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Abstract 

This thesis is concerned with advancing the modelling of the building occupant 

thermal interaction in building simulation tools. A detailed multi-segment human 

thermal model has been implemented within the building simulation tool ESP-r 

and its integrated computational fluid dynamic CFD module.  

The improvement of ESP-r’s building occupant representation in building 

simulation has been done in three stages. With the complexity of the integration 

increasing in each stage. 

In the first stage, a responsive occupant heat load model has been developed and 

implemented in ESP-r. In this model, the sensible and latent heat loads are 

regression equations derived from the literature and are a function of operative 

temperature and metabolic rate.  

In the second stage, a two-node thermo-physiology model has been developed 

and implemented that dynamically simulate with the thermal building model. 

This ensures that occupant thermal models are responsive to the prevailing 

conditions and secondly, improves the resolution modelling of occupants and 

their environment. In addition, clothing adaptation has been considered by 

implementing a dynamic clothing algorithm. 

The third stage involved implementing a multi-segment human thermal model 

within ESP-r and its integrated CFD module.  

The integration of all three levels of occupant model has been validated with 

published experimental data. Moreover, each of the three approaches has been 

demonstrated using example applications.   

It is hoped that these fully-integrated models of occupant thermo-physiology help 

advance the modelling of the indoor environment, occupant thermal comfort and 

building performance prediction within a whole-building simulation. 
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Chapter 1: Thesis Introduction 

1.1 Introduction 

The global building sector accounted for 36% of total final energy consumption 

in 2018 and 39% of the energy-related CO2 emissions as stated in the United 

Nations Environment Programme UNEP Global Status Report 2019 (IEA and 

UNEP, 2019). The majority of this energy is consumed in heating, cooling and 

ventilation of spaces (IEA, 2019 a). Worldwide, there is a massive demand to 

reduce the energy consumed in buildings. According to the International Energy 

Agency (IEA) the global building sector energy demand is growing fast and could 

reach 50% of total final energy consumption in 2050, where the major growth 

comes from developing countries (IEA, 2016; IEA, 2019 b) 

People spend the majority of their time around 90% in buildings (Klepeis, 2001); 

consequently, occupant comfort is one of the main performance metrics to 

evaluate during the design stage. However, in the era of sustainable buildings, 

building designers (building physicists) must balance comfort with minimising 

energy consumption. This is a complex issue, particularly in low carbon buildings 

with natural ventilation or mixed-mode ventilation. Such sustainable ventilation 

designs often feature a fluctuating indoor thermal environment; there may also 

be a non-uniform thermal environment such as radiant surfaces, or solar gain 

from large windows, and allowance of temperature drift by using control 

strategies which allow ambient temperatures to drift in the acceptable thermal 

comfort zone which is considered a way of reducing energy (Hensen, 1990; De 

Dear, 2002; Zmeureanu et al., 1992; Karmann et al., 2017). In such cases achieving 

acceptable comfort requires the use of appropriate models and tools. 

1.2 Building simulation tools 

A building simulation is the process of creating a virtual building where the 

designer has the ability to specify in detail all parameters that have an impact on 
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the building performance. The designer always tries to bring the simulation 

results as possible as closer to reality (Hensen, 2012; Clarke & Hensen, 2015). 

Building simulation has been developed to provide an immediate and dynamic 

solution of thermal and mass flow in buildings. Moreover, a building simulation 

can give a projection of what environment the occupants is likely will be exposed 

to.  

The use of building simulation tools has increased rapidly over the last five 

decades (Crawley et al., 2008). This was due to the improvement of the 

computers, the energy crisis that led to an increase in the interest in sustainability 

and the rise of various ideas such as Zero Carbon Buildings and Net‐Zero Energy 

Buildings. Moreover, more building regulation is relying on building simulation 

to show compliance (Coakley et al., 2014). Therefore, there are a wide variety of 

energy simulation engines available today like (ESP-r, TRNSYS, DOE-2, BLAST, 

Energy Plus, IDA ICE, Virtual Environment, etc.). Every simulation tool has some 

advantages and limitations (Crawley et al., 2008). The complexity of these 

programs ranges from steady-state calculation to high resolution of calculation 

including (computational fluid dynamic) CFD simulation. 

1.2.1 Building simulation limitation 

With all the advancement and developments on these pieces of software, there 

are still a number of simplifications. Further, simulations in these tools are a 

theoretical representation of the building of both status and operation. Therefore, 

it is not possible to reach exact similarity in the energy use prediction with the 

real-life one (Coakley et al., 2014; de Wilde, 2014), as internal loads may be 

different (Hoes et al., 2009), weather data may not match the real climate and 

many other reasons. Designers usually make assumptions, especially the one 

regarding building usage once the building is established the building may be 

used differently. That will change the actual energy use compared to what 

originally planned (Dodoo et al., 2017; Daly, et al., 2014). 
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Building simulation tools are only as reliable as the accuracy of their input. One 

of the important and influential inputs is the occupant internal loads. 

Traditionally occupant internal loads are represented in building simulation tool 

as a fixed amount of heat flux or time-varying profile, representing the 

contribution of the occupant heat gains to the thermal energy balance of a 

building. However, such approach is problematic, when considering buildings 

with varying indoor conditions as occupant heat gains are affected by the thermal 

environment like air temperature, mean radiant temperature, humidity, and air 

velocity (ASHRAE standard 55, 2017), along with some personal factors like 

metabolic heat production and clothing. Assuming a static occupant heat load, 

therefore, could lead to inaccuracies, both when assessing comfort and when 

calculating heating and cooling loads. In general, the predictions of cooling and 

heating demand of a building are one of the determinants in successful measures 

of energy-saving (Crawley et al., 2008). With all that in hand still these tools are 

the best approach to simulate the energy use and occupant comfort in buildings. 

The contribution of this thesis is therefore to advance the state-of-the-art in how 

occupant internal gains are represented and integrated into building simulation 

tools, intending to improve predictions of thermal comfort and heating/cooling 

loads. 

1.2.2 Occupant heat loads 

The human body produces heat mainly from the oxidisation of food in the body, 

through the process of metabolism. The main objective of burning food and 

generating heat is to keep our body warm and have a nearly constant body core 

temperature. The body surface area; body mass, age and sex in addition to the 

physical activity all affect the heat generation rate. The human body loses the heat 

generated to the environment by the different means of heat exchange (Parsons, 

2014). 

The metabolic rate is one of the major factors that determine the total heat 

transfer from the human body, but the metabolic rate alone does not dictate 

which form the heat is transferred. Heat is dissipated from the human body 
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through convection, radiation, evaporation and conduction where a higher 

metabolic rate leads to greater heat loss to the environment (Höppe, 1993). 

Clothing is another factor as clothing plays the role of the insulation layer that 

preserves heat from being dissipated to the outer environment. Clothing reduces 

the amount of both latent and sensible heat load. The higher the clothing 

insulation the less heat is dissipated to the environment (Arens et al., 2006). 

Both air temperature and air velocity affect the amount of heat dissipated by 

convection. In a naturally ventilated zone, higher temperature fluctuation and 

higher air velocity are noticed compared to conditioned tight buildings. The 

human body will always try to regulate its temperature through physiological 

phenomena like shivering, sweating and blood circulation control. From all above 

one can approximately determine whether the human body feels thermally 

comfort or not (Arens et al., 2006). 

1.3 Occupant thermal comfort 

ASHRAE defines thermal comfort, as the state of mind that expresses satisfaction 

with its environment (ASHRAE standard 55 2013; ISO 7730, 2005). Multiple 

factors can influence occupant thermal comfort it could be physical, physiological 

or psychological. In fact, people sitting in the same thermal environment could 

have different thermal sensations, even though they are from the same age group 

and a similar cultural background (ASHRAE standard 55 2013; De Dear et al., 

1998). 

During the design stage of new and retrofit building, the comfort of its occupants 

is typically evaluated by doing a simulation using building performance tools. 

Many models to calculate comfort are available and adopted in standards, are 

based on correlations of thermal comfort criteria. The most widely used is the 

mathematical model developed by Fanger (Fanger, 1970), which is based on 

results from climate-controlled chamber experiments. This model is appropriate 

for static and uniformly thermal conditions since it considers that all people 
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achieve thermal comfort in a narrow, well-defined range of thermal conditions 

irrespective of race, age and gender. 

During steady-state, the rate of the metabolic heat generated is equal to the rate 

of heat loss from the body (Djongyang et al., 2010). However, in cases such as 

natural ventilation or when allowing a large temperature fluctuation, the Fanger 

model could lead to unreliable results (Jones, 2002). In addition, many cases exist 

in buildings where occupants have different activity levels, that can be seen in 

hospitals and care homes for the elderly when nurses have higher metabolic rates 

compared to patients (Van Hoof et al., 2006; Wang et al., 2008). Each group could 

have different thermal comfort. 

1.3.1 Accurate environmental prediction for better thermal 

comfort assessment 

Accurate modelling of the thermal environment is required to predict the thermal 

comfort level of the occupant during the design stage. It is very important to 

consider the building envelope and the systems used to thermally condition the 

space when assessing thermal comfort. Therefore, it is essential to have 

accurately predicted information on local air temperature, mean radiant 

temperature, air velocity and relative humidity in a room in order to predict 

occupant comfort. The occupant comfort level does change over time and that is 

due to the transient nature of the environmental parameters. 

The building simulation tool classically represents a room as one single control 

volume since it is easier for the modeller to conceptualise, and it is 

computationally efficient and simple. On the other hand, in the solution, the 

whole air volume is represented as one node as if the air is well-mixed resulting 

in a single value of air temperature and no information on air movement within 

the room. The well-mixed air assumption in building simulation tools ignores 

temperature stratification, stagnant areas, thermal plumes and cold draughts that 

usually exist in rooms (Cook, 1998; Bartak et al., 2002). As previously explained 

the local thermal environment of the human is essential to predict its comfort. 



