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Abstract 

Worldwide, today’s buildings require massive energy input for air conditioning in terms of 

heating, cooling and de-/humidification, including auxiliary energy demand for the mechanical 

system itself. The way we define “comfortable” thermal conditions plays a significant role in 

this environmental impact. 

Adaptive comfort models, developed on the basis of field studies in tropical and subtropical 

climates, give evidence that extended operative temperature and humidity ranges are 

acceptable for indoor climate especially when combined with elevated air speed controlled by 

the occupants. Adaptive comfort can typically be achieved with fewer mechanical systems. 

In this context, the present work was embarked upon with the overall objective of developing 

a comfort calculation methodology that evaluates thermal comfort on the basis of dynamical 

thermal building simulation, considering the effect of air movement under hot and humid 

thermal conditions. 

Theoretical analysis and comparison study of thermal comfort indices are presented. The 

Standard Effective Temperature (SET) and the Predicted Mean Vote for elevated air speed 

(PMVeas) according to the ASHRAE Standard 55-2013 are proposed as preferred indices for 

evaluating the effect of air movement in a tropical climate. A calculation method is 

developed, implementing SET and PMVeas, and variably adapting their input parameters for 

thermal comfort regulation. 

The dynamical building simulation program TRNSYS 17 3D in combination with the 

developed calculation method is used for elaborating comfort design strategies for a generic 

classroom model in the hot and humid summer climate of Dhaka, Bangladesh. The designs 

are compared with regard to achieved comfort, required systems and energy demand. 

Following this, an adaptive Heating, Ventilation and Air Conditioning (adaptive HVAC) design 

is proposed as an alternative strategy to deterministic HVAC control systems with a static 

“comfort zone”. In this context, ‘adaptive’ does not imply changing people’s comfort 

expectations. On the contrary it means calculating environmental parameters, especially the 

air speed, by a new evaluation method to create comfort. The adaptive HVAC comfort design 

provides fresh air quality and good thermal comfort: A simple decentralized mechanical 

system supplies the room with 20°C air temperature, while dehumidifying the air to 20°C dew 

point temperature. In addition, ceiling fans create an average air movement at 0.7 m/s. 

Compared to the conventional concept of returned air with full heat recovery, aiming at 26°C 
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operative room temperature, the energy demand is only about 75%. Both approaches 

provide the same comfort according to PMV for elevated air speed. 

This means that 25% energy savings can be achieved without compromising the thermal 

comfort of occupants.  
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Kurzfassung 

Weltweit haben Gebäude aller Art einen großen Energiebedarf, der für das Heizen, Kühlen, 

die Be- oder Entfeuchtung, sowie den Betrieb der entsprechenden Geräte anfällt. Wie wir 

angenehme Temperaturbedingungen oder thermischen Komfort definieren, spielt eine 

wichtige Rolle für den ökologischen Einfluss. 

Die Ergebnisse von Komfortstudien, die unter tropischen und subtropischen 

Klimabedingungen durchgeführt wurden, zeigen, dass erhöhte Luftgeschwindigkeiten 

erheblichen Einfluss auf den Innenraumkomfort haben. Bei einem nutzerkontrollierten 

Einsatz erhöhter Windgeschwindigkeiten wurde das Innenraumklima über einen größeren 

Temperatur- und Luftfeuchtigkeitsbereich als komfortabel empfunden, als in 

Komfortstandards definiert. Einige Studien legen nahe, dass durch den Nutzen des 

Kompensationseffekts der Luftbewegung ein reduzierter Einsatz von Klimatechnik erreicht 

werden kann.  

Die dargelegten Zusammenhänge sind die Grundlage für die vorliegende Masterarbeit. Ziel 

war es eine Methode zu entwickeln, mit der thermischer Komfort auf Grundlage dynamischer 

Gebäudesimulation bewertet werden kann, und dabei der Einfluss von Luftbewegung auf die 

thermischen Bedingungen im heißen und feuchten Klima realistisch berechnet wird. 

Die thermischen Komfortindizes SET und PMVeas wurden auf Grundlage der ASHRAE Norm 

55-2013 untersucht. Beide Indizes konnten als anwendbare Referenzen für die Bewertung 

von Luftbewegung unter tropischen Klimaverhältnissen identifiziert werden. In der 

vorliegenden Arbeit wurde ein Verfahren entwickelt, das auf SET und PMVeas basiert und 

deren Eingangsparameter adaptiv einbindet, um eine optimale Komfortsteuerung zu 

ermöglichen. 

Die anschließende Anwendung eines Komfortkonzeptes auf ein allgemeines 

Klassenzimmermodell basierte auf der dynamischen Gebäudesimulation TRNSYS17 3D. In 

diesem Zusammenhang wurde das zuvor erwähnte Verfahren verwendet um den 

thermischen Komfort unter tropischen Bedingungen zu bewerten. Der konkrete Bezug der 

Simulation ist der Neubau einer Universität in Dhaka, Bangladesch. Verschiedene Szenarien 

wurden in Bezug auf thermischen Komfort, Technikeinsatz und Energieverbrauch verglichen. 

Als Ergebnis wird eine adaptive Belüftung und Luftkonditionierung als Alternative zu den 

bestehenden deterministischen Regelsystemen der Lüftungstechnik mit statischen 

Komfortbereichen vorgeschlagen. Der Begriff „adaptiv“ zielt hier auf die Adaption der 

Klimabedingungen und nicht auf die des Menschen an thermische Verhältnisse. Dies wird 
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vor allem durch die Geschwindigkeitssteuerung der Luft erreicht, die hohe Temperaturen und 

Luftfeuchtigkeit ausgleicht. Das „adaptive HVAC Comfort Design“ erzeugt gute Luftqualität 

und angenehme thermische Bedingungen. Es beinhaltet ein einfaches, dezentrales System 

zur Vorkonditionierung der Luft, das eine Lufttemperatur von 20°C bei einer Entfeuchtung der 

Luft auf 20°C Taupunkttemperatur zur Verfügung stellt. Mit dem zusätzlichen Einsatz von 

Deckenventilatoren wird im Raum eine durchschnittliche Luftgeschwindigkeit von 0,7 m/s 

erzeugt. Verglichen mit dem Konzept einer konventionellen Klimaanlage, die mit 

Luftumwälzung und Wärmerückgewinnung eine operative Zieltemperatur von 26°C einhält, 

benötigt das neue Design nur 75% der Energie. Bei der Komfortberechnung mit der PMVeas 

Methode ergibt sich für beide Modelle ein so gut wie identisch empfundener Komfort. Damit 

erreicht das adaptive Komfortkonzept die Energieeinsparung von 25%, ohne dabei an 

thermischem Komfort einzubüßen. 
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Nomenclature 

 

 

  

Symbol Meaning Unit 

clo Clothing insulation factor [clo] 

DBT Dry bulb (air) temperature [°C] 

ECI Equatorial comfort index [°C] 

ET Effective temperature [°C] 

GT Globe temperature [°C] 

H Body height [m] 

hc, hr Convective / radiant heat transfer coefficient [W/m²K] 

M Body mass [kg] 

met Metabolic rate [met] 

MRT Mean radiant temperature [°C] 

OT Operative temperature [°C] 

Pa Air Pressure [Pa] 

PMV Predicted mean vote - 

PMVeas Predicted mean vote for elevated air speed - 

PPD Predicted Percentage of Dissatisfied - 

PT Perceived temperature [°C] 

RH Relative Humidity [%] 

SET Standard effective temperature [°C] 

Tair Air temperature [°C] 

Tair,clo Air temperature for clothing factor calculation [°C] 

Tn Neutral temperature [°C] 

TSI Tropical summer index [°C] 

UTCI Universal Thermal Comfort Index [°C] 

U-value Heat transmission coefficient [W/m²K] 

v Air velocity [m/s] 

WBT Wet bulb temperature [°C] 

x, w Humidity ratio [g/kg] 
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Abbreviations 

 

  

Abbreviation Meaning 

AC Air-conditioning 

ACB Air-conditioned building 

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

BRAC International development organization based in Bangladesh, largest NGO in 

the world 

CBE Center for the Built Environment, University of California, Berkeley 

DIN German Institute for Standards 

EES Engineering Equation Solver 

EN European Standards 

HVAC Heating, Ventilation, Air Conditioning 

HQE Haute Qualité Environnementale 

ISO International Organization for Standardization 

NVB Naturally ventilated building 

SOTA School of the Arts, Singapore 

WOHA Architects, Singapore, founded in 1994 by Mun Summ Wong and Richard 

Hassell 

http://en.wikipedia.org/wiki/Bangladesh
http://en.wikipedia.org/wiki/Singapore
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1 Introduction 

In March 2014, during a Transsolar workshop on thermal comfort in Stuttgart, I had the 

chance to meet Eshita Rahman, an architect from Bangladesh. We talked about varying 

comfort expectations and the influence of climatic and cultural background. She told me: "We 

don't see indoor air movement as draft, as you do. We always open the windows, even at 

very high air humidity. The moist air movement cools us and creates comfortable thermal 

indoor conditions. Also, at high air humidity indoor air speed is very important to avoid 

moisture problems. However, high air temperatures and humidity in combination with air 

movement is commonly perceived as comfortable." 1 It was these words and observations 

that led me to embark on the present work. 

1.1 Thermal Comfort Design as a Contributor to Sustainability in Buildings 

Tropical climate has a daily fluctuation of temperature, but remains relatively constant 

throughout the year. The delimitation to subtropical climate is defined by the monthly mean 

ambient temperature of above 18°C, the average annual temperature of 25°C, and 70% 

average relative humidity [19]. Seasonal variations exist in form of precipitation periods 

(monsoon). The Köppen-Geiger climate classification defines three tropical zones: the 

rainforest (Af), the monsoon (Am), and the savanna climate (Aw) (Figure 1) [35]. 

 

Figure 1: Köppen-Geiger world map of tropical climate zones Af, Am, and Aw (modified by 
caption) [56] 

                                                      
 
 
1
 Eshita Rahman: Transsolar Academy, Curiestraße 2, 70563 Stuttgart, http://www.transsolar.com/academy/; 

Rahman@Transsolar.com 
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Against this background the question arises as to how people create a thermally comfortable 

living situation in a climate that is hot and humid, where the monsoon provokes 100% relative 

air humidity. Moreover, can thermal comfort be achieved in a sustainable way? 

Traditionally developed building construction types in hot and humid climates represent a 

simple way of achieving sustainable comfort. For instance, the traditional South-East Asian 

village-buildings, known in Malaysia (previously known as Malaya) as “Kampongs”, consist of 

a low-density, elevated, single story, timber structure (Figure 2). 

 

Figure 2: Drawing of a Kampong (own presentation based on [66]) 

 

Air movement in the building improves the interior climate and occupants do not have to deal 

with high air humidity causing moisture problems. Soil humidity is avoided by elevating the 

timber construction on piles. The overhanging roof protects from heavy tropical rain and 

provides shade. Local carpenters and house owners produce and adapt walls, doors and 

windows as customized modular components [21:8]. 

In this way, the low-tech Kampong stands for a sustainable building culture that is adapted to 

hot and humid climate. Unfortunately, this construction type could not keep up with the 

population explosion in the 20th century in South-East Asian cities [21:8]. Construction 

planning followed American modernism, meaning high-rise building with closed façades 

combined with air conditioning. Low-tech sustainable comfort, such as seen in the Kampong 
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buildings described above, is difficult if not prohibitively expensive or structurally impossible 

to retrofit in older high-rise constructions. 

Against this background, today’s challenge is to create a building environment - including the 

technical system design - in tropical regions, which creates comfortable thermal conditions 

for occupants by adapting to the climate: 

“A façade in South-East Asia must be porous, allowed to breathe, and protect itself from 

direct sunlight, as well as its simple Kampong house predecessor.” P.C. Schmal [21:8] 

P.C. Schmal’s description of the ‘porous wall’ highlights the fact that the way we build affects 

how we create thermal comfort. ‘Breathing façades’ in a tropical climate means that openings 

in the walls (windows, doors, trenches) are used to create natural cross ventilation. The outer 

air stream generates air movement inside but also infiltrates the building with warm and 

humid air. The effect of air movement can be reinforced by using fan devices in the room. 

Establishing comfort in this ‘open system’ completely differs from the conventional comfort 

philosophy of avoiding indoor air movement and fully air-conditioning the room. This contrast 

between air movement and no air movement underlines that thermal comfort design 

interconnects with the building concept. Thus, elevated air speed is the key factor, where the 

‘adaptive method’ integrates air velocity as positively affecting the indoor climate, while the 

‘air-conditioning method’ sees it as draft to be avoided. 

In particular, high temperatures and humidity are a challenge to indoor climate engineering, 

which has to be overcome by the thermal comfort design concept. Learning from a country’s 

‘comfort culture’ and establishing thermal comfort for occupants adapted to the local climatic 

conditions contributes to a building’s sustainability. For booming cities in tropical countries 

such as Jakarta, Manila, Bangkok, or Dhaka, this could have an enormous impact on energy 

efficiency and therefore affect global warming. 

1.2 Problem Statement 

Air movement as thermal comfort element has already been used (‘porous walls’) in a new 

generation of high-rise residential and office buildings, or educational institutions in tropical 

regions. For example, WOHA Architects’ buildings e.g. in Singapore (Newton Suites, School 

of the Arts - SOTA) and Bangkok (The Met), shown in Figure 3 (right hand side). The 

façades include strategic options (wind orientation, wall gardens) to let air stream through 

parts of the building. Compared to the picture on the left, showing building façades in 

Kowloon walled City, Hong Kong, where an AC is attached to every apartment, the difference 

in handling air movement becomes clear. 
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Figure 3: Kowloon Walled City, Hong Kong (left); Newton Suites and SOTA (upper r.h.s.), 
Singapore; The Met, Bangkok (lower r.h.s.) [59:30] [14] [16] [17] 

 

Not all rooms in the WOHA buildings are naturally ventilated, but using air movement 

minimizes the utilization of air-conditioning. From an energy perspective, adaptive built 

environments can significantly reduce the amount of energy that would otherwise be 

consumed through cooling and dehumidification. 

Regarding thermal comfort, the question is whether this adaptive method creates the same 

thermal comfort as the conventional model. More importantly, how can the thermal comfort of 

such adapted building concepts be evaluated? 

Thermal comfort standards, such as ISO 7730 (International Organization for 

Standardization), and ASHRAE Standard 55 (American Society of Heating, Refrigerating, 

and Air Conditioning Engineers), are heavily skewed towards Fanger’s heat balance model 

(PMV model), which was specifically developed for cold climates [32]. Field studies have 

subsequently revealed systematic discrepancies in the PMV model - particularly in warmer 

zones - that cannot explain observed thermal comfort in naturally ventilated buildings (NVB). 

To illustrate the problem, an exemplified climate data set for a tropical region (SWERA 

Dhaka, Bangladesh) is presented in Figure 4 in a psychrometric chart, where the humidity 

ratio is plotted over the ambient air temperature. 

Comfort according to standard (ISO, ASHRAE) No comfort standard (WOHA)
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Figure 4: SWERA Dhaka climate data with ASHRAE Std.55 summer comfort envelope [62] 

 

The field of thermal conditions (blue dots) is widely spread, since the major part of Dhaka’s 

climate is extremely hot and humid. However, the thermal conditions are overlaid by a dark 

blue framed envelope, showing the summer comfort definition of ASHRAE Standard 55. In 

comparing the small amount of thermal conditions that fit the envelope to those that are too 

warm and humid, the problem of what is ratable and what is not becomes evident. The blue 

numbers (1 and 2) are examples of where the outdoor air would have to be either (1) cooled 

or (2) dehumidified (or both) in order to establish a comfortable indoor climate fitting the 

ASHRAE design envelope. One can safely assume that a considerable amount of energy is 

involved in that process. 

Adaptive comfort models, developed on the basis of field studies in tropical and subtropical 

climates, provide strong evidence that extended average air temperatures and humidity 

ranges are acceptable if combined with air movement (Table 4, Chapter 2.2). The success of 

real-life building concepts adapting to the climate such as the presented WOHA designs, fit 

this picture. However, the need for a widely accepted standard for comfort calculation, 

evaluating the effect of air speed, has yet to be established. 
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1.3 Objective and Scope 

Two hypotheses were derived from the problem statement: 

 H1.  Elevated air speed can measurably improve thermal comfort in buildings in  

     tropical climates. 

H2.  The systematic application of air movement can reduce the need for active HVAC 

     design. 

The challenge of the present thesis is to confirm the hypotheses by following three steps: 

(1) Identification of a thermal comfort index that evaluates the effect of elevated air speed 

at high temperature and humidity 

(2) Development of a method for comfort parameter regulation to evaluate thermal 

comfort on the basis of thermal building simulation 

(3) Application of the method to investigate and optimize an adaptive thermal comfort 

design strategy for a generic classroom model 

In this context, ‘adaptive’ does not imply changing people’s comfort expectations. On the 

contrary, it means calculating environmental parameters, especially the air speed, by a new 

method of parameter regulation to evaluate thermal comfort. 

A theoretical overview of thermal comfort definition and research development including field 

studies is presented. Subsequently, a comparative study of advanced thermal comfort 

models is conducted to define benchmarks. The knowledge gained is further processed by 

developing a thermal comfort methodology for elevated air speed to evaluate thermal comfort 

of building models under tropical conditions. 

It is noteworthy that the process of design analysis, thermal simulation, and comfort 

evaluation is constrained by generic room models. Further investigation is necessary to 

determine a complete building system design and to develop zoning strategies. 
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2 Thermal Comfort Theory 

In this chapter, the definition of thermal comfort, field studies, and a short review on the 

history of thermal comfort science are compiled. 

2.1 Thermal Comfort Definition 

In general, indoor climate is primarily understood as thermal comfort, hygric climate and air 

quality as they influence the heat balance of a human. But there are also additional impacts 

such as daylight or noises. In total one can define thermal, olfactory, visual and acoustic 

comfort together with air quality as the driving factors of an indoor climate [47:10]. 

The term ‘thermal comfort’ generally indicates the lack of negative thermal sensation, 

meaning that a person is neither feeling to warm nor to cold. It is to note that this ‘thermal 

neutrality’ does not necessarily equal coziness. For instance, during hot summer days 

occupants feel comfortable in a shady spot with air movement, e.g. due to window openings 

or ceiling fans. On the other hand, in cold winter people enjoy direct sunlight in a room that 

has closed and heat-insulating façades. This shows that thermal comfort is not about one 

neutral condition that should be met. It is more relatively seen as a comfort range expressing 

the acceptance of occupants. This acceptance is subjective and affected by parameters that 

are of three kinds: First, the internal environmental factors air temperature, radiation, 

humidity, and air movement; Second, the individual components activity and clothing; Third, 

contributing factors such as age and gender, state of health or food and drink, which are not 

part of this work’s analysis [13:8]. Figure 5 shows a drawing of a room model where the 

driving comfort factors occur. 

