultant temperature was used to measure thermal comfort.  The radiant 
temperature asymmetry from three orthogonal directions was evaluated to measure the local thermal 
discomfort from cold windows. A single glazed window (3.5m x 2m) and winter design temperature of 
21C, with room surfaces to be grey and having emissivity of 0.9 was considered. The outside air 
temperature was taken to - 4C. The results of the simulations show large gradients of MRT and it was 
noticed that the MRT near window was (<< 20ºC) due to heat loss through the window and increases 
with the distance from the window. Thermal discomfort in the proximity of window was severe and 
only areas 1.5m away from window showed satisfactory level of thermal comfort with the dry resultant 
temperature to be 20C and 21C. The results were categorized into four parameters as described in 
table 2.10. 
 

Properties Effect on thermal discomfort 
Window Size  Decrease in height and width Decreased discomfort (Fully glazed case was 

found worst) 
 
 
Shape of window 

 Similar discomfort distance was found for 
different sizes. A smaller size square window 
gave similar discomfort as 3.5x1.5m window. 
Similar discomfort conditions were found on 
three occasions, even though the window sizes 
compared had different areas, 
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Window 
arrangement 

Windows on north & south Discomfort area for each wall was small but total 
thermal discomfort was found to be doubled. It 
was concluded that each window behaves 
independently when on opposite walls. 

Windows on neighboring 
walls 

Thermal discomfort occurred from both side of 
walls. 

 Distance between windows Increases with decrease in distance between 
windows. It was found thermal discomfort was 
more pronounced when distance between them 
was 0.25 and 0.125m, in these cases author 
concluded that effect on discomfort will be same 
as for any large window. 

Glazing  Double glazing  The radiant temperature and resultant 
temperature were found to be uniform than 
original single glazed case (3.5m x 2m); also, the 
radiant asymmetry in this case was below 10K. 
Less heat would be required to maintain 
comfortable conditions near window. 
At outdoor temperature -10C radiant 

asymmetry if 10K was restricted to 0.15m from 

the window. 

Radiator  In general, it was found, thermal discomfort was 
reduced due to the radiator. The author reported 
radiant temperature patterns were deflected 
upwards due to radiant heat exchange from hot 
radiator, this could create a situation of being too 
hot at ankle level and too cold at the head level. 
A combination of double-glazed windows and 
radiator would lead to ambient thermal comfort 
conditions even near the window. 

Table 2.10: Result summary from simulation study of Gan (2001) 

 

The recommendations of the author were, instead of using one large glazing several small windows 
should be used. For the same glazing area, a tall narrow window would perform better in terms of 
providing thermal than a square window. When a large glazing is to be used double glazing for ambient 
thermal comfort conditions and for reducing heating loads. 

Ge, & Fazio (2004) carried out an a to study cold draft characteristics of two different curtain wall and 
its effect on thermal comfort. The curtain wall was of dimensions (3.8m wide to 6.7m high). System A 
was a standard insulated glazing panel of thin nylon strip as thermal break at the aluminum mullion 
nose; whereas System B was a high-performance unit with large thermal break using reinforced nylon 
case at nose with a low e-coating and argon gas filling. The test at -32C Montreal winter condition, it 
was found that the air velocity increased with the increase in distance from the curtain wall after which 
it reached a maximum value and then it dropped. The maximum velocity for system A was 0.997 m/s 
and the temperature at the core of the cold draft was at 4.7C, whereas for system B it was 0.68 m/s and 
temperature at core was 16.2C. Due to high performance unit and better coating and gas filling , the 
system B performed better in terms of thermal performance the cold draft velocity was 33% less as 
compared to the system A case and temperature was also found to be 4.7 C higher. However, their 
results in terms of measuring percentage of dissatisfied at 0.1m, 0.6m, 1.1m height from the floor, 
showed that the condition PD<15% did not existed until the occupant sits at a distance of 2m from the 
both the curtain wall system to avoid downward ankle draft.  
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Manz, H., & Frank, T. (2004) using computational fluid dynamics (CFD) studied 15 different cases 
with different heat loads with and without furniture simulating three different cold surface temperatures 
(17.5C, 15C, and 10C). The mean operative temperature was set to 20C in a room model of 
dimensions 3mx3mx5m. Amongst the studied cases A and B were unfurnished, while cases C, D, E 
furnished and heat load inside the rooms were chosen in the range 0-80W/m2. In all these 5 cases heat 
loss to the cold surface was compensated (A- area heating of remaining surfaces, B- convective heater 
at the rear of the room , C- heat release from a person and a computer, D – person, computer , one 
additional electrical appliance and a convective heater, E- one person, computer, two additional 
electrical appliances and a convective heater). Air speed were calculated and plotted as a function of 
distance from the floor x= 0.4m, 1m , 2m. The maximum air speed near the wall are given for different 
temperatures were calculated. The authors determined the best fit values of k in the equation given by 
Eckert : 𝑣𝑚𝑎𝑥 = 𝑘√∆𝜃. 𝐻 
 
The value of k had been earlier determined by Eckert et. al (1951) and Shillinglaw (1977), but in their 
experiment results showed that the value of k increase from cases A to E, which they suggested that the 
increase in coefficient k is related to increase in heat load q. A comparison between their CFD model 
simulations and Heiselberg’s correlation for maximum air speed gave them strong agreement for cases 
with low heat loads (i.e. A and B ). But for the cased with higher heat load (i.e. C, D , E) the maximum 
air speed predictions by CFD modelling were found higher than Heiselberg’s equation to which they 
implicated that the experiments to draft the maximum air velocity equation were carried out in an empty 
room by Heiselberg.  By adding a factor of 1.5 to include the effect of the heat loads in an office room 
setting and calculated maximum air speed near the floor in comparison with Heiselberg’s formulas as 
shown in Fig. 2.11: 

 
Fig. 2.11: Comparative analysis of the cased studied in Manz et. el (2004) 

 
In general, the authors agreed with Olesen (BW Olesen, 2002) that more than reduced operative 
temperature and radiation asymmetry, downward draft near cold vertical surfaces can pose a critical 
problem. In addition to this, the also suggested the use of glazing with low U-values having due to heat 
loss in winter time and their ability to maintain comfortable thermal conditions indoors near glazing 
surfaces indoors. Moreover, glazing with low U-values will be a plus point in context of energy-
efficiency as the heating devices will not be stressed to reduce the downdraft problems at glazing, this 
is agreement with the studies of Ge and Fazio, Gan and Rueegg et.al. 
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2.6 Operative temperature controller 

This section of literature review focuses on the studies done to investigate how can an operative 

temperature thermostat control being able to take in account radiant temperature effect could perform 

better than the commonly used air temperature thermostat control.  

Jain et. al (2011) did a simulation using EnergyPlus (version 6) study for comparing the effect of 
operative temperature thermostat control and air temperature control on energy consumptions of 
perimeter zones in highly glazed buildings. The model was of a three-storey rectangle building and 
building zone in the middle was chosen for analysis , only one wall with window had direct contact 
with outside climate. No external shading was used and a cooling set-point of 24C was selected. 
Simulations were carried out on hourly basis and MRT was calculated as area weighted mean radiant 
temperature of surrounding surfaces. Different cases were analyzed which had different parameters 
settings:  

1. Window-Wall ratio – (0%, 20%, 40%,60%,80%) 
2. Window orientation – North, South, East, West 
3. Window glass type -    Single glazing clear glass (U value = 5.6 W/m2K, SGHC = 0.67) 
                                         Single glazing High performance glass; 
                                         (U value = 3.3 W/m2K, SHGC0.33) 

The simulation were run for two equinox (21st March and 21st September) and two solstice (21st June 
and 21st December), this aided them to study the effects of different sun altitudes and incidence angles. 
The results showed that for all window orientations the cooling energy consumption increased with the 
increase in window-to-wall ratios for both the glass types.  The west wall orientation received highest 
increase in cooling energy consumption when operative temperature thermostat was compared with 
cooling energy consumption by air temperature based thermostat. The percentage increase between 
Thopt and Tha for 80% WWR and 20% WWR west wall orientation were:  

 

 

 

 

 

 

 

 

The total energy consumption and total cooling energy consumption at west wall orientation for the 
80% WWR for single glazing high performance glass was for air temperature thermostat case was found 
as 1596 kWh, 836 kWh respectively. Whereas for operative temperature thermostat case it was 2295 
kWh and 1212kWh respectively. The authors concluded that energy consumption could be 
underestimated using air temperature-based thermostat controllers. 

Similar simulation study carried out by Niu et. al (1998) to propose weather or not radiant temperature 
effects should be accounted for in energy simulation programs. The solution they developed was found 
to be effective when large temperature differences exist between the surfaces of the room and room air 

Single glazing clear glass – 53% , (29.5%) 

Value in bracket is the actual percentage increase elimination the effect of 

radiative component of internal loads were 29.5%  

Single glazing high performance glass – 45% , 14.125  

 

Single glazing clear glass – 40.22 % , (9.13%) 

Single glazing high performance glass – 38.10% , 3.84%  
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temperature. The findings from Jain et. al (2011) and Niu et. al (1998) are in agreement with studies 
Halawa (1994) and Halawa et. al (1994) 

Based on the above reviewed studies a person sitting near a window on a sunny day with a strong radiant 
field may feel discomfort. In the same instance an occupant in sitting away from the window on the 
inner side may be in comfortable condition. The radiant heat gain in vicinity of window can create 
discomfort conditions. Addressing this situation with replacing air temperature sensor with operative 
temperature sensor to mitigate radiant effect in perimeter zone affected by solar radiation may not result 
in desired outcome. It may lead to lowering the air temperature in the entire room, this could lead 
differential thermal comfort conditions in the area where person sitting far away from the external 
window may feel ‘cool’ or ‘cold’ (-2 and -3 on the thermal sensitivity scale). In these situations, it is 
advisable to use of shading to lessen the heat gain from solar radiation (Halawa et. al 2014). 
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3. METHODOLOGY  

 

The purpose of this study was to investigate whether differential thermal comfort conditions could be 

present in the lecture room of Undervisningshuset due to variations in mean radiant temperature and 

PMV. 

 

The studies reviewed have highlighted that even with double glazed low-e coating windows could lead 

to as much discomfort as single glazed windows. Also, the glazing to wall ratio percentage and window 

size highly affects the thermal environment indoors. The method here was to investigate how the thermal 

conditions variates depending on the conditions (indoor and outdoor) on the different measurement 

days and how much the PMV is affected by the variance in MRT. A part of the study was also to see the 

personal perception through thermal sensation votes from the subjective responses of the questionnaire 

based on the location of the occupants. The measurement of environmental parameters was carried out 

with ComfortSense measuring equipment. 

 

3.1 Experiment design 

 
The study was divided into three parts:  
1) Between 20th March to 24th April 2018 where one ComfortSense system (multi-channel measurement 
device with air velocity, humidity and operative temperature probes). Since this experimental study was 
one of the first time carried out by the experimenter and being unfamiliar with the costly equipment 
complexities in the connection of probes, it was decided to have measurement sessions with one 
measurement kit in the lecture room. 
 
2) Between 26th April to 2nd May, with the availability of three kits the experimental sessions were then 
carried out in three lecture rooms simultaneously. 
 
3) Between 4th May to 8th May, where two measuring kits were used in a single lecture room, to see the 
variations of indoor environmental parameters at two location. (This phase of study was more relevant 
to the investigation the author aims to investigate). 
 
The experiment duration was largely based on the length of the lecture visited on the measurement days 
(which is 2 hours in every case of this study). More about this will be discussed later in this section. 
 
The experimental design was such that it was ensured, that zero disturbance is caused to the lecture 
proceedings and no dissatisfaction should be caused to the students or professors in the lecture. During 
the measurement sessions as per the conditions of the property managers, high attention was given to 
the fact that during the measurement sessions no change in HVAC control system settings is made - it 
was not allowed to change the controller setpoints in the zones. The study was limited just to go in the 
lecture rooms and recording the environmental variables during the lecture sessions. No changes were 
made in the thermostat controller of rooms, thermostat power of radiators, lighting, shading control, 
forced ventilation system by the experimenter. The purpose was to just observe how the environmental 
conditions varies during the duration of lecture and see what effect (positive, negative or neutral) it has 
on the perception of occupants through questionnaire survey. The experimenter had zero control on the 
environmental variables (air temperature, mean radiant temperature, air velocity, humidity). This study 
was an ‘observational study’ to investigate the quality of indoor climate in the classrooms where normal 
day- to-day activities occur without interrupting the teaching sessions or making physical interventions 
to create artificial local thermal discomfort scenarios. 
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The studied building was visited 16 times for the measurement sessions from 20th March to 8th May. 
The frequency and time of measurement sessions was based on the occurrence of a course in the studied 
building.  Also, the choice of rooms was largely based on, which room the selected courses were 
scheduled in. It is also important to mention the selection of rooms and courses to conduct the 
measurement sessions was dependent on the permission given by the course responsible professors. 
Three courses were chosen to conduct measurement based on these conditions: KE 2050 Environmental 
Catalysis, AF 1002 Buildings & Civil engineering structures, KD 1080 Chemical dynamics. These 
courses were chosen based on the frequency of occurrence in the Undervisingshuset which were 11, 9, 
8 times respectively. 

3.2 Questionnaire design  

 
The questionnaire design was a result of collaborative work with Hellström (2018), Kritikou (2018) and 
the author, who were using Undervisingshuset as a study case for their Master Thesis work. Hellström 
(2018) and Kritikou (2018) studies was largely dependent on the subjective questionnaire responses, 
while the author’s study was based on analyzing the measurement data and making conclusion about 
variation in indoor environment parameters and its effect on PMV. However, this does not mean the 
author’s study was not based on subjective questionnaire responses, but it was more about tracking how 
environmental variables varies during the measurement period and what are the perception of occupants 
in the room to that variation (positive, negative, neutral), as in the end it is all about listening to the 
users perspective about their perception of the indoor climate. The survey was designed as a ‘right now 
survey’ where occupants were made to vote on their own perception about the indoor environmental in 
the present situation. 
 
For this purpose, based on the literature studied and taking inspirations from the studies of La Gennusa 
et. al (2005), La Gennusa et. al (2007), Marino et. al (2015), Lopez et. al (2015) each room section was 
divided into 9 regions (1- starting from left hand side of front wall and 9 being last region in the corner 
at the back wall). An illustration of the room region division is shown in Fig. 3.1. 
 

 
Fig. 3.1: Typical description of room region division used in the present study 
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To know the thermal sensitivity scale of the occupants, the following question was used in the survey. 
This was decided based on the recommendation of ISO 7730 and also being quite widely used in 
practice by other researchers whose studies were reviewed.  
 