Introduction 

6 
 

When the local environment of the human body is necessary, such as local air 

velocity and air temperature the use of computational fluid dynamic CFD 

approach should be considered to resolve local intra-zone air flows. 

The internal loads such as occupant thermal loads also have a significant impact 

on the energy use and consequently the comfort level. The loads are considerable 

especially in non-domestic buildings, where a large number of occupants are 

usually present in the same zone such as in hospitals, schools, theatres and 

offices. Consequently, it is very important to identify these loads as accurately as 

possible, as well as the differentiating between the heat and moisture emissions 

in a zone. Since occupant heat loads are sensitive to the variation of the thermal 

environment conditions, using a dynamic occupant heat load model, which is 

responsive to changing environmental conditions is crucial. Additionally, the 

variation provided in a predefined prescription like the change in occupant 

number, activity level and clothing level should be defined as accurate as possible 

to achieve greater realism in simulation prediction. 

1.3.2 Designing for Thermal Comfort 

For many years, engineers and designers have used building simulation tools to 

predict the comfort and the energy performance for new and retrofit buildings, 

assessing different options (de-Wilde, 2018; Hong et al., 2000). In building 

simulation, there are two general thermal comfort modelling approaches. 

• First, the models used in standards which consider the average of the 

whole body like the Fanger (Fanger, 1970) Gagges two-node model (Gagge 

et al., 1986). 

• Second, the adaptive models, de-Dear (De Dear et al., 1998) summarised 

the adaptive approach into three categories: behaviour adaptation, 

physiological adaptation and psychological adaptation (IEA EBC Annex 66, 

2017; Jones, 2002; Nicol et al., 2002). 
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The strength of adaptive models tends to increase with the capability of the 

occupants to regulate their thermal comfort; personal fans, for example, operable 

windows, or a relaxed dress code (ASHRAE, 2017). A human thermal comfort 

model can contribute to the adaptive model by providing detailed thermal 

comfort analysis, the model can be used as an adaptive controller to adapt all 

thermal comfort influencer as window opening, clothing adaptation or even 

applying personal cooling or heating devices.  

1.4 Continuing the evolution  

Building occupant heat loads ratio is significantly dependent on the 

environmental parameters, consequently, internal heat gain from the occupant 

affect the prediction of the thermal environment, both predictions rely on each 

other. To predict internal heat gain from occupants more precisely and evaluate 

the occupant thermal comfort in a dynamic way integration of detailed occupant 

thermal model in the whole building simulation is desirable. A building 

simulation which able to predict the thermal environment may predict a more 

accurate and dynamic thermal environment when the occupant heat loads are 

well defined. Without doubt, a complete integration of the two models building 

and detailed thermal occupant could simulate and predict more realistically. 

ESP-r is an integrated modelling tool for building simulation it is capable of 

simulating the thermal (heat, air, moisture, light and electrical power flow), visual 

and acoustic performance of buildings (ESRU, 2002). It has a worldwide 

development community, and the source code is available under an open-source 

license. Still, ESP-r lack of detailed documentation has a primitive interface and 

require a steep learning curve. The tool is, therefore, a useful platform on which 

to test new developments in building simulation, consequently, ESP-r has been 

selected to improve the occupant building representation and to study its 

influence on the energy performance and thermodynamic and airflow behaviour 

prediction. 
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1.5 Aims and objectives 

The basic aim of this work is to improve the thermal interaction of space and 

occupants in building simulation tools through developing a more realistic 

building occupant thermal model and fully integrating this with a building 

simulation tool. Specifically, this will be achieved through developing and 

integrating a detailed multi-segmented human thermal physiology model in the 

building simulation tool, in order to have a fully-coupled representation of 

occupant thermal loads, which is responsive to dynamically change conditions, 

facilitating better evaluate local and overall thermal comfort of building 

occupants.  

The specific objectives of this study were therefore as follows: 

1. Explore the effect of the occupant heat load on the indoor thermal 

condition by the developing and integrating the simple polynomial 

equations of sensible and latent loads for the occupant in ESP-r, which 

are functions of indoor conditions and occupant activity. 

2. Advance the first approach by integrating a two-node model (core and 

skin) building occupant model with ESP-r. This model accounts for 

physiological parameters as blood flow, sweating and shivering in 

addition to the effect of clothing insulation. 

3. Further integrating the dynamic two-node model with ESP-r’s CFD 

representation of indoor air, which is in turn fully couples to ESP-r’s 

building model. 

4. Integrate a multi-segmented human thermal model with ESP-r and its 

CFD capability, and providing a new, detailed and fully coupled modelling 

capability for the assessment of the interaction between building 

occupants and indoor spaces. 

5. Evaluate the capability of such integration in multiple simulation case 

scenario. 
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Climate change especially the increase in temperature of the air layer close to the 

ground surface affect the human thermal perception. Outdoor thermal comfort 

can be directly affected by the changes in air temperatures and the changes of 

short and longwave radiation. Moreover, climate change will lead to high energy 

consumption in building spend on cooling aiming to provide acceptable thermal 

comfort for building occupant. Figure 1.1 shows the inter-relation between the 

different aspects already highlighted where the aim of this research stand.  

 

Figure 1.1 Inter-relation between the major aspects of this research. 

1.6 Contribution 

Although multiple works have been done in the area of integrating detailed 

human thermal model within CFD tools non within building simulation tool and 

CFD.  To the Author’s knowledge, there are no other examples in the literature 

where a detailed, multi-segment occupant model has been fully integrated with a 

building simulation tools and CFD for use in such activities as detailed comfort 

assessment and modelling of passive ventilation systems. Where a full-

integration means, two-way thermal interaction, both building and human 
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exchange heat dynamically. It also contributes to building simulation tools by 

applying a dynamic sensible and latent heat ratio from the occupant.  

1.7 Outline of the Dissertation 

The work required to achieve the aim and objectives is structured in 8 chapters, 

which are outlined below. 

Chapter one: Introduction 

This chapter sets the context for the work and outlines the aims, objectives 

and contribution.  

Chapter two: State-of-the-art 

This chapter reviews the literature related to the work, it includes parts on 

thermal comfort and human thermal modelling; building simulation and 

building simulation tools and the current state of occupant representation; 

CFD studies with thermal manikin and human thermal model presence. 

Chapter three: ESP-r and modelling approach 

This chapter briefly describes the ESP-r energy building simulation tool 

chosen for this study and its underpinning modelling approach. 

Chapter four: Simple dynamic linear model of occupant thermal loads  

This chapter describes the integration of a dynamic occupant model into 

ESP-r, changing internal heat load from a fixed value to dynamic heat fluxes 

by representing occupant heat loads by a polynomial equations function of 

operative temperature and metabolic rate. The impact of this change is 

quantified. 

Chapter five: Two-node model toward better occupant thermal load 

representation in ESP-r 
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In this chapter, the two-node thermal occupant model is presented and its 

implementation in ESP-r is described. The benefit of applying the model 

over simpler representations is described and quantified. The integration of 

the model with ESP-rs CFD domain is also described. 

Chapter six: A multi-segmented human thermal model for a better thermal 

comfort prediction 

The process of developing a multi-segmented human thermal model is 

described in this chapter along with its integration within ESP-r. 

Chapter seven: CFD modelling of multi-segment human thermal model in 

ESP-r 

In this chapter the coupling of the multi-segmented human model in ESP-r 

and its CFD solver has described it shows our approach in representing the 

human body in CFD domain. This chapter also includes case studies for 

different scenarios showing the outcomes of the linking in regards to 

thermal comfort and the environmental changes. 

Chapter eight: Conclusion and further research 

This chapter discusses the whole work and presents the outcomes of this 

research, the benefit of using this integration also gives a conclusion drawn 

from this research work. This chapter shows how this research can be used 

in practice for design and future case study.
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Chapter 2: State-of-the-art 

2.1 Overview 

This chapter will go through the different areas of research concerning human 

thermal modelling, their comfort in buildings and the linking of such models in 

building simulation tools and CFD models.  

Section 2.2 presents a description of the human thermal environment and the 

environmental parameters, a brief description of the different types of heat 

exchange between the human body and its environment. 

Section 2.3 has a general description of the human thermoregulatory system and 

the human physiology system. Section 2.4 addresses the occupant behaviours. 

The most important human thermal models available in the literature have been 

described and their applications in section 2.5. Thermal comfort models have 

been listed in section 2.6. And finally, section 2.7 and section 2.8 present the use 

of such models in combining with CFD and building simulation tools and section 

2.9 describe the state of the art of the integration of CFD models in building 

simulation. Section 2.10 highlights research gaps, particularly those addressed by 

this thesis. 

 

2.2 Human Thermal Environment 

The human body responds to the environment in dynamic interaction. It is 

exposed to different levels of environmental conditions; in extreme cold and hot 

environments the body uses its resources to maintain its optimum operating 
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temperature (the average core temperature is 37°C with an acceptable variation 

of ±0.5°C) (Parsons, 2014). In the case of the thermal environment, this will 

determine whether a person is too hot, too cold or in thermal comfort (Parsons, 

2014; Hensen, 1990). 

The four basic environmental variables that affect human comfort and the body’s 

response to thermal environments are - air temperature, radiant temperature, 

humidity and air movement. The factors that define human thermal comfort are 

the combination of these four basic environmental variables, along with the 

metabolic heat production and type of clothing worn by a person (ASHRAE 

Standard 55, 2013; Clarke, 2001). 