 

Figure 5: Drawing of a room model showing the driving comfort factors (own presentation 
based on [13:8]) 
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In physiological terms, thermal sensation is provoked on the interaction of temperature and 

moisture perception from the skin, core temperature of the body, and the effort necessary for 

body temperature regulation [34:277–287]. In other words: Thermal comfort is established if 

the body’s heat production equals its heat loss. While heat is continuously produced through 

metabolism processes inside the body, the heat loss depends on the factors prevailing 

outside of the body (air temperature, surface temperature, humidity, air movement, and 

clothing) [13:5]. If the heat equation is not balanced, a change in body temperature will occur. 

In this manner, occupants can react to thermal conditions. Regarding a short time reaction, 

this process is seen as adaptation, whereas on a long-term perspective, the human would 

‘acclimate’ to the climate [13:49]. 

According to ANSI/AHRAE Standard 55, thermal comfort is defined as the condition of mind 

that expresses satisfaction with the thermal environment. Leaving open what is meant by 

‘condition of mind’, the standard underlines the relative behavior of thermal comfort. In 

addition, ASHRAE explains "[…] that judgment of comfort is a cognitive process involving 

many inputs influenced by physical, physiological, psychological, and other processes." 

[11:8.1]. This additional content emphasizes its adaptive character in regard to climate, 

culture and individual influences. 

As the variety of factors shows, thermal comfort is subjective and defined as a range where 

the majority of occupants would feel comfortable in their actual environment. Therefore, 

suitable ranges for thermal comfort parameters are the key to sustainable concepts. 

Individual comfort ranges for different utilization (working, sleeping, etc.) should be 

considered. Studies showed that thermal comfort plays a crucial role regarding the 

occupants’ working performance [61] [64]. 

On the basis of the thermal comfort definition, air temperature (Tair), mean radiant 

temperature (MRT), relative humidity (RH), air speed (v), metabolic rate (met) and clothing 

factor (clo) are further called the six comfort parameters as they are used for comfort 

calculation. Thereby, the occupants’ activity is expressed as metabolic rate; the clothing 

insulation is calculated in clothing units (clo). Further detail on each component is given in 

the following. 

Air Temperature (Tair) 

Tair defines the average air temperature surrounding a representative occupant [7:3]. The 

averaging is regarding location and time. For simulating a room model, this would be the 

average air temperature in the room, called air temperature of ‘air node’ [4:25]. 
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Mean Radiant Temperature (MRT) 

The MRT is expressed as a spatial average of the temperature of surfaces surrounding the 

occupant weighted by their view factors with respect to the occupant [7:4]. The parameter is 

contributing to the radiant heat exchange of a person at its actual environment. 

Relative Humidity (RH) 

One of the possible ways of referring to the moisture content of air is RH, expressing the 

ratio of the actual water vapor pressure to the saturated vapor pressure of water at a given 

temperature [57:A24] [47:110]. To describe a specific air condition, RH requires the 

accordant dry-bulb temperature (DBT) [7:3]. 

Metabolic Rate (met) 

From the physiological point of view the human body has a continuous metabolic heat 

production, distinguished in two kinds: First, the basal metabolism that exists due to 

continuous and non-conscious biological processes. Second, the muscular metabolism 

through work, which is consciously controllable except in shivering [13:6]. 

For thermal comfort evaluation a unit has been derived, called the metabolic rate (met), 

expressed as power density in [W/m²] of an average person’s power [W] per body surface 

area [m²]. The body surface area is determined after the ‘Du Bois area’ (DB area) on the 

basis of body mass (M) in [kg] and height (h) in [m]: 

                                                                                       

For an average person of 1.7 m height and 70 kg body mass, this leads to a DB area of:  

                                                                                       

Hence, 1 met is defined as 58.2 W/m², which equates to approximately 100 W for an average 

sized human. The met values for typical activities are shown in Appendix A. 

Clothing Factor (clo) 

Clothing plays a major role in influencing heat dissipation via body surface. For thermal 

comfort assessment a unit has been derived, called clothing factor clo, expressing the 

thermal insulation provided by garments and clothing ensembles [7:3]. The clothing factor 

calculation is based on the definition that 1 clo equals 0.155 m²K/W (resistance), which 

corresponds to an insulating cover transmittance of 6.45 W/m²K (U-value) [13:9]. In terms of 

garment, 1 clo equals a normal business suit with cotton underwear [13:9]. Regarding leisure 
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wear, 1 clo corresponds to a heat transmission resistance of clothing with underwear, shirt, 

trousers, jacket, socks, and shoes [47:12]. 

Standards such as ISO and ASHRAE provide tables listing clothing factors for each garment 

(Appendix A). The exact overall clothing factor can be compiled by adding the relevant 

garment clo values. For a more general use, a table for typical clothing factor values has 

been derived (Appendix A). Those factors are generally used in building simulation. 

Air Velocity (v) 

In this work on hand, air velocity is used according to the ASHRAE Standard 55 definition of 

average air speed, surrounding a representative occupant [7:2]. Regarding location and time, 

the averaging refers to three heights where the air speed is measured over an interval 

between 1 and 3 minutes. 

Acceptable air velocities for occupants are discussed controversially within thermal comfort 

research (see following chapters). To get a first idea of how people generally react under 

‘every day conditions’, A. Auliciems and S.V. Szokolay list the average subjective reactions 

to typical air speed ranges [13:14]. According to them, air velocities lower than 0.25 m/s are 

unnoticed by occupants. From 0.25 to 0.5 m/s, air movement is felt pleasant, and from 0.5 to 

1.0 m/s people are aware of air movement. At air speeds from 1.0 to 1.5 m/s people describe 

the air movement as draughty, which turns into ‘annoyingly draughty’ for velocities higher 

than 1.5 m/s.  

However, given reactions are not of universal validity. They vary dependent on the current 

thermal environment and are interconnected to the other comfort parameters, especially air 

temperature, humidity, and clothing. 

Nevertheless the ASHRAE Standard 55 limits air movement for the use of mechanical air 

handling systems to 0.15 m/s, which is defined by the norm as ‘still air’ [7:8–10]. Following 

this, the comfort calculation precludes the evaluation of the effect of air movement. 

To get a better understanding of the role that air movement has played so far in thermal 

comfort research in hot and humid climates, the following chapter focuses on field studies in 

tropical regions.  
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2.2 Field Studies in Tropical Climates 

A number of thermal comfort studies have been carried out in the tropics and subtropics over 

decades. This chapter provides an overview of the survey’s findings, regarding comfortable 

conditions, especially the effect of air movement. The studies’ findings on comfortable 

(neutral) temperature (Tn) and prevailing air velocities (v) are compiled in tables to compare 

them. 

Dependent on the study, Tn is assessed with different comfort indices (OT, ET, SET) that 

distinguish completely in terms of methodology and scaling thermal sensation. Regarding 

their methods, the most important discrepancy consists in the fact that OT does not include 

air velocity as an input parameter, while ET and SET consider the effect of air movement on 

thermal comfort. More detail about the indices is given in Chapter 3.  

Although it is believed that the Tn is a ‘moving target’ as occupants adapt to the changing 

environment by modifying e.g. clothing, window arrangement, and activity levels (behavioral 

adaption) as well as their expectation, most of the listed field studies propose an average 

neutral temperature [55]. Some of the studies calculated a comfort range in dependency of 

thermal adaption. The following Table 1 shows a list of neutral temperatures for subjects in 

NVBs. 

The first analysis of thermally comfortable temperature in tropical climate was conducted in 

Malaya (Singapore, current state of Malaysia) by C.G. Webb in 1949/50. The proposed 

comfort zone was within a range of 25.94 ± 0.42°C effective temperature (ET). Out of the 

results of about 20 residents involved in the study, he derived an equatorial comfort index 

(ECI). This index is based on the parameters dry and wet bulb temperature as well as air 

speed, not taking into account the activity level and the clothing insulation of occupants. 

Also in Singapore in 1978, K.R. Rao and J.C. Ho studied thermal comfort in the Hawker 

Center. Some findings were made on the combined effects of air temperature, relative 

humidity, and thermal radiation of the roof. They used C.G. Webb’s ECI method and revised 

the neutral ECI to 26.4°C with the remark that the measured air velocities (v < 1.0 m/s) were 

too low and should be higher than 1.0 m/s. 

In 1986, M.R. Sharma and S. Ali investigated the thermal response of 18 young male adults 

in Roorkee, India. They developed the tropical summer index (TSI), which considers four 

input parameters: air temperature, radiant heat, humidity, and air velocity. With the use of the 

index, they found the Tn at 28.0°C. The comfort range was 28.0 ± 4.5°C (TSI), depending on 

change of thermal sensation.  
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Table 1: List of neutral temperature of subjects in naturally ventilated buildings (NVB) in hot-
humid climates 

No = number of survey, Tn = neutral temperature, CR = comfort range, NoS = number of 
subjects, Ref = reference 

No 
Tn [°C], 
CR (90%)  

NoS Utilization Location Researcher Year Ref 

1 25.9 ± 0.4 (ET) 20 Residential Singapore C.G. Webb 1959 [63] 

2 26.4 (ECI) n.s. Center Singapore 
K.R. Rao, 
J.C. Ho 

1978 [58] 

3 28.0 ± 4.5 (TSI) 18 Laboratory 
Roorkee, 
India 

M.R. Sharma, 
S. Ali 

1986 [60] 

4 28.0–32.0 (Tair) n.s. Residential 
Dhaka, 
Bangladesh 

Z.N. Ahmed 
et al. 

1990 [9] 

5 
27.4–31.0 (ET) 
22.8 (SET) 

1100 Office 
Bangkok, 
Thailand 

J.F. Busch 1990 [20] 

6 28.5 (OT) 583 
High-rise 
residential 

Singapore 
R.J. De Dear 
et al. 

1991 [30] 

7 27.4 (OT) n.s. Classroom Hawaii, USA A.G. Kwok  1998 [50] 

8 30.7 (OT) 596 Office 
Jakarta, 
Indonesia 

T.H. Karyono 2000 [46] 

9 28.8 (OT) 506 Classroom Singapore 
N.H. Wong 
et al. 

2003 [65] 

10 29.2 (OT) 525 Residential 
Jogjakarta, 
Indonesia 

H. Feriadi, 
N.H. Wong 

2004 [33] 

11 28.3 (OT) 129 
Office, 
residential 

Subtropical 
China 

W. Yang, 
G. Zhang 

2008 [67] 

12 20.1–28.4 (OT) 1614 Classroom 
Taichung, 
Taiwan 

R.-L. Hwang 
et al. 

2009 [42] 

13 
28.0 (OT) 
25.4 (SET) 

30 
Classroom, 
dorm 

Guangzhou, 
China 

Y. Zhang 
et al. 

2010 [70] 

14 22.4–29.2 (OT) 1614 Classroom 
Taichung, 
Taiwan 

H.-H. Liang 
et al. 

2012 [52] 

15 27.9 (OT) 5176 Mix 
South-East 
Asia 

A.T. Nguyen 
et al. 

2012 [55] 

16 28.0 (OT) 2787 Office 
Chennai/ 
Hyderabad, 
India 

M. Indraganti 
et al. 

2014 [45] 
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Z.N. Ahmed et al. examined previous comfort studies on residential buildings in Dhaka, 

Bangladesh in 1990. The Tn was found to be 29.0°C for a lightly clothed person when air 

speed was significantly high at 1.5 m/s. The total comfort range in that case would be 28.0 - 

32.0°C. The authors calculated Tn by using Humphrey's formula2. As no declaration of an 

index scale was made, it is assumed that the Tn- and CR-values are expressed in room air 

temperature (Tair). 

A large-scale investigation on thermal comfort in offices was conducted by J.F. Busch in 

1990. Involved in the field study were 1100 office workers in Bangkok, Thailand. The Tn was 

found to be 28.5°C effective temperature (ET). Around the same time period, R.J. De Dear et 

al. conducted a field study in high-rise residential buildings in Singapore. Some 583 

occupants were asked for their thermal perception. The Tn was found to be 28.5°C operative 

temperature (OT), which converted to ET can be seen in good agreement to the finding of 

J.F. Busch. Both studies found the Tn to be considerably warmer than the much earlier 

Singapore survey neutrality of 25.9°C (ET) observed by C.G. Webb (1950). An explanation of 

the discrepancy is not discussed since C.G. Webb failed to record all six comfort parameters 

[30:263]. 

In 1998, likewise expressing Tn as operative temperature, A.G. Kwok found Tn to be 27.4°C 

(OT) in classrooms on Hawaii, USA. The OT index rates the interacting parameters air 

temperature and mean radiant temperature, and leaves out humidity and air velocity 

(Chapter 3) [13:25]. In the following decade, a significant proportion of field studies in the 

tropics used the operative temperature as thermal comfort index for Tn: T.H. Karyono in 

Jakarta, Indonesia, (30.7°C OT), N.H.Wong et al. in Singapore (28.8°C OT), H. Feriadi and 

N.H. Wong in Jogjakarta, Indonesia, (29.2°C OT), W. Yang and G. Zhang in subtropical 

China (28.3°C OT), Y. Zhang et al. in Guongzhou, China, (28.0°C OT), A.T. Nguyen et al. in 

South-East Asia (27.9°C OT) and M. Indraganti et al. in Chennai and Hyderabad, India 

(28.0°C OT). 

Even disregarding the different building types, those field surveys derive a close Tn-range of 

27.9 - 30.7°C (OT). Comparing the finding of A.G. Kwok in 1998 to that comfort range, the Tn 

at 27.4°C (OT) is just little lower than the minimum of the afore mentioned Tn-range. To 

summarize the findings in Table xx, a mean Tn of around 29.3°C (OT) can be proposed for 

NVB in hot-humid climates. 

                                                      
 
 
2
                   [  ] [  ] 
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Regarding the ACB surveys of two decades (Table 2), most of them have already been 

mentioned in the NVB-list, as they were investigating both building types NVB and ACB 

within the same study. Listed field surveys that only focus on ACB are the work of R.J. De 

Dear and M.E. Fountain in Townsville, Australia (24.6°C OT), as well as W.T. Chan et al. in 

Hong Kong, China (23.5°C OT). According to Table 2, Tn-values between 23.5° and 27.7°C 

OT are derived for ACBs. This range is broader compared to the Tn-range for NVBs. But 

more crucially, the average Tn value for ACBs is with 25.6°C (OT) significantly lower than the 

average Tn value for NVBs of 29.3°C (OT). This shows that occupants of NVBs were 

thermally comfortable at much higher neutral air temperatures compared to ACBs (~4K) and 

exceed the ASHRAE 55 standard comfort envelope temperatures. 

The observed thermal tolerance of occupants in NVB takes into account that they adapt to 

the local climatic conditions (clothing adjustment, window opening, and use of fans) 

[70:2570]. H. Feriadi and N.H. Wong (2004) discussed the occupants’ behavior of various 

environmental and personal controls [33:625]. Their research revealed that if occupants have 

the freedom to modify their actual environment, they always prefer adaptive actions over 

switching on the AC to compensate for less comfortable thermal conditions. This concludes 

that occupant control leads to more adaptation and less use of AC, which contributes to the 

energy demand of the air supply system. 

An overall conclusion of the field studies was that the PMV index often rates the thermal 

sensation higher than it was actually felt by occupants. Some researchers assumed that this 

could be a reason for overcooling [51:551,555]. The PMV limitation will be addressed in 

Chapter 3.2. 

Another finding was that Tn is an important index to improve the energy efficiency of a 

building in the tropics, as the tolerance toward higher air temperatures of NVB-occupants is 

useful to optimize the comfort concept [45:39] [51:557]. 

In addition, most of the studies derived thermal adaptive comfort equations from the collected 

data sets. The equations are based on the ambient air temperature, which is multiplied and 

added to different factors, expressing the observed tolerance toward air temperature. The 

comfort equations may all be valid for their specific scopes the surveys were conducted for. 

However, they do not provide an overall comfort index for hot and humid climate, taking into 

account the six important thermoregulatory and environmental parameters. Therefore, 

Chapter 3 focuses on identifying a comfort index that takes into account the impacts of the 

mentioned parameters under tropical climatic conditions.  
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Table 2: List of neutral temperature of subjects in air-conditioned buildings (ACB) in hot-
humid climates 

No = number of survey, Tn = neutral temperature, CR = comfort range, NoS = number of 
subjects, Ref = reference 

No 
Tn [°C] 
CR (90%) 

NoS Utilization Location Researcher Year Ref 

1 24.5°C (ET) 1100 Office 
Bangkok, 
Thailand 

J.F. Busch 1990 [20] 

2 24.2°C (OT) 235 
Office, 
Residential 

Singapore 
R.J. De Dear 
et al. 

1991 [30] 

3 24.6°C (OT) n.s. Office 
Townsville, 
Australia 

R.J. De Dear, 
M.E.Fountain 

1994 [29] 

4 23.5°C (OT) n.s. Office 
Hong Kong, 
China 

W.T. Chan 
et al. 

1998 [24] 

5 26.8°C (OT) n.s. Classroom  Hawaii, USA A.G. Kwok  1998 [50] 

6 26.7°C (OT) 596 Office 
Jakarta, 
Indonesia 

T.H. Karyono 2000 [46] 

7 26.3°C (ET) 944 Classroom 
Centr/South 
Taiwan 

R.-L. Hwang 
et al. 

2006 [43] 

8 27.7°C (OT) 100 
Office, 
Residential 

South China 
W. Yang, 
G. Zhang 

2008 [67] 

9 
25.8°C (OT) 
25.9°C (ET) 
25.7°C (SET) 

5176 Mix 
South-East 
Asia 

A.T. Nguyen 
et al. 

2012 [55] 

10 
25.6°C (ET) 
24.9°C (SET) 

30 
Classroom, 
Dorm 

Guangzhou, 
China 

Y. Zhang 
et al. 

2013 [69] 

11 26.4°C (OT) 2787 Office 
Chennai/ 
Hyderabad, 
India 

M. Indraganti 
et al. 

2014 [45] 
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The Effect of Air Movement in Hot and Humid Climates 

Concerning the earlier introduced NVB field studies (Table 1), it was observed that they omit 

discussing the effect of air movement in hot and humid climates. Therefore, the NVB-survey 

papers were examined and those giving information about air velocity were compiled in 

Table 3, listing all six comfort parameters. Regarding the ACB surveys, it was found that 

among those giving information on the prevailing average air speed, air movement was non-

existent (‘still air’) with values below 0.15 m/s. 