 
3.3 Measurement instruments for indoor climate investigation 

 
The thermal parameters of the indoor environment were measured the multi-channel instrument capable 
of recording the parameters (air temperature, mean radiant temperature, operative temperature, air 
velocity, relative humidity, draught rate, turbulence intensity, PMV, PPD). The equipment is a product 
of the company Dantec Dynamics A/S based in Denmark. The equipment kit is owned by the 
Department of Building Services & Energy Systems at KTH Royal Institute of Technology. The 
equipment device allows indoor thermal comfort measurement in compliance with to EN 13182, ISO 
7726, ISO 7730, ASHRAE standard 55 and ASHRAE standard 113. Different probes were used to 
measure operative temperature, air velocity, relative humidity also from the same company.  The probes 
used for the measurement sessions having the following range and accuracy level as in table 3.1. 
Equipment  Range  Accuracy level 
 
Velocity probe  

 
0.1 – 30 m/s 

0.2 – 20 m/s: ± 2% 
 or 
20 – 30 m/s: ± 5% 

Humidity probe 0-100% RH  0 to +10°C: +2% RH 
10 to 30°C: +1.5% RH  
30 to 45°C: +2% RH 

Operative Temperature 0-45°C 0 to 10°C: ±0.5 K  
10 to 40°C: ±0.2 K  
40 to 45°C: ±0.5 K 

Table 3.1: Measurement equipment’s range and accuracy levels 

 

The sampling rate of measurement instrument (ComfortSense) to record environmental variables is 2.5 
seconds with a resolution of more than 4 decimal places for each parameter. The equipment was newly 
purchased and was calibrated a couple of months ago prior to the measurement sessions in 
Undervisingshuset.  
 
3.4 Measurement method 

As mentioned previously, each measurement session was of 2 hours. However, the measurement setup 
was done by the experimenter half an earlier before the commencement of each lecture; and recording 
of environmental data started approximately 10 minutes before the start of the lecture. The recording of 
data was stopped 10-15 minutes after the 2 hours duration time of lecture. 

The measurement days of the selected courses (KE 2050 Environmental Catalysis, AF 1002 Buildings 
& Civil engineering structures, KD 1080 Chemical dynamics) were largely dependent on the frequency 
of classes in Undervisingshuset. The number of times each classroom was visited is as in table 3.2. 

Classroom Number of visits 

U1 3 
U21 4 
U31 2 
U41 3 
U61 4 
Table 3.2: Number of visits in each classroom for Undervisingshuset 
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The probes were set up at a height of 1.2 meters from the floor level to be kept at neck level to a seated 
occupant. The probes were at an angle of 30 degrees from the floor level (for sedentary position). The 
position of the measurement device and probes was approximately in the center of the classroom. But 
it was selected keeping in mind: 

• Not obstructing the view of students to the board 
• Not obstructing the path of access in the classroom 
• Selecting a place where the probes and devices is unharmed by sudden movement of students 

that could lead in damaging the instruments 
• Sweden has strict rules for fire safety and evacuation path as per their housing regulation 

(BBR), the placement of instruments was also done keeping in mind it does not block 
emergency exit passage in classrooms 
 

For the Part 1 & Part 2 of this study, the measurement equipment set was as follows: 
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For the 3rd part of the study when 2 measuring instruments were used in the same room the setup was 
as showed in illustrations: 
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3.5 Data Analysis 

 
Each measurement session generated data sets of air temperature, mean radiant temperature, operative 
temperature, air velocity, relative humidity, PMV, PPD for the entire duration of the measuring session. 
For each parameter 3600 data points were generated based on the sampling rate of 2.5 seconds. 
 

Before the commencement of each measurement sessions the experimenter/s introduced the students 
about purpose of the study conducted and gave a brief overview about questionnaire and about the fact 
that their participation is voluntary and there is no binding to participate in it. They were also informed 
about the anonymity of the questionnaire responses and the data from the questionnaire responses will 
be used only for educational and research purposes. The questionnaire (as attached in Appendix) was 
divided into three sections to be answered at different periods in the lecture , this division was made to 
assist Hellström (2018), Kritikou (2018) for their research questions and more information about the 
structure of the questionnaire could be found in their reports. 
 
The author was interested to know about the thermal sensitivity perception of the occupants based on 
their positioning in the room and how PMV varies due to variation in mean radiant temperature in the 
room. It is true that interesting correlations and connections could have been investigated with several 
questions in the questionnaire about productivity, health symptoms, acoustic comfort, lighting, etc. But 
to set a clear focus and differentiate author’s study from the studies of Hellström (2018), Kritikou (2018) 
this methodology was opted. The subjective responses (questionnaires) were collected from the 
respondents at the end of the lecture 
 

About the thermal sensitivity vote in this study it will consider that in terms number of votes received 
in each session. According to the questionnaire used in present study this vote is given two times during 
the lecture. This study will consider it two votes about thermal sensitivity even if it is from the same 
person. The incomplete responses were taken into the database if they had responded at least the Part 1 
of the questionnaire. Stating this, the study’s aim was not to investigate the transient variation (if any) 
in thermal sensation with the progress in lecture. This can be a topic of research for future work but 
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having stated the duration of measurement session (2 hours), nature of study (observational study), 
voluntary participation (no binding to questionnaire response) this type of transient variation in thermal 
sensitivity investigation was not considered in the current study by the author. 
 

In the absence of instruments like t-type thermocouples to measure surface temperatures, pyranometers 
(to measure solar radiation), draft measurement probe near windows as used in the studies reviewed in 
the literature. The author in order to investigate the relationship of mean radiant temperature and PMV 
relied only on the ComfortSense measuring kit and for that reason it was decided that no case would be 
considered a highly significant relationship case between MRT and PMV if it is not having a very strong 
correlation value of absolute r greater than 0.80 between them. Plus it should also be reflected in the 
thermal sensitivity votes of the occupants(students) simultaneously as discomfort. The scale of 
correlation used in this study is as given by Evans, J.D (1996):  
 
 

Absolute value of r Strength of correlation 

0.00-0.19 Very weak 

0.20-0.39 Weak 

0.40-0.59 Moderate 

0.60-0.79 Strong 

0.80-1.00 Very strong 

 

 

 

Now, the strength of the correlation would be different in other books and articles by different authors. 

But this scale was chosen to test the strength of correlation in this study as the author wanted to make 

it certain that it is only the mean radiant temperature that is contributing more and having a larger 

effect on PMV under the tested room conditions having stated the absence of other measuring 

instruments. 

 

The statistical method used in this study was Spearman’s rank correlation. In general, the researchers 
have used Pearson correlation quite widely. Pearson correlation assumes the linear relationship between 
the parameters. Also, the data generated from the measurement instruments on the environmental 
parameters in the current study was not found to be normally distributed. The Spearman’s rank 
correlation is a non-parametric statistical method which does not assumes the variables are normally 
distributed. It assesses monotonic relationships (linear or non-linear); the spearman correlation between 
any two variables will be high when the observations of the variables have a similar rank and it is low 
when observations tend to have a dissimilar rank between the two variables. 
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4. RESULTS 

 

The result section is divided into three different parts: 
 
1. Measurement sessions with one measuring kit at center of the lecture rooms (20th March 2018 till  
    24th April 2018) 
2. Measurement sessions when measurements were carried out in three different lecture halls on  
    same day and same time (26th April 2018 & 2nd May) 
3. Measurement sessions where two measurement kit were used in the same room, one near the  
    window side and other at the far side of window (4th may, 7th may, 8th may 2018) 
 
Data from the physical measurement is given in this section, whereas the subjective responses are 
attached in the appendix. The thermal sensation votes are distributed based on the regions where the 
occupants were sitting and are plotted according to their thermal preferences (cold, cool, slightly cool, 
neutral, slightly warm, warm, hot).  
 
The data of environmental variables (air temperature, mean radiant temperature, operative temperature)  
was generated from the ComfortSense measurement kit. The outside temperature was averaged based 
on the multiple readings taken by Rotronic CP11 (multi parameter measuring instrument). The weather 
conditions about cloudiness were taken from local weather station (Bromma) and by using an API (Dark 
Sky API) and the images of solar incidence path around the building is taken from SunCalc (Agafonkin, 
V., SunCalc,2009). 
 
The correlations investigated under this section are based on 3600 data points generated for each 
session. The correlations were calculated using IBM SPSS Statistics version 25 and checked for two-
tailed significance test at the level 0.01. Almost, all the correlations calculated were found to significant 
apart from one case in U1 which will be discussed in the next chapter. 
 
As previously stated the study is to investigate the influence of MRT on the PMV and thermal comfort. 
This section will present the correlations only between mean radiant temperature and PMV; air 
temperature and PMV. This has been done to check which of them have a greater influence on the PMV 
value. As a check to see whether draft has been an issue in the measurement sessions, air velocities 
taken 1.2 meter level have been checked with the standards. Based on the air velocity values it was 
found it did not produce any discomfort problems and values for each session were under the limits to 
produce draft. In the absence of instruments to measure glazing temperature and solar radiation 
incidence on the windows and entering rooms; the study will only regard a case as significant case and 
a potential discomfort generating case where the correlation of MRT with PMV is very strong (0.80-
1.00) to make any stronger implications. 
 

Thermal comfort in an indoor environment depends on other environmental variables as well and from 

the literature and thermal comfort studies it is quite evident that the PMV value and thermal perception 

is highly affected by clothing. But to set a clear focus and staying within the boundaries of the study, 

the author seeks to investigate only the correlation and relationship between mean radiant temperature 

and PMV.  
 

The case where discomfort was noticed will be reported separately in this section. Tables 4.1, 4.2 , 4.3 
provide the result summary of all the measurement sessions conducted. The data values of 
environmental parameters are distributed in the table in the following manner as per the order of 
appearance: (minimum value, maximum value, range, mean value, variance). 
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Date Time Room Window 

facade 

faces 

Outside 

Weather 

AT MRT OPT PMV AT-PMV 

Spearmans correlation 

MRT-PMV 

  Spearmans correlation 

 
 

20 March 

 
 

10-12 

 
 

U1 

 
 

West 

 
 

-1.5 & partly cloudy 

 
22.28 
23.39 
1.11 

23.07 
±0.33 

 

 
22.43 
24.38 
1.94 

22.95 
±0.2 

 
22.43 
24.38 
1.94 

22.95 
±0.21 

 
 

-0.29 

 
 

0.369 

 
 

0.088 

 
 

21 March 

 
 

13-15 

 
 

U61 

 
West 

& 
North 

 
 

+5.4 & sunny 

 
20.61 
22.39 
1.78 

21.69 
±0.46 

 

 
20.66 
23.37 
2.70 

22.29 
±0.58 

 
20.96 
22.76 
1.79 

22.18 
±0.48 

 
 

-0.42 

 
 

0.436 

 
 

0.33 

 
 

22 March 

 
 

13-15 

 
 

U21 

 
 

North 

 
 

+6.1 & sunny 

 
20.11 
21.00 
0.89 

20.68 
±0.27 

 

 
19.23 
21.33 
2.09 

20.78 
±0.29 

 
20.33 
21.33 
0.99 

20.97 
±0.25 

 
 

-0.685 

 
 

0.77 

 
 

0.329 

 
 

27 March 

 
 

13-15 

 
 

U61 

 
West 

& 
North 

 
 

+0.7 & sunny 

 
21.33 
22.50 
1.17 

22.06 
±0.27 

 

 
21.98 
24.24 
2.26 

22.82 
±0.30 

 
21.98 
23.04 
1.06 

22.57 
±0.19 

 
 

-0.347 

 
 

0.370 

 
 

0.253 

 
 

28 March 

 
 

10-12 

 
 

U1 

 
 

West 

 
 

-3.91 & sunny 

 
22.06 
23.61 
1.55 

23.11 
±0.42 

 

 
22.45 
24.38 
1.92 

23.44 
±0.36 

 
22.41 
23.57 
1.16 

23.17 
±0.27 

 
 

-0.26 

 
 

0.561 

 
 

0.101 

 
 

29 March 

 
 

13-15 

 
 

U21 

 
 

North 

 
 

+1.78 & partly 
cloudy 

 
20.61 
21.33 
0.72 

21.10 
±0.14 

 

 
19.89 
20.98 
1.09 

20.69 
±0.10 

 
20.62 
21.08 
0.45 

20.89 
±0.12 

 
 

-0.74 

 
 

0.744 

 
 

0.597 

 
 

24 April  

 
 

13-15 

 
 

U61 

 
West 

& 
North 

 
 

+9 & cloudy 

 
21.50 
22.56 
1.06 

22.10 
±0.29 

 

 
21.63 
23.31 
1.68 

22.51 
±0.30 

 
21.75 
22.83 
1.08 

22.41 
±0.24 

 
 

-0.376 

 
 

0.418 

 
 

0.605 

Part 1 

Minimum value 

Maximum value 

Range 

Mean value 

Variance 
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Date  Time Outside  

Weather 

Room AT MRT OPT PMV AT-PMV 

 Spearmans correlation 
MRT-PMV 

 Spearmans correlation   

 
 
 
 
 
 
 
 
 
26 
April 

 
 
 
 
 
 
 
 
 

10-12 

 
 
 
 
 
 
 
 
 

+9 degree  
 mostly cloudy 

 
 

U21 

 
21.33 
22.11 
0.78 
21.74 
±0.13 

 
21.83 
23.01 
1.17 
22.26 
±0.16 

 
21.83 
23.01 
0.63 
22.22 
±0.14 

 
 
 

-0.375 

 
 
 

0.176 

 
 
 

0.297 

 
 

U31 

 
20.22 
21.56 
1.34 
21.11 
±0.44 

 
20.16 
22.29 
2.12 
21.37 
±0.53 

 
20.44 
21.98 
1.54 
21.38 
±0.46 

 
 
 

-0.594 

 
 
 

0.635 

 
 
 

0.654 

 
 

 U41 

 
21.11 
22.94 
1.83 
22.26 
±0.56 

 
19.94 
23.80 
3.86 

22.66 
±0.71 

 
21.47 
23.27 
1.80 
22.67 
±0.56 

 
 
 

-0.260 

 
 
 

0.724 

 
 
 

0.641 

 
 
 
 
 
 
 
 
 
 
2 May  

 
 
 
 
 
 
 
 
 
 

15-17 

 
 
 
 
 
 
 
 
 
 

+10.5  
mostly cloudy 

 
 

U21 

 
20.72 
21.61 
0.89 
21.26 
±0.22 

 
20.55 
22.41 
1.86 
21.73 
±0.43 

 
20.73 
22.16 
1.43 
21.78 
±0.42 

 
 

-0.480 

 
 

0.677 

 
 

0.743 

 
 

U31 

 
21.33 
22.06 
0.73 
21.81 
±0.21 

 
21.34 
22.72 
1.37 
22.18 
±0.30 

 
21.43 
22.72 
0.96 
22.12 
±0.27 

 
 

-0.408 

 
 

0.528 

 
 

0.235 

 
 

U41 

 
21.39 
22.61 
1.22 
22.15 
±0.31 

 
21.39 
23.03 
1.64 

22.48 
±0.35 

 
21.53 
23.03 
1.23 
22.43 
±0.29 

 
 

-0.326 

 
 

0.422 

 
 

0.304 

Part 2 

Minimum value 

Maximum value 

Range 

Mean value 

Variance 
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Room  Time Outside 

Weather  

Measurement 

location 

AT MRT OPT PMV AT- PMV 
Spearmans 
correlation 

MRT-PMV 
Spearmans 
correlation 

 
 
 

U61 
 
 
 
 

 
 
 

8-10 

 
 
 

+7.5  
Partly 
sunny 

 
 
 

Front  
Window 

 
 
 

Backside 
centre  

 
21.00 
22.28 
1.28 
21.76 
±0.30 

 
20.89 
22.11 
1.22 
21.68 
±0.34 

 
20.72 
22.77 
2.05 
21.87 
±0.39 

 
20.88 
23.57 
2.69 
22.19 
±0.38 

 
21.04 
22.48 
1.43 
21.87 
±0.33 

 
21.16 
22.46 
1.30 
22.04 
±0.28 

 
 
 

-0.422 

 
 
 

-0.426 

 
 
 

0.835 

 
 
 

0.480 

 
 
 

0.75 

 
 
 

0.30 

 

 

 

U41 

 