Often, the environmental limits are defined through the air temperature for 

example in a thermally controlled building.  But, in many situations, this is 

insufficient, because all other five factors are relevant. For example, when the 

human body is exposed to direct solar radiation by sitting near a fenestration in 

offices or vehicles this could significantly affect the thermal comfort, in this case, 

air temperature alone will be inadequate to specify comfort limits (Parsons, 

2014). The heat loss by the evaporation of sweat is essential to a person exposed 

to heat stress. Where the two influencing factors of evaporative heat loss are the 

environmental humidity and clothing levels. 

In particular situations, other factors will be dominant; for example, when a 

person is exposed to asymmetric wall temperatures the heat exchange between 

the person’s posture and the environment is greatly affected. Therefore, the six 

fundamental factors form the basis for which a human thermal comfort and 

environment can be assessed. 

The human body follows the laws of thermodynamics. When heat energy lost at 

the surface of the human body, its temperature falls and when heat flows into the 

body its temperature rises. The human body temperature is an indicator of its 

thermal condition. Human beings are homeotherms therefore the body tries to 

maintain an internal temperature around 37°C. The effort required to maintain 
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this core temperature will be significantly affected by the temperature of the 

surrounding environment (fluid and surfaces).   

2.2.1 Environmental parameters 

This section starts with the definitions of the environmental parameters that 

affect human thermal comfort. 

Air temperature, defined as the temperature of the air point (ISO standard 7730, 

2005) ASHRAE standard 55 (ASHRAE 55, 2013) recommend using the average 

air temperature which represents the average of the air temperatures at the 

ankle, the waist and the head level. The three levels were defined for a sitting 

person as 0.1, 0.6 and 1.1 m and for a standing person at 0.1, 1.1 and 1.7 m 

(ASHRAE Standard-55, 2013). Heat exchange between the human body and air is 

a continuous process because air temperature varies.  ASHRAE standard 55 

recommended for the air temperature average a time averaging between three 

and 15 minutes.  

Air velocity around the human body can influence the amount of convective heat 

transfer from the body surface to the air and vice-versa, it can also change and 

accelerate the evaporation process of the sweat at the skin surfaces. Air can move 

at a point in any direction; therefore, its velocity intensity can be defined for a 

variation in time in an orthogonal three axes space, and airspeed is considered to 

be the mean air velocity intensity of a defined time for all directions. ISO 7730 

(2005) and ASHRAE standard 55 (2013) stated the importance of the effect of air 

velocity on the human body and have shown that variation in air velocity may 

affect human comfort due to draught.    

Besides, there is also the radiant temperature that has a large influence on the 

human body temperature. The construction and geometry of a zone play a large 

role in the radiant temperature, for example, the amount of fenestration, and its 

orientation affects the radiant temperature. Further, the occupant location inside 

a zone can vary the experienced radiant temperature, since every location in a 

zone has a unique radiant environment. The radiant temperature could be 
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represented by the mean radiant temperature or the plane radiant temperature. 

The mean radiant temperature is defined as “the temperature of a uniform 

enclosure with which a small black sphere at the test point would have the same 

radiation exchange as it does with the real environment.”(Parsons, 2014). 

Furthermore, the plane radiant temperature defines as “the uniform temperature 

of an enclosure where the radiance on one side of a small plane element is the 

same as in the non-uniform actual environment.”(Parsons, 2014). 

The final parameter of the environment affecting thermal comfort is humidity. In 

high-temperature environments, the human body regulates its temperature by 

sweating, and the sweat at the skin layer will be evaporated and lost to the 

environment. The ‘driving force’ for heat loss by evaporation is considered to be 

the difference in partial vapour pressures between that at the skin layer and that 

in the environment. So, the humidity of the environment is an influencing 

parameter. The relative humidity is one of the commonly used expression to 

reflect the humidity in the air and it is the ratio of the pressure of the water 

vapour in the air to the saturation pressure of water vapour at the same 

temperature and total pressure (Parsons, 2014).   

2.2.2 Heat transfer between the occupant and the 

environment 

It is necessary that all the excess heat produced by the body to dissipate to the 

surrounding environment to keep the body in thermal neutrality and prevent the 

core body temperature from increasing. This happens through the processes of 

conduction, convection, radiation and evaporation. The heat transfer rate is 

dependent on the environmental parameters mentioned in section 2.1, in 

addition to the skin surface, skin temperature and skin wettedness. The heat 

losses from the human body to the environment was described in Fanger (1973) 

and Du Bois (1939). 
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2.2.2.1 Conductive heat transfer 

Conductive heat transfer happens when the human body is in contact with 

another surface at a temperature different from the skin temperature. The 

magnitude of heat being transferred by conduction is dictated by the contact 

surface area, the temperature difference and the thermal conductivity of both 

skin, intervening clothing and the solid surface (Parsons, 2014; Djongyang et al., 

2010). 

The conductive heat transfer between the human body and the environment is 

usually neglected because of the small area of the body being affected, e.g. when 

the bottom of the feet are in contact with the floor when standing. More examples 

of this are when holding a cup filled with hot or cold liquid or when lying on a 

couch or chair. In some cases, conduction can’t be neglected. For example, in 

different cultural behaviour when occupant tends to sit on the ground for a longer 

period while having underfloor heating or cooling systems.  

2.2.2.2 Convective heat transfer 

The convective heat exchange between an occupant body and the environment, 

could be either natural or forced and is greatly dependent on the temperature 

gradient between the skin and air, gravity, surface geometry, air density and 

viscosity. The convective heat transfer increases when air velocity increase and 

in that case, it will be considered as forced convection. in addition to the airflow 

pattern as air velocity and its physical properties (ASHRAE Fundamental, 2017; 

Parsons, 2014; Djongyang et al., 2010). 

𝑄𝑐 = 𝐴ℎ𝑐𝑓𝑐𝑙(𝑡𝑐𝑙 − 𝑡𝑎)     (2.1) 

The convective heat transfers 𝑄𝑐 [W] is defined by the difference between 𝑡𝑐𝑙 the 

clothed body’s mean surface temperature (°C) and 𝑡𝑎 the ambient air 

temperature (°C). where 𝑓𝑐𝑙  is the clothing area factor, representing the ratio of 

clothed body surface area to nude body surface area (
𝐴𝑐𝑙

𝐴𝐷
) and A is the total 

exposed surface area in [m²] 
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The convective heat transfer coefficient hc of the unit [W/m2 °C] from both skin 

or clothing develop from airstream disturbing the insulating boundary layer of 

air attached to the surface of the body (de_Dear et al. 1997).  Typically, when it 

has a fast flow of air around the body, the boundary layer of air on the body’s 

surface becomes thinner, causing a lower the thermal insulation sustains the 

subject.  The convective heat transfer process from the human body surfaces can 

be categorized into three different modes:  

1. Natural convection, which is driven purely by thermally induced 

buoyancy and generally confined to ambient airspeeds lower than 

𝑉𝑎𝑖𝑟 < 0.2 m/s . In this case, the air around the warm body surface 

starts to move up by buoyancy forces as its temperature increases this 

called buoyant convection. For example, for a standing person, the flow 

starts at the foot level as a laminar flow, however, while moving up 

there will be a transition occurs and the flow becomes turbulent 

around the upper body parts (Cook, 1998). The buoyancy-driven flow 

from the head and the shoulders will be mixed producing the human 

thermal plume. 

2. Forced convection at speeds generally higher than 𝑉𝑎𝑖𝑟 > 1.5𝑚/𝑠 

(Danielsson, 1993). 

3. Mixed-mode convection prevailing at airspeeds between these two 

limits.  

The local convective heat transfer coefficient method from de-Dear et al. (1997) 

is described in chapter 6 section 6.2.3.  

2.2.2.3 Radiative heat transfer 

The heat exchanged by radiation takes place between the occupant external 

surface where it could be skin or clothes and the surrounding zone surfaces like 

windows, walls, radiative panels etc. (ASHRAE Fundamental,2017; Parsons, 

2014; Djongyang et al., 2010). The radiative heat exchange is given by the 

following equation: 
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𝑄𝑟 = 𝐴𝑟𝜀𝑠𝑘𝜎(�̅�𝑠𝑘
4 − �̅�𝑟

4)    (2.2) 

Where Qr is the radiative heat transfer in [W] Ar is the effective radiation area of 

the body in [m²], ɛ is the skin emissivity σ is the Stefan-Boltzmann constant, 

5.67*10-8 [W/m2K4], Tsk and Tr are the mean skin and the mean radiant 

temperature, respectively.  

The radiation area is termed “effective” because not all the body surface area is 

exchanging radiation heat with the environment, some of the areas are obscured, 

so the effective area is always smaller than the total body surface area and it 

depends on the posture of the occupant. The emissivity value relates to the 

capacity of an object to radiate heat. The emissivity for indoor calculations 

without considering the shortwave radiation can be considered as 0.97 (ASHRAE 

fundamental chapter 9, 2017) for both clothing and skin as independent of the 

colour, but when considering the shortwave radiation colour will influence the 

emittance value (Balzejczyk et al., 1993). 

The mean radiant temperature is defined as the area-weighted average 

temperature of the surrounding surfaces. The radiative heat transfer will be 

affected by the difference between the external body surface temperature and the 

mean radiant temperature which is influenced by the view factor. When the 

difference value of the temperatures is negative there is heat gain by radiation. 

2.2.2.4 Evaporative heat transfer 

The evaporative heat loss at the skin layer is a result of the diffusion of water 

vapour through the skin and the evaporation of sweat on the skin. The phase-

change of the state of water from liquid to vapour requires heat, that heat is taken 

from the skin. 