 

Table 3: List of average neutral temperature and the average six environmental parameters 
in naturally ventilated buildings (NVB) in hot-humid climates 

No = number of survey in Table 1, Tn = neutral temperature, Ref = reference 

No Tn Tair MRT RH v clo met Ref 

 [°C] [°C] [°C] [%] [m/s]    

6 28.5 (OT) 29.4 29.8 73.5 0.22 0.26 1.2 [30] 

10 29.2 (OT) 29.8 30.7 68.2 0.10 0.27 1.0 [33] 

11 28.3 (OT) 33.0 33.6 74.0 0.17 0.30 1.2 [67] 

13 28.0 (OT) 30.4 31.6 70.0 0.44 0.43 1.0 [70] 

16 28.0 (OT) 29.1 28.8 45.0 0.17 0.70 1.0 [45] 

 

Table 3 shows that for the five surveys presented (6, 10, 11, 13, and 16) Tn was measured 

at significantly high Tair, MRT and RH values, representing typical climatic indoor conditions 

of a NVB in the tropics. All surveys considered a sedentary activity of occupants with a 

metabolic rate at either 1.0 or 1.2 met. Regarding the clothing factor, the values vary due to 

the fact that the researchers set the clothing insulation according to either standard values 

from norm tables or specified values from observation. However, looking at the prevailing air 

velocities, it is evident that the prevailing air speeds are very low with 0.1 to 0.22 m/s – 

excluding the air speeds in Y. Zhang et al. (survey 13). H. Feriadi and N.H. Wong (survey 

10), W. Yang and G. Zhang (survey 11), and M. Indraganti et al. (survey 16) stated that 

prevailing air movement was too low and people seemed to prefer higher air speed at higher 

air temperatures in tropical free-running buildings. 
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H. Feriadi and N.H. Wong (survey 10) believed that efficient control is crucial to make 

occupants adjust the environment to satisfy their specific thermal comfort. They emphasized 

that the air speed control of regulating windows and the use of fans are especially improving 

individual comfort in the tropics [33:624]. However, the study omits to derive a specific air 

velocity range for given parameters. 

The survey on NVB in subtropical China carried out by W. Yang and G. Zhang revealed that 

the prevailing average air velocity of 0.17 m/s, due to frequent windless air movement 

outdoors, was too low and subjects required higher indoor air velocities. In contrast to the 

afore mentioned research, they investigated the effect of increasing air speed and found the 

preferred air velocities to be between 0.18 and 0.67 m/s for operative temperatures 

modulating between 26 and 36°C [67:395]. They concluded that increasing air speed is an 

effective way to establish thermal comfort in NVBs. 

Even more specific is the result on air speed relevance in the study of M. Indraganti et al. 

(survey 16), where an air velocity of 1.0 m/s increases the average comfort temperature by 

2.7 K in both NV and AC buildings [45:50]. The researchers emphasized that “[…] efficiency 

and proliferation of fans must be improved to fully exploit the fan as an adaptive mechanism. 

There is a great opportunity for improvement on these fronts in India.” [45:51]. 

Those findings give a first evidence of the positive real-life experience of elevated air velocity 

in tropical NV and AC buildings. In the following, other field studies that are directly focusing 

on the effect of air movement in tropical climates shall deepen the arguments raised above: 

C. Cândido et al. (2011) carried out two field experiments in NVBs in the hot and humid 

climate of Brazil’s North-East. They proposed minimum air velocities that would achieve 90% 

acceptability in regards of thermal sensation and air movement. The values account 0.4 / 

0.41 - 0.8 / > 0.81 m/s for operative temperature ranges from 24 - 27 / 27 - 29 / 29 - 31°C 

[22:379]. C. Cândido et al. concluded that the results “highlighted the necessity of combining 

thermal and air movement acceptability when assessing occupants’ perception of their indoor 

thermal environment in hot and humid climates” [22:384]. 

Y. Zhai et al. (2013) examined the effect of personally controlled air movement in a climate 

chamber, where air temperatures were increased from 26 to 28 to 30°C at 60 and 80% 

relative humidity. They showed that with an average air speed at 1.0 m/s, thermal comfort 

could be maintained up to 30°C Tair and 60% RH. The acceptability of air quality was even 

achieved at 30°C Tair, 80% RH, and 1.3 m/s average air speed, without discomfort from 

humidity, air movement or eye-dryness [68:113–114]. Besides the obtained high temperature 
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and air velocity, a further result could be seen in the fact that high humidity values are 

acceptable if air velocity can be adaptively increased (both to a certain extent). 

Similar to this study, J. Khedari et al. (2000) examined the preferred air velocities at variable 

room conditions in Thailand (26 to 36°C Tair and 50 to 80% RH). The resulting air speeds 

modulated between 0.2 and 3 m/s. The findings were used to plot a Thailand ventilation 

comfort chart, where thermal acceptability is maintained for 30°C Tair and 80% RH under 

prevailing average air speed of about 1.2 m/s [49:248]. The finding corresponds to the afore 

mentioned survey. 

The occupants’ tolerance toward high temperatures and very high humidity (Table 4) in 

Bangladesh was revealed by F.H. Mallick (1996). Although the study was carried out on 

urban housing in Bangladesh, the findings are of general relevance for acclimatized 

occupants in NVBs, as F.H. Mallick investigated the effect of air movement at situations 

where the subjects were seated only and would have an average clothing factor of 0.5 clo 

[53:163]. For no air movement, the comfort range observed was 24 to 33°C Tair. This range 

did not change appreciably if low air velocities up to 0.15 m/s (‘still air’) were used. At an 

average air flow of 0.3 m/s, the lower and upper temperature limits increased by 2.4 and 2.2 

K, respectively. For 0.45 m/s air speed the change in temperature range compared to 0.3 

m/s was less than 1 K (Table 4). It is to emphasize that these observations were made at 

very high indoor humidity up to 90% RH at no or slow air movement, decreasing to minimum 

50% RH with higher air speeds [53:163]. This indicates that air speed compensates high 

temperatures, if the air flow is greater than 0.3 m/s. It is noteworthy, that F.H. Mallick’s 

survey concerns acclimatized urban population “[…] being aware of the benefits to comfort 

provided by means such as a ceiling fan.” [53:165]. He added that in dense urban culture, 

natural cross ventilation via open windows and doors is not always possible (no wind, noises 

and air pollution, security grills, and insect netting). Thus, a ceiling fan would be a reliable 

cooling source, at settings of medium or higher air speeds [53:165]. 

The list of similar field study findings on air velocity in tropical climate could be continued far 

longer. Table 4 presents an overview of mentioned study results on air movement. It is of 

note, that researchers addressed the counterproductive effect of elevated air speed at 

extremely high air temperatures (e.g. 40°C), resulting in heating sensation. This states that 

the described positive effect of air movement is limited to a certain extent of air temperature. 
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Table 4: List of surveys’ recommended average air velocities for buildings in hot-humid 
climates 

No = number of survey, Ref = reference 

No Acceptability Air Velocity Tair RH Researcher Year Ref 

 [%] [m/s] [°C] [%]    

1 90 
0.40 
0.41 - 0.8  
> 0.81 

24 – 27 
27 – 29 (OT) 
29 – 31  

n.s. 
C. Cândido 
et al. 

2011 [22] 

        

2 90 
1.0 
1.3 

30 
30 

60 
80 

Y. Zhai 
et al. 

2013 [68] 

        

3 90 1.2 30 80 
J. Khedari 
et al. 

2000 [49] 

        

4 90 

0.00 
0.15 
0.30 
0.45 

24.0 – 32.0 
24.0 – 32.0 
26.4 – 34.2 
27.0 – 34.8 

50 - 90 F. H. Mallick 1996 [53] 

 

However, the presented air speeds are limited to the scope of the particular surveys they 

were taken from. Further investigation would be needed to verify the same velocities in 

complementary field experiments. Nevertheless, the results highlight the link of air movement 

acceptability and thermal comfort, which is emphasized by the following quotation from F.H. 

Mallick (1996): 

“The ceiling fan is a common device in urban houses [in Bangladesh] and is the only 

mechanical means for promoting comfort indoors.” [53:162]. 

This excerpt has an important message, as research found that overcooling in air-

conditioned offices in the tropics was the dominating complaint, while the occupants 

preferred higher indoor temperatures [25:172]. 

A variety of studies within the research field of thermal indoor comfort exists, such as R.J. De 

Dear et al. (2013) or A. Simone and B.W. Olesen (2013), emphasizing that elevated air 

speed may have a negative impact through draft in cool environments, but also positively 

enhances thermal acceptability in warm and hot environments [27:5] [10]. Critic could say 

that the air movement preferences seen in field studies are driven by the common belief that 

links air movement to air quality improvement. Concerning warm and hot environments, 

natural ventilation in combination with elevated air speed is supposed to improve climatic 

indoor conditions, and at the same time provides excellent fresh air quality to the occupied 
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zone. R.J. De Dear et al. (2013) stated that after a long time of earlier comfort research 

focusing on draft the future research should proceed in developing more flexible criteria for 

air movement and occupants’ behavior. They note that the sensitivity of occupants regarding 

air movement is also affected by the broader climatic context of a building where outdoor 

weather conditions influence the occupants’ thermal acceptance [27:5].  

The research review revealed that elevated air velocity has a significant impact on the 

respondents’ thermal sensation and occupants requested ‘more air movement’ to offset 

discomfort in hot and humid climates. The correlation between higher operative temperature, 

humidity and elevated air velocity was discussed. In general, humans are anxious within their 

range of possibilities to avoid thermally uncomfortable indoor conditions. The awareness of 

the positive effect of elevated air speed opens a new way of experiencing the same thermal 

comfort as provided via AC, but creating it with a completely different compilation of thermal 

parameters: instead of keeping air temperatures and humidity low at ‘still air’ (AC), the new 

approach provides the same comfort at high temperatures and humidity that are 

compensated by providing elevated air speed.  

One can say that the findings have a strong effect on comfort design as the effect of high air 

temperatures combined with elevated air speed is rated positive not only in NVBs, but also in 

ACBs, where the set-point temperatures can be significantly lifted if combined with elevated 

air speed within the occupied zones. This means that in ACBs a ‘soft’ air-conditioning 

combined with elevated air speed (mechanical ventilation), operating adapted to the 

acclimatization of occupants, can provide thermal comfort and might also avoid the problem 

of Sick Building Syndrome (SBS) symptoms [25:172]. Reducing the need of air-conditioning 

buildings would help tropical countries with a scarcity of power (e.g. China and India) to 

reduce their electrical loads in summer, where the cooling demand in buildings has an 

evident share. 

The findings lead to the conclusion that combining simple and passive cooling techniques in 

form of natural ventilation and the use of energy-efficient ceiling fans could be a vital strategy 

for sustainable thermal comfort. 

Before elaborating on comfort designs, it is of importance to identify a thermal comfort index 

that evaluates the effect of air movement at high air temperature and humidity to be 

applicable for building comfort in a hot and humid climate. 
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2.3 The Role of Air Movement in Thermal Comfort Research 

For a long time in history, active control of thermal comfort was not an issue due to a lack of 

practical tools. This changed with the development of mechanical heating (late 18th century) 

and cooling technology (early 20th century). In 1905, a first serious thermal comfort research 

was carried out to especially study the effect of high air temperatures [38:494]. 

In 1970, the first widely accepted thermal comfort theory was proposed by P.O. Fanger as 

Predicted Mean Vote (PMV) and its derived Predicted Percentage of Dissatisfied (PPD) [32]. 

The PMV/PPD model is based on a steady-state heat balance equation. The background 

data was collected through surveys on Danish and North American participants (mostly 

students) in controlled or air-conditioned climate chambers in moderate climate zones. To 

predict occupant's thermal perception, the model combines six parameters: air temperature, 

mean radiant temperature, water vapor pressure, air velocity, occupant's clothing insulation 

and metabolic rate. The PMV/PPD model became of global importance as it was included in 

international thermal comfort standards such as the ISO 7730:1984 (International 

Organization for Standardization) and the ASHRAE Standard 55-1992 (American Society of 

Heating, Refrigerating, and Air Conditioning Engineers). Because the model is based on 

moderate climate zone data, critics say that it cannot predict thermal comfort in other 

climates. Therefore, P.O. Fanger proposed modification options for the model, so it could be 

used globally. 

In 1972, M.A. Humphreys and J.F. Nicol challenged the PMV, showing the limitation of the 

steady-state comfort theory and emphasized the importance of adaptation. Over the years, 

they examined errors inherent in the static model. The researchers gave evidence that the 

PMV model would rate hot and humid conditions uncomfortably warm or hot, whereas the 

actual thermal sensation of occupants would be significantly lower. In 2002 they showed their 

findings on a 20,000 individual comfort vote database from the ASHRAE research project 

RP-884, compiled by R.J. De Dear and G. Brager [28]: PMV’s ‘overestimation’, as they would 

call it, occurred for air temperatures above 27°C, relative humidity above 70%, and air speed 

above 0.2 m/s [41:671]. The latter finding proves that PMV is inapplicable to evaluate the 

effect of elevated air speed. 

The field studies review in Chapter 2.2 revealed that the PMV/PPD model fails in predicting 

thermal comfort of occupants in hot and humid climates, not only in naturally ventilated but 

also in air-conditioned buildings [45:50]. The reason for the maloperation was seen in the fact 

that the steady-state heat balance model does not consider the complex human interactions 

with the surrounding environment in form of changing behavior (e.g. opening windows and 
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doors) and adaptation. Moreover, as mentioned above the PMV model does not consider 

elevated air movement, which plays a crucial role in naturally ventilated buildings, where 

elevated air speed is generally desired. 

In 1997, R.J. De Dear and G. Brager collected within the ASHRAE research project RP-884 

the afore mentioned 20,000 individual comfort vote database including countries all over the 

world. Based on the data set, they developed an Adaptive Model of Thermal Comfort and 

Preference [28]. The researchers defined the three kinds of adaptive processes that are not 

considered in the PMV/PPD concept: physiological (acclimatization), behavioral (using 

windows, fans, doors, awnings, etc.) and psychological processes (adjusting comfort 

expectations toward climatic conditions prevailing indoors and outdoors) [27:2]. The 'adaptive 

model' as solid alternative of the PMV/PPD method was developed. It was recognized in 

thermal comfort research, when the global-scale model developed by R.J. De Dear and G. 

Brager was included in the ANSI/ASHRAE Standard 55-2004 [1]. Also, the result of a 

European project named SCATS by K.J. McCartney and J.F. Nicol (2002) lead to an 

exclusively European adaptive comfort standard EN 15251 (CEN, 2007) [54]. Disregarding 

the different calculation of neutral temperature and the geographical scope, both standards 

have the same structure: simple linear equations that relate the comfortable temperatures 

inside NVB to the temperature outdoors. 

Regarding air movement, the inclusion of the adaptive model lead to a change in air speed 

consideration, although this is constrained to NVBs. For the adaptive concept, the ASHRAE 

Standard 55 allows a maximum air speed of 1.2 m/s under the requirement of occupant 

control. Also, the norm acknowledges an increase in acceptable operative temperature (OT) 

limits resulting from elevated air velocities above 0.3 m/s. The increase is defined as 1.2, 1.8, 

and 2.2 K in temperature threshold due to average air speeds of 0.6, 0.9, and 1.2 m/s [7:13]. 

Though ASHRAE’s acknowledgement of the positive effect of elevated air speed on thermal 

comfort in NVBs was a great progress in thermal comfort research, elevated air speed was 

not considered in the standard HVAC design, calculating comfort with the ‘static’ PMV model. 

This leads to the question, how codes and norms define comfort ranges, so that HVAC 

engineers can apply them: The ASHRAE Standard 55 provides comfort envelopes for fully 

air conditioned rooms (strict standard), for natural ventilated rooms (extended standard), and 

for natural ventilated rooms combined with air movement (extended standard) [7]. As 

contrary example, the HQE (Haute Qualité Environnementale), a French code for building 

certification, contains comfort envelopes that are applicable for different standards, but only 

cover NVBs combined with air movement [23:247]. In general, the ASHRAE code is still used 
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for the very tight comfort envelop, where air temperature and humidity are typically fully 

conditioned. The thermal conditions are generally set in the norm, and do not well reflect 

local habits and situations. 

Against this background and the background of the field studies’ findings, it seems that 

comfort standards should broaden the flexibility of comfort achievement and encourage 

HVAC engineers to develop comfort designs that are adapted to the local climatic conditions 

and consider the acclimation of occupants. Concerning warm and humid climates, adaptive 

and hybrid HVAC comfort designs should be realizable, combining the best effects of both 

‘comfort worlds’ and especially allowing local architecture taking advantage of the positive 

impact of elevated air movement. 

In 2012, R.J. De Dear et al. summarized that the research field of thermal comfort went 

through a ‘paradigm shift’ within the last 20 years concerning following topics [27:15–16]: 

 

 - a shift away from the physically based determinism of P.O. Fanger’s model  

   toward the adaptive model 

 - a shift from interpreting air movement as unwanted draft toward desirable qualities 

   of air movement, especially in warm and humid climate zones 

 - a development of modelling the physics and physiology of the human body in order 

   to evaluate climate comfort on the basis of coherent global thermal perception 

 - the technological innovation that delivers comfortable indoor environments as   

   driving factor toward increasing building energy efficiency  

 

Fitting to the development in comfort research raised by R.J. De Dear, the ASHRAE 

Standard 55-2010 introduced the Standard Effective Temperature (SET) as index to use for 

elevated air speed with high air temperatures and humidity [5]. The SET allows the use of 

elevated air speed, where the ASHRAE Standard sets the limit to 1.2 m/s with occupant 

control. Although this is exactly the afore claimed comfort extension including a broader 

range of thermal conditions, unfortunately the standard gave no information to HVAC 

engineers how to apply SET [5:2,29]. To compensate the lack of an applicable comfort 

concept for tropical climate zones, the author had a look on widely recognized indices for 

outdoor thermal comfort, as they also consider the positive effect of elevated air movement in 

warm and hot outdoor environments. Also, their choice was based on the fact that thermal 

conditions in NVBs in tropical climates can be very similar to the outdoor climate. Parameter 
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studies (Appendix) were carried out on the Perceived Temperature (PT) and the Universal 

Thermal Comfort Index (UTCI), which are models to calculate semi- and outdoor comfort 

[18:521]. The UTCI was found to be preferred over PT as it is the advanced follower of the 

PT model, having better calculation qualities concerning low humidity and air velocity at air 

temperatures above 32°C (Appendix B). However, the study on outdoor parameters took a 

back seat, when ASHRAE Standard 55 launched in December 2013 the SET procedure for 

calculating the cooling effect of elevated air speed for any building type [7:25]. Due to this 

reason, the work on hand focuses on the SET index, when it comes to identifying an 

applicable comfort index for hot and humid climates, evaluating the effect of air speed 

(Chapter 1.2).  