 

 

 

 
 
 

15-17 

 

 

 

+22.77 

Sunny 

 
 
 

Near 

window 

side 

 
 
 

Inner  
side  

 

 
 

22.56 
26.56 
4.00 
23.93 
±1.13 

 
 

21.78 
23.00 
1.22 
23.63 
±0.38 

 
 

23.28 
34.33 
11.04 
26.22 
±2.45 

 

 
 

22.17 
24.63 
2.46 
23.30 
±0.38 

 
 

22.96 
28.08 
5.11 
24.92 
±1.60 

 
 

22.20 
23.35 
1.14 
23.04 
±0.31 

 
 
 
 

+0.230 

 
 
 
 

-0.159 

 
 
 
 

0.292 

 
 
 
 

0.392 

 
 
 
 

0.884 

 
 
 
 

0.342 

 
 

U1 

 
 

8-10 

 
 

+20.22 
Sunny 

 
 

Back  
window  

side 

 
 
 

Front 
 

 
22.83 
23.83 
1.00 
23.37 
±0.29 

 
22.89 
23.72 
0.83 
23.18 
±0.17 

 
23.17 
25.36 
2.18 
24.09 
±0.41 

 
23.05 
24.86 
1.81 
23.66 
±0.30 

 
23.09 
24.16 
1.07 
23.66 
±0.30 

 
22.94 
23.90 
0.95 
23.29 
±0.20 

 
 

-0.015 

 
 

-0.1 

 
 

0.498 

 
 

0.297* 

 
 

0.327 

 
 

-0.1* 

Part 3 

Minimum value 

Maximum value 

Range 

Mean value 

Variance 
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4.1 Part 1 results 

 

From the result values in the table 4.1 of part 1 where one measurement kit was used, there were no 
such noteworthy strong or very strong correlations between MRT and PMV. The only case where it can 
be said that a strong enough correlation between MRT and PMV was noticed was on 24th April in lecture 
room U-61 between 13:00-15:00hrs, the weather on this day was +9C and cloudy. Correlation between 
MRT-PMV was equal to +0.605, but it is still under the set limit to analyze this case further. The PMV 
value for this session was -0.376 and the mean radiant temperature was between 21.63C-23.31C 
during the measurement session. Looking at the thermal sensation votes of the occupants sitting in 
region 3, 6 and 7 (vicinity of window) mixed combination of votes has been received.  The temporal 
variation of PMV and MRT are shown in Fig. 4.1. 

 

Fig. 4.1: Temporal variation of PMV and MRT in U61 on 24th April 

 

 
The direction of sun with respect to the Undervisiningshuset during the time of measurement hours on 
24th April can be seen as from Fig 4.2 on page 77. 
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Fig. 4.2: Direction of sun towards Undervisningshuset on 24th April measurement session 

 

To give a rough idea to the reader, the direction of sun around the building could be as shown in Fig. 
4.3. However, this is just a rule of thumb to see how the sun rays are incident on the building façade. 
The yellow arrow represents North direction. In general, Sweden has prolonged duration of sunlight 
from late spring till August, sunlight could be experienced even until 22:00 hrs to 23:00 hrs. This means 
that the façade of the building on the western side (U1, U41, U61 side) will get prolonged sunlight 
during summers. 

 
Fig. 4.3: Solar incidence path throughout the day around Undervisningshuset 

 

 



78 

 

 

It is important to note here that 24th April during the measurement period the weather conditions were 
+9C and weather conditions were cloudy. This will be compared to the sessions where temperature 
was higher than this day and weather conditions were bright and sunny. This will be discussed further 
in the report. 
 
The measurement sessions that were done on the cold days of the measurement sessions were: 
 

Date Time Room Weather 

20th March 2018 10:00-12:00hrs U1 -1.5C and partly cloudy 

27th March 2018 13:00-15:00hrs U61 +0.7C and sunny 

28th March 2018 10:00-12:00hrs U1 -3.91C and sunny 

 

Being the coldest measurement days in the study duration these three cases were analyzed to see if ankle 
draft near window could be noticed in the thermal sensitivity vote of the occupants sitting near windows 
based on the air velocity in the room. 
 
20th March, U1 

  
The MRT-PMV correlation was almost equal to zero; i.e., +0.08 and correlation with air temperature 
and PMV was +0.369. The PMV for this session was -0.29 and the MRT value ranged from 22.43C-
24.38C. The air velocity from the measurement probe was found to be 0.10 m/s (mean value). The 
thermal sensation votes for occupants in region 1,4,7 show that only 1 person voted a sensation (-2 or 
cool on the scale). The variations of PMV, MRT, air-velocity and radiator valve actuator opening with 
time can be seen in the Fig 4.4, Fig. 4.5 and Fig. 4.6. 

 
Fig. 4.4: Temporal variation of MRT 

 

 
Fig. 4.5: Temporal variation of air velocity 
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Fig. 4.6: Variation in radiator thermostat during the measurement period 

 
Based on the environmental variables of 20th March in U1, a hypothetical scenario was assumed and 
checked for discomfort to see whether it will have compliance with ASHRAE-55 standard or not, using 
the CBE Thermal comfort tool. The air temperature was assumed to be 22C (same as controller set 
point in the lecture halls). Clothing was assumed as 1.0Clo (typical winter clothing); Met was assumed 
1 (sedentary activity), relative humidity of 23.75% (mean value during the session) and air velocity 0.10 
m/s (mean air velocity of the session). The mean value of MRT was chosen to see if will shift the PMV 
out of standard compliance. 
 

 
Fig. 4.7: Example case for the selected variables in U1 on 20th March  
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The results obtained showed in Fig. 4.7 that the in such a zone with above mentioned environmental 
variables value, PPDad (percentage of people dissatisfied, Ankle draft) will be 14% and it will comply 
to ASHRAE Standard 55. 
 
27th March, U61 

 

The MRT-PMV correlation was +0.253 and correlation with air temperature and PMV was +0.370. The 
PMV for this session was -0.347 and the MRT value ranged from 21.98C -24.24C. The air velocity 
from the measurement probe was found to be 0.0837 m/s (mean value). The thermal sensation votes for 
occupants in region 3,8,9 show that only 1 person voted a sensation Cold and 1 person Slightly cool (-
2 and -1 respectively). 
 
The variations of PMV, MRT, air-velocity and radiator valve actuator opening with time can be seen 
in the Fig. 4.8, 4.9 and 4.10. 
 

 
      Fig. 4.8: Temporal variation of MRT 

 

    
              Fig. 4.9: Temporal variation of air velocity 

 

 
Fig. 4.10: Variation in radiator thermostat during the measurement period 
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Based on the environmental variables of 27th March in U61, a scenario was assumed and checked for 
discomfort to see whether it will have compliance with ASHRAE-55 standard or not, using the CBE 
Thermal comfort tool. The air temperature was assumed to be 22C (same as controller set point in the 
lecture halls). Clothing was assumed as 1.0Clo (typical winter clothing); Met was assumed 1 (sedentary 
activity), relative humidity of 21.80% (mean value) and air velocity 0.0837 m/s. The mean value of 
MRT was chosen to see if will shift the PMV out of standard compliance. 
 
 
 

 
 

Fig. 4.11: Example case for the selected variables in U61 on 27th March 
 

The results obtained as showed in Fig. 4.11 that the if such a zone is designed with above mentioned 
environmental variables value, PPDad will be 16% and it will comply to ASHRAE Standard 55. 
 

28th March, U1 

 

The MRT-PMV correlation was almost +0.101 and correlation with air temperature and PMV was 
+0.561. The PMV for this session was -0.347 and the MRT value ranged from 22.45C -24.38C. The 
air velocity from the measurement probe was 0.1094 m/s (mean value). The thermal sensation votes for 
occupants in region 1,4,7 show that only 1 person voted a sensation Cold in region 7. The variations of 
PMV, MRT, air-velocity and radiator valve actuator opening with time can be seen in the Fig. 4.12, 
4.13 and 4.14. 
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Fig. 4.12: Temporal variation of air velocity 

 

 

 

 
Fig. 4.13: Temporal variation of mean radiant temperature 

 

 

 

 
Fig. 4.14: Variation in radiator thermostat during the measurement period 

 

 

 

In this session the radiator was found to be completely off for the entire measurement period as shown 
in the Fig. 4.14. 
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Based on the environmental variables of 28th March in U1, a hypothetical scenario was assumed and 
checked for discomfort to see whether it will have compliance with ASHRAE-55 standard or not, using 
the CBE Thermal comfort tool. The air temperature was assumed to be 22C (same as controller set 
point in the lecture halls). Clothing was assumed as 1.0Clo (typical winter clothing); Met was assumed 
1 (sedentary activity), relative humidity of 19.32% and air velocity 0.1094 m/s. The mean value of MRT 
was chosen to see if will shift the PMV out of standard compliance. 
 

 
 

Fig. 4.15: Example case for the selected variables in U1 on 28th March 

 

The results obtained showed in Fig. 4.16 that the if such a zone is designed with above mentioned 
environmental variables value, PPDad will be 14% and it will comply to ASHRAE Standard 55. 
 
4.2 Part 2 results 

 

The simultaneous measurement sessions on 26th April (10-12hrs) and 2nd May (15-17hrs). On both 
occasions the sessions were carried out in U21, U31, U41. The PMV values on 26th April session were 
-0.375, -0.594, -0.260 for U21, U31, U41 respectively. The PMV values for the session on 2nd May 
were -0.480, -0.408, -0.326 for U21, U31, U41 respectively. The mean radiant temperature did not rose 
remarkably throughout the measurement sessions so that any significant correlation could be obtained 
between PMV and MRT.  
 
The correlation of mean radiant temperature with PMV on 26th April was +0.297, +0.654 , +0.641 for 
U21, U31, U41 respectively. Whereas the correlation of air temperature with PMV was +0.176,+ 0.635, 
+0.724 for U21, U31, U41. 
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The correlation of mean radiant temperature with PMV on 2nd May was +0.743, +0.235, +0.304 for 
U21, U31, U41 respectively. Whereas the correlation of air temperature with PMV was +0.677, +0.528, 
+0.422 for U21, U31, U41 respectively.  
 
There was no rise in mean air temperature indoors nor any large difference between air temperature and 
mean radiant temperature was noticed with the increase in floor levels as it was found in Walikewitz et. 
al (2015). As shown in the table 4.2 in the part 2 results section the mean air temperature value on 26th 
April was 21.74C, 21.11C , 22.26 C for U21, U31, U41 respectively. These values are almost equal 
to the set point for room temperature in all the rooms which was 22C. The mean air temperature values 
on 2nd May was 21.26C, 21.81C, 22.15C for U21, U31, U41 respectively. 
 
The difference between mean radiant temperature and air temperature on 26th April session was 0.52C, 
0.26C, 0.4C for U21, U31, U41 respectively. Whereas, this difference on 2nd May measurement 
session was 0.47C, 0.37C, 0,33C for U21, U31, U41 respectively. 
 

4.3 Part 3 results  

 

This part of the results shows the differences between the environmental variables (PMV, air 

temperature, mean radiant temperature, operative temperature) when two measurement kit were used 

in the same lecture hall (near window position and away from window position).  

 

This part of environmental measurement data was found to be more significant in terms of the spatial 

differences in the PMV values.  

 
On 4th May in the room U61 the PMV value at the front window side was -0.422 and PMV value at 
backside center position of the room was -0.426. The mean radiant temperature at the front of the room 
ranged from 20.72C-22.77C and mean radiant temperature varied from 20.88C the minimum value 
and 23.57C maximum value at the center backside. The correlation coefficient at the front position 
between mean radiant temperature and PMV was +0.75 and the backside position it was +0.30. During 
this measurement session it was found that the correlation of PMV with air temperature was higher than 
correlation of MRT with PMV. It was +0.835 for the front position near the window and +0.480 at the 
backside center of the room.  
 
The weather condition during this session were 7.5C and partly sunny conditions. Looking at the solar 
incidence direction on the building during the measurement session from the Fig. 4.3 it can be noticed 
that it was on the opposite faced of the building. 
 
A temporal variation analysis was done to see how mean radiant temperature, PMV and PPD variates 
as the session progresses (time is on seconds scale). The comparison is been shown as in Fig 4.16, 4.17 
and 4.18 on page 86. 
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Fig. 4.16:  Temporal variation of mean radiant temperature on 4th May in U61 

 

 

 
Fig. 4.17:  Temporal variation of PMV on 4th May in U61 

 
 
 

 
 Fig. 4.18:  Temporal variation of PPD on 4th May in U61 
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On 8th May in the room U1 the PMV value near the backside window was -0.015 and PMV at the front 
position near the whiteboard at the front wall of the classroom was -0.1. The mean radiant temperature 
at the backside near window ranged from 23.17C-25.36C and at the front position it varied from 
23.05C-24.86C. The correlation coefficient at the backside window position between mean radiant 
temperature and PMV was +0.327 while at the front side of the classroom it was almost zero, equal to 
-0.1 (insignificant at 0.01 level, plausible reason of this will be highlighted in the discussion section). 
 
The weather condition during this session were 7.5C and partly sunny conditions. Looking at the solar 
incidence direction on the building during the measurement session, (it can be noticed from the 
reference figure Fig. 4.3) that it was on the opposite façade of the building during the measurement 
period. 
 
A temporal variation analysis was done to see how mean radiant temperature, PMV and PPD variates 
as the session progresses (time is on seconds scale). The comparison is been shown as in Fig. 4.19, 4.20, 
4.21. 

 
Fig. 4.19:  Temporal variation of mean radiant temperature on 8th May in U1 

 
 

 
Fig. 4.20:  Temporal variation of mean radiant temperature on 8th May in U1 
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Fig. 4.20:  Temporal variation of mean radiant temperature on 8th May in U1 

 

4.4 Significant discomfort case 7th May  

 

This section will summarize the results from the measurement session on 7th May in U41 conducted 
during 15:00-17:00hrs. The weather conditions were bright and sunny, and the outside temperature was 
22.77C. 
 
Two measuring kit were used, one was placed near the right window side of the room and the other kit 
was placed at the far away end from the window. The PMV value at the window side was +0.230 and 
at the far end side it was -0.159. The mean radiant temperature in the window vicinity ranged from 
23.38C to 34.33C; while at the far end side it ranged from 22.17C to 24.63C. The correlation 
coefficient between mean radiant temperature and PMV near the window side was +0.88 (which is the 
highest correlation amongst all the measurement sessions) and at the far end side it was +0.342. The 
correlation of air temperature with PMV was low for both locations. It was +0.292 and +0.392 for 
window side and far end side respectively.  
 
Also, the outside temperature was highest amongst all the measurement sessions (+22.77C), the solar 
incidence direction on the building during the measurement session is show in Fig. 4.21 
 

 

 
Fig. 4.21: Direction of sun towards U41 on 7th Maj 
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The temporal variations of MRT, PMV, PPD of this session is shown in Fig. 4.22. 

 

 

 
 

Fig. 4.22: Temporal variation of MRT, PMV, PPD on 7th May in U41 
 

 

 

As the scatter plots show, all the three MRT, PMV, PPD show similar trendline (This will be discussed 

in the next section of the study). 
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To know the relationship between mean radiant temperature and PMV, they were plotted against each 
other to see the line of fit and to see weather both have some dependency. The left side graph shows the 
plot of mean radiant temperature with PMV at the window side with a very strong correlation of +0.884. 
Whereas, right side plot shows correlation of mean radiant temperature and PMV on the right side is at 
the far end location in the room which has a weak correlation of +0.342 as shown in Fig. 4.23. 