The evaporative heat loss by diffusion is a function of the difference between the 

water vapour pressure in the ambient air and the saturated water vapour 

pressure at the skin temperature. This part of the evaporative heat loss from the 

human body is happening all the time and it is not subject to thermoregulatory 

control (ASHRAE Fundamental,2017; Parsons, 2014; Djongyang et al., 2010). 
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The evaporation of sweat generated by the body is crucial as it can reduce any 

potential increase in the body temperature even during a hard exercising or high 

temperatures. The sweating evaporation heat loss can go from 0 [W/m2] at rest 

to 400 [W/m2] at an elevated activity level in a hot and dry environment.  

For office and residential building occupants practising a moderate activity, the 

evaporative heat loss will be around 25% of the total heat loss (Viessman, 1966). 

In the case of moderate sweat secretion and an environment is at a comfortable 

level, all sweat is assumed to be evaporated. In some situation not all sweat gets 

evaporated and it starts to accumulate on the skin layer at that point the occupant 

will not be thermally satisfied and the level of discomfort will increase.  

2.2.2.4 Heat losses due to respiration 

The heat loss from respiration is constituted of a dry convective heat transfer 

because of the colder air temperature inhaled. Where air enters into the lungs at 

the ambient temperature and exhaled at a temperature near the core inner 

temperature. In addition to the evaporative heat loss due to respiration, where 

air enters into the lungs and exit saturated. ASHRAE fundamental (2017) gives 

the equation for the total heat loss by respiration as: 

𝐶𝑟𝑒𝑠 + 𝐸𝑟𝑒𝑠 = [0.0014 𝑀(34 − 𝑡𝑎) + 0.0173 𝑀(5.87 − 𝑃𝑎)]  (2.3) 

Where 𝑀 is the metabolic rate in [W/m²] and 𝑡𝑎is the air temperature in [°C] and 

𝑃𝑎  is the water vapour pressure in the ambient air in [kPa]. 

 

2.3 Human thermal physiology and thermoregulation  

Human beings are homeotherms, warm-blood is circulated through the whole 

body, where heat generated through metabolism and heat loss were regulated to 

maintain an internal body temperature of around 37 °C, over a wide range of 

fluctuations in environmental conditions. The human thermoregulation balances 

heat production and heat loss. In case the body lost more heat than it produced 

its body temperature drop. Contrary, if the heat production was higher than heat 
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lost the body temperature raise. A deviation from the neutral body temperature 

of more than 2 °C can lead to severe consequences, e.g. a fall in body temperature 

can cause hypothermia, and an increase of 3 °C in core temperature can lead to 

hyperthermia (Höppe, 1999; Hensen, 1990). 

The heat production and heat loss from the human body are boosted or prevented 

through the thermoregulatory system which is responsible for keeping the core 

temperature at the normal level. 

The control of the heat balance or thermoregulation can be efficiently 

accomplished by modulating behaviour (like changing clothes or change activity) 

and physiologically through shivering, sweating and controlling blood flow). 

 

Figure 2.1 Heat balance, factors that affect heat production and heat loss. Adapted 

from (Du Bois, 1939). 

The diagram in figure 2.1 adapted from Du Bois (1939) indicates the multiple 

factors that can affect the energy balance of a human body. The heat production 

is on one side of the balance and the heat loss is on the other side, where, in an 

equilibrium state, the neutral body temperature is achieved. Starting from an 

equilibrium state, for example, a human is sitting relaxed in a warm room the heat 

produced in this case it is called the basal metabolic rate and it is equal to the heat 
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loss. In case of any change in the heat production parameters, for example, 

greater metabolic rate requires the heat loss side to be also altered to go back to 

a neutral equilibrium state. That could happen for example by decreasing the 

room temperature, less clothing or sweating to increase the heat loss by 

convection radiation and evaporation.  

The hypothalamus in the brain receives signals of local temperatures and 

temperature changes from the thermoreceptors, sensors located in the skin and 

other parts of the body. The hypothalamus analyses the signals received and 

appropriates effector commands aiming to thermally regulate the body for 

example by sweating shivering and blood circulation (vaso-motor) (Havenith, 

2002; Hammel et al., 1963). The thermoregulatory systems respond to 

environmental change in three different ways: vasomotor, sudomotor and 

metabolic. When the body is exposed to a high environment thermal loads or 

when exercising its temperature rises, reaching a point above the neutral level, 

the skin blood flow increases due to vessel dilation. This phenomenon increases 

the heat transferred by convection from the core to the skin. The temperature 

gradient between the skin and the environment is responsible for the volume of 

heat losses from the body, a higher gradient temperature lead to an increase in 

the convective and radiative heat losses, however, a decrease in the gradient 

temperature leads to minimizing the heat losses. The blood circulated at the skin 

surface, its temperature will be decreased and consequently will lower the core 

temperature. On the other hand, when the body is exposed to a cold environment, 

its core temperature starts to fall, when the core temperature reaches a point 

below the neutral level, the skin blood vessels constrict, which reduce the warm 

blood flow to the skin. When less blood is flowing to the skin, the gradient 

temperature between the skin and the surrounding temperature decreases that 

lead to a reduction in the sensible heat losses. So the vasomotor response is the 

response of blood vessels constriction and dilation. 

In conjunction with vasodilation when the core temperature continues to rise, a 

sweating response occurs. The sudomotor response, or sweating, will enhance 
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heat loss at the skin surface by latent loss when moisture evaporates to the 

environment.    

Similarly, in conjunction with vasoconstriction, shivering may occur to help the 

body temperature to reach the normal level again. Shivering is a metabolic 

response where an involuntary muscle contraction begins to increase the 

metabolic rate.  

In summary, the body regulates its temperature through the thermoregulatory 

systems, vasodilation, vasoconstriction, sweating and shivering by using 

feedback temperature sensed by thermoreceptors located throughout the body. 

 

2.4 Occupant behaviours 

Human behaviour also affects thermoregulation through actions performed to 

reduce thermal discomfort. For example, by altering the clothing level, shelter 

from the sun or cold wind, moving towards the heat source to increase the heat 

transfer, in addition to controlling the building thermal environment by using 

heating or air conditioning systems.    

Occupant thermostat use has a significant effect on building energy performance. 

Occupants of commercial buildings have less control over their thermostats 

compared to residential occupant (Andrews et al., 2013). Multiple research 

stated that giving the occupant the control over its thermal environment will not 

only increase the occupant thermal comfort but will also increase productivity 

and satisfaction (Fountain et al., 1996,  Wyon, 2000).  

The occupant behaviours studied in the literature varies from the window 

opening, light use, clothing level adjustment and even the occupant presence 

inside the building. There are multiple approaches to modelling human 

behaviour in the literature. Some used classical statistical models and others used 

the time dependant data like Markov and Hidden Markov chains approach (De 

Dear et al., 1998; Yan et al. 2017; Haldi et al., 2008; Flett et al.,2014). 
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2.5 Human thermal models 

The process of body temperature regulation requires the body to balance 

between the heat generated from the metabolic and the heat losses from 

evaporation, radiation, convection and conduction with the environment. The 

fundamental laws of thermodynamics apply to the human body. 

The history of the human thermal modelling started in 1911 with the first attempt 

by Lefevre where the human body modelled as a sphere that exchanges heat with 

the environment. Since then several human thermal models have been 

developed.  And as a result, the first human thermoregulation model developed 

in 1970. The development of the computer helped in the developing of more 

detailed and more complex thermal models by using more powerful computers. 

The most commonly used and well-known models are the Gagge (Gagge et al., 

1986), Stolwijk (Stolwijk, 1971) and Wissler (Wissler, 1985) models. All models 

developed after the three mentioned models and found in the literature were a 

modified form of them (Havenith et al., 2011).    

Human thermophysiology models can be classified from simple to more complex 

models. In the literature, there are plenty of thermophysiological models from 

the single segment or the whole body represented as one segment to the multi-

segment model representing more than one body part. Additionally, these models 

can also be classified from one node models to two-node models and multi-node 

models, where an energy balance equation is set to every node (Katić et al., 2016; 

Havenith et al., 2011).   

The one-node models are usually derived from experimental data. The model 

represents the human body as one unit so usually, the thermoregulatory system 

is not included in a one-node model. The two-node model usually represents the 

whole body as one segment, but it divides the body into two concentric shells the 

core body layer and a skin layer. One of the well-recognized two-nodes models is 

the Gagge’s model developed in 1971 and improved in 1986 (Gagge et al., 1971; 

Gagge et al., 1986). The model can predict the skin and core temperature under 



State-of-the-art 

24 
 

the steady-state and the transient environment with a moderate activity level. 

The model also considers a uniform temperature in the body compartment as one 

temperature of the skin and one temperature for the core. The model considers 

the heat flow between the two nodes and between the skin and the environment, 

it also considers the physiological phenomena, where the model includes the 

shivering the sweating in addition to the blood flow regulation as vasodilatation 

and vasoconstriction. Multiple two-node models were found in the literature all 

based on the Gagge model (Gagge et al., 1986) and Pennes equation (Pennes et 

al., 1948) like Foda and Zolfaghari (Foda et al., 2011; Zolfaghari et al., 2010 a; 

Zolfaghari et al., 2010 b). Zolfaghari et al. (2010 b) based on the Gagge’s model 

developed a simplified three nodal thermal sensation model. Where the human 

body was divided into three lumped compartments: core, bare skin and bare skin. 