Norms and Standards acknowledging the importance of elevated air speed (with occupant 

control), represents a significant step forward in indoor comfort quality. It is of note that the 

work on hand does not argue the validity of adaptive comfort theory, since it has been 

continuously clarified by researchers. Instead, focus is brought to the SET application to 

investigate its capabilities. The objective is to identify a method that enables HVAC designers 

to develop adaptive systems designs that achieve good comfort using the effect of elevated 

air speed. 

3 Thermal Comfort Index for Elevated Air Speed 

Thermal comfort indices evaluate the thermal environment and accordingly the stress it 

imposes. Therefore, they combine environmental parameters (e.g. Tair, MRT, RH, v, etc.) 

into a single index [12:9.20]. The purpose of the following introduction and comparison of 

thermal comfort indices is to identify an index for indoor comfort that can be used in a hot 

and humid climate. It should be applicable to evaluating the occupants’ thermal perception by 

considering the positive effect of elevated air speed to compensate for higher air 

temperatures and humidity. 

3.1 Operative Temperature (OT)  

As shown in Chapter 2.2 (field study research), the operative temperature is a widely used 

index to express thermal comfort of occupants which is probably due to its long existence. 

The index was developed in 1937 by C.E.A. Winslow, L.P. Herrington, and A.P. Gagge, 

integrating the effect of air temperature and radiation [13:25]. ISO 7730 defines OT as the 

temperature of a uniform, isothermal ‘black’ enclosure in which a man would exchange heat 

by radiation and convection at the same rate as in the given non-uniform environment [2:5]. It 
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can be simplified as the average of DBT and MRT weighted by their respective transfer 

coefficients [13:25]: 

   
             

     
                                                                

 

      

                         

                          

 

The operative temperature is a plausible index for air temperature and radiation, but 

excludes humidity and air movement. This is due to the fact that the OT data set is based on 

cool climatic conditions, where the effect of humidity was small and indoor air movement was 

seen as a draft and had to be avoided. 

Alternative definitions exist, for instance including a correction for air movement or 

determining OT after the heat balance equation [13:25]. However, ASHRAE suggests to 

simply average DBT and MRT for acceptable results [7:16]. 

Even though a correction of air movement is considered, the effect of increased air speed 

compensating for high air temperatures and humidity cannot be evaluated by OT. Moreover 

the index is thought to be unsuitable above 27°C as it does not include evaporative heat 

dissipation [13:25]. 

Thus, the index is seen to be inadequate to evaluate the effect of air speed in hot and humid 

climates. 

3.2 Predicted Mean Vote (PMV) 

As mentioned in Chapter 2.3, the PMV model is based on a steady-state heat balance 

equation of P.O. Fanger (1970) [32]. The model predicts thermal sensation as the mean vote 

of a large group of occupants on the ASHRAE 7-point thermal sensation scale (Figure 6). 

The thermal equilibrium is achieved (PMV = 0), if the heat produced in the body equals the 

heat emitted to the body's environment. This applies for moderate climatic conditions, where 

the human thermal regulation system is capable of maintaining the heat balance by 

automatically changing skin temperature and sweat release. 

Derived from PMV is the Predicted Percentage of Dissatisfied (PPD). The PPD quantitatively 

predicts the percentage of people dissatisfied with their actual thermal environment. 
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According to ISO 7730, dissatisfied people are defined as voting hot, warm, cool or cold on 

the 7-point thermal sensation scale. In other words: they are not voting the comfortable areas 

-1, 0, and 1. Based on an empirical curve (Figure 6Fehler! Verweisquelle konnte nicht 

gefunden werden.), the PPD is mathematically a function of PMV and determined according 

to following equation: 

 

                                                                          

 

The PPD curve in Figure 6 shows that even under ‘best’ conditions (PMV = 0), at least 5% of 

the occupants would be dissatisfied. As mentioned before, thermal comfort depends on body 

mass, age and sex. Therefore an ideal climate with 100% of people satisfied does not exist. 

ASHRAE Standard-55 suggests that a uniform thermal environment meets at least 90% 

satisfied occupants (10% PPD), which corresponds to a PMV of ± 0.5 [7:23]. This range is 

further called ‘high comfort area’. 

 

Figure 6: PPD as a function of PMV 

 

The PMV’s analytical determination is included in the ISO 7730 norm, equations 1 to 4, 

which are also shown in Appendix B [2:6–7]. The ISO 7730 notes that PMV should only be 

applied, if its six input parameters (Tair, MRT, Pa, v, met, and clo) stay within the ranges 

given in Table 5: 

PPD – Predicted 

Percentage of Dissatisfied

PMV – Predicted Mean Vote and

7-point thermal sensation scale

PMV ± 0.5 / PPD ≤ 10 %

high comfort

ASHRAE Standard 55-2013

air temperature

mean radiant temperature

water vapor pressure

air speed

clothing factor

physical activity

Input Parameters
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Table 5: Defined ranges for the six input parameters according to ISO 7730  

Parameter Abbreviation Range Unit 

Air Temperature  Tair 10 – 30 °C 

Mean Radiant Temperature  MRT 10 – 40 °C 

Atmospheric Pressure  Pa 0.0 – 2700 pa 
Air Velocity  v 0.0 – 1.0  m/s 

Metabolic Rate met 0.8 – 4.0 met 

Clothing Factor clo 0.0 – 2.0 clo 

[2:7] 

At this point, ISO 7730 adds the information that an average air velocity (0.5 m/s) could be 

sensed as a draft when considered with light and mainly sedentary activity. This shows that 

elevated air speed is seen as negatively influencing thermal sensation and this is probably 

the reason why it is limited to 1 m/s. As with OT, humidity is ignored by PMV, since it plays a 

minor role in mid-latitude climate regions. Furthermore, the maximum threshold for air 

temperature is set to 30°C. Those three limitations make the index inapplicable to evaluate 

thermal perception under hot and humid climatic conditions in the tropics, where elevated air 

speed has desirable qualities. This also explains why most of the field studies found the PMV 

to ‘overestimate’ warm discomfort under tropical conditions. In regards of PMV’s determinism 

in ISO 7730, the more correct conclusion would be that under an actual comfortable 

condition in a hot and humid climate, this would be evaluated by PMV as uncomfortably 

warm or hot. 

Consequently, another index other than OT and PMV is in demand, even though PMV is an 

internationally accepted thermal comfort index. 

3.3 Standard Effective Temperature (SET) 

The SET can be interpreted as sub-set of the effective temperature ET for standardized 

conditions. First, an empirical ET was developed by F.C. Houghten and C.P. Yaglou (1923). 

The ET was defined as the combination of DBT and humidity that would produce the same 

sensation as that caused by a DBT of a saturated (100% RH) environment. Over time, the 

original ET underwent numerous modifications based on technological progress and 

extensive experience e.g. on radiant temperature, clothing, and air movement. As a 

consequence, ASHRAE Standard 55-1974 introduced a new ET*, assuming a standard 

parameter-set in the form of sedentary activity (1.1 met), still air (0.1 - 0.15 m/s), 50% RH, 

and an average indoor clothing (0.6 clo). Determined environmental conditions resulted in a 

comfort range of 22.2 to 25.6 °C. Using ET* as the reference environment, Y. Nishi and A.P. 

Gagge (1977) derived the SET which would be identical to ET* at sea level. For hypo- and 
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hyperbaric conditions, the mean body temperature (Tb) would serve as an indicator to install 

equivalence between SET and the test environment [8]. As ET* depends on clothing and 

activity, no universal ET* chart exists showing all possible conditions. Therefore, SET uses 

standardized clothing for given activities, representative of typical indoor applications 

[12:9.20]. 

Against this background, SET is defined by ASHRAE as the equivalent air temperature of an 

isothermal environment at 50% RH in which a subject, wearing clothing standardized for the 

activity concerned, has the same heat stress (skin temperature) and thermoregulatory strain 

(skin wettedness) as in the actual environment.” [12:9.20]. The values for skin temperature 

and wettedness are determined by a 2-node model that predicts a subject's sensory and 

physiological responses for typical indoor application [8:97]. The non-meteorological 

parameters are set concerning the actual indoor situation of occupants. In this way, SET can 

be calculated for a wide range of the six environmental and personal input parameters Tair, 

MRT, RH, v, met, and clo. 

SET combines the effect of the six input parameters on a subject's thermal sensation into a 

single index that is expressed as temperature in degree Celsius. The SET temperature scale 

defines thermo-physiological stress zones from ‘very strong cold stress’ to ‘very strong heat 

stress’, encompassing a range from 10 to 37.5 °C (Figure 7). Temperatures below 10°C or 

above 37.5°C express extreme (cold / warm) discomfort. The comfort area (no thermal 

stress) is defined from 22.2 to 25.6°C. 

 

 

Figure 7: Input parameters and scale of SET 
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Given information on the SET determination depicts that the index completely differs to PMV 

in terms of methodology and scaling. A short parameter study was carried out by the author 

to investigate the influence of humidity and air movement in regards of a tropical climate. 

MRT was set equal to Tair, met and clo were fixed to 1.2 (sedentary activity) and 0.5 

(summer clothing), respectively. The impact of humidity was examined, so the air speed was 

set constant at 0.5 m/s as average value for indoor air movement. 

In Figure 8 the SET values are plotted over Tair and MRT, ranging from 18 to 35°C. On the 

vertical SET axis the thermal sensation areas ‘no heat stress’, ‘moderate heat stress’, and 

‘strong heat stress’ are highlighted in colors. SET curves are shown for five humidity ratios 

increasing in 2 g/kg-steps from 12 to 20 g/kg.  

The graph shows little parallel shifting at ‘low’ air temperatures (~1K difference) and a 

divergence at higher air temperatures (~3K difference) due to an increasing change in 

humidity ratios. The red dashed vertical line marks the start of the diverging process at about 

25°C Tair. The collection of curves rates thermal perception of ‘strong heat stress’ at 35°C 

with a difference in SET scale of 4K.Over all it can be stated that SET weights humidity 

stronger at higher air temperatures. Thus, humidity plays a role in SET determination under 

tropical climatic conditions. 

 

 

Figure 8: Parameter study: Impact of humidity on SET 
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For the investigation of the impact of air movement, a comparison chart with UTCI is used to 

discern inherent discrepancies. The effect of air speed is shown in Figure 9, where both 

indices are plotted over the air speed (x-axis). UTCI is plotted on the left vertical axis, where 

the thermal sensation scale from ‘no heat stress’ to ‘strong heat stress’ is highlighted in 

colors. The SET scale was designed in the same way on the right y-axis. A black vertical line 

represents the ASHRAE Standard limit for air speed with occupant control. Two thermal 

conditions are tested for an extensive determination of the air speed influence: the first 

represents a hot and humid environment, where the air temperature is set at 30°C and the 

humidity ratio at 18 g/kg. The resulting curves for UTCI and SET are colored in red. The 

second input parameter set defines a moderate summer climate, where Tair equals 26°C 

and w is set at 12 g/kg (curves colored in green). For both test conditions, again 1.2 met and 

0.5 clo were constant input parameters. 

 

 

Figure 9: Parameter study: Impact of air velocity on SET compared to UTCI 
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both indices are sensitive to air velocity within the particular ranges of their application 

environments (indoors and outdoors). The fact that they differ so much is the vital reason 

why SET should be preferred over UTCI. 

The impact of humidity at high air temperatures and the very sensitive behavior of SET 

toward indoor air velocities at high temperature and humidity are the striking facts, why SET 

is an appropriate index for evaluating thermal comfort of buildings in tropical climates. 

ASHRAE Standard 55-2013 uses the SET method within acceptable ranges for metabolic 

rate (1.0 – 1.3) and clothing factor (0.5 – 1.0) to extend its comfort zones [7:9]. The standard 

graphically shows the zones on a psychrometric chart, where humidity ratio (g/kg) is plotted 

over operative temperature (°C). In Figure 10, the red striped area highlights the thermal 

comfort extension via SET calculation on the psychrometric chart. At first sight, the contrast 

to ASHRAE’s ‘static’ comfort zones (grey) for winter (1.0 clo) and summer (0.5 clo) case, 

which are constrained to 12 g/kg humidity ratio (upper limit of grey areas) and 0.15 m/s air 

velocity, is evident. With the use of SET, the area indicated above the PMV Method zone 

extends the comfortable thermal conditions in terms of humidity ratios greater than 12 g/kg 

(red arrow). A shift of thermal conditions to the right (horizontal red arrow) is possible, as 

SET calculates the cooling effect of elevated air speed above 0.15 m/s, where ASHRAE sets 

the maximum indoor air velocity at 1.2 m/s. 
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Figure 10: ASHRAE Std.55-2013: comfort zones plotted on a psychrometric chart (modified 
by the author) [7:9]  
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55-2013 recalculates based on SET a new PMV for elevated air speed [7:25], further called 

PMVeas. 

In the following, the PMVeas calculation is briefly explained according to ASHRAE Standard 

55-2013 [7:17,25] : First the SET is calculated for the parameters Tair, MRT, RH, met, clo 

and the given elevated air speed (range: 0.15 ≤ v ≤ 3 m/s). In a second step, the air speed is 

replaced by ‘still air’ (v = 0.15 m/s) and an adjusted average air temperature is calculated to 

achieve the same SET as before. With this adjusted average air temperature, the air speed 

of ‘still air’, and the four remaining parameters, the PMVeas is calculated after the known PMV 

method of ISO 7730 (Chapter 3.2) and can be used for comfort evaluation and comparison. 

 

 

Figure 11: ASHRAE’s recalculation method for PMVeas [7:17,25]  

 

Figure 11 shows tightly focused recalculation steps for PMVeas. This method enables the user 

to express thermal sensation on the PMV scale including conditions where the index is not 

defined (Chapter 3.2). For those areas, the SET calculation considers the impact of high air 

temperature, humidity, and air speed. The three recalculation steps subsequently turn the 

effect of elevated air speed into a corrected temperature for PMV (PMVeas). Linking PMV to 

SET gives the index a broad validity. 

To graphically highlight the difference of PMV and PMVeas due to the impact of elevated air 

speed, the following chart plots SET (left y-axis), PMV, and PMVeas (right y-axis) against the 

air velocity (Figure 12). Again, the SET scale is colored for orientation on thermal stress. The 

green area at the chart’s bottom defines the high comfort area of the PMV scale. In this way, 

one can easily compare PMV and PMVeas in terms of reaching excellent thermal comfort. To 

investigate the PMVeas behavior toward air speed, all other parameters are fixed representing 

a hot and humid environment: Tair equals MRT at 28°C, the humidity is high with a ratio at 
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18 g/kg, and met and clo are standardized at 1.2 met and 0.5 clo. The curves are 

distinguished in colors, where SET is black, PMV is blue, and PMVeas is red. 

 

 

Figure 12: Comparison of PMV and PMVeas on the basis of SET 

 

The graph in Figure 12 depicts three peculiarities: First, the rapidly falling SET curve from 

‘strong heat stress’ to ‘no thermal stress’ due to elevated air speed above 0.15 m/s highlights 
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in theoretical terms. Third, PMVeas leads to optimal thermal comfort (PMVeas = 0) at an air 

velocity of 0.68 m/s, which is an acceptable air speed for a working environment. Unlike 

PMVeas, PMV is incapable of rating prevailing thermal conditions as high comfort: Even if the 

air speed is at its maximum of 1.0 m/s, the curve exceeds the high thermal comfort area. 

To investigate whether the divergence of PMV and PMVeas is an inherent quality, a further 

chart compares PMV and PMVeas at different Tair and MRT values, while holding the 

parameters RH, met, and clo constant (Figure 13). 
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Figure 13: Comparison of PMV and PMVeas for different Tair and MRT values 

 

Figure 13 confirms the divergence of PMV and PMVeas starting at an air flow higher than 0.15 
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Figure 14 shows a screenshot of the CBE tool’s user interface. In the blue-colored, left-side 

tool area, settings are made, including the following six input parameters: Tair, MRT, RH, v, 

met, and clo. In the right-side tool area, the output indices are given. A unique feature of this 

tool is that it allows differentiating between PMV / PPD and PMVeas / PPDeas calculations. 

Furthermore, the SET value is assessed and information is given whether local air speed 

control has to be considered. The tool's calculation is based on the latest ASHRAE Standard 

55 - 2013, even though the information about standard compliance at the top of the webpage 

refers to ASHRAE Standard 55 - 2010. Below the output table, a psychrometric chart shows 

the evaluated thermal sensation (red dot) as absolute humidity in g/kg (ordinate) over dry-

bulb temperature in °C (abscissa). The residual parameters are fixed and controlled by the 

input box, meaning that each point of the chart has the same MRT, v, met and clo values. 

Following this, the comfort boundary is defined forming the purple-blue comfort zone in the 

chart. Changing those fixed parameters in the input box would shift the comfort area 

horizontally. In contrast, varying Tair or RH would shift the red dot either horizontally or 

vertically. The CBE tool depicts the effect of input parameters on thermal comfort and gives 

the user a reference for the SET and PMVeas calculation. 

In order to focus on tropical climate, the two examples in Figure 14 have been chosen to 

explain the effect of elevated air speed at high air temperatures and humidity ratios. A hot 

and humid thermal condition (calculated in the chart at the top of the figure) leads to an 

uncomfortably warm environment rated in PMV (red arrow). By elevating air speed from still 

air at 0.15 m/s to slight air movement at 0.4 m/s, thermal comfort can be established, as the 

chart at the bottom of Figure 14 presents. The tool rates the new thermal heat stress in 

PMVeas according to the elevated air speed at 0.4 m/s. The red arrow in the chart at bottom 

shows optimal comfort at 0.01 PMVeas, compared to the slightly discomfort without elevated 

air velocity at 0.76 PMV. 