 

 

Fig. 4.23: MRT and PMV correlation comparison in U41 on 7th May 
 

 

Looking at the thermal sensitivity votes from this session, the votes received on the window side of the 
room are largely on the warmer sensation on the scale (2 votes slightly warm and 2 votes warm). 
Whereas, at the away side of the room were on the neutral side (1 vote slightly cool and 4 votes neutral) 
as shown in Fig. 4.24. The variation in mean radiant temperature through the measurement session is 
shown as a box plot in Fig. 4.25. 

 
Fig. 4.24: Thermal sensitivity votes in U41 on 7th May 

 

 

 

Fig. 4.25: Mean radiant temperature variation at window side and far side in room in U41 on 7th May 
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Looking at the solar incidence direction towards the building during the measurement period from the 
Fig. 4.21 on 7th May between 15:00-17:00 hrs. It could be seen that a direct beam of solar radiation is 
hitting on the west façade of the building and the window side of the room in U41 is on the west façade. 
Comparing this to the measurement days on 24th April in U61, 26th April U41, 2nd May U41 the outside 
temperature and weather conditions on these sessions were 9C and cloudy, 9C and mostly cloudy, 
10.5C and mostly cloudy respectively. It is worth mentioning here that both U61 and U41 have 
windows on the western façade. A disposition of windows of western façade is shown in Fig. 4.26 to 
give a clearer idea about window size of the rooms, the window in U61 is smaller than in U41. 
 
 
 
 

 
 

 

 Fig. 4.26: Window disposition for the classrooms on the western façade of Undervisningshuset 
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5. DISCUSSION  

 

This section will talk about the objective measurement results and discuss about the statistical analysis 

from the measurement sessions. At some instances, they will be backed by the reasoning from the 

literature study. The results will be discussed in the following flow: 

1) Measurement results from the cold temperature days 

2) Multiple lecture hall measurement sessions on single day  

3) Measurement sessions where two devices were used (one of them being near the window) 

(This flow however is just to give an idea of the discussion to the reader. Different measurement sessions 

will be compared with other measurement sessions to discuss and conclude why mean radiant 

temperatures rose on 7th May and why substantial increase in mean radiant temperature was not 

observed in other sessions). 

First discussing about the measurement sessions on low temperature days: 20th March, 27th March, 28th 
March (cold measurement days). No significant strong correlation was found between mean radiant 
temperature and PMV. However, the correlation of air temperature with PMV was higher than the 
former correlation in all the three cases. By the graphs of variation of mean radiant temperature with 
time and the results values from the table 1 it seems that the values of MRT does not vary noticeably 
for these sessions and the lowest value noticed was 21.98C. Comparing this to the studies of Sengupta 
et. al (2005) where the outdoor temperature in the simulation was taken as -18C, Ge and Fazio (2003) 
they were taken as -18C and -32C, Rueegg (2001) they were -10C. The outside temperature in this 
study was -1.5C, +0.7C, -3.91C for 20th, 27th and 28th March have been the temperature much lower 
like, -10C outside discomfort near windows could have been noticed. The measurement days in cold 
weather were not cold enough in this study to notice any cold draft discomfort near the window side. 
Also, the values of mean radiant temperature at the window position near the window in their study 
were much lower compared to the mean radiant temperature values in the present study on the 20th, 27th, 
28th March.  (Lyons et. al 1999) found that in winters window comfort impact is very sensitive to U-
value. No data was available on the window properties (U-value and SGHC) to analyze it in this study. 
An important thing to mention by looking at the air velocity graphs from all the three sessions is; the 
graphs are having significant peaks on the plot during the duration of the measurement period. To be 
precise, there are three visible peaks in the air velocity v/s time graph. These peaks can be explained by 
the fact that the university follows a lecturing method of providing 10-15 mins of break after each hour 
has passed in the lecture. All these three measurement sessions were 2 hours long which means there is 
one break period of 10-15 mins in each of the sessions in which student were allowed to go outside or 
move around in the classroom. The probes of ComfortSense are very sensitive in capturing any 
movement in the vicinity of measuring area, these peaks in the plot are most probably a result of 
movement in the break period(middle peak in the plot); before the start of the lecture when the students 
entered (left peak on the plot); end of the lecture when the students leave from the lecture room (right 
end of the plot). These peaks are not considered as draught in this study.  ASHRAE 55 addendum (2017) 
also mention that the draft calculation limit should consider only the air movement created by the 
HVAC system, building fenestration system and exclude the air movement produced by office 
equipment or occupant movement. So, going by this reasoning these peaks could be considered as air 
movement by occupants who went out of the classrooms to take a break or just moved around in the 
classroom to take a stroll and stretch. 

The air velocity measured on these three sessions were 0.10m/s, 0.0837 m/s, 0, 109 m/s for 20th, 27th, 
28th March. However, it is important to note that the values of air velocity and mean radiant temperature 
were taken 1.2 m above the floor from the center of the room for the session 27th March in U61 and 
from the front of classroom for the sessions 20th and 28th March in U1. According ASHRAE 55 
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addendum 2017, air speed should be taken at 0.1m (4 inches) above the floor (ASHRAE 55). Ge and 
Fazio (2003) found air velocity near the window can be as high as 1 m/s and 1.2m away from the 
window it was found to be 0.15 m/s, both these measurements were taken at 0.6m above the floor. 
Rueegg (2001) found the air velocity to be 0.2 m/s in their experiment at a distance of 0.2m and at a 
height of 0.13m.  According to Huizenga et. al (2006) the cool air flowing next to a cold window, the 
thickness of the air layer in vertical downward motion increases from top to bottom and after a certain 
distance it will become turbulent. Manz & Frank (2004) in their study found that turbulence intensity 
was up to 50% near the floor close to the external wall, which they highlighted that it has also an effect 
on draught risk. In this study neither the measurements of air velocity were taken at 0.1m floor level 
and neither the measurements could be taken at a distance of 0.2m away from the window as done by 
Rueegg (2001) or 1m away from the window to check the differences in air velocity and turbulent 
intensity. Being, an observational study as stated in the boundaries the measurement device and probes 
were placed in such a way that it does not cause interference to the ongoing lecture and does not block 
the view of students towards the whiteboard. Also, the ComfortSense multi-channel system that was 
used in this study for environmental parameters measurement occupied much too much space to be 
installed near window with whole set of cables and recording device attached to it.  A typical 
arrangement of the equipment is shown in Fig. 5.1. 

 
Fig. 5.1: A typical arrangement of the indoor environmental measurement device ComfortSense (Dantec Dynamics,2018) 

 

Assuming that the air velocity received from these three measurement sessions, will be same at the 
position near the window. The PPDankle draft results from the CBE Thermal Comfort Tool shows that the  
PPDankle draft for the sessions on 20th, 27th and 28th March were 14%, 16%,14% respectively which are 
less than 20% as per the (ASHRAE 55 adduced,2017). Based on the litrature the values they got in their 
experiments: 1 m/s near window and 0,15 m/s from 1.2 m away (Ge and Fazio, 2004) & 0.2 m/s at a 
distance of 0.2 m from window, (Rueegg et. al 2001) . The values of air velocity in these three sessions 
are well under limit to cause draft discomfort (0.10 m/s, 0.0837 m/s , 0.10 m/s for 20th, 27th, 28th March 
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respectively). However, this is not a correct way to verify the downward draft discomfort and this is the 
biggest limitation of this study to investigate this issue. A more controlled environment with compact 
and robust devices will be needeed to study this phenomemon in indoor enevironment if it has to be 
measured pricesely without causing inconvenience to occupants in a observational study like the present 
study (This will be discussed more in the limitation and future work section ahead). 

With the availability of three different measurement kits in the second stage of measurement sessions, 
between 26th April and 2nd May. The reason of not so strong correlation between mean radiant 
temperatre and PMV can be traced back to the weather conditions. In both the days the measurements 
were carried out in 9C mostly cloudy conditions and 10.5C mostly cloudy conditions for 26th April 
and 2nd May respectively. In comparison to the the study by Walikewitz et. al (2015) their measurement 
took place between 16th August to 2nd September 2013 at temepratures about 19C-24C which are 
higher than in this study. It is worth mentioning here the weather condtions during these measurement 
sessions on 26th April and 2nd May were cloudy. Lindberg et. al (2013) in their study to analyze mean 
radiant temeprature in urban setting and the effect of cloudiness on mean radiant temperature, found 
that as sky becomes cloudy the global radiation is reduced and  the surface temeprature of sunlit 
buildings is reduced, hence the direct radiation beam into the rooms is less/reduced. Walikewitz et. al 
(2015) also found low differences between mean radiant temperature and air temeprature in their 
measurement room R2, since the measuremetns were took in cloudy conditions.  

In the measurement sesisons 4th May and 8th May where two measuring instruments were used in the 
same hall, the PMV values on 4th May session in U61 was same both at the window location and 
backside cenrre position -0.422 and -0.426 respectively. It is good to recall here that during the 
measurement even when the weather conditions were partly sunny and temeprature was +7.5(which is 
bit low) the solar incidence direction was towards the opposite façade of the buildiing (eastern façade). 
Walikewitz et. al (2015) in their study found that differences/disparities between air temperature and 
mean radiant temeprature are approximately zero at low temepratures, but as the temeprature rises the 
mean radiant temeprature increases than the air temeprature. In this study on 4th May the air temeprature 
during the session was 21.76C and mean radiant temeprature was 21.87C at the window side (mean 
values). This is found to be similar situation with the values of air temeprature and mean radint 
temeprature from 8th May session and all the measurement sessions of this study (except 7th May: the 
discomfort case). 
 
The highest correlation of mean radiant temprature with PMV that qualifies as discomfort based on the 
set conditon of correlation being very strong and above 0.80 was on 7th May in U41 when the outside 
temperature was 22.77C. It has been shown in the result section that a direct beam of solar radiation 
was incident during the measurement session. The PMV value at the window side was +0.230 and the 
PMV value on the far end side from the external wall was -0.159. The box plot in the result section 
showed the variation in values; the mean radiant temperature at the window side varied from 23.38C 
lowest value to 34.33C highest value. Whereas, on the inner side of room it varied from 22.17C to 
24.63C.  It is worth noticing that at the window side on the day of measurement the direction of solar 
incidence was straight on the western façade. Also, the weather conditions were sunny and clear that 
led to mean radiant temeprature increase to 11.04C during the measurement session. This substancial 
increase in a period of 2 hours could be explained from the findings in the field of biometrology. 
Lindberg et. al (2013) investigated the effect of mean radiant temeprature in context of location, climate 
and urban setting. In their analysis they found that clear weather situation results in higher values of 
mean radiant temeprature. The parameter of mean radiant temeprature was related and explained in 
terms of global shortwave radiation. The authors found that with reduction in global shortwave 
radiation, the mean radaint temeprature decreases. Large values of global shortwave radiation in their 
studies lead to high rise in mean radiant temperature for open areas like rooftops or location close to 
sunlit buildings. Also, one of their study findings which relates to the results on this measurement day 
is, trees and bushes lower the mean radiant temeprature within their proximity. On clear weather 
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conditions the shadow from the vegetation lowers the mean radiant temeprature by blocking the direct 
solar radiation. The building facade with U41 external window on the western side is facing open area 
adjacent to the road. There is provides a clear and unobstructed path for sunlight to penetrate into the 
room from U41 window.  
 
It is important to mention here that it was only until the temperature rose to 22.77C on 7th May 
accompanied by direct solar incidence direction towards U41 resulted in 11.04C increase in the mean 
radiant temperature. This hike in the value of mean radiant temperature was not noticed in any of the 
other measurement sessions in this study. Walikewitz et. al (2015) from their results suggested that the 
exposition of rooms and the intensity with which direct solar radiation enters the room is a major 
influencing factor for the mean radiant temperature. This is true for the present study as well looking at 
the mean radiant temperature values from the result tables (4.1, 4.2, 4.3). Comparing this to the 
measurement session on 2nd May between the same time as 7th May 15-17hrs in the same room U41 
with outside temperature 10.5C and cloudy conditions. The mean radiant temperature varied from 
21.39C to 23.03C on 2nd May. The authors of the same study in Walikewitz et. al (2015) found similar 
findings that change in mean radiant temperature is negligible as long as no or a small amount and 
duration of direct solar radiation enters the room. They found low increase in mean radiant temperature 
in one of their room R2 as the measurement in their study as well took place in cloudy conditions (R2 
was in same exposition with other room R1, that saw high increase in MRT value due to the effect of 
long wave and short-wave radiation). With similar results it could be said that both studies (current 
study and Walikewitz et. al 2015) is in agreement with the results of Lindberg et. al (2013) as sky 
becomes cloudy the global radiation is reduced, leading to lesser direct solar transmission towards 
buildings. This in turn leads to reduction in surface temepratures of buildings and hence mean radaint 
temperature does not tend to rise on cloudier days. 
 
Chapman and Sengupta (2004) in ASHRAE RP 1162 in their simulation found that for the Case-I with 
32C outdoor conditions with inside room temerpature 24C. The glazing area for this case was 40% 
glazing to wall ratio, single glazing type window, the estimated solar load was 2268W (highest amongst 
all analyzed cases). The result clearly showed that mean radiant temeprature at the left wall ( from 
which the sun streamed into the room) was 32C while at the back wall window it was 28C. Comparing 
this to the present result in U41 at the right window position of U41 the mean radiant temeprature ranged 
from 23.38C to 34.33C , while near the backside window position of U41 it ranged from 22.17C to 
24.63C where sunlight and subsequent solar radiation could not reach. The authors in RP 1162 with 
their findings of thermal comfort signatures of Tmrt and Topt, that the impact of the sun was quite 
evident as the space close to the window was found to considerably warmer. This is true in U41 case 
on 7th May as well where mean radiant temeprature higher value was 34.33C and operative temeprature 
near the window rose to 28.08C near the window. This was also visible in the subjective responses of 
occupant in terms of their thermal sensation votes with 2 votes slighly warm and 2 votes for warm, 
whereas zero votes for warm and slightly warm in region away from window ( subjective vote responses 
will be discussed further in this section).  
 

Sengupta et. al (2005) found that improving glazing will not improve comfort for summer conditions, 
in their simulations they found that single glazing and double glazing cases resulted in same discomfort. 
Similar results were pointed out by Lyons et. al (1999) that some low-e pane windows will result in 
same type of discomfort as uncoated single-pane windows. Huizenga et. al (2006) described that in the 
summer comfort effect, that is driven by a combination of inside surface temeprature and transmitted 
solar radiation and both of them are heavily influenced by optical properties of windows. Lyons et. al 
(1999) from their analysis and results concluded that during summer the perception of comfort is highly 
dominated by solar load and increase in clothing and that the increase in solar heat gain coefficient 
increases discomfort indoors. Sengupta et. al(2005) found for summer conditions increasing glazing 
value was not found to be effective, but decreasing the glazing to wall ratio to 20% from 40% improved 
the comfort conditions. 
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Discusing this issue of mean radiant temperature rise near window areas in terms of clothing and air 
velocity. Assuming a hypothetical example of a school/university building in summer conditions with 
indoor air temepraerature set point as 24C, considering a similar discomfort situation as in U41, 
assuming that mean radiant temeprature near window increases to 32C. Plugging the following 
parameters in CBE Thermal Comfort Tool: air temeprature = 24C, mean radiant temeprature = 32C, 
air velocity = 0.1 m/s , relative humidity = 50% , clothing = 0.61CLO (CLO value as per ASHRAE 55, 
2013). It will require an air speed of 0.26 m/s as shown in Fig. 5.2. Otherwise it will be needed to 
decrease clothing value to 0.25CLO to acheice below 6% of PPD , i.e, Category I design of mechanical 
heated or cooled building (EN-15251, 2013). As pointed by Lopez et. al (2015) in their study that 
students were already dressed minimally, and further clothing reduction would not be allowed in school. 
This could also be a case in other cultures in different parts of the world where it is not culturally 
acceptable to have low level of clothing in school, universities. Some places may have proper dress 
code and uniform and they are not allowed to decrease clothing level on the body. For example, as per 
ASHRAE 55 0.61 CLO value has been allotted to a combination of trousers, long sleeves shirt (point 2 
in table 5.2.2.2A). In this situation increasing the air velocity is the only option to attain thermal comfort 
conditions. 
 