The two-node model was extended and the first influential multi-node model was 

developed by Stolwijk (1971) this model is considered as a foundation for the 

different multi-node models available these days. The model first developed for 

The National Aeronautics and Space Administration NASA to predict the thermal 

responses of astronauts in their missions. The model divides the body into six 

body segments, including the head, trunk, arms, legs and each body part has four 

layers the core, fat, muscle and skin in addition to a central blood flow 

compartment which is connected to all the other nodes. The control system in the 

Stolwijk model is based on the two temperature signals cold/warm which reflect 

the change in the temperature of each node. The model proves accountability in 

results for simulating persons of low activity level, also it is still limited to 

constant environment conditions (Cheng et al., 2012). The active system of this 

model is still widely used in the advanced and modern models. Some of the multi-

node models based on Stalwijk model (Stalwijk, 1971) like Tanabe model 

(Tanabe et al., 2002), Fiala model (Fiala, 1998), Berkeley model (Huizenga et 

al.,2001), Karaki model (Karaki et al., 2013) and Salloum model (Salloum et al. 

2007). 

In 1991 Smith (Smith, 1991) developed a detailed three-dimensional multi-

element human thermal model. The model is comprised of fifteen cylindrical 
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body parts, it is also known as KSU (Kansas State University) model. The Smith 

model includes a detailed control system for the thermoregulation. She used the 

finite element techniques to solve the heat transfer equations. Although it is 

considered as one of the most advanced and detailed models due to its three-

dimensional calculation, the model didn’t consider the blood perfusion that 

occurs in the capillary beds, Furthur, it didn’t consider the accumulation of sweat. 

Fu 1995 improved the Smith model by including a detailed clothing model. The 

model introduced a new solution for the blood perfusion, sweat accumulation 

between the clothing and the skin layers, clothing moisture absorption and 

radiation in the clothing (Fu, 1995). 

Another multi-segmented model was developed by Fiala, the model is able to 

predict the body state well in both steady-state and transient conditions (Fiala et 

al. 2001). The model consists of two interacting systems, 1.  The controlled 

passive system and 2. The controlling active system. The Fiala model has been 

made to predict in a wider temperature environment. Like most of the human 

thermal models, it is considered for a typical adult person of 1.85 m2 body surface 

area and 73.4 kg of weight. It decomposed the human subject into 15 spherical or 

body cylindrical elements: head, face, neck, shoulders, arms, hands, thorax, 

abdomen, legs, and feet. Each element is constituted of tissue layers where for 

example the leg has bone, muscle, fat and skin distributed in the radial direction 

to reduce the numerical error due to temperature gradient at the outer regions. 

The passive system of Fiala's model responsible for all the thermo-physical and 

basal physiological properties. The system calculates all the heat exchanged 

between the tissues in the body, in addition to the heat exchange of the body with 

the environment (Fiala, 1998). The active system represents the 

thermoregulatory system of the human body, it simulates shivering, sweating and 

the vasomotor response of the human body. The model was validated with 

independent experiments where it covered an environmental temperature range 

between 5 and 50ᵒC with a metabolic rate between 0.8 and 10 met (Fiala et al., 

2001). To create a new Universal Thermal Climate Index (UTCI), the original 

Fiala’s model was adapted and expanded to form a new model the UCTI-Fiala 
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model. They developed this model for the combined simulation of outdoor and 

indoor thermal environment where an adaptive clothing model has been 

included to fit the outdoor environmental factors as clothing permeability and 

behavioural adaptation of the clothing insulation (Fiala et al., 2012). 

Tanabe et al., 2002 developed a multi-segmented, multi-node model based on the 

Stolwijk model the model has 16 body segments, each segment four concentric 

layers and a total of 65 nodes by considering a central blood compartment as one 

node exchanges convective heat with all other nodes through blood flows. 

Huizenga et al., 2001 based on Stolwijk model and Tanabe model, developed the 

Berkeley comfort model. The model allows an unlimited body segment with four 

concentric body layers in each segment. The model is capable of predicting under 

transient, non-uniform thermal environments. They also included a clothing node 

to model both heat and moisture capacitance of clothing and to model 

evaporative heat loss correctly from the body through clothing (Huizenga et al., 

2004). They declared that the model is useful for evaluating innovative HVAC 

systems that provide a stratified or non-uniform environment. Although, they 

stated that the input structure of their model allows it to be connected to building 

simulation programs, but to the extent of the author knowledge there was no 

further publication found on that topic later. Zhang et al. 2001 included the body 

builder in the UC Berkley model to have the capability to change the physiological 

characteristic input (height, weight, body fat, gender, skin colour, and body type) 

of the model, where all other models are considered for a typical average aged 

man (Zhang et al., 2001). 

The AUB (American University of Beirut) model is a highly sophisticated human 

thermo-physiology model developed by Salloum et al. 2007 the model initially 

divided the human body into 15 body segments, head, Upper Chest, Lower Chest, 

Upper arms, Lower arms, hands, thighs, legs, and feet each segment is composed 

of four nodes core, skin, artery and vein. The model applies to an average young 

person. They used a multi-branched blood flow model of Avolio, it starts from the 

heart to the rest of the body parts, it also includes a blood flow pulsation in the 
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main arteries. The model updates arterial blood flow every time step and capable 

of handle changes in cardiac output triggered by metabolic rate and 

thermoregulation during the heat and cold stress period. Al-Othmani et al., 2008 

improved the model to account for the asymmetric radiation by dividing the 

outer skin layer of each body part to six equal angular sectors. Karaki et al., 2013 

improved the model to accurately predict the blood flow in the hands and fingers 

where they added the ten digits to the other body parts and modified to the 

number of the artery branch of Avolio to represent the ten fingers. The model 

introduced an innovative control model for the AVA arterio-venous anastomoses 

to have a better blood flow prediction in the fingers. Rida et al., (2013 a) used the 

whole-body physiology model and developed a model to predict the physiological 

phenomena of CIVD cold-induced vasodilation for hands exposed to extreme cold 

weather. The model was later modified by (Rida et al., 2014 b) to account for 

elderly people. The AUB model has been selected to be a reference model for the 

physiology model developed and implemented in ESP-r.  And that is because the 

model is in an advanced level of details it accounts for detailed blood flow 

calculation and it showed robustness compared to other simplified models.  

2.5.1 Coupling of human thermal model and sensation and 

comfort models 

Schellen et al., 2013 discussed the use of a thermo-physiological model to support 

and improve comfort assessment compared to existing more simplified, thermal 

comfort models. To show the importance of the local thermal comfort, they 

combined the ThermoSEM, a human thermal model developed by van Marken 

Lichtenbelt et al. 2004 with three different sensation model, the PMV model, the 

UC Berkeley model and the EN-ISO 14505 standard. They used the CFD to 

simulate and analyse the thermal environmental conditions around the human 

body. They determined that combining with the UC Berkeley model or the EN-ISO 

14505 standard gives better results comparing to PMV model which it is not 

capable of predicting the whole-body thermal sensation when local effects took 

place. In this study, they simulated the physiological responses using the 
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environmental conditions calculated by CFD where a manual coupling was 

applied. 

Foda et al. in (Foda et al., 2011 b) compared the skin temperature of three 

different human thermoregulation models the Fiala model, the University of 

California, Berkeley (UCB) thermoregulation model and a multi-segmental (MS) 

Pierce model were compared to recent experimental studies (measured data 

from literature). They found that MS-Pierce had the best predictability in steady-

state. 

Cheng et al. (2012) coupled two typical thermal comfort models, the UC Berkeley 

model and the ISO 14505 standard in a CFD numerical simulation to assess the 

thermal environment of a small office for the non-uniform environment. Their 

study concluded that the ISO 14505 standard, even though it is public and easy to 

implement in a CFD, needs more validation of its reliability. They also concluded 

that for an asymmetric environment, a complete human thermal model with 

physiological and psychological factors is required. They also stated that 

connecting the UC Berkley in a CFD simulation is complex and such coupling 

needs to be done (Cheng et al., 2012). To study the effect of solar radiation on the 

thermal environment around the human body, Yamane et al. 2013 reported a 

comparison between experimental results of a man sitting in a room exposed to 

solar radiation with a CFD model. Results of a particular time of the day have been 

compared with a CFD study after coupling the thermoregulatory model of Tanabe 

et al. 2002. This study helped them to understand the effect of localised solar 

radiation on the function of thermoregulation. 

Conceição (2003) worked on two numerical models to study human thermal 

comfort in a building where they simulated the building thermal response and 

evaluated the internal air quality, and the results were used as input data in the 

second one to simulate the human with clothing thermal system. Katić et al. 

(2016) reviewed some thermal models and compared them in a thorough review.  
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VTT Technical Research Centre of Finland worked on developing a human 

thermal comfort model. This model was firstly introduced by Holopainen et al. 

(2010). Holopainen in her dissertation 2012 (Holopainen, 2012) presented her 

human thermal model implemented in a building simulation environment. She 

defined the importance of applying the two models because that Fanger's 

Predicted Mean Vote PMV based on a heat balance model which referred to as a 

static model, and it does not take the human thermoregulatory system, also that 

it is only valid under restricted conditions (Holopainen, 2012). This 

implementation enables defining the external boundary conditions for the 

human thermal model as surface temperatures and radiation heat transfer more 

correctly compared to previous human thermal models. The human thermal 

model (HTM) takes into consideration the physiological behaviour of the human 

body and models the physical interactions between the human body and the 

surrounding space. For calculation, she used the finite-difference method. The 

model divides the human body into 16 body parts as cylindrical shape each 

consisted of four layers bone, muscle, fat and skin. To calculate thermal sensation 

and thermal comfort of the human body they used Zhang’s method, and then the 

overall thermal sensation was calculated with a purpose to calculate the 

Predicted Percentage of Dissatisfaction. The HTM was implemented with the 

non-commercial building simulation environment VTT House. The VTT House 

simulates air infiltration, ventilation and heat transfer processes. The VTT House 

program is designed for simulation experts because it requires a good 

understanding of the simulation case and principles knowledge of the nodal 

network creation. The number of nodes in the HTM was adjusted depending on 

the simulation situation (Holopainen et al. 2010).  