The presented definitions and parametric studies of the indices revealed that the PMVeas 

results for hot and humid conditions considering the effect of air speed are in good 

agreement with what is commonly felt to be comfortable in practice in tropical regions and 

what the findings of the field studies stated. SET and PMVeas are applicable indices to 

evaluate thermal comfort in tropical climate taking into account the positive effect of elevated 

air speed. The two indices are used further to develop a methodology for comfort evaluation 

for simulated building models. 

  

http://en.wikipedia.org/wiki/Psychrometrics#Psychrometric_charts
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Figure 14: CBE Thermal Comfort Tool 
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4 Thermal Comfort Methodology for a Hot and Humid Climate 

The CBE Thermal Comfort Tool provides comfort evaluation with SET and PMVeas for one 

specific thermal condition. In addition, it shows the appropriate comfort range in a 

psychrometric chart. However, the static CBE tool is not applicable to ‘dynamically’ calculate 

comfort of large input data sets, e.g. on an hourly basis, derived from thermal building 

simulation. 

4.1 Method 

The author's intention was to develop a methodology on the basis of SET and PMVeas as 

applicable thermal comfort indices for elevated air speed to calculate thermal sensation using 

the output data set of a dynamically simulated building model with TRNSYS 17 3D. The 

PMVeas index was selected to be the overall output for thermal comfort. Therefore, the 

methodology is further called PMVeas Method. 

The PMVeas Method was programmed using the Engineering Equation Solver (EES). The 

code incorporates in total some 600 lines, including the SET and PMV calculations according 

to ASHRAE Standard 55-2013 and ISO 7730, respectively. The author compiled the PMVeas 

Method by calling both code libraries in a main program, where the recalculation for PMVeas 

was implemented.  

The program requires the six environmental and individual parameters for thermal comfort 

calculation in the form of a data set. Thereby, the environmental components Tair, MRT, and 

RH are derived from the output data set of the TRNSYS calculation. They are influenced by 

the room geometry, internal and external loads, occupancy, building physics, and the system 

design for air conditioning. Except for the system design, all simulation parameters are given 

by the architectural concept and the defined utilization of the modeled building area. The 

influence of the system design will be the topic of Chapter 5. For now, Tair, MRT, and RH are 

seen as given parameters that cannot be influenced by the PMVeas program. What can be 

influenced on the other hand are the residual parameters v, met, and clo. With the PMVeas 

program, boundary conditions for those variables can be set by the user according to the 

purpose of the particular comfort calculation.  

The methodology of providing variable boundary conditions for thermal comfort regulation is 

exactly the reverse procedure of ASHRAE Standard 55. Instead of generally evaluating 

thermal comfort of all thermal conditions possible and graphically spanning comfort zones, 

the PMVeas Method regulates the variable input parameters to obtain the best possible 

thermal comfort. Targeting optimal thermal comfort is the key characteristic that distinguishes 
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the PMVeas Method from the ASHRAE Standard 55 methodology. In the following, the 

regulation of air speed, clothing factor, and metabolic rate is explained for each parameter. 

4.2 Parameter Regulation 

Adaptive Air Speed 

The Chapters 2 and 3 revealed the striking effect of air speed for thermal comfort evaluation 

in hot and humid climates. The method seeks to regulate this key parameter in a way that the 

air speed is adaptively chosen by the program to achieve high thermal comfort (PMVeas ± 

0.5) under given environmental conditions. The PMVeas Method models four different average 

air velocities that are supposed to be overlaid by the user with probable values according to 

the environment of interest. 

For the purpose of the work on hand, the author set the following values as reasonable air 

velocities (Table 6). 

 

Table 6: Air velocity setting with corresponding sensation 

Level Air Speed in [m/s] Sensation 

v1 0.0 No air movement 

v2 0.3 Awareness of air movement 
v3 0.7 Acceptable value for sedentary activity 
v4 1.2 ASHRAE Std.55-2013 max. indoor air velocity with occupant control 

 

The first air speed at 0 m/s represents the case of ‘no air movement’. At 0.3 m/s air speed, 

people start feeling the air movement on their skin. The third level at 0.7 m/s is based on the 

average air speed measured in a thermal comfort study on air movement in classrooms at 

SOTA, Singapore (Chapter 5) [48]. The choice of the value is supposed to certainly be an 

acceptable air velocity for a classroom where students pursue sedentary activity, as 

ASHRAE Standard 55-2004 recommends a maximum air speed of 0.8 m/s for a working 

environment. The highest level set at 1.2 m/s follows the maximum threshold for air 

movement in the occupied zone according to ASHRAE Standard 55-2013. 

The program calculates the PMVeas for every air speed. Subsequently, a condition-loop 

function compares the four PMVeas values and identifies the one achieving high comfort (± 

0.5 PMVeas) while using the lowest air speed. This selection process is conducted for every 

time step of the simulation. This approach ensures that the air speed is determined 

adaptively to establish best possible thermal comfort for the investigated situation. 
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Concerning elevated air speed (v > 0.15 m/s), it is notable that the ASHRAE Standard 55-

2013 limits the average air velocity without occupant control to 0.8 m/s, whereas with the 

option of adjustment, the upper limit is set to 1.2 m/s [7:10]. Concerning the PMVeas Method, 

the requirement of occupant control is assumed to be fulfilled, as the adaptive air speed 

function is designed for the use of occupant controlled ceiling fans. 

Moreover, given air speeds are treated by the program as average air velocities according to 

the ASHRAE Standard 55-2013, defined as averaged air speed at three heights. This is 

important, as the SET calculation assumes that the human body is exposed to a uniform air 

speed, even though this does not comply with real-life experience, where a room has several 

spots of non-uniform air velocities. Therefore, ASHRAE requires the designer to decide the 

proper averaging air speed for the use of given SET and PMVeas indices. The proper 

averaging for air speed shall include air speed incident on unclothed body parts (such as the 

head) that have greater cooling effects and potential for local discomfort than unclothed parts 

[7:26]. Thus, the user of the PMVeas Method should consider this when setting the air velocity 

levels. 

All in all, the method’s air speed handling is useful for the evaluation of comfort concepts and 

to design climate strategies: For instance to compare a comfort concept integrating the effect 

of elevated air speed to a conventional air-conditioning design without air movement, the air 

speed required to create the same perceived comfort as a conventional system can be 

determined by the PMVeas Method. 

Adaptive Clothing Factor 

For the PMVeas Method the challenge was to calculate the clothing factor adaptively, so that 

during the comfort assessment for longer periods e.g. an entire year, the clothing factor 

would reflect a persons’ choice of clothing for every time step. 

As a mathematical approach, mentioned clothing definition of 1 clo was taken as base value. 

With the use of the CBE Tool and an average set of the residual comfort parameters (MRT 

equals Tair, 50% RH, 0.15 m/s v, and 1.2 met) a new adjusted air temperature, called Tair,clo, 

was determined for optimal comfort (PMV = 0). Subsequently, Tair,clo was compared to the 

actual temperature Tair, where a delta temperature (ΔT) would be derived, if 1 clo was not 

the preferred clothing insulation for the actual parameter set. Multiplying ΔT with the basis 

factor of 0.155 m²K/W would represent the difference with which the basis value of 1 clo has 

to be corrected. Thus, a new adapted clothing factor can be calculated as follows: 
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        (             )                                                                

As the equation includes no thresholds, this could lead to unreasonable clothing values of 

e.g. higher than 3.5 clo. Therefore, the option for users to set boundary conditions was 

included in the equation (5). To model a clothing factor calculation that fits the actual 

purpose, the clothing factor range was set from 0.5 to 1.0 clo for a typical indoor application 

in a tropical climate: 

       [       ((    (             )       )    )]                                 

 

The minimum threshold of 0.5 clo represents summer clothing, whereas the maximum 

boundary value (1.0 clo) assumes that people would e.g. wear suits or school uniforms. 

Higher clothing values were not observed in the literature review about thermal comfort in hot 

and humid climates (Chapter 2.3). 

So far, this approach provides a clothing factor calculation for one parameter set at each time 

step. As the program includes an adaptive air movement function, where the four air speeds 

have a significant influence on the clothing factor, Tair,clo has to be calculated for each air 

velocity at every time step. This was achieved through a polynomial curve fit, where Tair,clo is 

derived in dependency of air speed (Figure 15). The curve fit is based on an input table, 

where the values for Tair,clo were calculated by the CBE Tool regulated to optimal comfort 

(PMV = 0). Also the same parameter settings of MRT, RH, met and clo were used as 

mentioned above, except of the air speed. The latter parameter was set as a range from 0.1 

to 2.0 m/s, with a step interval of 0.1. Figure 15 shows the plotted Tair,clo values over air 

speed. A curve fit was determined by the EES program, which was mathematically 

expressed as an equation to calculate Tair,clo dependently of air speed. This curve fit equation 

for Tair,clo is presented in the blue framed box within the chart (Figure 15). 
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Figure 15: Curve fit and equation for Tair,clo 

 

Having calculated four Tair,clo values, consequently four clothing factors can be assessed. In 

this way, the adaptive clothing factor calculation relating to air velocity is conducted for every 

time step of the simulation. 

A minor constraint could be seen in the averaging of the parameter set the curve fit is based 

on. One could argue that fixing the relative humidity to 50% is acceptable, as the influence of 

humidity on Tair,clo is marginal. Also setting MRT equal to Tair is a common method to 

establish reasonable operative temperatures [7:16]. MRT should not differ much from Tair 

without the use of active layers or other cooling / heating units that would influence the 

radiant temperature significantly. However, the metabolic rate of 1.2 met only applies to 

sedentary activity as used for e.g. modeling offices and classroom occupation. It is of note 

that a change in occupants’ activities would lead to a change of metabolic rate and therefore 

a new calculation of the curve fit would be necessary. 

A more severe challenge occurs concerning the accurate clothing calculation for ‘no air 

movement’. For this case, the CBE Tool determines Tair,clo to 21.4°C, which is valid for the 

proposed parameter set. A weak point occurs as the value is not expressible by the 

polynomial curve fit. This applies for all air velocities lower than 0.1 m/s. To solve the 
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problem effectively, the presented curve fit has its lower limit at an air speed of 0.1 m/s. For 

‘no air movement’ (v1 = 0 m/s), Tair,clo of 21.4°C was included as lower threshold in equation 

(7): 

            (      (                                                        ))      

 

This approach may be sufficient for defined air velocities (v1 = 0 m/s, v2 = 0.5 m/s, etc.), but 

for an accurate Tair,clo calculation, a consistent curve fit should further be developed. 

A last constraint could be that the program relates the clothing factor to air speed, but not 

vice-versa. The user could wish to consider the fact that occupants would not adapt their 

clothing to the prevailing air speed but adapt the fan air velocity to their clothing. This would 

be the case, where occupants have to follow dress codes, e.g. in offices or schools. It does 

not seem obvious at first, but the program has a simple way to solve this problem: If 

occupants do not adapt their clothing, the whole adaptive clothing calculation is obsolete and 

can be replaced by setting the clothing factor to the value of interest. For instance in tropical 

climates, for an office situation with dress code, the clothing factor could be set constantly to 

1.0 clo.  

However, the method’s application of air velocity and clothing factor emphasizes that both 

parameters have a significant influence on the SET and PMVeas assessment, while they are 

also interdependent. This is why the program provides a PMVeas selection process for air 

speed, considering at the same time that the clothing factor is related to air velocity. 

Metabolic Rate 

The PMVeas Method sets the metabolic rate as constant, as generally only one activity of 

occupants has to be considered regarding the simulated time period. Simulating a building, 

where different activities take place, the comfort calculation would have to be conducted 

stepwise for each ‘activity zone’. For this work’s objectives, the metabolic rate was set to 1.2 

met for sedentary activity, which is within the range of 1.0 – 1.3 met for the ASHRAE 

Standard 55-2013 comfort zones (Figure 10). 

To summarize, a regulation for the comfort parameters air speed, clothing factor, and 

metabolic rate was implemented. Boundary conditions were set for a typical office or 

classroom situation in a hot and humid climate. It should be noted that for each individual 

building project, adaptation may be necessary as emphasized in each parameter section. 
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4.3 Verification of the PMVeas Method 

In the following, the PMVeas Method was applied to a room model to validate the calculation 

methodology and to investigate its capability pertaining to thermal comfort regulation. A 

seminar room from an ongoing Transsolar project3 in Milan, Italy, served as the room model. 

Due to the project’s location, the climate data set IWEC Milan was used. The thermal comfort 

calculation was focused on two hot and mid-humid summer days in June. Further information 

about the room model is given in Appendix C. 

 

 

Figure 16: IWEC Milan summer climate with ASHRAE Std.55-2013 comfort zones 

 

Even though the climate is classified as moderate, the summer months of Milan can be hot 

and dry, as shown with the psychrometric chart in Figure 16. The blue envelope defines the 

‘static’ comfort zone for summer climate according to ASHRAE Standard 55-2013. 

Compared to the green comfort envelopes for elevated air speed, all thermal conditions that 

would be either too hot or too humid according to the conventional PMV method, are 

acceptable with the new PMVeas index, considering given air velocities 0.3, 0.7, and 1.2 m/s. 

                                                      
 
 
3
 Austrian Pavilion, EXPO 2015 Milan, Transsolar private communication 
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But how exactly input parameters can be regulated to establish thermal comfort is shown 

with the following example. 

Figure 17 presents the ambient air temperature (red curve) and absolute humidity (dashed 

blue curve) for the two summer days in June. For this time period, the Milan summer climate 

typically evokes high outdoor air temperatures around 35°C in the afternoon together with 

moderate humidity ratios between 10 and 12 g/kg. 

 

 

Figure 17: Air temperature and humidity ratio over time: 23rd and 24th June (IWEC Milan) 

 

To show the effect of the PMVeas Method’s parameter regulation, the ‘plain’ room model 

without any regulation was analyzed: A basis simulation was assessed, neither using any 

mechanical system for conditioned air supply nor ceiling fans to initiate air movement. The 

thermal comfort was calculated with the PMVeas program, setting constant the air speed to 

zero (no air movement) and the clothing factor to 1.0 clo. The latter setting also served as the 

basis to which the adaptive approach could be compared afterwards. In this way the 

capability of the adaptive clothing factor calculation was investigated.  
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Figure 18 shows the PMVeas curve of the base case plotted over time. Disregarding the 

unoccupied night-time, the PMVeas rates thermal sensation as uncomfortably ‘warm to hot’, 

approaching the PMV maximum threshold of 3 PMVeas in the evening-peaks (16 to 20 pm). 

At no time, whether at night or day, the PMVeas reaches the high comfort range of ± 0.5. This 

worst-case scenario 1 shows unacceptable thermal conditions. A method to establish 

thermal comfort is required and the PMVeas Method is applied to identify the optimal way. 

 

 

Figure 18: Basis scenario 1: no air movement, fixed clothing factor, and no adiabatic cooling 

 

To demonstrate the single influences of the applied parameters’ regulation method, the 

seminar room simulation and its comfort calculation were modified stepwise. Starting with a 

first parameter regulation, the use of ceiling fans represented by the adaptive air velocity 

function was activated under the exact same thermal conditions as prevailing in the base 

case simulation. 

The chart in Figure 19 plots again PMVeas over time, scaled on the left y-axis, and adds the 

air velocity development (red), rated on the right y-axis. According to the presented chart, 

elevated air speed was used during the complete period of time, varying between the three 
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given levels 0.3, 0.7, and 1.2 m/s. The results show that the maximum velocity was 

necessary during day time to compensate for high air temperatures. Comparing the PMVeas 

curve to the one of the base case, scenario 2 depicts that just ‘switching on the ceiling fans’ 

improves the indoor climate for occupants, where the PMVeas values are diminished to 

maximum 1.7 PMVeas at the two evening-peaks, which is one comfort zone better than 

before. 

 

 

Figure 19: Scenario 2: adaptive air movement, fixed clothing factor, and no adiabatic cooling 

 

The effect of parameter regulation was further investigated, concerning the impact of 

humidity. In scenario 3, the humidity was increased in form of adiabatic humidification, further 

called ‘adiabatic cooling’. This would represent an option for a working environment only to a 

small extent, where increasing humidity is problematic due to electrical devices and paper-

work and would not generally be used in offices. Moreover, changing the humidity ratio is not 

calculated in the PMVeas program, but it is within the room model simulation process. In this 

case, the influence of humidity was generally tested to cross check the findings of the 

parameter study on SET (Chapter 3.3). Figure 20 shows the results of PMVeas and air 

velocity for this modification. 
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Graphically interpreted, the effect of adiabatic cooling lowered the PMVeas curve significantly 

to values at 1.0 and 1.5 PMVeas at the peaks. Moreover, it is to emphasize that in the evening 

including the peaks, thermal discomfort improved from ‘warm’ to ‘slightly warm’. Further, it 

was observed that a slight change in air speed level occurred, still having 1.2 m/s as the 

dominant average velocity. 

The investigation revealed that under prevailing conditions, thermally warm discomfort can 

be turned into thermal comfort by using elevated air movement and adiabatic cooling. 

Acceptable thermal conditions can be established, noticing that the 1.2 m/s air speed would 

not meet ASHRAE’s recommendation for working environments such as offices and 

classrooms [1]. 

 

 

Figure 20: Scenario 3: adaptive air movement, fixed clothing factor, and adiabatic cooling 

 

To examine the impact of adaptive clothing factor regulation, scenario 4 was carried out 

setting the clothing factor boundaries in the PMVeas program to 0.5 and 1.0 clo, while keeping 

the activated air velocity function as well as the adiabatic cooling modification. For both days 

in June, the clothing factor was calculated constantly to the lowest threshold at 0.5 clo. 
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Figure 21 presents the findings on PMVeas and air speed for the adaptively assessed clothing 

factor of 0.5 clo. The PMVeas curve is now completely remaining within the range of ± 0.5 

PMVeas. This means that high comfort is achieved, using in addition the impact of adaptive 

clothing of occupants. Moreover, another positive effect can be observed: Through the lighter 

clothing compared to scenarios 1 to 3, air speed has a greater influence on the body’s skin 

and can therefore be lowered to maximum 0.7 m/s for the time period 16 to 20 pm. The 

combined effect of adapted air speed and clothing factor tackles the PMVeas-peaks. 

Scenario 4 presents comfortable thermal sensation during the full time period while achieving 

this at an acceptable air speed of 0.7 m/s. One could say, that this represents an excellent 

thermal comfort situation for offices, classrooms etc. 