 

 
Fig. 5.2: Hypothethical example of a school situation where MRT rises to 32C on window side 
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This effect of mean radiant temperature, air velocity and clothing trade-off for comfort conditions 
becomes pronounced in office environments, e.g., business sector and financial corporate offices where 
people are expected to be in formal clothing (three-piece suit or at least a blazer over shirt and trousers). 
This will surely add to their clothing value, ASHRAE 55 in table 5.2.2.2A allots a CLO value of 0.96 
to this type of clothing ensemble. It may be expected that the employees maintain this level of clothing 
ensemble because of corporate culture setting and business environment. In this case when assessing 
this situation in CBE Thermal Comfort tool with parameters: (air temperature = 24C, mean radiant 
temperature = 32C, air velocity = 0.1 m/s , relative humidity = 50% , clothing = 0.96 CLO). It shows 
that the comfort conditions for category I (below 6% PPD, as per EN-15251) will not exist if air speed 
is not elevated up to 0.57 m/s as shown in Fig. 5.3. 

 

 
Fig. 5.3: Hypothethical example of a school situation where MRT wises to 32C on window side 

 

This elevated air speed to mitigate the effect of radiant heat at the window region could mean a risk of 
draught in the occupied area. This will also worsen the comfort conditions of a person in the room 
occupying space away from the external window who might be in neutral thermal sensation. This will 
create differential comfort scenarios for two different people because of their preferences of thermal 
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comfort. This was rightly highlighted by Halawa et. al (2014) lowering the air temperature in the entire 
room, could lead to differential thermal comfort conditions in the area where person sitting far away 
from the external window may feel ‘cool’ or ‘cold’ (-2 and -3 on the thermal sensitivity scale). Also, 
lowering the air temperature set point on room thermostat controller in this situation would mean extra 
stress on the ventilation systems and air handling units to push in more fresh/cold air into the zone. This 
will surely affect the energy consumption during the heating seasons. Based on this Olesen and Parsons 
(2002) suggested that discomfort could be caused by warm ceiling, warm wall /window and Halawa et. 
al (2014) implicated that radiant discomfort should be avoided using solar shading devices and it would 
be advisable to use shading to lessen the amount of heat indoors because of solar radiation (This will 
be discussed with more literature in the next section of shading). 
 
For summer both Huizenga et. al (2006) and Lyons et. al (1999) suggested that comfort conditions and 
perception of comfort is largely dominated by solar load. Hence, the SGHC coefficient and T-sol 
transmission of window is important to consider for ambient thermal comfort conditions. Both studies 
found that U-factor is uncorrelated for summer thermal comfort in summers.  For winters, comfort 
conditions from window Huizenga et. al (2006) implicated that U-factor of window, inside window 
surface temperature and outside temperature are important factors. Whereas, Lyons et. al (1999) 
concluded that both glazing U-factor and clothing are the two predictors of thermal comfort conditions 
in winters. Gan (2001) also showed that a double-glazed window will perform better than a single 
glazing where a double-glazed window was able to restrict radiant asymmetry at an outside temperature 
of -10C at a distance of 0.15m. Gan(2001) suggested the use of several small window instead of using 
a large glazed window.  

As a personal feeling of the author window properties and size selection should be decided keeping in 

mind the thermal comfort conditions it could cause indoors. One would like the body warming effect in 

winter conditions and would suggest having medium to high SHGC window to allow sunlight in during 

winter. But, this will have unwelcoming effect in summer where would like to avoid strong solar 

radiation from entering the room. A case by case analysis show be made about the indoor thermal 

comfort during the building design phase based on the disposition of rooms and solar radiation effect 

using parametric modelling design tools. Medium to high SHGC and low U-values windows could be 

used on the facades where sun is not directly incident in summer afternoon hours, this will allow to 

make use of the warming effect of winter-sun and low SGHC windows should be used on the facades 

that see direct solar transmission this will allow low solar transmission in summers, warding off the 

solar radiation from entering indoors. Also, window sizes and disposition should be kept in mind in the 

design and simulation phase as larger glazing sizes could lead to discomfort as demonstrated by Gan 

(2001). 

Khamporn et. al (2014) in their test room experiment found that the mean radiant temperature (MRT), 
the predicted mean vote (PMV) and the PPD (percentage of people dissatisfied) are all dependent on 

the transmitted solar radiation. Higher value of mean radiant temperature yielded higher value of 

PMV which lead to higher value of PPD in their analysis. A similar analysis was done in this study taking 

the case of U41 on 7th May where high value of mean radiant temperature was noticed with a very 

strong correlation of MRT and PMV of 0.884. The temporal variation of MRT, PMV and PPD were 

plotted from this study and compared with results from Khamporn et. al (2014) results from clear glass 

condition as shown in the illustration on page 99. It can be noticed that both graphs show similar 

trends as the mean radiant temperature rises, a similar hike can be seen in PMV values which moves 

to the positive scale and it can be seen from the graphs that PPD also increased with the rise in PMV. 

Khamporn et al. (2014) concluded that for high transmittance windows thermal discomfort is mainly 

due to solar radiation and for low transmittance glass thermal discomfort is due to surface 

temperature increase. But for both the cases the authors concluded that higher values of mean radiant 
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temperature yield high value of PMV and higher value of PPD. In the present study there were no 

instrument employed to measure solar radiation or surface temperature of windows, but with the 

agreement with the previous studies by Walikewitz et. al (2015), Lindberg et. al (2013) and direction 

of solar incidence towards U41 it can be implicated that the solar radiation was responsible for the 

rise in MRT and subsequent rise in PMV value near window during the measurement session on 7th 

May in U41.
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On the measurement sessions – 4th May and 8th May the PMV differences between the two measurement 
points in the room were almost null. Except 7th May in U41. The PMV values are as follows:  

Date & Room Time PMV near window PMV other location 
4th May U61 8-10hrs -0.422 -0.426 
7th May U41 15-17hrs +0.230 -0.159 
8th May U1 8-10 hrs -0.015 -0.1 

 
La Gennusa et. al (2007) in their study found for irradiated cases the regions under the influence of 
solar radiation (grid 4, 5, 7) the mean radiant temperature was about 29.9C and PMV of these grid 
positions were +0.89, +0.89 and +0.9. However, in the irradiated case the mean radiant temperature at 
the same grid points was almost equal to other grid points in the regions; i.e.; 20.6C and the PMV 
value was almost neutral at -0.05, -0.05 and -0.3. The authors by making this comparison concluded 
that in case of conditions where high solar radiation is present, a dramatic increase is expected in the 
irradiated zone and a limited or little increase can be found in unirradiated zone. An increase in PMV 
value is expected close to the window. The increase in PMV (variation) from the far end side of room 
to the window side in the current study was about 0.489 units on the PMV in the case of room U41 on 
7th May (from negative side of scale to the positive side). This is true for the present study looking at 
the PMV values of these three sessions. It was only on 7th May in U41 when direction of solar incidence 
towards the building was direct, the PMV value and mean radiant temperature value rose at the window 
position. Otherwise for the sessions 4th May and 8th May the PMV was almost the same also because 
those measurement sessions were in the morning and direction of sun was on the eastern side façade of 
the building. 

It is also noteworthy to mention on 4th May U61, 8th May U1 the measurement period was in morning 
between 8:00-10:00hrs, as previously mentioned during this time the solar incidence direction is on 
eastern façade, opposite façade of U1 and U61 so there was no direct solar radiation. During the session 
U1 on 8th May even if the temperature was 20.22C outside. This is in agreement with Lyons et al 
(1999) that in summer the solar radiation load dominates thermal comfort conditions indoors.  This kind 
off supports the hypothesis that there exists a positive correlation between mean radiant temperature 
and PMV, that as mean radiant temperature rises PMV will also rise and both are dependent on solar 
radiation (in summer case, i.e., radiant discomfort).  

Similar result was found in La Gennusa et. al (2004) where comfort conditions were evaluated based 
on PPDi (long term index). It was found by the authors that the region which was hit by direct solar 
radiation (1,2,4,5) highest value of this index was obtained and null value was obtained in region 7 
which was never hit by direct solar radiation. 

Taking about the weak correlations of MRT with PMV in U1. The lecture room U1 was visited three 
times in the entire length of measurement sessions between 20th March to 8th May. The MRT-PMV 
correlation were the weakest every occasion in this room +0.088, +0.101 , -0.1 for 20th, 28th and 8th May 
respectively. The PMV value for all U1 sessions were also low -0.29, -0.26, (-0.1 or neutral) for 20th, 
28th and 8th May. The geometry of this room is like a three-dimensional trapezoid with incremental 
height as shown in Fig.5.4. Also, the floor level is not constant throughout the length as in all other 
rooms, it has a step increase and rises from whiteboard to the back of the wall. Kalmar et. al (2012) 
investigated mean radiant temperature with respect to room geometry. They found that mean radiant 
temperature has a parabolic variation with the room height and length. Their results showed minimum 
value of PMV for greater heights and bigger lengths of the rooms. Low values of PMV were obtained 
for bigger heights and longer lengths. For one of the occupant’s position where the external wall is to 
the left of the occupant in a rectangular room the PMV value decrease with the increase in height of the 
room. The room U1 is a rectangular shaped floor plan with dimensions 12.850 m x 8.255 m, it is the 
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biggest room area wise as well (105m2) with an incremental height which makes it geometry pretty 
complex. It is not a square nor a rectangular shaped room. The insignificant and weak correlations for 
this room might be because of its complex geometry and how the convection and heat gain from surfaces 
with variable heights. No clear reasoning can be made at this point on this issue without any in-depth 
analysis and more research is needed clearly to address it. 

 

Fig. 5.4: U1 room geometry representation 

Subjective Responses: 

Taking specifically about the U41 case on 7th May, the thermal sensitivity votes received were 4 votes 
were reported on the warmer side on the scale near the window. Whereas, on the far inner side of the 
room there were zero votes in the warmer scale. As seen in Fig. 5.5: 

 
Fig. 5.5: Thermal sensation votes in U41 on 7th May (Discomfort case) 

 

La Gennusa et. al (2007) in their study reported in the irradiated zone due to increase in mean radiant 
temperature, thermal sensation felt by the subject turns from comfort to discomfort. This can be clearly 
noticed in the present study in the zone near window (irradiated zone) the mean radiant temperature 
rose to 11.04C (23.28C to 34.33C) and majority of votes were on the warmer side. Whereas, in the 
unirradiated zone far side of window with a little increase in mean radiant temperature value 2.46C 
(with a range of 22.17C-24.63C) the thermal sensation votes were neutral and slightly cool. Moreover, 
Chaudhuri et. al (2016) from the ASHRAE RP-884 database found that the correlation of mean radiant 
temperature with AMV was the highest. They highlighted that mean radiant temperature has a strong 
influence on thermal comfort amongst the six thermal comfort parameters. According to their findings, 
the heat stress due to the surrounding radiant temperature influence the perception of occupants and is 
responsible for their thermal sensation voting on the thermal scale. Lopez et. al (2015) found that 
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students who sat near external wall declared thermal discomfort more often as they experienced greater 
climatic variance than the students sitting further inside in the room. One of their key point was high 
percentage of glass area that was one of the main factors which led to negative effect on thermal 
comfort. As seen in Fig. 5.4 U41 have a large rectangular glazing area that could have been a driving 
force for warmer votes in this study as well. Chapman and Sengupta (2004) and Sengupta et. al 2005 
mentioned that solar heated glass may become uncomfortably hot, based on the findings of Arens et. al 
(1986) “a person sitting near window in direct solar radiation can experience heat gain equivalent to 
11C in mean radiant temperature”. This is exactly the case in U41 (7th May) the MRT at the window 
side rose to 11.04C during the 2-hour lecture session. Another reason of discomfort sensation is from 
the study of Huizenga et. al (2006) where they mentioned about view factor that indicates how much a 
person is influenced by the temperature of a surface in terms of radiative heat exchange between the 
surface and the person. The closer the person to the window the larger is the impact of window on 
thermal comfort, the larger the window size the larger the effect of window is on thermal comfort. Both 
these conditions exist in U41 case, proximity to window and larger window size. Atmaca et. al (2007) 
found that segments of the body (head, hands, back, etc.) closer to a warmer indoor surface (warm wall 
or window pane) are most affected by radiant asymmetry. Hodder and Parsons (2007) in their 
experiments found a linear relationship between solar radiation and thermal sensation vote that was 
noticed in discomfort vote in terms of stickiness. In this study neither body segment temperature was 
measured neither thermal sensation votes after every 5 minutes (as in Hodder and Parsons, 2007) no 
conclusion could be made being the fact it was an observational study and it was ensured that minimal 
disturbance is caused to lecture and the students. However, stickiness and local warming of body 
segments due to solar radiation also could be the driving factor for warm thermal sensation in U41 7th 
May case but further studies and skin-receptor thermocouple would be required to measure and skin 
temperatures and sweatiness (This will be discussed in the future studies section). 
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6. SHADING 

This part of the report will focus on shading aspect in building design and its effects on building energy 

use and impact on indoor environment quality. It has been quantified in studies on how shading can 

control glare and solar radiation to keep ambient levels of thermal comfort while keeping operative 

temperatures indoor within comfort limits. Furthermore, they also point out certain trade-offs between 

the use of shading and its effect on the heating energy consumption, cooling energy consumption, energy 

use in terms of artificial lighting use. 

In this study, discomfort vote was generated by the occupants implicating towards higher mean radiant 
temperature near window as a reason of direct beam of solar radiation from the sun. Based upon the 
simulation study of Chwieduk (2008) in which different parameters of windows and rooms and its 
repercussion on energy balance in a room; Mariano et. al (2015), Chwieduk (2008) suggested to make 
use of external or internal shading on windows for the intend of energy savings. 

It is important here to highlight that the results 7 May in U41 near the window side happens to be the 

case where shading was not in operation. It is unknown to the knowledge of the author that what is the 

shading strategies and set point of shading in Undervisningshuset since no data could be fetched from 

the property manager. There were no instruments employed to measure the glazing temperature (due 

to experimental limitation and design) but based on the results of previous studies (examples) discussed 

in the section 5; it can be implicated that it was the increase in mean radiant temperature that led to 

rise in PMV and discomfort vote by occupants. It can be said that if the shading was in operation on 

the west side window that received direct solar radiation, the increase of mean radiant temperature 

and subsequent discomfort vote by occupants could have been avoided. 