The HTM was validated with previous published examined data and other human 

simulation models at different conditions. For the implementation, Holopainen 

studied the effect of building structures on thermal sensation and comfort. The 

case study was on changing the envelope construction with more energy-efficient 

windows and wall insulation for an old built apartment located in Finland during 

winter to explore the impact on thermal comfort. The human located in the 
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middle of the living room floor, with light activity. For simplicity and to have a 

rapid model the HTM uses constant basal blood flows stating that the use of 

residential and offices usually for light work with a low metabolic rate. The model 

was standing up in the middle of the room with no contact with the floor or any 

other objects. The Convective heat transfer coefficients used was calculated for 

naked skin surface temperature (Holopainen, 2012), and it used the same for 

clothing temperature. That HTM study showed the differences in thermal 

response between different ages (Holopainen et al., 2010). 

A human thermal model could have multiple applications, but the focus of this 

review section of the dissertation was on their ability to predict the human 

thermal response which can be utilized to evaluate the comfort of building 

occupants in different environments. These models can be used to optimize the 

environmental parameters, clothing and metabolic rate variation studies aiming 

to reduce the need for pilot studies. There are some other usages for the 

physiology models which are out of the scope of this research like the prediction 

of the human physiological limits, physiological abnormality and medical 

treatments on human thermal response. 

2.6 Human thermal comfort models 

The thermal state of the human body is the key factor in stating the human 

sensation and the perception of thermal comfort (Fanger et al., 1985; Stolwijk, 

1971; Gagge et al., 1967). To ensure a suitable indoor thermal environment a 

mechanical or natural ventilation system may be required. A system that is 

capable to provide the indoor design parameters directly such as indoor air 

temperature, air movement and relative humidity. One of the bases of design 

criteria for the indoor parameters is the occupant thermal comfort. 

One of the widely used comfort models is the Predictive Mean Vote’s (PMV) 

model developed by Fanger and based on an equation for the human body heat 

exchange. The PMV model was reviewed and described in (Van Hoof et al., 2008). 

In the PMV model, the thermal satisfaction or dissatisfaction of occupants is a 
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function of the six variables the activity level, thermal resistance of the clothing, 

air temperature, mean radiant temperature, relative air velocity and the water 

vapour pressure in ambient air. An empirically comfort equation was obtained, it 

assumes a linear relationship between the activity level and the sweat rate in 

addition to the relation between the activity level and the mean skin temperature, 

where these relationships formulate the human energy balance equation. The six 

variables used in the model will determine whether the building occupant is in 

thermal comfort or not.  

The PMV model was expressed by Fanger (1970) and adopted by CIBSE and 

ASHRAE (CIBSE, 2018; ASHRAE Standard 55-2013) on a 7-point scale for thermal 

sensation and it is widely accepted and used in the design process as an index of 

maintaining indoor thermal comfort. The deficiencies of the PMV model were that 

the body is considered as a whole and the mean skin temperature is used. 

Moreover, the body responses predicted are at steady-state conditions 

environment. Since then, more research was done on the development of human 

thermo-physiological modelling. A PMV range of ±0.5 corresponds to 10% of 

predicted percent dissatisfied (PPD). Based on the adaptive model a percentage 

of dissatisfaction of 80% to 90% can be accepted. Table 2.1, shows the PMV 

thermal sensation scale. 

Table 2.1: ASHRAE Thermal Sensation Scale. 

Index Thermal sensation 

3 Hot 

2 Warm 

1 Slightly warm 

0 Neutral 

-1 Slightly cool 

-2 Cool 

-3 Cold 
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Fiala in 1998, developed the DTS model (dynamic thermal sensation) to predict 

the human thermal sensation based on core temperature, mean skin temperature 

and rate of change in mean skin temperature. The model is based on a regression 

analysis between the predicted physiological responses and thermal comfort 

measurements from the database of comfort experiments.  

Another study conducted by Zhang et al. (Zhang et al., 2010 a, b & c) related 

physiological responses to local thermal sensation. The model is based on 

differences between local skin temperature and the setpoint of skin temperature 

for a specific body part, the rate of change in local skin temperature and rate of 

change in core temperature. The setpoint temperatures are the neutral body part 

skin and core temperature at a neutral temperature. Since neutral temperature 

is variable when a change happens to clothing insulation or activity level, Zhang 

suggested an interpolation for neutral temperatures to account for a wider range 

of neutral conditions. The model is based on experimental results it can be linked 

with a physiological model it predicts local sensation, local comfort, overall 

sensation and overall comfort. Although these models show promising results, 

one could argue whether setpoints are a good representation of the physiology 

behind thermoregulation or thermal sensation. 

The sensation scale in Zhang’s model has limits between -4 and +4 table 2.2 

shows the sensation scale. The local comfort model is based on the local sensation 

and overall sensation calculation and it is given in a scale of -4 +4 scale provided 

in table 2.3. 

 
Table 2.2: Zhang model thermal sensation scale. 

Index Thermal sensation 

4 Very hot 

3 Hot 

2 Warm 

1 Slightly warm 
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0 Neutral 

-1 Slightly cool 

-2 Cool 

-3 Cold 

-4 Very cold 

 

 

Table 2.3: Zhang model thermal comfort scale. 

Index Thermal comfort 

4 Very comfortable 

2 Comfortable 

+0 Just comfortable 

-0 Just uncomfortable 

-2 Uncomfortable 

-4 Very uncomfortable 

 

2.7 Hygrothermal Interaction of Occupant and Building  

As comfort prediction is a very important factor at the detailed design stage, for 

that purpose thermal comfort models have been connected to building 

simulation.     

For comfort analysis, the use of the two-node model or Pierce model is used as a 

physiology model in many building simulation tools but only as a post-processing 

simulation, none of the available building simulation tools has used the two-node 

model to predict the occupant heat loads and none has implemented it in the 

energy equations of building thermal balance. 

The Energy Plus has used a regression line model of the available steady-state 

heat loss values from the human body, to predict the sensible and latent heat 

loads from the occupant at the different metabolic rate and operative 
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temperature (Crawley et al. 2001; DoE, 2020). This approach considered steady-

state and is a good approach toward applying variable internal heat loads from 

occupants. The Energy Plus occupant heat load model has some limitations first 

it considers the summation of sensible and latent heat load always equal to 

metabolic rate as if the body is at thermal equilibrium it simplifies the dynamic 

nature of the human thermo-physiology.  

To the knowledge of the author Holopainen (2012) developed a human thermal 

model based on the model of Fiala and she integrated it in VTT a building 

simulation tool. Holopainen in her studies considered the effect of the building on 

the occupant where she studied the effect of the building envelop structure and 

the effect of heating distribution on thermal sensation and comfort. The model 

was used in the building simulation to control HVAC system but does not consider 

the occupant thermal load dynamically. Similarly, Baudier et al. (2016) used a 

multi-segmented model based on the 25 node model of Tanabi (Tanabi et al., 

2002) the thermo-physiology model is coupled with a thermal sensation and 

comfort model of Zhang (Zhang, 2003) in ESP-r that approach was used as a 

controller and has been demonstrated in the use of local cooling and heating 

systems inside building, for example, a radiant panel made from thermocouples 

(Baudier et al. 2019). All the preceding improvement needs to be expanded and 

improved. 

2.8 CFD and its integration in building simulation  

The computational fluid dynamics (CFD) discrete a building zone into a large 

number of control volumes. The CFD simulation can provide a detailed 

description of the airflow by solving the Navier–Stokes equations (Versteeg et al., 

2007). The parameters solved in CFD are air velocity, air temperature, 

contaminant concentrations, relative humidity, and turbulence quantities.  As 

human comfort is influenced by environmental variables at the local or micro-

scale level, the use of CFD tools becomes crucial for designing a comfortable 

indoor environment (Nilsen et al., 2007; Srebric and Chen 2002) 
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Over the last 50 years, CFD has been considered effectively as a tool for evaluating 

the indoor environment of buildings and heat and mass transfer between the 

indoor environment and the building envelope (e.g. Nielsen, 2004, Awbi 1991, 

Chen et al. 1995, Heiselberg 1996, Chen, 2009, Srebric et al. 1999, Bartak et al. 

2002, Beausoleil-Morrison 2002, Sorensen and Nielsen 2003, Djunaedy et al. 

2005). One of the earlier CFD studies on indoor airflow was Nielsen (1974).  

Normally, CFD has a high computational cost, in addition, CFD simulation similar 

to any other simulation tools are sensitive to the boundary conditions. 

Engineering judgment and knowledge is essential to decide whether the use of 

CFD is appropriate in solving a specific problem. Moreover, an accurate and 

effective simulation is a joint initiative of the CFD code and the CFD user. Misuse 

of a CFD model could lead to inaccurate results and along with poor 

interpretation could lead to weak designs. Based on that the accuracy relies on a 

solid understanding of flow physics and requires considerable user expertise 

(CIBSE Guide A, 2018).  

CFD has limitations, with the ability to model turbulent flow and the high 

computational resources required being two of the most important ones. 

Especially in the case of time-dependent flows and advanced turbulence models 

such as large eddy simulation (CIBSE, 2008).  

Most of the current CFD programs usually, do not have embedded models to 

determine the dynamic boundary conditions in buildings (Tian et al., 2018). 

Because of that, the users of CFD tools lose the transient nature of the boundary 

for example when using fixed supply airflow rate and temperature, fixed wall 

temperature or heat flux through the envelopes. Thus, coupled building energy 

simulation with CFD is very attractive, since it increases the potential of an 

accurate analysis of building energy.  

The coupling of building energy simulation and CFD simulation has been 

considered in several publications (Negrao, 1995; Srebric et al., 2000; Beausoleil-

Morrison, 2002; Zhai et al., 2002; Djunaedy et al., 2005). A building energy 

simulation can provide dynamic boundary conditions to CFD. On the other hand, 
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the CFD can provide the local airflow information to building energy simulation 

aiming to improve the HVAC control system and the thermal load calculation 

inside a building.   