 

 

Figure 21: Scenario 4: adaptive air movement, adaptive clothing factor, and adiabatic cooling 

 

The seminar room investigation of parameter regulation using the PMVeas Method revealed 

that for hot and mid-humid climatic conditions, excellent thermal comfort can be established 

via adaptive air speed and clothing factor regulation combined - in this case - with adiabatic 

cooling. 
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The PMVeas Method was carried out on another Transsolar building project4, located in Arles, 

France. Also this time, the study focused on the same two summer days in June. The author 

investigated the interdependency of air velocity and clothing factor. The aim of this survey 

was to validate the method for adaptively regulating air velocity and clothing factor, while 

they interconnect in a realistic manner. 

 

 

Figure 22: Air temperature and humidity ratio over time: 23rd and 24th June (IWEC 
Montpellier) 

 

The thermal conditions for the base case are shown in Figure 22: varying air temperatures 

with around 27°C on June 23rd and 33°C on June 24th, as well as relatively constant mid-

humid ratios, modulating between 10 and 13 g/kg. 

Concerning the four charts below that plot the results for PMVeas, air speed, and the clothing 

factor (red curve) over time, they are presented as overview charts for easier comparison. 

The way to interpret them is the following: Scenario 1 (upper lhs) represents the base case 

with no air movement and clothing insulation fixed to 1.0 clo. The PMVeas values are 

accordingly high, where people would feel uncomfortably warm and hot. 
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Switching to the chart on the right – scenario 2 – the effect of adaptive clothing factor 

calculation is presented. The PMVeas peak during the first day is improved significantly, 

whereas the second peak stays almost the same. The latter observation can be explained by 

the fact that even if occupants wear the lightest possible clothes with an insulation factor at 

0.5 clo, it does not compensate anymore for the very high air temperatures, prevailing at the 

second day. This shows the regulation’s limitation of the adaptive clothing factor with a 

minimum threshold at 0.5 clo. 

Having a look at scenario 3 in the diagram-picture, the same strategy is followed for air 

speed. As a result one can see that the PMVeas curve reacts strongly on the influence of 

elevated air velocity. High thermal comfort is provided for 75% of the considered time period, 

but also the air speed regulation is not capable itself to fully achieve excellent thermal 

conditions. One can state that the single effects of each parameter regulation, opposed in the 

overview of the four charts, do not achieve permanently high comfort if only one of them is 

regulated adaptively. 

Consequently, scenario 4 in the lower right corner investigates the effect of combining both 

parameter regulations. Indeed, the PMVeas curve proceeds optimally in this last chart. The 

PMVeas peak of day two disappeared due to light clothing combined with elevated air speed. 

Even though the air velocity is at maximum for the mentioned time period, its duration can be 

reduced a little compared to scenario 3, where people were dressed warmer and the 

compensation of discomfort had to be tackled ‘only’ by moving the air at 1.2 m/s. Presented 

observations draw a realistic picture, concerning the fact that the lighter people dress, the 

easier air movement affects the occupants’ skin temperature and therefore their thermal 

sensation. 

The example verifies the PMVeas Method of interconnecting clothing factor to air speed and 

modeling both adaptively within their boundary conditions in a realistic way. The developed 

method is applicable to adaptively setting the parameters air velocity and clothing factor for 

optimal comfort regulation. 
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Figure 23: Interdependency of air velocity and clothing factor in four scenarios 

 

The examples depict that the PMVeas Method’s stays in contrast to ASHRAE’s comfort zone 

approach: instead of declaring strictly thermal dis-/comfort with SET and PMVeas for all 

thermal conditions possible, the PMVeas Method aims comfort regulation for occupants by 

modifying adaptively the parameters. In other words, the objective is regulating excellent 

thermal comfort using the gained knowledge that different thermal conditions can provide the 

same thermal sensation. Following this method, the achieved comfort of e.g. two systems 

can be regulated to become comparable, although the systems create completely different 

thermal conditions. If this state of system’s similar comfort performance is achieved, the 

more energy-efficient system can be chosen, ensuring no quality fall-off in comfort. 

The findings allow one to use in a subsequent step the simulation program TRNSYS 17 3D 

and the PMVeas Method to elaborate on the optimal comfort design of a generic classroom 

model for a hot and humid climate.  
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5 Application of the Thermal Comfort Methodology 

After having developed an analytical method (PMVeas Method) to evaluate thermal comfort in 

a hot and humid climate, now follows its application to investigate on a system design for an 

actual building project in the tropics. Prove shall be given to the hypothesis H2 raised in the 

introduction to this paper (Chapter 1.3), that the systematic application of air movement can 

reduce the need for active HVAC design in buildings in tropical climates. 

For the investigation, the School of the Arts (SOTA) in Singapore, designed by WOHA 

Architects, served as a role model: Wherever appropriate, the classrooms are naturally 

ventilated and thermal comfort is enhanced with ceiling fans to elevate air speed in the 

occupied zone. The passive building design and the elevation of the classrooms above 

ground reinforce natural ventilation by leveraging the prevailing wind conditions. Air-

conditioned zones are reduced to a minimum. 

 

 

Figure 24: School of the Arts (SOTA), Singapore; designed by WOHA Architects; completion 
in 2009 [15]  

 

In January 2014, W. Kessling and M. Engelhardt (Transsolar KlimaEngineering GmbH) 

conducted a comfort survey at one classroom of SOTA to cross check the proposed design 

strategy and to familiarize the design team with the method of evaluating thermal comfort 
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with the SET and PMVeas indices [48]. Wet bulb temperature, mean radiant temperature, 

humidity ratio, as well as fan air velocity were measured. 

The classroom (Figure 25) was surveyed for an ambient air temperature of 30°C and an air 

humidity ratio of 17.5 g/kg. This represents the typical outdoor summer of Singapore. The 

following average settings were used for the room model: occupancy of 23 pupils and one 

teacher, room area of 80 m² with 3.5 m height, and operable doors on two sides of the room. 

Also, the windows are on opposite sides of the room, enabling cross ventilation. Six ceiling 

fans were used to establish elevated air movement. The classroom picture of Figure 25 

shows the actual activity level (1.2 met) and thermal clothing behavior of the occupants 

during the measurements: The occupants pursue sedentary work (1.2 met), except for the 

teacher. Most pupils wear a t-shirt, shorts and sneakers, some of them are even dressed in 

long sleeved shirts or rather have a jacket with them (0.5 – 0.6 clo). 

 

 

 (Kessling and Engelhardt, 2014) 

Figure 25: Classroom at SOTA (left); local air speed and comfort measurements, top view 
plan of the classroom (right) [48]  

 

The measured local air speeds are in the range of 0.4 to 1.0 m/s (Figure 25), which means 

that the ASHRAE Standard’s air velocity threshold of 1.2 m/s was not reached. The SET and 

PMVeas results showed that for the given parameters the environment is felt comfortable by 

the occupants. According to the observation of W. Kessling and M. Engelhardt none of the 

occupants wanted to change clothing nor change the fan level [48]. 

Carrying out a comfort survey where the currently existing environmental parameters of a 

real classroom are measured and evaluated by SET and PMVeas allows validating the PMVeas 

Method on an actual building. The application of the comfort evaluation did not reveal any 
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misinterpretation by the PMVeas program. The SOTA study confirms that the proposed design 

parameters SET and PMVeas can be used for thermal comfort evaluation in a tropical climate. 

Thereby, SOTA serves as orientation for the parameter setting of the following classroom 

model in Dhaka, Bangladesh. 

5.1 The Project 

The non-governmental organization BRAC is planning a new university building in Dhaka, 

Bangladesh. The BRAC university complex will provide working space for around 10.000 

students. BRAC is particularly interested in a sustainable building concept which creates best 

comfort in the local context. The challenge consists in creating a system that provides 

thermal comfort, while reducing resource consumption, technical systems and energy 

demand. The architects commissioned are WOHA, Singapore, who are experienced in the 

design of naturally ventilated buildings in the tropics. Figure 26 shows the university complex 

model designed by WOHA. The architecture includes the importance of transition space, 

serving as connection to the external climatic conditions, especially air movement that can be 

used indoors to create thermal comfort. 

 

 

Figure 26: BRAC University model by WOHA Architects 
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5.2 Location and Climate 

Dhaka is the capital of Bangladesh and is geographically located 23° north of the equator 

(WGS84: latitude 23°42′ 0″ N, longitude: 90°22′ 30″ E). It’s elevation is four meters above 

sea level, and ambient air pressure is at 1012.2 hPa. 

 

 

Figure 27: Building project’s location [36] [37]  

 

The currently planned university will be built on a lake that is centrally located in the district 

Merul Badda, between Lake Gulshan and Bir Uttam Rafiqul Islam Avenue (Figure 27, right). 

The dynamical building simulation with TRNSYS 17 requires hourly reference data of the 

environmental parameters ambient air temperature, air humidity, and direct and diffuse solar 

radiation. For Dhaka a SWERA data set is used, representing a typical meteorological year 

(TMY). In the following, a short climate data analysis was conducted to get an impression of 

the climatic conditions at the site. Due to its geographical location, Dhaka has a hot and 

humid tropical savanna climate (Köppen–Geiger climate classification), where the monthly 

mean temperature is above 18°C including a dry as well as a wet season (monsoon) [19]. 

The following climate chart shows the annual ambient air temperature and humidity ratio of 

Dhaka. 
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Figure 28: SWERA Dhaka ambient air temperature and humidity ratio 

 

For climate engineering, three climate periods can be distinguished by air temperature and 

humidity: cool period from November till February (winter), warm and dry climate during 

March to May (spring), and the monsoon season, generally between June and October, 

where the climate is warm and humid (summer). Due to their average pleasant air 

temperature and humidity, the winter and spring periods are suitable for adaptive comfort 

concepts with natural ventilation. But it is questioned, if the adaptive thermal comfort can be 

established as well during the hot and humid climate period: During summer, the air 

temperature modulates between warm and hot ranges with small daily variation. In addition, 

air humidity ratio constantly exceeds the 12 g/kg threshold of the ASHRAE Standard by more 

than 6 g/kg. Thus, focus will be given on establishing a comfort design for the summer period 

of Dhaka, considering natural and hybrid ventilation for energy efficiency and thermal 

comfort. 

Having a closer look at the humidity ratio statistics (Figure 29), one can see that for about 

75% of the time dehumidification is required according to the restricted comfort envelope for 

full mechanical ventilation of ASHRAE Standard 55. But using instead the PMVeas Method, it 

is estimated that the high humidity ratios can be compensated - within limitations - by 

increased air velocities. This will be further investigated in the following chapters. 
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Figure 29: SWERA Dhaka humidity ratio statistics 

 

The second part of the climate analysis concerns solar insolation. The annual horizontal 

solar insolation accumulates to 1754 kWh/m²a (Figure 30). It is to note that there is a high 

ratio of diffuse radiation of about 52%. A potential for renewable electricity and solar heating 

over the whole year is given. But also, an efficient shading and control of radiant comfort has 

to be considered. 

 

 

Figure 30: SWERA Dhaka horizontal solar insolation 
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After a first overview of Dhaka’s climate, the following chart focuses on the above mentioned 

summer time (May to October), where the month May is included in order to give the 

simulation a starting period for assessing the dynamic of the building model. This also 

enables the author to calculate half a year, which consolidates the analysis’ validation. 

The psychrometric chart shows outdoor humidity ratio over ambient air temperature on an 

hourly basis (red dots). The developing grid lines represent the relative humidity in percent. 

The ASHRAE Standard 55 comfort envelopes are plotted over the climate data, comparing 

the conventional PMV model (blue ASHRAE summer envelope) with the PMVeas Method 

(green framed area). 

 

 

Figure 31: SWERA Dhaka summer climate (May – Oct) with ASHRAE comfort envelopes 

 

Good compliance is found between the temperature and humidity data set and the ASHRAE 

Standard 55 design conditions for elevated air speed of 0.7 and 1.2 m/s, whereas there is 

confliction concerning the ‘static’ ASHRAE summer envelope. In other words, a conventional 

building would require significant (1) cooling and (2) dehumidification to achieve comfort. 

However, a comfort design with the PMVeas Method would also require cooling and slight 

dehumidification. In contrast to the ASHRAE summer design, this would affect a smaller 

range of climatic conditions, according to Figure 31. 
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Compared to Singapore, Dhaka’s summer climate differs significantly in terms of humidity 

ratio and ambient air temperature. A psychrometric chart (Figure 32) shows the comparison 

of the IWEC Singapore (grey) and the SWERA Dhaka (red) summer climate data. 

 

 

Figure 32: Comparison of IWEC Singapore (grey) and SWERA Dhaka (red) summer climate 
data 

 

All in all, the climate conditions in Dhaka can be rated as warm and humid, distinguishing 

three periods by air temperature and humidity: cool period from November till February 

(winter), warm and dry climate during March, April and May (spring) and the monsoon 

season, generally form June till October, where the climate is warm and humid (summer). 

The solar radiation with 1754 kWh/m²a is high, so renewable energy production with photo 

voltaic can be high but need to be balanced against an effective shading strategy. 

Outdoor air humidity and temperature exceed the ASHRAE Standard 55 requirements for 

mechanically ventilated buildings between mid of March until the end of November. But 

according to the PMVeas comfort envelops the high humidity and air temperatures can be 

compensated - within limitations - by increased air velocities. 
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Regarding the BRAC university building, the comfort design could rely on natural ventilation 

for the winter period, but probably not for the hot and humid summer time. 

5.3 Method 

The work on hand presents the development of a system design, implementation in building 

simulation and evaluation of the thermal comfort for a typical classroom of the BRAC 

University. The investigation bases on an overall methodology that is shortly explained. All 

environmental parameters (room geometry, internal and external loads, occupancy, buildings 

physics, ventilation, cooling power, etc.) are modelled with the dynamical thermal simulation 

program TRNSYS 17 3D on an hourly base. In a second step the occupants’ thermal comfort 

is evaluated using the PMVeas Method. Following this, two comfort concepts are opposed in 

regards of achieved comfort, ventilation design requirements and energy demand: A 

conventional design for air-conditioning according to the “static” and deterministic HVAC 

control systems is compared to an adaptive Ventilation and Air Conditioning (adaptive 

HVAC) design. In this context, the term ‘adaptive’ is not about changing people’s comfort 

expectations; it is about changing environmental conditions, especially the air speed, to 

create comfort and to compensate for high temperatures and humidity. 

With this method, an iterative process is undertaken to develop the most efficient system 

design that provides thermal comfort. As mentioned before, this procedure represents the 

exact opposite of the ASHRAE Standard approach: the author's methodology emphasizes on 

how to establish thermal comfort, instead of evaluating thermal sensation of random 

combinations of environmental parameters. Focus is given to the design strategy provoking 

specific thermal conditions that are evaluated subsequently. The iterative process is crucial 

to give design advice for a comfort concept. 

The simulation model 

The thermal simulation work was carried out for a typical classroom model of the BRAC 

University in Dhaka with dimensions 9.0*9.0*3.1 m³. The east and west façades are 30% 

glazed. Semi-outdoor hallways are attached to the classroom’s east and west façades. On 

one side the hallways are shaded by corridors as well as naturally shaded by façade plants, 

while on the other they are shaded by the opposing building and the roof. 
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Figure 33: Location and top view of the classroom model 

 

The room’s buildings elements consist of internal floor and ceiling, one internal and three 

external walls, counting the inner corridor-wall as external (Figure 33). Appendix D gives 

detailed information about the elements’ layer composition and physical parameters. 

For a typical university schedule, the classroom’s operation time includes weekdays from 

07:00 to 17:00, fully occupied by 40 students. Sedentary activity with 70 W sensible and 65 

g/h (40 W) latent load per student as well as adaptive clothing from 0.5 to 1 clo were 

assumed. In Table 7 the major characteristics of the classroom model are summarized. 

 

Table 7: Major characteristics of the DHAKA classroom model 

Climate, Shading & Geometry Time Settings & Occupants Internal Loads & Air Supply 

climate data SWERA Dhaka  time May - Oct  occupants 110    W/pers 

shading W/E external  operation day 07:00 - 17:00  el. loads     5    W/m² 

room area 81 m²  total operation 1320 h  artificial light   10.5 W/m² 

room volume 251 m³  occupants nr. 40  air supply   30    m³/h/pers 

 

The given air supply value of 30 m³/h/pers achieves a moderate indoor air quality level (IDA 

3) in the classroom (Appendix D). 
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Conventional comfort design with full air conditioning and fan coil cooling 

In the tropics, the typical climate concept for offices and public buildings is closed façades 

combined with full air conditioning, as mentioned in the introduction. For the conventional 

case, a climate concept of a standard air-conditioning system, including heat recovery from 

the returned air, was combined with a decentralized fan coil cooling in the room (Figure 34). 

This system avoids the use of any air movement. 

 

 

Figure 34: Conventional comfort design with full air conditioning and fan coil cooling 

 

Aiming at 26°C operative temperature and 12 g/kg humidity ratio, this system fulfills the 

conventional “static” PMV comfort standard. For evaluation the following design assumptions 

are made: Fresh air supply is set to 30 m³/h/pers in order to achieve acceptable air quality for 

a university environment. Fresh air is supplied at 20°C with a dew point temperature of 14°C. 

This means that the air is cooled to 14°C, dehumidified to 10 g/kg humidity ratio, which 

corresponds to 100% RH at 14°C, and reheated to 20°C. The effectiveness of latent and 

sensible heat recovery is set to 75%. Moreover, the fan coil unit is designed to maintain the 

room air at maximum 26°C operative temperature and to keep the room air humidity ratio 

below 12 g/kg. Infiltration is set to 0.2 air change rate per hour. 

Adaptive HVAC comfort design with tempered air and elevated air speed 

For the adaptive ventilation and air conditioning comfort concept only tempered fresh air is 

supplied with 30 m³/h/pers to the room. The supply air is cooled to 20°C (22°C respectively) 

air temperature and 20°C (22°C) dew point temperature. This corresponds to humidity ratios 

at 14.7 and 16.7 g/kg, respectively. The supplied air is pressurizing the room and spilling 
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over to the hallways, which minimizes infiltration (Figure 35). The condensate from the 

decentralized supply air units is used for irrigation of the façade plants. 

 

 

Figure 35: Comfort design with tempered air and elevated air speed 

 

To establish constant comfort, six ceiling fans with controlled air speed were used in addition 

Figure 35. Air velocity is automatically elevated in two steps from 0 to 0.7 to 1.2 m/s, if 

perceived comfort exceeds 0.5 PMV / PMVeas. This is set to be in line with recommended 

limits for air speed of sedentary work and maximal air speed under occupant control 

according to ASHRAE Standard 55 (Chapter 4.2). For further comparison a design with 

natural window ventilation and elevated air speed has been included (see following sub-

chapter). As mentioned in the climate data analysis, this helps to investigate if the approach 

of natural ventilation combined with elevated air movement can be used during the monsoon 

season. 