Marino et. al (2005) analyzed a building module in Energy Plus with southern side exposed window by 
considering four cases of temperature control and a shading device (overhang). The results showed 
introducing overhang strategy case led to reduction in cooling energy in the summer months of May, 
June, July, August for the module based on the weather of Rome amongst all the analyzed cases. 
However, the overhang condition caused a noticeable increase in the lighting energy consumption. 
Marino et. al (2005) suggested to design the building zones taking in account the effect of weather 
conditions as they could cause unacceptable environmental conditions in indoor spaces. Even if the use 
of shading can limit the solar radiation from entering the indoor spaces, it may cause increase in energy 
consumption in terms of lighting energy. Hence, the operational phase of the building should be 
visualized by evaluating the potential trade-offs between comfort conditions and subsequent energy 
consumption due to those operations. 

Skarning et. al (2017) investigated a model of a loft room to map energy, daylight and thermal comfort 
comparisons with various combinations of glazing and window sizes. An external roller shade with a 
shading factor of 0.15 was considered in the modelling with a strategy of activation at 18℃ outdoor air 
and 300 W/m2 solar irradiation on the window. This strategy led to activation of shading for 35% of 
daylight hours for the Rome loft room model and 15% of daylight hours for the Copenhagen loft room. 
In this study Adaptive Thermal Comfort Model was used to evaluate the thermal comfort. They found 
that without using the dynamic shading it was possible to achieve lowest space heating demand, but the 
daylight and thermal comfort limits were just met, whereas the use of dynamic shading allowed to 
increase with glazing-to-floor ratios to 10% or use windows with g-value of 0.3. It was found that 
dynamic shading can help to reduce space-heating demand by 0.3 kWh/m2 in Copenhagen and 1.1 
kWh/m2 in Rome, however they also stressed upon that without proper control strategy dynamic shading 
can also lead to increase in space heating demand. In context of daylight and thermal comfort conditions 
within the studied models, the combination of clearest glazing window without dynamic window. Their 
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analysis between window glazing, daylight and comfort limits showed that with the use of clearest 
glazing without dynamic shading strategy the thermal comfort was just in acceptable conditions as the 
number of hours operative temperatures exceeded the comfort limit was 100 hours. The combination 
with 20-25% glazing to floor ratios with glazing transmittance of LT 70%, g-value 0.35 with dynamic 
shading and solar coating increased the daylight hours by 1000h and 750h for Rome and Copenhagen 
respectively. Results from the study suggests that the daylight levels and comfort limit depend upon not 
only shading strategies of windows but also on glazing property of window, g-values, glazing to floor 
ratio. The authors concluded that daylight levels and comfort limits can be a challenge to maintain and 
can have large significance in reduction in energy use. 

Freewan (2014) investigated the effect of different shading types in real-time experiments accompanied 
with simulations results. The experimental results shown all the shading device types always helped to 
reduce air temperature indoors until 12noon-1pm and after the afternoon hours diagonal shading devices 
aided to block the solar radiation. Using thermal image analysis comparison between the base case and 
shading devices case; the author found that the surfaces exposed to direct solar radiation absorbed more 
heat that led to the rise in temperatures. While the egg shell and diagonal shading types helped to ward 
off the direct solar radiation in the afternoons. On basis of this, a conclusion can be drawn that air 
temperature indoors can be highly affected by solar radiation and the subsequent heat absorption and 
heat gain by glazed surfaces. The external shading devices can prove to be highly effective to protect 
building facades and windows from solar radiation and reradiation of it into indoor spaces. The study 
also shows the shading devices types helped to maintain improved daylight levels and a better visual 
environment by eliminating glare in addition to controlling solar radiation. The experimental tests also 
investigated glare problems and it was found that windows without shading devices became sources of 
glare because of high level of difference in illuminance level near the windows. The author pointed out 
an interesting aspect created due to occupant reaction to visual discomfort due to glare and direct 
incidence of sunlight on the energy use. It was found that the user spontaneously used curtains for 
blocking the direct sunlight and reduce glare, this in turn resulted in lowering the levels of daylight in 
the rooms and artificial lighting was required to maintain the acceptable level of daylight. The use of 
artificial lighting instead of using natural daylight will tend to increase the energy consumption of 
building in terms of lighting energy consumption. The study concluded that the shading design and a 
proper shading strategy can play a significant role in terms of both reducing solar heat gain and 
maintaining better daylight levels. 
 
A comparative analysis by modelling simulation about different window shading assemblies on indoor 
visual and thermal comfort and its subsequent impact on energy consumption by Raheem et. al (2014). 
36 different window shading assemblies were analyzed using  façade performance software of three-
storey office building located in Miami, Florida. The result analysis was done based on total annual 
energy consumption and amount of heat gain through the glazing. The result generated were then 
compared to an select an optimum window-shading assembly for the south-facing façade of the building 
which would be able to maximum indoor thermal comfort and visual comfort while keeping the energy 
consumption to minimal levels. Three window-shading assemblies were narrowed down from the 
analysis: (A1) Double glass low VT low-e (Argon) with no shading device, (A2) Double glass low solar 
low-e (Argon) with overhangs, (A3) Triple glass, dual low-e; pyrolytic. In terms of thermal comfort A3 
assembly had highest efficiency with 88% of people satisfied and hourly unmet hours of set point 
temperature as 875 hours, followed by A1 and A2 strategies at (86.37%, 1173 hours) and (85.09%, 
1223 hours) respectively. On the daylight performance front A2 strategies showed highest illuminance 
values (monthly average). The study concluded that different combinations of shading strategies behave 
differently in terms of overall efficiency. Even though in this study A3 strategy with triple glass, dual 
low-e pyrolytic performed very well in thermal comfort but its daylight performance was not so good 
compared to A2 strategy with Double glass low solar low-e (Argon) with overhang. 
 
Simulation studies carried out by Grynning et. al (2014) focused on how shading strategies could 
contribute to higher heating demand or higher cooling demand based on their operation to reduce glare 
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and daylight levels in office cubicles. The simulation accounted for façade orientations, different 
shading strategies, floor to wall ratios, window parameters. It was found that increasing the window 
sizes from 41% WWR (window-to-wall ratio) to 61% WWR increased the cooling loads but at the same 
time it decreased the heating loads. A key point in this study was in all the shading strategies a trade-
off could be seen cooling demands and heating demand. The use of shading strategies increased the 
heating demand, since shading restricted the amount of solar heat gain into the rooms. The study showed 
for single person cubicle office south facing façade even though the shading strategies that reduced 
cooling and fan operation demands they led increase in heating and lighting demands. The authors 
highlighted that an erroneous shading strategy could lead to increase in energy demands. The study also 
quantified the two-fold effect of using shading strategies and its effect on daylight, glare levels and 
thermal comfort in offices. The two-fold effect was largely noticeable on the 61% WWR case, where 
the glare above the acceptable limit of 22 was reduced by 90 % with the use of shading but this in turn 
also reduced daylight levels to about 80% in comparison to the case with no shading. However, on the 
thermal comfort aspect the results were not so significant as the authors noticed a simulation problem 
with the Energy Plus 7.0 simulation tool treating the absorption and reflection properties of the shading 
systems and furtherly suggested to analyze the simulation results with care. The authors concluded that 
shading strategies can either decrease or increase the energy consumption of office cubicles and a 
detailed analysis is necessary on a case-by-case basis taking in account the trade-offs between heating 
energy demand and cooling energy demand. 
 
A recent simulation study carried out by Lai et al (2017) evaluated the impact of window on the building 
energy performance; analyzing the connection between climate and SHGC. SHGC or Solar Heat Gain 
Coefficient is the fraction of external solar radiation that is penetrated through the window. Low SHGC 
values means lesser solar heat transmission takes place through the window and better is the shading 
effect. According to their findings based on 8 different cities of USA and China, total building load was 
not found to be sensitive to SHGC in cities with medium latitude for cities Louisville (38.2 N) with load 
variation of 4.2% and Nashville (36.2N) with 3.7% load variation. The total building load variation 
rose as the latitude decreases found as 8.7% for New-Orleans (30N) and 15.6% for Montgomery (32.4 
N). Significant total building load reduction were noticed for even lower latitudes 34.8% and 37.8% for 
Miami (25.8N) and Honolulu (21.3 N). The authors analyzed the south orientation of Miami case was 
analyzed as it gave best result in terms of energy performance. It was found that as the window to wall 
ratio increases the total building load increases. As the pitch to depth ratio varied from 2 to 8 the 
variation in total building load increases as 21.8%, 29.8% and 36.2% for window to wall ratio of 0.2, 
0.3 and 0.4 respectively.  
 
Tzempelikos et. al (2007) carried out an experimental study to investigate thermal comfort conditions 
near façade regions in highly-glazed perimeter zone of an office building and a test chamber in Quebec. 
The study recorded climatic data for every 5 minutes, incident solar radiation and daylight levels were 
recorded using pyranometer and photometric sensor. Two kinds of shading devices were analyzed: 
roller shade and venetian blind. The measurement results were collected for two different climatic 
conditions: 1) Clear sky and 2) Overcast sky. Under clear sky on a cold and sunny day conditions the 
interior surface of the glass surface reached 30C at noon, the operative temperature also crossed the 
acceptable limit and reached 31C (during 11am till 3pm) at a solar radiation of 800 W/m2 when no 
shading was used. The radiant temperature asymmetry exceeded to 15C in this condition due to direct 
solar radiation. With the introduction of roller shade on a sunny day it was observed that even when the 
interior surface temperatures reached about 40C, the thermal conditions were within the comfort zone 
since the radiant thermal asymmetry hovered below or at 5C. The use of shading prevented direct 
sunlight to penetrate inside. In case of venetian blind, the results were grouped into three scenario and 
subsequent effect of thermal conditions are showed in the table 6.1: 
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Tilt position/ Tilt angle Operative Temperature Radiant Thermal Asymmetry 

 
Blind at horizontal position 

 
Remained above the comfort 
conditions from 11am-5pm 

About 20C with spikes in data 
trends because of intermittent 
shading effect 

 
Blind at 45 angle 

Maintained between 21-27C Below 10C with direct solar 
radiation entering at low sun 
angles 

 
Blind at 90  angle/ closed 

Between 20-26C (very close to 
the 25C upper limit set for 
comfort condition) 

 
Never exceeded above 3C 

Table 6.1: Blind tilt angle and results on radiant thermal asymmetry Tzempelikos et. al (2007) 

 
 

Under cloudy conditions, it was found there was no radiant temperature asymmetry due to window 
surface temperature for any cases. Even with horizontal position of venetian blind, the temperature of 
glazing was maintained between 17C-19C for the entire day and the RTA was below 4C. It is quite 
noteworthy to mention in this study that cloudy conditions in the measured days did not caused rise in 
operative temperatures and hike in radiant thermal asymmetry. Also, it can be said that high-
performance, double-glazed, low-e glazing windows is enough to maintain acceptable thermal 
conditions under cold, cloudy conditions.  
 
 
The results from Tzempelikos et. al (2007) conveys indirectly in the present study that if external shading 

was activated on 7th may U41 classroom, direct solar radiation would have been avoided and rise in 

MRT and rise in operative temperature (that rose to 28.08C from the initial condition of 22.96C at 

the window side) could have been prevented. However, there were no means to measure solar radiation 

in the present study in Undervisningshuset but correlation between MRT-PMV and discomfort votes by 

occupants could be a plausible reason that discomfort happened due to high solar radiation at window 

side and similar results of high mean radiant temperature responsible for high PMV values and PPD 

increase on the window side strengthen the claim that it could be solar radiation that led to increase in 

mean radiant temperature at the window side. Also, discomfort was not caused on cloudy conditions 

during the measurement sessions in Undervisingshuset. One more thing to note here is measurement 

carried out on 8th May in U1, didn’t saw rise in mean radiant temperature and operative temperature 
even when outside temperature was 20.22C. One reason might because the sun was on the western 

façade and no direct sun was incident on the eastern façade Of U1 lecture hall. This again hints towards 

Huizenga et. al (2006) and Lyons et. al (1999) claims that comfort conditions in summer and perception 

of comfort is largely dominated by solar load. 

 

 

Shen et. al (2014) from Lighting Solutions and Services at Philips performed a quantitative comparison 
of different control strategies. The research was focused on comparing energy and visual comfort 
performance of seven different independent and integrated lighting and daylight control strategies by 
shared HVAC state and occupancy information. Simulations were carried out for three locations: Abu 
Dhabi, London and Baltimore with two types of blinds: interior horizontal and external horizontal 
blinds. The cases were studied on two WWR ratio: 66% and 100%. It was found that in all the studied 
cases that the cooling energy consumption of internal blinds were higher than external blinds. 
 
It was also found in their results that exterior blinds were effective in blocking the solar heat to enter 
the occupied space. The study highlighted the potential of shading system strategies to reduce energy 
consumption in buildings and improve visual comfort indoors and an integrated shading control strategy 
with lighting, daylight and blind tilt angle control was able to perform better than other strategy.  An 
overview of studied shading strategies and subsequent trade-offs between glare, illuminance, heating 
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energy consumption, daylight have been discussed in the table 6.2 and table 6.3. The way of ranking 
the shading strategies is from top to bottom (best to worst performer). 
   
 
 

Control 

Type 

Control Strategy 

Manual 
Control 

Strategy 1: Manual control of lights and no blinds 

Independent 
Control 

Strategy 2: Independent open-loop blind, closed-loop dimming control 

“ Strategy 3: Independent open-loop blind, closed-loop dimming control, occupancy and 
HVAC mode shared with blind system 

“ Strategy 4: Independent closed-loop blind, closed-loop dimming control 
“ Strategy 5: Independent closed-loop blind, closed-loop dimming control, occupancy and 

HVAC mode shared with blind system 
Integrated 
Control 

Strategy 6: Fully integrated lighting and daylighting control with blind tilt angle control 
without blind height control 

“ Strategy 7: Fully integrated lighting and daylight control with blind tilt angle and height 
control 

Table 6.2: Different shading cases of manual, independent and integrated control in Shen et. al 

(2014) 
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Fig. 6.3: The analyzed shading strategy cases in terms of Lighting, Cooling, Heating, Visual comfort, Glare Index, Electricity ratings in Shen et. al 2014 
 
 

Lighting Energy Cooling Loads Heating Loads Total Energy 
(lighting, heating, cooling, fan 

consumption) 

Visual DGI  
(Discomfort glare index) 

Electric Demand 

Strategy 7  
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Strategy 3 
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Strategy 1 

Strategy 5  
Strategy 6,4  
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Strategy 2 
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Strategy 1 

 
Strategy 1 
Strategy 3 
Strategy 7 

Strategy 2,4,5,6 
 
 

 
Strategy 6,7 
Strategy 3 
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Strategy 2 
Strategy 1 

Strategy 6 
Strategy 4,5 
Strategy 7 
Strategy 3 
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Strategy 1 

 
Strategy 4,5 
Strategy 6 

Strategy 2,3 
Strategy 7 
Strategy 1 

 
 
 

Strategy 6 

 
Height control strategy in 7 did not 
allowed daylight to penetrate 
beyond the allowable penetration 
depth, plus blinds were raised 
during significant portion of day 
allowing daylight to enter the 
room lead to reduction in energy 
demand. 
 
Strategy 3 performed better due to 
occupancy sharing information 
between lighting and HVAC link. 
 
In strategy 2 absence of occupancy 
information lead to cutting off the 
blinds. 
 
The design operation in strategy 5 
led to higher lighting energy as 
when HVAC is in cooling mode in 
unoccupied space, blinds tends to 
close to save cooling energy. 
When occupant enters the zone the 
control method turns on artificial 
lighting and this system is not able 
to harvest maximum daylight gain.  