 

2.9 CFD and human body simulation 

CFD modelling is usually used to evaluate the indoor airflows and to study 

temperature distribution when applicable, induced by a specific heating, 

ventilation and air conditioning system. The effect of the presence of occupants 

inside a domain on the surrounding airflow in CFD is influence. Evaluating both 

thermal comfort and the indoor environment in CFD, it requires to model 

occupants inside the domain as well as their thermal boundary conditions.  

To get an accurate prediction of thermal state one needs accurate environmental 

data as input to the physiological model. Hence, it is convenient to integrate the 

thermo-physiology model with environmental modelling tools (such as building 

simulation tools) and computational fluid dynamics (CFD). These can provide the 

physiological model with dynamic boundary conditions, and also reflect the 

thermal state of the occupant in the simulation.  In this way, the complex 

interaction between the human body and its thermal environment can be 

characterised (Dixit et al., 2015). 

Buildings can be ventilated in different ways, and this can strongly affect both 

thermal comfort and the energy consumption of space. With the assistance of the 

CFD simulator and building simulation tool, it can predict the airflow in the 

occupied spaces and the ventilation system more realistically than with building 

simulation alone. 

The simple shape of the human body can be represented as a block shape where 

it is often used in CFD in design practice, and the boundary conditions are set as 

fixed values and the predicted mean vote (PMV) and predicted percentage of the 

dissatisfied person (PPD) has been used to predict the thermal comfort 

parameters. It has been found that in naturally ventilated spaces, the human body 
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has a significant effect on the local environment compared to that in other 

environments. For that reason, the consideration of two-way interactive 

simulation systems integrating detailed environmental CFD simulation with a 

human thermo-physiological model is preferred. Recent developments in 

computing technology have heightened the need for using computer-simulated 

manikin or human thermoregulatory models to study thermal comfort and 

thermal environment. 

In the past years, there has been an increasing interest in evaluating thermal 

comfort of building occupant using CFD it was usually done in stages where first 

a CFD simulation conducted for the proposed domain and the results used as 

input in the thermal comfort model. This approach of evaluating thermal comfort 

can be taken as a primary evaluation because the linking between thermal 

environment and thermal comfort is not fully addressed and there should be a 

combined simulation which bridges analysis of the indoor air environment and 

thermal comfort (Gao et al., 2005).   

In 1995 Gan published a study using a CFD model to predict room air distribution, 

with Fanger’s comfort model equations incorporated in the CFD model (Gan, 

1995). Sørensen et al. (2003) modelled in detail the shape of a seated manikin 

and used it in a CFD study to calculate the radiative heat transfer coefficient and 

the natural convection flow around the manikin. They compared simulated and 

experimental results, though a constant skin temperature was used in the 

simulation. 

Murakami et al. (2000) used Gagge’s two-node model as a thermo-physiological 

model in a CFD study to predict the heat released from a human body. The shape 

of the human body was represented using a curvilinear coordinate system. 

Murakami stated that even though the rectangular shape was very popular to 

represent the shape of a human body, they believed that the physical shape of the 

human body could have an impact on the indoor climate.  

Nielsen et al. (2003) set a CFD benchmark exercise, to validate CFD models 

specifically for modelling airflow around an occupant. The experimental data of 
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the benchmark was presented in Kato and Yang 2006. This benchmark was used 

by multiple researchers (Srebric et al., 2008; Deevy et al., 2008; Cropper et al., 

2010). 

Gao et al. (2004) studied the micro-environment around a computational thermal 

manikin with a real geometry of the human body shape in two cases one with 

personalized ventilation and the other without. Showing through experimental 

and simulation that personalized air system plays a major role in reducing 

pollutants in the respiratory zone. The integration of the clothing human body 

has been studied by Takada et al. 2016 They studied the airflow ventilation in the 

air layer of a clothed person using CFD where a 3D laser scanner was used to get 

the geometrical shape of the thermal manikin, and fixed skin surface temperature 

was used at the boundaries. 

Deevy et al (2008) modelled the benchmark of the displacement ventilation room 

where they used the geometry of the experimental manikin in the CFD model, 

arguing that using the detailed body shape will minimise potential errors 

comparing to a simplified form. They also included the thermal radiation from 

the manikin where they used the discrete transfer radiation model. Also, the total 

heat transfer from the manikin considered 76 W a constant value and the 

convective part was 38 W. They have also compared two different turbulence 

models, but differences in results were minor. 

Srebric et. al (2008) studied the effects of three boundary condition elements in 

a CFD study; the contaminant source, the size of the body area, and the shape of 

the human body. They found that the fraction of convective to radiative heat flux 

affects the accuracy of predictions of the thermal environment around the 

occupant. Also, they found that using a simplified shape of the human simulator 

will still give accurate results for the domain environment, but not when studying 

the local environment of the occupant, where the shape plays a major role in 

predicting airflow near the body.  Srebric also noted that in a typical CFD 

approach, only the convective heat transfer is taken into account, which is 

insufficient where thermal radiation plays a major role in heat transfer from any 
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heat sources (Srebric et al., 2008). Additionally, Yang et al. (2007) included a 

computational thermal manikin in a CFD simulation. CFD is used by researchers 

to study the building occupancy factor. The complexity of the geometry of the 

thermal manikin is used from the simplest one to more detailed 3D scanned real 

manikins. In their research, they intend to use a detailed human geometry, where 

they used a 3D graphic design package to model the detailed human body and 

they used a manikin of 1.8m height and a DuBois area of 1.83m2. In this study, 

they validated their work with the experimental benchmark of displacement 

ventilation. The human thermos-physiological model exchange data using files 

with the CFD model. Also, Cropper et al. (2010) published a paper on the methods 

used in coupling a thermo-physiology model with a commercial CFD program. In 

their approach, they used the shared files method to exchange data between CFD 

and a thermo-physiology model. For that, they used the Fiala model as a multi-

segmented human thermal model which is able to predict the response of the 

human body to changes in the environment. They coupled it with the ANSYS CFX 

commercial CFD solver.  

In a more recent study Angelova et al. 2015, integrated a thermo-physiological 

model with the Fluent CFD software. They studied the effect of clothing and the 

metabolic rate on the human body and the environment (Pichurov et al., 2014; 

Angelova et al., 2015). 

To study the transient and local effects of thermal sensation and comfort 

perception, van Treeck et al., 2009 have developed a parametric multi-segment 

manikin model. The model is an interface between the Fiala's thermoregulatory 

model and other computational models. They used the iFluids CFD solver to get 

the environmental parameters, this method requires a high-performance 

computer in addition the manikin was placed within the flow as a passive 

obstacle. 

 

Literature did not show any application of using an internal coupled Building 

Energy simulation and CFD together with a detailed human thermo-physiology 
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model.   multiple studies have linked a thermo-physiological model with a stand-

alone CFD simulation, some utilising advanced meshing tools and detailed 

manikin geometry. However, none of the research has studied the effect of a 

thermal manikin on building performance.  

2.10 Conclusion and Research Gap  

The large differences between people in both psychological and physiological 

make it difficult to thermally satisfy everyone placed in the same environment 

(Schellen et al., 2013). Moreover, the occupant thermal state is very sensitive to 

the environmental conditions surrounding it. So, the environment has a critical 

influence on its thermal comfort, productivity and the living environment.  

In real life occupant dynamically exchanges heat with its surrounding, which is 

based on multiple environmental parameters. The two-way interaction of heat 

exchange is not well addressed in building simulation tools. Internal loads input 

such as occupant heat loads has an important impact on the building simulation 

results. As well as, the surrounding environmental changes have an impact on 

human thermal comfort. Consequently, the representation of the occupant in 

building simulation needs improvement and that could be done by the mean of 

combining a dynamic thermal occupant model with the building simulation tool. 

To design a new ventilation system or to test an existing one a CFD study could 

provide a wealth of data on the details of the flow in the domain, it is useful for 

the domain visualisation and obviously, it will reduce the experimental costs.  

CFD results will be susceptible to boundary conditions and the most accurate the 

boundary conditions the better the results. Correspondingly, a human 

thermoregulatory model could predict better the thermal boundary conditions 

from an occupant in addition to that such a model is dynamic which means that 

boundary conditions will change every time-step. Further, A human thermal 

model is a valuable tool to understand the human thermal behaviour when 

exposed to different environmental conditions for different activity levels, 

clothing type also plays a major role in predicting the thermal status of the human 
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body as it acts as a resistance layer next to the skin layer. It is very important to 

use a multi-segmented human thermal model to predict local skin and core 

temperature in order to assess local thermal discomfort, especially in cases of 

asymmetry situation and non-uniform radiant temperature. 

However, the transient nature of the occupant heat load is not fully addressed 

and implemented in a building simulation tool. Most previous studies are limited 

to the influence of the transient environment on occupant thermal comfort. As 

both sensible and latent heat load emitted from occupant affected by its 

environment, and in situations where building allows zone temperature 

fluctuation as in naturally ventilated building, therefore it is essential to consider 

the dynamic occupant heat loads in building simulation. 

Summary of the gap found based on our literature: 

• Building simulation usually does not consider the transient nature of 

the building occupant heat loads. 

• There were a few attempts to use detailed physiology models in 

building simulations to check for thermal comfort, but none of them 

has considered the transient nature of heat losses in building 

simulation. (The effect of the occupant heat loads on the building 

environment have-not been fully addressed). 

• None of the CFD approaches has considered both building and 

occupant in one dynamic simulation. Therefore, the approach 

(building simulation-physiology model-CFD) has never been 

considered in a previous study. 