5.4 Results and Discussions 

In Table 8 the four variants of different comfort designs are compared. The first variant V1 

represents the conventional comfort concept of full air conditioning and fan coil unit. Variant 

V2 and V3 are based on the comfort design of tempered air and the use of ceiling fans. The 

last variant V4 stands for the fully natural ventilated design with no air tempering. The natural 

ventilation is only reinforced by the activation of ceiling fans. 
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Table 8: Variants of comfort design for a typical classroom 

Variant Ceiling Fan Coil Mechanical Ventilation Heat recovery 

 
Fan Unit Tsupply [°C] Tdewpoint [°C] [%] 

V1 No Yes 20 14 75 

V2 Yes No 20 20 - 

V3 Yes No 22 22 - 

V4 Yes No - - - 

 

The PMV has been assessed for all four variants in order to compare the achieved comfort. 

Figure 36 and Figure 37 show the PMV / PMVeas curves over months and operative time, 

respectively. They depict that for V1, V2, and V3 the achieved thermal sensation is in the 

range of 0.2 to 0.5 PMV / PMVeas. Thus, those variants provide excellent thermal indoor 

comfort. In contrast, V4 provokes uncomfortably warm conditions, even though fans are at 

the highest air speed level of 1.2 m/s as shown in the statistic diagram of fan hours (Figure 

41). The PMVeas values of V4 increase up to typically 2, in maximum to 3 PMVeas, rating 

discomfort (Figure 36, Figure 37). 

 

 

Figure 36: PMV curves of comfort design variants over Dhaka’s summer period 

 

Regarding the duration curves of PMV / PMVeas in Figure 37, it becomes clear that V1 and 

V2 are almost identical in terms of achieved thermal comfort. This provides evidence that the 

May             Jun               Jul              Aug              Sep              Oct

Time
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two compared system designs are capable of establishing the same comfort. This means, 

especially V1 and V2 have to be compared with regard to required system and energy 

demand. In this way, the best system can be chosen, while guaranteeing excellent thermal 

comfort. 

Regarding V4, the chart shows evidently that during more than 80% of the occupation time, 

the students would feel uncomfortably warm to hot (PMVeas > 1). 

 

 

Figure 37: Sorted PMV curves of comfort design variants over Dhaka's summer period 

 

For the variants establishing high thermal comfort (V1, V2 and V3), it is of interest to assess 

how strong their differences are in terms of interacting parameters, which exist due to the 

use of two completely diverse comfort strategies. 

Following figures give a detailed comparison of the parameters’ interaction for variant V1, V2 

and V3. Three design days in June were chosen to represent a typical summer situation in 

Dhaka. The results from the thermal simulation were used as input parameters for comfort 

calculation. Tair, MRT and humidity ratio are plotted on the left ordinate. Determined fan step 

as well as resulting PMV / PMVeas are shown on the right scale. The black plotted bars at the 

diagram’s top indicate the occupants’ presence (operative time). 

Figure 38 shows the results for the variant V1. Average values for air temperature at 23.5°C 

and mean radiant temperature at 27°C, as well as a reduced humidity ratio at 11 g/kg are 
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observed. This fits to the described system approach of low temperatures and humidity via 

air-conditioning and dehumidification. 

 

 

Figure 38: Design day chart showing the achieved PMVeas and its major parameters for the 
variant V1 

 

In contrast, the adaptive variants V2 and V3 in Figure 39 and Figure 40 allow higher air 

temperatures and mean radiant temperatures between 28 and 31°C. Also, higher humidity 

ratios of 16 to 18 g/kg are observed. Looking at the PMVeas curve development of both 

variants, one can distinguish relatively high PMVeas values during absence and very 

comfortably low PMVeas values during occupation, where the ceiling fans provide elevated air 

movement to the room environment. This shows that the negative impact of high 

temperatures and humidity is compensated by the use of elevated air speed causing 

excellent thermal comfort in the range of 0.2 to 0.4 PMVeas during occupation. These 

examples depict the power of the utilization of elevated air speed to create comfort. 

The comparison of V2 and V3 shows that a fan speed of maximum 0.7 m/s is sufficient for 

V2. Unlike in V2, the slightly warmer and more humid environment in V3 requires 1.2 m/s air 

flow during occupation in order to keep the PMVeas within the same range of ± 0.5 as 

achieved in V2 (Figure 39 and Figure 40). 
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Figure 39: Design day chart showing the achieved PMVeas and its major parameters for the 
variant V2 

 

 

Figure 40: Design day chart showing the achieved PMVeas and its major parameters for the 
variant V3  
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For the variants using the effect of elevated air movement (V2, V3, and V4), the six ceiling 

fans run constantly during the 1320 h of total occupation time (Figure 41). 

V2 establishes good thermal comfort while permanently using the lower fan step of 0.7 m/s at 

during operative time. With variant V3, higher average air speeds are necessary due to the 

afore mentioned reason. For almost one third of operative time the higher fan step of 1.2 m/s 

is required. The naturally ventilated approach in V4 leads to a constant utilization of the 

maximum air speed level at 1.2 m/s. As even the maximum air velocity of 1.2 m/s cannot 

tackle the prevailing discomfort in V4, this shows the limitation of the effect of elevated air 

speed within the extreme hot and humid Dhaka climate. Therefore, the comfort strategy of 

natural ventilation combined with ceiling fans should not be utilized during Dhaka’s summer 

time. 

 

 

Figure 41: Ventilation hours of each variant, accumulating to 1320 h of total operative time 

 

Following diagram regards the energy performance of the systems. If 1.2 m/s were an 

acceptable air flow to the users, the electrical energy savings of V3 would be about 42% 

(Figure 42) compared to V1. As ASHRAE Standard 55 recommends limiting the air speed for 

sedentary activity in the occupied zone to maximum 0.8 m/s, V2 is the preferred variant even 

though the energy savings are diminished to 25%. The comparison of the variants’ energy 

demand (Figure 42) gives evidence that substantially less mechanized concepts can achieve 

significant energy savings even though no heat / cold recovery is installed. 

0

1320

927

35

393

1285

0

200

400

600

800

1000

1200

1400

1600

V1 V2 V3 V4

C
e
ili

n
g
 f
a
n
 [
h
]

FAN 1.2 [m/s]

FAN 0.7 [m/s]



Institute of Energy Efficient and Sustainable Design and Building 

79 
 

As room air temperature and humidity are higher compared to conventional systems 

additional sensible and latent heat recovery would be less effective. For V2 cooling energy 

could be reduced e.g. from 66 to 45 kWh/m²a but a full sensible and latent heat recovery 

system at an effectiveness of 75% would be required. 

 

 

Figure 42: Electrical energy demand of each variant for ventilation, cooling and 
dehumidification (COP 3) 

 

The adaptive HVAC system can be decentralized and operated per room depending on 

occupation. Typical installations for mechanically ventilated rooms with central air 

conditioning systems, heat recovery, insulated supply and return air ducts in false ceilings, 

vertical shafts etc. are not required. The substantially lighter adaptive HVAC systems will 

have lower investment costs of the system itself as well as for the building. This is due to the 

fact that less space is used for the air handling systems, which allows a more simplified 

building envelope design and thermal zoning of the university building. 

It is of note that the investigation of the system design is limited to a room model. This is why 

the work on hand omits to carry out a life-cycle assessment (LCA) as well as a cost-benefit 

analysis (CBA). A full simulation and comfort calculation for the whole building model with 

subsequent LCA and CBA would be necessary to compare the two system designs in regard 

to their embedded energy and to give a proper design advice. 

Nevertheless, an estimated cost-benefit analysis in terms of energy and CO2 emissions was 

conducted for all the building zones counting for similar utilization, where the adaptive HVAC 
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design can be applied. According to the room type descriptions, the system design is 

appropriate for the purpose of the categories ‘classroom’ and ‘studio’ (Figure 43). The room 

types’ areas are 7.495 m² and 1.863 m², respectively, accumulating to a total area of 9358 

m² for the HVAC design. 

 

 

Figure 43: BRAC room types: classroom (yellow) and studio (orange) 

 

The electrical energy demand of the adaptive HVAC system was calculated to 781 MWh for 

the defined area and simulation period. Compared to the conventional AC system with 987 

MWh/a*, the saved amount of electrical energy is about 206 MWh/a*, which corresponds to 

21%. The discrepancy to 25% energy savings for the single classroom model occurs due to 

different geometry and location of the simulated rooms within the building model. However, 

the specific end energy savings account 22 kWh/m²a*. This seems to be a relatively small 

amount. But with regard to the level of established comfort and the choice of the comfort 

design in variant V2 with more intensely tempered air supply than V3 (20°C instead of 22°C 

air and dew point temperature) to provide an acceptable average air velocity (0.7 m/s instead 

of 1.2 m/s), the result seems reasonable. Dealing with room utilization where an average air 

velocity of 1.2 m/s would be acceptable (transition area, kitchen, etc.), the energy savings 
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would probably be more than doubled (Figure 40, V3). This shows that the use of fans 

significantly contributes to the energy performance of a building system. 

The actual grid price of Bangladesh for the category ‘public buildings and offices’ accounts 

9.58 BDT/kWh (BDT: Bangladeshi Taka) [31]. The currency converted to Euro equates to 

0.09 €/kWh, so that 18,540 € can be saved for electricity costs regarding the defined building 

area and the simulated summer time period (May to October) [26].  

The International Energy Agency (IEA) calculates the Bangladeshi average CO2 emissions 

from electricity generation (mix) to 588 gCO2/kWh [44:112]. With this factor, the total CO2 

savings would accumulate to 121 tons for the defined building area and simulated time 

range. 

The estimated cost benefit analysis limited to the two defined room types ‘classroom’ and 

‘studio’ shows how much the decision of thermal comfort design affects the client’s expense 

for energy demand, as well as the environment with regard to resource consumption and 

CO2-emission. Again it is emphasized that this limited theoretical analysis has to be further 

examined on a holistic level in practice to become a proven method for HVAC engineers. 
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5.5 Summary 

The chapter’s purpose was to investigate whether an adaptive HVAC comfort design can 

lead to significant energy savings while providing the same level of comfort compared to the 

conventional concept of full air condition and fan coil cooling. System design, implementation 

in building simulation and the analysis of thermal comfort have been studied for a typical 

university classroom in Dhaka, Bangladesh. 

The implemented PMVeas Method based on ASHRAE’s SET-PMV comfort evaluation for 

elevated air speed proved to be a powerful tool to explain the thermal comfort achieved with 

local air-coolers in combination with ceiling fans as typically installed. Based on the results, 

an adaptive HVAC comfort concept with dedicated air supply is proposed which provides 

good fresh air quality with 30 m³/h/pers air flow rate and an excellent thermal comfort. A 

simple decentralized mechanical system is proposed to supply the room with 20°C air 

temperature and dehumidification to 20°C dew point temperature. In addition, ceiling fans 

provide acceptable air movement during occupation. Compared to the conventional concept 

of conditioned air with full heat recovery aiming on 26°C operative temperature, energy 

savings are about 25%. The hybrid solution combines the best effects out of both systems. 

The supply air systems can be decentralized and operated per room in case of occupation 

only. Compared to the conventional air-conditioning system, the substantially lighter adaptive 

HVAC system requires lower investment costs for the system as well as for the whole 

building envelope design and thermal zoning. 

It is of note that the systems’ comfort is comparable, while their key environmental 

parameters are configured in two completely different ways: the tempered air design 

provides comfort by high operative temperatures and high humidity compensated by 

elevated air speed, whereas full air conditioning and fan coil unit run on low operative 

temperatures and low humidity without air movement. 
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6 Conclusion 

Thermal comfort standards, e.g. ASHRAE and ISO, are skewed towards P.O. Fanger’s heat 

balance model, developed in mid-latitude climate regions, using the Predicted Mean Vote 

(PMV) as comfort index. Systematic discrepancies in this model, particularly with respect to 

warmer zones, are evident. The static “comfort zones” definitions, based on the six comfort 

parameters in P.O. Fanger’s PMV model, fail to explain observed thermal comfort in naturally 

ventilated buildings. Adaptive comfort models, developed in field studies in the tropics, 

provide evidence that extended temperature and humidity ranges are acceptable, if air 

movement is taken into consideration. 

Elevated air speed has long been used in practice to offset higher temperatures in indoor 

climates. With ASHRAE Standard 55-2013, a procedure for evaluating the effect of elevated 

air speed using the Standard Effective Temperature (SET) is described. The SET can be 

calculated for a wide range of six environmental and personal parameters: air temperature 

(Tair), mean radiant temperature (MRT), relative humidity (RH), average elevated air speed 

(v), clothing factor (clo) and metabolic rate (met).  

The developed PMVeas Method calculates comfort based on the Standard Effective 

Temperature and the Predicted Mean Vote for elevated air speed according to the ASHRAE 

Standard 55-2013. The procedure allows the evaluation of different design strategies with the 

7-point scale of thermal sensation, defined as follows: hot (+3), warm (+2), slightly warm 

(+1), neutral (0), slightly cool (-1), cool (-2), cold (-3). The PMVeas Method regulates the 

comfort parameters for investigated strategies to provide identical thermal comfort. 

Compliance is achieved when -0.5 < PMVeas < 0.5, which is equivalent to occupants being 

90% satisfied with the environmental conditions. 

A system for thermal comfort calculation for a typical university classroom in Bangladesh was 

developed in this paper. A conventional design for air conditioning according to the static 

“comfort zone” model was compared to an adaptive HVAC design with regard to achieved 

comfort, required design of ventilation systems, and energy demand. The thermal 

parameters of the building were assessed using the dynamic thermal simulation program 

TRNSYS 17 3D. Based on six environmental parameters, the thermal comfort of the 

occupants was evaluated with the PMVeas Method,  

The design studies allowed the development of an adaptive HVAC comfort design, which 

provides goof fresh air quality and excellent thermal comfort.  
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One of the most important findings was that a simplified approach to comfort provision 

delivers the same thermal comfort compared with the standard approach using full air 

conditioning with heat recovery. On the basis of the classroom design, 25% energy savings 

were achieved. This shows the potential of the PMVeas Method. To confirm its validity, the 

method will have to be applied to a holistic system for the university building, taking into 

account different room types as well as their influence on building zones and technical 

systems. 

Overall, hypotheses H1 and H2 were confirmed by the three-step method described in the 

introduction to this paper: Elevated air speed can measurably improve thermal comfort of 

buildings in tropical climates. Secondly, air movement applied systematically can significantly 

reduce the need for active HVAC design. 

Achieving thermal comfort in a hot and humid climate by compensating high temperatures 

and humidity with air movement would positively affect the comfort design in terms of 

required system size and energy usage. With respect to climate change and global warming, 

a more adaptive approach to comfort is required on a global scale in order to meet new 

energy efficiency targets and reinforce sustainable development. 

It is of hope that the developed PMVeas Method encourages designers to incorporate air 

movement systems in their designs as a low-tech cooling strategy. 
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Appendices 

Appendix A: COMFORT FACTORS 

Clothing Factor 

 

Figure 44: Table of clothing insulation in clo units for each garment [13:9]  

 

Figure 45: Clothing insulation in clo units for typical clothing [13:9]   
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Metabolic Rate 

 

Figure 46:Metabolic rates at different activities [13:6]  
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Appendix B: THERMAL COMFORT INDICES 

Predicted Mean Vote (PMV) 

Analytically, PMV is determined by equations (1) to (4) (ISO 7730:2006, p.6 ff.): 
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Standard Effective Temperature (SET) 

Analytically, SET is calculated by following heat balance equation [8]:  

 

      
               

                                                                  

 

      

                                                       

                                             

                                          

                                                  

                                       

  
                                                              

  
                                                               

 

According to Nishi and Gagge, the SET application requires four steps: first, the input of 

measured prevailing meteorology parameters (Tair, MRT, RH and v); second, evaluation of 

metabolic heat loss from the skin surface by energy metabolism (M), estimation of clothing 

factor, as well as information on time of exposure; third, use of a simple 2-node model of 

temperature regulation to predict the resulting Tb; fourth, interpretation of Tb by SET. In 

thermal equilibrium at a SET value range from 23 to 41°C, SET is linearly related to Tb [8]: 

                                                                                  

Below 23°C, the parameters' relationship is (1 hour exposure time): 

                       
                                                         

Above 41°C, evaporation regulation has begun to fall (1 hour exposure time): 
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Based on mean body temperature, SET establishes the physical, physiological, and sensory 

equivalence for combined environmental factors through a rational approach [8]. 

A 2-node model of human temperature regulation is used to predict Tsk, Tb, REGSW (rate of 

sweat production necessary for the regulation of body temperature) and SKBF (skin blood 

flow). Figure 47 shows simplified the model’s approach. 

 

 

Figure 47: Simplified drawing of the 2-node model [13:18]  

 

The core part symbolizes the body’s heat production, where the metabolic rate (M) multiplied 

with the counterpart of the body’s mechanical efficiency factor (1 - ɳ) is the heat generated in 

the core. The 2-node model considers that some body heat is removed by respiration, partly 

as sensible heat (Cresp), partly as evaporative loss (Eresp). The remaining heat is transported 

to the skin (Msk), where it dissipates as sensible heat by radiation (R) and convection (C), as 

well as latent heat (evaporative loss Esk). Esk consists of two components that are diffusion 

(Ediff) and regulatory sweating (Ersw). Both are expressed in regard to the maximum 

evaporation potential of the body (Emax). Regarding the impact of clothing, the calculation of 

R and C depends on the insulation value of clothing (Fcl), whereas Emax determination 

includes the vapor permeation efficiency form skin through clothing (Fpcl, non-dimensional) 

[13:17–18]. 
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Perceived Temperature (PT) 

The PT is an index for outdoor comfort evaluation considering all bio-meteorological relevant 

parameters. Developed in 1997 the PT is based on the 2-node model that simulates 

phenomena of the human heat transfer. PT is defined as the equivalent temperature of an 

isothermal reference environment at light air movement, 50% RH, 135 W/m²Pers metabolic 

rate and a clothing factor range from 0.5 (summer) to 1.75 (winter), where the same 

perception of warm or cold would occur as under the actual environment [18:521]. 