 
As in strategy 5 blinds remained 
partially closed most of the time 
they significantly reduced cooling 
energy load. It is important to note 
here that in strategy 5 lighting 
energy consumption was high as it 
limits daylight and increases need 
lighting, but because of low solar 
heat gain it performs best in terms 
of cooling loads. 
 
Compared to strategies 1,2,3 and 
7; strategy 6 performed better as 
solar heat gain were avoided due 
to optimized blind operation. 
Once again it should be noted that 
strategy 6 and 7 performed the 
worst in terms of heating load 
consumption warding off solar 
heat gain thorough most of the 
time in the day. 
 
In strategy 7 since the blinds are 
fully raised for significant portion 
at daytime and strategy 1 with no 
shading allowed maximum solar 
heat gain in the occupied zone. 

 
The absence of blinds in strategy 
1 allows maximum solar heat gain 
into occupied zone and makes it a 
winner here. But it is not feasible 
as it has major drawbacks as it is 
worst performer in cooling load, 
total energy consumption, visual 
performance and discomfort glare 
index. 
 
The occupancy sharing link in 
strategy 3 allows open blinds in 
inoccupancy periods and closing 
blinds in night allowed to reduce 
heat loss through windows. 
 
Keeping the blinds raised for 
significant time during day 
allowed solar heat gain through 
the windows, hence strategy 7 was 
able to perform better than other 
strategies. Also, closing the blinds 
during the night reduced heat loss 
through the windows. 

 
Strategy 6,7 performs the best in 
most climate and situations as they 
led to lower consumptions in terms 
of cooling, heating and lighting 
energy consumptions through their 
integrated control and optimized 
blind control operations. 
 
Adding the HVAC link and 
occupancy information sharing led 
to reduction in energy consumption 
reduce energy consumption 
between 0.6% and 6.5%. 
 
The strategy 1 which performed the 
best in heating energy consumption 
is the worst performer because of 
high cooling loads and high 
lighting energy consumption 
because of manual light switching 
off. 

 
Strategy 6 properly controlled 
illuminance to the desired levels 
in all climates. 
 
Strategy 4,5 varied in 
performance depending upon the 
climates. The lights are turned on 
fully as per control to meet the 
required set point. The blinds are 
kept closed during HVAC 
cooling mode. This optimized use 
between lighting and occupancy 
made these two strategies as next 
best performer. 
 
Since blinds were raised for 
significant portion during the day 
in strategy 7. It allowed excessive 
daylight into the space and 
exceeding the 1000lx limit. 
 

 
Since blinds stayed partially 
closed, strategy 4,5 performed the 
best in this case. 
 
Maintaining desired levels of 
illuminance in all climates, 
strategy 6 was the next best 
performer in the analysis. 
 
Since strategy 7 had a control 
where the height of the blind was 
controlled as per penetration depth 
in to the rooms, there were 
instances where DGI was below 
22. Hence, it was not the best 
performer in this case. Glare levels 
were also reported to be higher in 
west facing façade zones due to 
longer occupied time occurring 
during afternoon. 

 
The electric demand is 
hugely dependent on 
control strategy, type of 
building, month of 
study and climate. The 
ranking of strategies 
differed for the cases of 
Abu-Dhabi, London, 
Baltimore. But it in 
general, it was 
concluded by the 
authors that the 
Strategy 6 performed 
best overall across the 
analyzed cases. 
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The studies reviewed in this section of the report focuses on the point that shading devices and their 
control strategies have a potential to ward off solar radiation entering the building occupancy zones, 
while keeping the heating and cooling energy low. Sweden and the Nordic region in general, this 
summer saw great rise in summer temperatures which were way higher than the normal summer 
temperatures (As stated in The Local Se, Samenow, J. -SMH, Strandberg-SMHI, 2018) making it an 
unusually warm summer in decades. The current study did not had any measurements during the warm 
period because of semester break at the university, but it would have been interesting to see if the 
measurements have been carried out in the summer as well to see how much the temperatures would 
have risen in the lecture rooms. It would have been interesting to test a claim that weather having good 
shading strategies and high-performance windows with solar glazing and low U-values are good enough 
to have comfortable indoor climate conditions, that could minimize the impact of solar radiation at 
warm weather peaks and if yes can they minimize or preclude the need of cooling to maintain ambient 
thermal conditions. In present study, glazing values, window properties and shading strategies were not 
studied because of lack data availability. But this could be carried out for a future study and evaluating 
shading strategies and window properties of Undervisingshuset. 
 
Windows play an important role in providing daylight and each of our building certification codes have 
certain demands for daylight levels. 
 

BREEAM-SE Daylight factor (D/F) 2.1% for universities 
LEED Spatial daylight autonomy (SDA) 55%, 75%, 90% 
Miljöbyggnad (Swedish Green Building) Daylight Factor ≥ 1% for Bronze 

                             1.2% for Silver 
                             1.5% for Gold 

 
The point to mention here is, on one side there are these demands on daylight levels on how much 
daylight one must have to attain a certain certification level, but while fulfilling this there are good 
chances to allow solar radiation in occupied that could create rise in indoor temperatures and create 
glare and discomfort problems. With the knowledge of studies reviewed in this section, it may be 
concluded that with the use of shading there comes trade-offs between energy consumptions and 
consequent effects on thermal comfort, glare and illuminance levels. Also, not only shading but 
properties of windows like glazing to wall ratios, U-value of windows, SHGC, double-pane or triple-
pane options will also influence not only energy use but thermal conditions indoors. Chapman et. al 
(2004) in ASHRAE RP-1162 demonstrated that for large glazed areas when the sun impact is high 
during summers even, improving glazing quality will not improve comfort conditions indoors. Similar 
conclusions were made by Lyons et. al 1999 that low-E double pane windows will be creating similar 
discomfort problems as uncoated single pane windows. Halawa et. al (2014) mentioned that external or 
internal shading can be a possible solution to minimize the radiant field impact but may not completely 
resolve the issue. Also, Halawa et. al (2014) highlighted that occupants in the buildings react to current 
and recent weather conditions and their motivation to use the blinds is to reduce glare rather than 
improving thermal comfort. The question persists the use of shading strategies and window properties 
to what extend can improve thermal conditions indoors. 
 
All in all, with rising temperatures outdoors, more extreme weather conditions due to climate change 
shading strategies and windows in future could become a key parameter in building design and its 
energy consumption during operation phase. There should be detailed case-to-case analysis not only in 
terms of daylight levels and lighting energy use, but the evaluation must be a combined evaluation on 
thermal comfort conditions and consequent effect on energy consumption. 
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7. LIMITATIONS OF PRESENT STUDY 

 

7.1 Observational Study 

This study was carried out in Undervisingshuset (The Educational House) at KTH Royal Institute of 
Technology, Stockholm, Sweden which is a Miljöbyggnad Guld (Swedish Green Building Gold) 
certified building. Being the highest standard of environmental building certification as per Swedish 
Green Building standards it has to fulfill the strict demand of annual energy consumptions and maintain 
good levels of indoor environment quality, the measurement sessions hence were carried out in extreme 
care. Attention was given that the measurement sessions do not cause any change in HVAC control 
systems settings so that it can cause any repercussions on the set points of the building systems or 
subsequently cause a negative effect on energy consumption of Undervisingshuset. 

Hence, the study was extremely bounded by the conditions of the property manager. The study was 
limited to going into the lecture rooms and recording the environmental variables during the lecture 
sessions. No changes were made in the thermostat controller of rooms, thermostat power of radiators, 
lighting, shading control, forced ventilation system by the experimenter. The purpose was to just 
observe how the environmental conditions varies during the course of lecture and see what the effect 
(positive, negative or neutral) it has on the perception of occupants through questionnaire survey. 

Having stated all these conditions, the experimenter had zero control on the environmental variables 
(air temperature, mean radiant temperature, air velocity, humidity) and this study can then be considered 
as a ‘pure observational study’. 

7.2 Frequency of measurement session and duration 

The studied building was studied 16 times for the measurement sessions from 20th March to 8th May. 
The frequency and time of measurement sessions was based on the occurrence of a course in the studied 
building.  Also, the choice of rooms was largely based on in which room the selected courses were 
scheduled.  

The frequency of measurement sessions was also influenced by the university’s schedule for the 
semester, where no measurements were conducted in the studied building between 2nd April and 20th 
April because of Easter break. As a personal feeling of the author, given so many boundaries and 
limitations of this study it would have been good if measurement sessions could be conducted a greater 
number of times to notice if there is any variance in indoor environmental conditions between different 
classrooms. Now it is hard to agree on a number and say how many sessions could have been conducted. 
But more the sessions, more the data and better sample size could lead to higher analytical power.  

One important thing to notice in all the measurement sessions is the duration of measurement. The 
measurement sessions were conducted for a duration of 2 hours (because of the lecture schedule). 
Comparing this to the studies reviewed: Walikewitz et. al (2015) conducted measurement in their study 
for 24 hours, Khamporn et. al (2014) in their test room recorded the environmental conditions from 
4:00hrs to 20:00hrs, Atmaca et. al (2006) while comparing the effect of solar radiation on PMV in two 
cities of Turkey analyzed the data of at least 10 hours, Rowe conducted the measurement sessions 
spanned for 2 years during office hours (considering at least 8 hours), Emuwa analyzed the study case 
of condominium room on 24 hour basis. Considering this to Undervisingshuset measurement sessions 
duration is minimal, this quite visible on the values of operative temperature for the session, there is no 
noticeable variation in the environmental variables of the lecture rooms because of shorter duration of 
measurement session. Significant in variation was only noticed of 7th May session when solar radiation 
incident into the room led to the rise mean radiant temperature value and could have raised the PMV 
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value near the window (however, supported by previous study findings as in discussion section). If the 
measurements would have been conducted for a longer duration larger variance in environmental 
variance could have been noticed, however this was not possible to do so in present study as the 
experimenter did not received permissions to conduct measurement sessions in other lectures apart from 
the three courses mentioned above. 

7.3 Measurement of downward draft velocities 

As previously stated, measurement of air velocities could not be taken near the windows in any of the 
sessions because of lack of instruments to measure it. No conclusions can be made therefore that 
downdraft draft could cause a problem in this investigation of the building. Also, velocities had to be 
measured at two locations with respect to windows. One near the window and another measurement 1m 
away from the window. This would have been possible by setting up extra instruments for air velocity 
measurements at these distances and would have made the room space crowded causing dissatisfaction 
to the students. 

7.4 Physical Interventions 

Being an observational study, it was not possible to make physical intervention during the measurement 
sessions and see how the environmental variables and perception of occupant changes in that situation. 
It was totally out of scope to this in this current study to change the thermostat set points for room 
temperature or radiator settings. Large differences in conditions could have been generated by 
introducing artificial heating and cooling conditions in the lecture halls and create radiant asymmetry 
or draft conditions, but it was not possible to do so in this study. 

As a personal opinion of the author, it should be demonstrated by the researches and standard makers 

that how indoor environment investigation should be studied or carried out in an environment where 

normal day-to-day activities takes place (schools, universities, offices) in tackling complexities in 

measuring the parameter of interest. Even in the ASHRAE 55 the ranges of radiant temperature 

asymmetry and thermal discomfort, draft limits are all a result of work done in climate chambers 

creating discomfort situations by physical interventions (Mc Nall, Biddison, McIntyre, Fanger , 

Bandihi, Jensen, Nielsen, Olesen, Langkilde, etc.). Climate chamber studies makes it easier for the 

experimenters to have superior control over different parameters and avoid effects of confounding 

factors. However, in real world scenario this is not a case as the environmental variables vary with 

conditions and sometimes due to occupant actions. McIntyre (1982) rightly addressed that climate 

chamber experiments has reductionist approach and disregards some of the important and ill 

understood factors affecting comfort. Climate chambers studies are successful in producing consistent 

ranges of discomfort, but in true scenario in buildings complaints from occupant could be because of 

wide factors (cold feet, dry air, hot windows) and chamber studies often failed to reproduce the physical 

cause of complaint. In real world conditions people are free to modify their clothing level based on the 

environmental conditions in the room. Also, ASHRAE standards assumes standard value for different 

clothing ensemble but in practical it depends upon the knit of fabric, type of fabric, how much area of 

body is still exposed even with clothing levels. The current knowledge of clothing in codes and standards 

to define clothing values is very simplified where we get a CLO number put in the equation and get the 

values. It is known of the fact that clothing has a biggest impact on thermal comfort and there is a need 

to clearly address the variability of clothing values in the standards. Not only CLO but also a better 

differentiation between all the environmental parameters of thermal comfort should be discussed. 
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7.5 Use of Globe Thermometer and Infrared cameras 

The reason not to use these instruments traces back to the first limitation in this section. However, it 
would have been interesting to see the differences in mean radiant temperature in the 9 grid points of 
the classroom and relate it to the PMV, but the globe thermometer has a high response time, 15-20 
minutes (Alfano et. al 2013) and it was not possible in this study to go to each location and take spot 
measurement without affecting the ongoing lecture session. McIntyre (1974) stressed when recording 
the thermal environment, it is important to measure all the relevant environmental variables at the 
subject’s position. Even today with advancement in wireless technology and electronic instrumentation 
there is a need to develop compact hand-held devices to measure spot values of environment variables. 
Walikewitz et. al (2015) found interesting differences in the surface temperatures of their studied rooms 
using thermal infrared cameras but it was not possible to take multiple values for a long duration of 
time.  

7.6 No measurement of glazing surface temperature and solar radiation intensity 

With limited instruments to measure environmental variables, it was not possible to measure glazing 
surface temperature. There was no availability of pyranometer or other similar devices to measure solar 
radiation incident in the room. Also, using extra instrument would have meant to crowd the lecture 
space with wires and other instruments for data recording that would have led to the dissatisfaction of 
students in the lecture.  Also, these sensors and probes are highly sensitive and as mentioned previously 
in the study student could move and occupy the space at their will. Even a little push or pull to the 
instruments may lead to damaging the equipments. Hence, it was decided not so to use such devices in 
lecture hall measurements.  

7.7 No data available on glazing properties and glazing to wall ratio in lecture rooms 

The study could not analyze the effect of glazing properties and glazing to wall ratio on thermal comfort 
conditions in the lecture. Interesting results were found by Sengupta et. al that with decrease in glazing 
to wall ratio improves comfort conditions in summer. The author could not get data about the glazing 
properties (U-values, SHGC) from the property manager of the building so the study of glazing 
properties was excluded in this study. 

7.8 Effect of clothing 

The effect of clothing was demonstrated with an example in discussion section, it has a huge impact in 
perception of comfort. The impact of clothing level on thermal comfort was studied by Kritikou (2018) 
using the same data generated from the measurement sessions of Undervisingshuset. To avoid clashing 
of studies, clothing was not considered in the present study. 

7.9 Local temperature differences in body not measured 

In this study participation of students was completely voluntary. It was not possible to use skin 
temperature probes, skin thermocouples or bio-logger on the subjects. The students intend was just to 
attend lecture in this study. This can only be possible if there is a binding on the participation of the 
study or some subjects volunteer to participate. There was no such binding in the present study and 
students participated on questionnaire responses on their will. This condition of voluntary participation 
was also reflected in the thermal sensitivity votes from each session. It was particularly low for sessions 
on 4th May, 7th May and 8th May. 
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8. FUTURE WORK  

 

8.1 Prolonged measurement sessions in Undervisingshuset 

As discussed in the limitations section that in the current study the measurement session was only for 
two hours and no substantial variations in environmental parameters was noticed in the building. If in 
future if it is possible to have the permissions of other course responsible professors that had subsequent 
lectures in the measurement rooms on a given day, it would be possible to record data for a longer 
period of time. Also, it would be interesting to see even if measurements are done for empty room one 
might see variations in situations of environmental parameters when room is unoccupied and how it 
changes when the room gets occupied. 