The index was included in the German Industry Standard VDI 3787 in November 2008. PT is 

also used in the field of environmental meteorology as a method for human bio-

meteorological evaluation of climate and air quality for urban and regional planning at 

regional level. The German Weather Service (DWD) uses the index for its weather reports. 

Figure 48 shows the input parameters and scale of PT [18:521]. 

 

 

Figure 48: Input parameters and scale of PT 

 

Universal Thermal Climate Index (UTCI) 

Like the PT, the UTCI is an outdoor index that rates thermal comfort on the basis of a human 

physiological response model in the major fields of human biometeorology [18:521–522]. The 

index is defined as air temperature of the reference condition that would elicit the same 

dynamic response of the physiological model. Thus, the UTCI can be seen as a further 

development of PT. 
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It is of note that in 2009, the UTCI was developed by over 45 scientists from 23 countries, 

which gives the index a broad scientific foundation. Some of the members are the same who 

created the PT. 

The UTCI is based on an advanced 340-node model which simulates phenomena of the 

human heat transfer inside the body. In addition, the model takes into account at its surface 

the anatomical, thermal, and physiological properties of the human body. Heat losses from 

body parts to the environment are modelled in detail considering the inhomogeneous 

distribution of temperature and thermoregulatory responses over the body surface. The 

thermo physiological multi-node model is coupled with a state of the art clothing model. This 

approach represents the state of the art. Figure 49 shows the input parameters and scale of 

the UTCI index. 

 

 

Figure 49: Input parameters and scale of the UTCI index 

 

Similar to PT, the UTCI summarizes the interaction of all input parameters with following 

reference conditions: 50% RH, 0.5 m/s air speed, 135 W/m²Pers metabolic rate, and Tamb 

equaling MRT. 
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Comparison Study of PT and UTCI 

A detailed parameter study comparing PT and UTCI was conducted by W. Kessling and M. 

Engelhardt, when they found out about the more enhanced physiological node-model of 

UTCI. The results are discussed in the following. 

The thermal sensation scales of both indices were compared (Figure 50). For easier 

comparison, other colors than those from the UTCI color code were used. The figure shows 

that the overall temperature range is the same, while the perception scale differs 

significantly. The identical temperature range coincides with the fact that both are outdoor 

comfort parameters. Unlike UTCI, PT includes a ‘slight heat stress’ area from 20 to 26°C, 

which is rated as no thermal stress on the UTCI scale. On the other hand, UTCI includes a 

moderate cold stress range, whereas PT evaluates the same temperatures as slight cold 

stress. Focusing on the study’s climate of interest, both parameters give identical comfort 

zones for high temperatures, even though their thermo-physiological stress expressions 

follow tow divers but similar structures. 

 

 

Figure 50: Comparison of PT and UTCI scales 
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The study’s results present the influence of the mean radiant temperature (Tmr) at warm to 

high air temperatures (Tamb), air speed at 1 m/s and dry air condition, where the humidity ratio 

(x_amb) is set to 5 g/kg. The graph in Figure 51 plots PT and UTCI as continuous and 

dashed curves over Tamb. Each index is plotted three times in different colors representing 

the change in Tmr developing from 25 (black) to 35 (red) to 45°C (blue curve). 

 

Figure 51: PT-UTCI comparison with regard to change in MRT at warm/hot and dry 
conditions 

 

The variation in Tmr leads to a vertical shift that is identical for both parameters. Moreover, 

the analysis shows that a distinct difference exists between PT and UTCI for described 

thermal conditions. At a warm and dry environment the offset is about 5K increasing to 8K at 

high temperatures. This depicts that UTCI is more sensitive than PT at warm / hot and dry 

conditions with awareness of air movement. The word ‘sensitive’ is used in regard to higher 

UTCI values and also to the fact that the UTCI curves ascend with increase in Tamb, while the 

PT curves extenuate. 

However, their behaviors change when increasing the humidity ratio up to 15 g/kg (Figure 

52). At a moderate humidity, both indices behave the same pertaining to Tmr. In terms of Tamb 

they are almost identical at warm conditions but diverge with increasing temperature. This 

trend reinforces to the already observed general different performances at high Tamb values, 

as seen in the dry air condition case (Figure 51). Both parameters can be used equally at 

moderate humidity, except for high Tamb values, where UTCI is more sensitive than PT. 
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Figure 52: PT-UTCI comparison with regard to change in MRT at warm/hot and humid 
conditions 

 

As tropical climatic conditions are of most interest in the present paper, the same parameter 

set is reanalyzed for humid conditions, where the humidity ratio is set to 20 g/kg (Figure 53). 

 

 

Figure 53: PT-UTCI comparison with regard to change in MRT at warm/hot and very humid 
conditions 
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In contrast to the low-humidity case, PT rates the thermal condition generally higher than 

UTCI, while still behaving the same concerning Tmr. Also, PT acts similar in terms of Tamb as 

observed before. Thereby, the indices’ offset is smaller with 3K, and 2K respectively. 

The influence of air velocity (w_vel) is presented in Figure 54. Instead of different MRT 

levels, the change in air speed is now represented with the colored curves black, red and 

blue. Regarding MRT, the parameter is set equal to Tamb for easier comparison. The chart 

shows in the familiar layout PT and UTCI plotted over Tamb. 

 

 

Figure 54: PT-UTCI comparison with regard to change in air velocity 

 

It is evident that the influence of air velocity differs in principal at air temperatures above 

32°C. The blue circle on the PT curves marks their crossing point where the behavior of PT 

turns into its converse provoked by air speed at high air temperatures: Whereas at air 

temperatures below 32°C, increasing the air velocity lowers the PT, it has the opposite effect 

above this threshold. Expressed in human physiological terms, increased air velocity is felt 

uncomfortably warm above 32°C Tamb, as the warm or rather hot air would heat up the body’s 

skin instead of cooling it. The inflection at 32°C can be explained as turning point, where the 

ambient air temperature exceeds the average surface temperature of the human body [13:6–

7]. 

In contrast, the UTCI curves behave completely different: compared to still air (v = 0.1 m/s), 

high air velocity of 5 m/s is rated positive until a Tamb threshold of 36.5°C, where it provokes 

higher UTCI values than still air. The reversal point for air movement of 1 m/s is even shifted 
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3K higher towards a Tamb of 39.5°C (Figure 54). Presented chart depicts that the indices PT 

and UTCI rate the influence of air speed principally different. 

To sum up and to provide at the same time a new perspective on the PT-UTCI comparison, 

their main divergence is shown in a psychrometric chart (Figure 55), where the humidity ratio 

is plotted over Tamb. The colored curves represent the different thermal perception zones 

listed to the right of the chart frame. Again, PT and UTCI are differentiated as continuous and 

dashed curves. 

 

 

Figure 55: PT-UTCI comparison on a psychrometric chart 

 

The above described divergence at high air temperatures and low humidity occurs evidently 

in this chart, as the PT curves bend down at a relative humidity between 10 and 20%. On the 

other side of the humidity spectrum, the UTCI limits are shifted to the right, which has the 

effect that thermal conditions at high temperatures and humidity are encompassed by UTCI 

to a greater extent than by PT. 

On the basis of presented study, a summary on the PT and UTCI comparison was stated by 

W. Kessling and M. Engelhardt. In general, both indices have a similar range and rating of 

thermo-physiological perception. Moreover, they require the same input parameters (Tamb, 

Tmr, v, x_amb). 
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However, the main differences are the slight to moderate divergence for intermediate and 

high humidity, the significant difference at low humidity, and the very diverse impact of air 

velocity at air temperatures above 32°C. 

 

Comparison Study of UTCI and SET 

A second parameter study was carried out by the author to compare UTCI with SET. The 

thermal sensation scales are opposed to each other in Figure 56. Unlike the PT-UTCI 

comparison, the thermal perception scale is identical. In contrast, their temperature ranges 

differ significantly.  

 

 

Figure 56: Comparison of SET and UTCI scales 

 

Focusing on the relevant perception zones ‘moderate cold stress’ to ‘extreme heat stress’, 

SET is defined for a smaller temperature range (14.5 to 37.5°C) than UTCI (-13 to 46°C). 

Regarding UTCI, the sensation area of no thermal stress has a wide spectrum, which 

corresponds to a broader tolerance level under outdoor conditions. This depicts the indices’ 

diverse purpose. SET aims at indoor comfort evaluation, while UTCI is developed for outdoor 

thermal comfort calculation. 
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The parameter study investigated the influence of Tair equal to MRT, humidity ratio and air 

speed. The metabolic rate and the clothing factor were fixed to 1.2 met and 0.5 clo. The air 

speed was set to 0.5 m/s as average value for indoors. 

Figure 57 shows the results of the investigation on the impact of air humidity on UTCI. The 

comparison chart for SET is shown in Chapter 3.3 (Figure 8). In the chart, the UTCI values 

are plotted over Tair with a range from 18 to 35°C. The index was calculated for five humidity 

ratios ranging from 12 to 20 g/kg. On the vertical axis, the sensation scale from ‘no heat 

stress’ to ‘strong heat stress’ is highlighted in colors. 

The impact of humidity on UTCI can be seen as parallel shifting with a convergence at 

increasing air temperatures. 

Compared to Figure 8, the main difference of the indices is – valid for tested input 

parameters - that SET weights humidity stronger with increasing air temperatures than UTCI 

does. Over all, one could define the impact of humidity as moderate, comparing the behavior 

of both indices, SET and UTCI. 

 

 

Figure 57: Parameter study: Impact of humidity on UTCI 
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The UTCI and SET were plotted again for two thermal conditions (distinguished by red and 

green color) on the temperature scale (Figure 58). UTCI is plotted on the left vertical axis, 

where the thermal sensation scale from ‘no heat stress’ to ‘strong heat stress’ is highlighted 

in colors. The SET scale was designed in the same way on the right y-axis. The first thermal 

condition represents hot and humid climate with high air temperature at 30°C and high 

humidity ratio at 18 g/kg. The resulting curves for UTCI (continuous) and SET (dashed) are 

colored in red. The second input parameter set defines a moderate summer climate with Tair 

equal to 26°C and humidity ratio at 12 g/kg (curves colored in green). For both test 

conditions, 1.2 met and 0.5 clo were set constant. The air velocity was fixed to 1.0 m/s. 

Where the UTCI 32°-line crosses each UTCI curves, a vertical link to the SET curves was 

drawn and connected to the SET scale on the right. In this way, the indices’ comfort 

evaluation of the same thermal condition was compared. For the 32°C values of both UTCI 

curves (red and green), SET values of 28 and 27.7°C were derived. Expressed on the 

sensation scale, the UTCI evaluation at the edge of moderate to hot heat stress corresponds 

to a SET rating that lies centrally within the moderate heat stress area. Thus, SET shows 

lower thermal heat stress than UTCI for the same thermal conditions including elevated air 

speed. 

 

 

Figure 58: Parameter study: comparison of SET and UTCI 
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The comparison study on UTCI and SET revealed following findings: 

In general, UTCI and SET have a similar behavior. The crucial discrepancy was found in the 

effect of air speed (chart presented and discussed in Chapter 3.3): UTCI reacts sensitive at 

high air flows suitable for outdoor conditions, whereas SET reacts sensitive at low air 

velocities applicable for indoor comfort. Moreover, for the tested thermal parameter sets, 

SET showed lower thermal perception than UTCI under same conditions. 
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Appendix C: MILAN ROOM MODEL 

Figure 59 shows in a red framed box the seminar room of the Austrian EXPO Pavilion model. 

 

Figure 59: Front elevation of the Austrian EXPO Pavilion model [62]  

 

Climate Data 

 

 

Figure 60: Ambient air temperature and humidity (IWEC Milan) 
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Figure 61: Horizontal insolation (IWEC Milan) 

 

 

Building Elements 

Table 9: Building elements of the MILAN seminar room model 

Building Element Layers Thickness Total Thickness U-value 

  (inside to outside) [m] [m] [W/m²K] 

Internal Floor floor cover (flagging) 0.005 
  

 
screed 0.090 

    subsonic insulation 0.030 0.425 0.63 

  concrete 0.250 
   standard insulation 0.050   

    
   Internal Ceiling wood 0.200 

  

 
standard insulation 0.050 0.325 0.22 

  wood 0.075   

     

Internal Wall wood 0.090 0.090 1.16 

    
   External Wall wood 0.095 

    standard insulation 0.050 0.145 0.47 
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Glazing 

Table 10: Glazing parameters of the MILAN seminar room model 

Glazing Visual Transmission U-value g-value Frame Fraction U-value Frame 

 
[%] [W/m²K] [%] [%] [W/m²K] 

single glazing 90.1 5.68 85.5 20 1.5 

 

 

Shading 

Table 11: Shading parameters of the MILAN seminar room model 

Shading 

Overhang 
[m] 

Wing wall projection 
[m] 

Wing wall top extension 
[m] 

Wing wall gap 
[m] 

East West East West East West East West 

external 0.1 0.1 65.0 65.0 0.5 0.5 0.1 0.1 

 

 

Simulation Settings 

Table 12: Basic simulation settings of the MILAN seminar room model 

Climate, Shading & Geometry 
 

Time Settings & Occupants 
 

Internal Loads & Air Supply 
 

climate data IWEC Milan  time May - Oct  occupant 110    W/Pers 

shading W/E external  operation day 09:00 - 23:00  el. loads     3    W/m² 

room area 94 m²  operation week Mo. - Su.  artificial light     6    W/m² 

room volume 282 m³  occupant nr. 40  air supply   25    m³/Pers 
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ARLES ROOM MODEL 

In this case, the room model consists of one out of five segments of the fully glazed lobby 

(Drum) of the Parc des Ateliers Tower (F.O. Gehry, LUMA Foundation), which includes 

internal shading options and natural ventilation (Figure 62).  

 

 

Figure 62: Drum, basic climate and comfort elements [62]  

 

More specifically, the model represents the top area (one of four areas with a total air 

temperature range from 12 to 30°C) below the fully glazed roof segment. The basic model 

parameters are the following: 

 

Glazing 

Table 13: Glazing parameters of the ARLES Drum segment model 

Building Element Glazing Visual Transmission U-value: glazing and frame g-value 

 
 

[%] [W/m²K] [%] 

Roof double glazing 65 2.0 70 

Façade double glazing 65 1.7 70 
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Shading 

Table 14: Shading parameters of the ARLES Drum segment model 

Shading 

Transmission 
[%] 

Reflection 
[%] 

Ventilated shade 
 

Distance 
[m] 

Roof Façade Roof Façade Roof Façade  Roof Façade 

internal 20 20 60 60 yes yes 0.25 0.25 

 

 

Simulation Settings 

Table 15: Basic simulation settings of the ARLES Drum segment model 

Climate, Shading & Geometry 
 

Time Settings & Occupants 
 

Internal Loads & Air Supply 
 

climate data IWEC Montpellier  time 365 d  occupant 45.0  W/Pers 

shading internal  operation day 08:00 - 23:00  el. loads   2.0  W/m² 

area 270 m²  operation week Mo. - Su.  artificial light   3.5  W/m² 

volume 4,455 m³  occupant nr. 20  air supply floating 
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Appendix D: DHAKA ROOM MODEL 

Building Elements 

Table 16: Building elements of the DHAKA classroom model 

Building Element Layers Thickness Total Thickness U-value 

  (inside to outside) [m] [m] [W/m²K] 

Internal Floor floor cover (flagging) 0.005 
  

 
screed 0.090   

  subsonic insulation 0.030 0.375 0.98 

  concrete 0.250 
      

   Internal Ceiling concrete 0.250 
  

 
subsonic insulation 0.030   

  screed 0.090 0.370 0.98 

  floor cover (flagging) 0.005 
       

Internal Wall plasterboard 0.013 
    standard insulation 0.050 0.076 0.66 

  plasterboard 0.013 
      

   External Wall wood 0.040 0.090 0.58 

  standard insulation 0.050   

 

 

Glazing Parameters 

Table 17: Glazing parameters of the DHAKA classroom model 

Glazing Visual Transmission U-value g-value Frame Fraction U-value Frame 

 
[%] [W/m²K] [%] [%] [W/m²K] 

single-blades 90.1 5.68 85.5 20 1.5 

 

 

Shading 

Table 18: Shading parameters of the DHAKA classroom model 

Shading 

Wing wall 
[m] 

Overhang projection 
[m] 

Overhang top extension 
[m] 

Wing wall gap 
[m] 

East West East West East West East West 

external 0.0 0.0 2.5 2.5 2.0 2.0 0.0 0.0 
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Air Quality 

Air quality is important for the working performance and health of occupants. Thereby, the 

ventilation technology not only regulates air temperature and humidity of the supply air, but 

also controls the air quality in terms of purity. 

For the proposed adaptive HVAC design of the DHAKA classroom model ‘soft’ mechanical 

ventilation is used exclusively with a constant air change rate (ACR) at 4.8 1/h, 

corresponding to a constant air volume flow at 30 m³/h/pers, 8.3 liter/s/pers outdoor air 

respectively. Latter value meets the recommended air flow rate of category II of DIN EN 

15251:2012 for non-residential buildings, considering occupants’ emissions as well as 

contamination by  the building [6:33]. The standard recommends in category II an air flow of 

7.0 liter/s/pers to deal with occupants’ emissions, and 0.7 liter/s/m² for the classification ‘low-

polluting building’ (assumption for the DHAKA university building). Recalculating the values 

to one air flow rate, 8.4 liter/s/pers is derived, fitting the air flow rate of the DHAKA classroom 

model. Ventilation is only provided during the occupation period. 

According to DIN EN 13779:2007 the air quality is classified for the ‘room air of the occupied 

zone’ in IDA levels 1 to 4 [3:19]. For the category ‘non-smoking area’, the calculated 

standard value 8.3 liters/s/pers of outdoor air is categorized as ‘moderate indoor air quality 

(IAQ)’ – IDA level 3 [3:59]. The standard air quality level IDA 3 limits CO2-concentration 

modulation between 600 - 1000 ppm in addition to 400 ppm outdoor air concentration [3:59]. 

Figure 63 shows the development of the CO2-concentration in the classroom over six hours 

(360 min). The breathing rate per minute and person was assumed to be the ‘normal’ 

inhalation volume flow rate at 12 liter/min/pers, where the notation ‘normal’ refers to the 

average man seated at rest [39:97]. The chart shows that the average CO2-concentration for 

the DHAKA classroom model accounts 1297 ppm, which corresponds to a moderate IAQ 

level (IDA 3). 
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Figure 63: Development of the CO2-concentration in the DHAKA classroom model over 6 
hours of occupation time 
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