One way to increase the number of measurement sessions in Undervisingshuset if somehow in future 
would be to organize all the lectures of the courses under Building Services and Energy systems division 
at KTH in the same building, which have the instruments and equipments to carry out indoor climate 
field investigation.  

8.2 Comparing other buildings at campus 

An interesting study could be made by comparing thermal comfort conditions between different 
buildings in the campus and see how the environmental parameters vary in both buildings. Walikewitz 
et. al 2015 assessed indoor heat stress variability in different buildings in summer. The measurement 
could be done on simultaneous time or as a set of separate study.  

8.3 Making physical interventions 

This study was bounded by limitations of being an observational study, for future studies if it would be 
possible to create artificial environmental conditions of heating and cooling using heat convectors and 
air conditioners or creating radiant temperature asymmetry. Different analogies could be drawn by 
recording data and analyzing it from different scenarios. Considering Undervisingshuset a high 
performance building given the fact being Miljöbyggnad Guld (Swedish Green Building Gold certified) 
it is expected to keep ambient level of comfort conditions which it was able to do so during the 
measurement sessions. It is evident from the fact that the building does not provide any range in the 
environmental parameters. In future, if any future study is planned in the building it would be better to 
have interventions to create variance in the environmental parameters.  

8.4 Use of Infrared cameras, Pyranometers, Thermocouples 

More accurate results can be made with the use of infrared cameras to investigate the surface 
temperatures, would allow to take reading of windows at different time intervals. Khamporn et. al got 
strong correlation of solar radiation with mean radiant temperatures and surface temperature with mean 
radiant temperatures using two pyranometers for measuring direct solar radiation and transmitted solar 
radiation. Type J thermocouples could be used in future to record surface temperature variation in the 
window surface.  

As mentioned in limitations section, the biggest limitation of this study was the inability to take 
measurements of air velocity near the windows to make any conclusions on draft possibility near glazed 
facades. In future if any studies are conducted in Undervisingshuset, KTH it would be advisable to use 
ComfortSense mini kit as shown in Fig. 8.1. A robust high accuracy device of dimensions (32 x 63 x 
113 mm) capable of measuring velocities from 0.05 m/s to 30 m/s in confined spaces with draught rate 
according to ISO 7730. 
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Fig. 8.1: ComfortSense mini kit with robust temperature and velocity probes (ComfortSense) 

8.5 Analytical studies based on U-values, SHGC, GWR of window between the compared  

        rooms/buildings 

Lyons et. al reported that in winter comfort conditions are related to U-value and in summer it is related 
to the glazing to wall ratio (GWR) and solar heat gain coefficient (SHGC). If glazing properties and 
glazing to wall ratio can be calculated in future studies for the studied cases it would lead to more 
intriguing research questions. Every building is different from other in terms of building materials 
selection, HVAC design and space usability. In practicality it can be complex to conduct indoor climate 
investigation in different buildings.  

8.6 Simultaneous measurement session in U1, U41, U61 with and w/o shading 

The emphasis of shading has been discussed previously in this report. As a future study it would be nice 
to say on a hot sunny day if measurement is done in these three lecture halls (based on weather 
predictions) interesting differences in environmental conditions could be seen as all three receive direct 
sun in afternoons and size and shape of windows for these three rooms are different from each other. 
Three types of measurement scenarios could be made in future studies: 

⎯ Measurement sessions with use of shading in all three rooms 
⎯ Measurement session without shading in all three rooms 
⎯ Measurement session with differential shading between the rooms, like for one session the 

external shading for U41 can be switched on while it is closed for U1 and U61. Some other 
time shading of U1 could be kept on while on the same time U41 and 61 has no shading in 
application, etc. 

If such an experiment is designed in future it could be interesting to see how shading is able to ward off 
solar radiation and reduce the need of having advanced cooling systems to maintain ambient indoor 
environment indoors.  
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8.7 Participation of students as volunteers for future studies 

The voluntary participation in this study did not allowed to investigate local warming or local cooling 
effect of body. In future, if students could volunteer a for a similar as Hodder & Parsons (2007) where 
they addressed discomfort in terms of sweating and stickiness vote in warm conditions. Also, to 
investigate cooling effect conditions with measuring floor temperature and temperature of exposed skin 
at ankle level some correlation could be made with air velocity and discomfort of occupant. This could 
be done for the courses of Building Services & Energy systems division at KTH Royal Institute of 
Technology. The university follows a system of giving bonus points for final exam in some of the 
courses. A bonus point could be allotted to the participant students as an incentive for the final exam.  

 

9. CONCLUSIONS 

 

 

This study was carried out to investigate the influence of Mean Radiant Temperature on Predicted Mean 
Vote in an indoor environment. The aim was to investigate does variations in MRT and PMV could 
influence the thermal comfort conditions in a room and create differential comfort situations based on 
the location in the room. 

Field investigation of indoor environmental conditions were carried out in a university building in 
Stockholm, Sweden using a multi-channel probe measurement instrument. Based on the data analysis, 
it was found that on a clear sunny day when direct solar transmission is incident on windows it 
substantially increased the mean radiant temperature in the vicinity. This rise in mean radiant 
temperature subsequently increased the PMV value and PPD (Predicted Percentage of Dissatisfied) near 
the window area, while ambient comfort conditions were maintained at the far side of the window in 
the same room. An increase in PMV was noticed within the room which was about +0.389 units (from 
negative scale towards positive scale) between the two measured locations in the room. The thermal 
sensitivity votes also reflected warmer votes near the window side, while the occupants on the inner 
side were at neutral and slightly cool sensation. It was found that rise in mean radiant temperature was 
noticed until there was direct transmission of solar radiation through the window during the 
measurement session in the lecture rooms. Although the results from the discomfort session are just 
correlations and correlation does not imply causation, but the results implicate towards the previous 
studies reviewed in this report. It is advisable to use shading devices on sunlit windows during peaks in 
summer season at avoid heat gain and maintaining ambient comfort indoors. 

Being an observational study, it was not possible to make use of infrared cameras, thermocouples, draft 
probes or pyranometers to make stronger claims about casual effect of solar radiation and downdraft 
draft on thermal discomfort through windows. There is a need for more demonstrated cases to assesses 
discomfort scenarios in terms of field investigations in actual building environment where normal day-
to-day activities takes place. Approaches should be developed in an environment where one does not 
have control of environmental variables in real-world settings. There is need to learn from the 
operational phase of buildings and user experience of building users and inculcate that to our pre-design 
modelling studies. The approach should be to prevent the discomfort first rather than responding to the 
discomfort complaints by cooling and heating the indoor space later. 
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10. AUTHOR’S REFLECTION 

 

Providing comfortable indoor environment to people in buildings is the purpose of the building service 
engineering. While designing these building systems for comfortable indoor environment, building 
services engineers must keep in mind the energy consumption aspect and focus on the low energy design 
as well. People generally react to peaks in weather conditions (hot and cold temperature peaks). With 
climate change becoming a pressing issue for the environment, it is expected in future we will have 
more colder and hotter peaks of weather.  

Performance of façade and the role of architectural design in buildings could play a vital role to create 
sustainable and low energy/low impact buildings. The performance of façade and façade design of a 
building could also influence the choice of building systems design. As mentioned before in the report, 
clothing has a huge impact on the thermal perception of a person in an indoor environment. It can also 
be said that ‘Façade is the Clothing of a building’ (sweater for cold climate countries). The more 
climatic control a façade can achieve by itself, lower energy would be consumed by the building’s 
heating, cooling and space condition systems. The higher the performance of a façade which is designed 
or tuned to the building’s orientation the simpler the building services design would be as it will not 
have to deal with large load variation indoors caused by the effect of climate on the façade. 

Comfort in indoor spaces is generated by a complex interaction of a person with the building, the 
building components, and the HVAC systems of the buildings. Having said this, building services 
engineers usually have partial control over those indoor spaces for which we design and analyze those 
space’s HVAC systems. The space people use in buildings is largely influenced by the architects and 
interior designers. The behavior of the building envelope, structure, form and height of indoor spaces, 
building materials used in the building all affects the thermal comfort and indoor environment 
conditions that will be achieved indoors. The point here is that the approach of designing buildings 
should be an integrated design process between all the teams who works to design and create the 
buildings and the indoor spaces. The evaluation or rather the pre-design building performance 
evaluation should be a combined evaluation considering the effect of the design choices on thermal 
comfort, lighting energy, shading effect and total energy consumption. 
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Lecture Room: U1 

Indoor Environmental Quality Questionnaire 
Thermal, Visual and Acoustic Comfort in the Educational Building at KTH, Stockholm  

 

This study is a part of our master’s degree project, with the purpose of increasing our understanding of 

how the indoor environment is perceived by building users.   

This questionnaire survey is anonymous and intended for educational purposes only. Your 

participation is completely voluntary and you are free to terminate your participation at any time. 

The time to complete the survey is approximately 8 minutes in total. Please go through every question 

and give an answer based on how you feel at the moment. 

 

Part 1 (To be filled in before the break) 

BACKGROUND INFORMATION 

 Year of birth__________________                            Gender:        Female          Male         Other 

 

 In the list below check the type of Clothing you are currently wearing 

 
Undershirt  Light 

 
Heavy     

Socks 
 

Light 
 

Heavy     

Footwear 
 

Shoes 
 

Boots     

Shirt 
 

Light Short 

Sleeve      
 

Light Long      
 

Heavy Short 

Sleeve 
 Heavy long 

Sweater  
 

Light 
 

Heavy     

Jacket 
 

Light 
 

Heavy     

Trousers 
 

Light 
 

Medium 
 

Heavy   

Skirt 
 

Thin 
 

Thick     

Dress 
 

Short Sleeve Thin 
 

Long Sleeve 

Thin      
 

Long Sleeve 

Thick 

  

 

 Check the Climate Zone you originate from 

 Polar/Subpolar  Temperate  Subtropical  Tropical 
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 In the picture below mark your Location in the room 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 What has been the main activity of the lecture (previous 45 minutes). Mark what is applicable 

(at least one alternative) 

Listening, 

Taking notes 

Making 

calculations 

Writing 

reports 

Group 

discussion 

Work in 

computer 

program 

Listening to 

presentations 

Making 

presentation 

       
 

 

GENERAL SATISFACTION 

1. How satisfied are you with the indoor environment in general at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       
 

 

 

Whiteboard 

E
x
te

rn
al

 W
in

d
o
w

 
E

x
te

rn
al

 W
in

d
o
w
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THERMAL COMFORT  

2. How do you feel at the moment? 

Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot 

       
 

3. Would you prefer the room temperature to be? 

 
 Warmer  No change  Cooler  

       

 

4. How satisfied you are with the temperature in the room at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       
 

5. How do you perceive the air movement at the moment?   

Still      High draft 

       
 

6. How do you perceive the level of humidity at the moment? 

Too dry      Too humid 

       
 

 

ACOUSTIC COMFORT 

7. How satisfied are you with the level of sound/noise at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       
 

 

8. How satisfied are you with the following sound/noise aspects at the moment? 

 

 

 

 Sound from Phones, Printers, Computers 

 Sound from Building Systems 

 Sound from Speech 

Very  

Dissatisfied 
Very 

 Satisfied 
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VISUAL COMFORT 

9. How satisfied you are with the lighting conditions (daylight and electrical lighting) at the 

moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       
 

10. How satisfied are you with the following?  

 

 

 

 Daylight 

 Electrical Lighting 

 Glare or Reflection (uncomfortable light  

reflections or bright light in eyes) 

 

 

HEALTH SYMPTOMS 

11. How do you feel at the moment? 

Very unwell      Very well 

       
 

12. How strong do you feel the following symptoms at the moment?  

 

 

 Headache 

 Dizziness 

 Fatigue (Exhaustion) 

 Dry or irritated skin 

 Irritated nose (blocked, runny) 

 Irritated eyes (watery, dry)  

 Irritated throat (dry, cough) 

 Cold hands and feet 

 

 

 

 

 

 

 

 

Very  

Satisfied 
Very  

Dissatisfied 

Strong  

Symptoms 

No  

Symptoms 
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GENERAL QUESTIONS 

13. To what extent are you able to concentrate at the moment? 

Not able to 

concentrate 
     

Fully able to 

concentrate 

       
 

14. How motivated are you to work hard at the moment? 

Low 

motivation 
     

High 

motivation 

       
 

15. How much are you able to work in this room at the moment in relation to your optimum 

performance? 

0% 
(not able to work) 

     
100% 

(fully able to work) 

       
 

16. How much is your productivity increased or decreased by the general environmental 

conditions in the building? (0% represents a “normal” building). 
 

-20% -15% -10% -5% 0% +5% +10% +15% +20% 

         
 

17. How much is your productivity affected by the following conditions at the moment?  

 

 Not  

Affected 

     Highly  

Affected 

Too hot/cold        

Poor air quality 
       

Poor lighting 
       

Noise 
       

Too crowded 
       

Bad office layout 
       

Poorly cleaned or maintained 
       

Electrical systems not working 
(e.g. elevators, printers, computers, projectors, 

power sockets) 
       

 

18. How much control do you have over the following parameters? 

 

 No  

Control 

     High  

Control 

Temperature (Change setpoints, radiators)        

Air quality (Window, Ventilation) 
       

Noise (Noise barriers) 
       

Lighting (Shading, adjust electrical light) 
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Part 2 (To be filled in after the break) 

AIR QUALITY 

19. How do you feel about the air quality at the moment? 

Unacceptable      Acceptable 

       
 

 

20. How much smell do you sense at the moment? 

Too smelly      No smell 

       
 

 

21. How dry is the air at the moment? 

Very dry      Not dry 

       
 

 

22. How stuffy (closed in/ unfresh) is the air at the moment? 

Stuffy      Fresh 
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Part 3 (To be filled in at the end of the lecture) 

GENERAL SATISFACTION 

23. How satisfied are you with the indoor environment in general at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       

THERMAL COMFORT  

24. How do you feel at the moment? 

Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot 

       
 

25. Would you prefer the room temperature to be? 

 
 Warmer  No change  Cooler  

       

 

26. How satisfied you are with the temperature in the room at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       
 

27. How do you perceive the air movement at the moment?   

Still      High draft 

       
 

28. How do you perceive the level of humidity at the moment? 

Too dry      Too humid 

       

ACOUSTIC COMFORT 

29. How satisfied are you with the level of sound/noise at the moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 
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VISUAL COMFORT 

30. How satisfied you are with the lighting conditions (daylight and electrical lighting) at the 

moment? 

Very  

Dissatisfied 
     

Very 

Satisfied 

       

GENERAL QUESTIONS 

31. To what extent are you able to concentrate at the moment? 

Not able to 

concentrate 
     

Fully able to 

concentrate 

       
 

32. How motivated are you to work hard at the moment? 

Low 

motivation 
     

High 

motivation 

       
 

33. To what extent are you able to work in this room at the moment, considering the environmental 

conditions? 

0% 

(not able to work) 
     

100% 

(fully able to work) 

       
 

34. How much is your productivity increased or decreased by the general environmental 

conditions in the building? (0% represents a “normal” building). 
 

-20% -15% -10% -5% 0% +5% +10% +15% +20% 

         
 

 

Thank you for your participation! 
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