This thesis contributes to the state of the art by developing a method for coupling 

an explicit thermal representation of building occupants within in CFD-coupled 

building simulation tools in order to have a reliable and more detailed prediction 

of their thermal comfort and their thermal interaction with the building in greater 

detail than has been done before. 
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Chapter 3: Building Energy 

simulation tool ESP-r 

3.1 Chapter overview 

In this research, the author chooses to use ESP-r a reliable and widely known 

energy simulation tool. The reason behind this choice was because ESP-r is an 

open-source, a researcher attractive tool, and the help and support that can be 

delivered from the developers. Although ESP-r lack of detailed documentation 

and it has a primitive interface, but one of the keys to choosing ESP-r is to 

integrate our dynamic occupant is its flexibility. Moreover, the adaptive coupling 

functionality in esp-r between the dynamic thermal model with computational 

fluid dynamic was the most valuable motivation of the selection. The integrated 

CFD tool was profoundly used in this research. 

This chapter briefly describes the ESP-r software and the main energy balance 

equation and method and solution used. In addition to a brief methodology of 

improving the occupant representation. 

3.2 ESP-r Energy Building Simulation Tool 

ESP-r a dynamic building simulation tool which stands for Environmental System 

Performance and the r for research it is a computing environment for building 

and/or plant energy simulation as defined in (ESRU 2002). The first numerical 

engine of ESP was introduced in 1977. Clarke (2002) investigated and compared 

the different energy modelling techniques and in order to represent all building 

heat flux exchanges and dynamic interactions, he developed a set of coupled 

state-space equations and a numerical processing approach. 
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In ESP-r, a simulation model consists of a setting with one or more building. A 

building model in ESP-r can be consist of one or more polyhedral zones. To set up 

a zone, one needs to define its geometry, its construction materials and its usage 

profiles. By increasing the number of zones ESP-r also uses networks to define 

energy subsystems in the building such as airflow, HVAC systems and electrical 

systems.  

The building and its subsystems can be decomposed into a coupled set of 

differential equations that when solved yield the energy and mass exchanges 

occurring throughout the building. To solve these energy and mass balances in 

buildings an advanced numerical method was adopted in ESP-r to integrate the 

different equation types of algebraic, ordinary differential and partial differential. 

ESP-r is a helpful design tool for studying energy and environmental 

performance. It contains a number of interdependent program modules. The 

integrated simulator in ESP-r is constituted of multiple numerical solvers which 

can be considered separately or in various combinations. Solvers were optimised 

for the building, network or computational fluid dynamic CFD based flow, plant 

and electrical power domain. The solvers have the ability to pass information so 

they can pass results from one solver to another and vice versa depending on its 

order in the calculation. The next section will briefly explain the modelling 

process adopted when using ESP-r. 
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3.3 Structure of ESP-r 

 

Figure 3.1: ESP-r structure (ESRU, 2002) 

Figure 3.1 shows the relationship between the different part of the ESP-r 

program. Following is a description of a number of the modules of ESP-r. 

The Project Manager is the place where the building and plant configuration are 

defined, and the complete description is called a product model. Since a building 

model is subjected to weather impact and it is simulated over time, then those 

weather file and time needs have to be set here (ESRU 2002). Through the project 

manager, user can access multiple modules like the Event Profiles Database 

Management Module, which is responsible for defining profiles of the time-

dependent variations in zone occupants, lighting, plant control and appliance 

usage. The Construction Data Management Module manages (creates, modifies, 

edits and lists) primitive and composite constructions databases. (ESRU 2002) 

The Plant Components Database Management Module, which manages a plant 

components database, and a Climate Database Management Module to manage 

and analyse climatic data collections. The Simulator is the building and plant 
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simulation engine which grabs all the defined information through the other 

modules, especially the construction and weather data in order to do a simulation 

which able to predict building and plant energy and fluid flows by a rigorous 

numerical method.’ 

 To present the results obtained from the simulator to the user in a variety of 

output options. Like a perspective visualisation, results interrogation, statistical 

analysis, graphical display, tabulations, frequency binning and 3D plotting (ESRU 

2002; Hand, 2018). 

Another important module that will be used in this research is the computational 

fluid dynamic module, the function of which is to set the CFD domain the boundary 

conditions, the openings and sources. A CFD domain is composed of a number of 

cells that represents the air volumes within a thermal zone. For a CFD domain, it 

needs to define the gridding of the domain, the boundary conditions applicable, 

groups of cells at the boundary which represent inlets or outlets, blockages 

within the domain representing solid objects, in addition to the sources of heat 

and/or contaminants.  

The cells within a domain in ESP-r are rectilinear in the X and Y axis and normally 

rectilinear in the Z-axis. The CFD domain solver is implemented with the building 

solver Building-plant solver (bps) supporting coupled solution with the zone 

solver and the mass flow solver (Hand, 2018). Further details about the CFD 

domain in ESP-r is discussed in Chapter 7 section 7.2.1. 

3.4 ESP-r Thermal Model 

The model of a building in ESP-r is constituted of multiple small control volumes, 

each control volume, which represents a region or category of space is 

represented by a node, the conservation of mass, energy and momentum 

between the nodes is then applied. Each control volume equation can be derived 

from the law governing the conservation of mass, energy and momentum. These 

equations describe all the physical action that could apply in a volume like heat 

conduction, convection airflow and moisture flow, etc (Clarke, 2002). Setting the 
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boundary conditions and choosing real climate data in order to solve the set of 

equations which allows the assessment of the transient energy and fluid flow 

process happening within the building (Kelly, 1998). 

Based on the conservation equations of energy, mass and momentum the 

characteristic equations are defined for each control volume. Where these 

characteristic equations enclose the physical characteristics and changes related 

to the control volume and also implicitly link the volume to its neighbours. The 

linkage to the adjacent volumes can be as heat or mass exchange. 

For each node has an energy balance considering the relevant energy flow paths. 

The energy balance of the thermal interaction between each two-neighbour node 

is called inter-node heat flows and a resulting equation set links all inter-nodes 

equation over time and space (Clarke, 2001; Kelly, 1998; Beausoleil-Morrison, 

2000; Negrao, 1995). 

3.4.1 Heat balance for building fabric nodes 

The heat exchange within opaque constructions is complex, it usually involves 

different modes of heat transfer like solid conduction, gaseous convection, 

radiation and sometimes moisture transfer. In ESP-r the building fabrics are 

represented as multi-layered construction by adding a series of solid elements. 

The construction layers defined in a model provide the physical boundaries to the 

zones. The building construction layer is normally represented by three control 

volumes (nodes). A homogeneous material volume in the middle of a layer, and 

two surface volume at the boundaries of the layer (Kelly, 1998; Beausoleil-

Morrison, 2000; Negrao, 1995). 
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Figure 3.2: nodal discretization for a typical building construction component. 

In the case of multiple layers, every two neighbours’ layers they share the surface 

volume defined as mixed property volume. 

A multi-layered construction is represented in figure 3.2 it shows the different 

layers and the different nodes forming the final construction. 

3.4.2 Energy balance at the homogeneous node 

The heat balance for the homogeneous control volume can be described with the 

following three terms, 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛 𝐶𝑉 = 𝑛𝑒𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 +

𝑆𝑜𝑢𝑟𝑐𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑤𝑖𝑡ℎ𝑖𝑛 𝐶𝑉  (3.1) 

 

The relation state that the defined homogeneous node will store or release 

energy in a proportion of heat transferred by conduction from the neighbouring 
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node and to the amount of heat generated. the storage term is characterised by 

the rate of change in temperature of the control volume. The heat source can be 

an embedded heating system as underfloor heating (Kelly, 1998; Beausoleil-

Morrison, 2000; Negrao, 1995). 

The mathematical form of this energy balance in the x-direction is given as 

 

𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
= −

𝜕𝑞𝑥
′′

𝜕𝑥
+ 𝑞𝑝𝑙𝑎𝑛𝑡

′′′  (3.2) 

Where 𝑐𝑝  is the specific heat [J/kgK] and ρ the density [kg/m3] of the material; 

T is temperature [K]; t is time [s]; q′′x is the conductive heat flux in the x-

direction [W/m2]; and 𝑞𝑝𝑙𝑎𝑛𝑡  
′′′  is the heat injection from the embedded plant 

component [W/m3]. For the sake of clarity, the nodal thermophysical properties 

ρ, k and c are shown as time-invariant. 

 

3.4.3 Energy balance at an internal surface node 

The internal surface node of a construction layer exchange heat with its 

neighbour node the homogeneous node in the middle of the layer and the air zone 

node from the other side. Figure 3.3 shows a representation of an internal surface 

node in a construction section and the heat exchange with the other nodes. The 

energy balance at this node is similar to the previous one with an addition of two 

means of heat transfer radiation and convection (Kelly, 1998; Beausoleil-

Morrison, 2000; Negrao, 1995). The heat balance than can be described as: 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛 𝐶𝑉

= 𝑛𝑒𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 + 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑤𝑖𝑡ℎ𝑖𝑛 𝐶𝑉

+                                                  𝑛𝑒𝑡 𝑙𝑜𝑛𝑔𝑤𝑎𝑣𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉

+ 𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 

      (3.3) 
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The conduction happens at the boundary of the control volume with the next-to 

surface node which is the homogeneous node of the construction. The source of 

heat can be in addition to plant injection it can be from solar gains and long-wave 

radiation and sources of heat in the zone like radiation from occupant, lighting 

and equipment. 

 

Figure 3.3: Heat balance at the internal surface node. 

The net long-wave radiation represents the radiation heat exchange with the 

other surrounding surfaces. And finally, the convection heat exchange term 

represents the heat exchanged by convection between the zone air node and the 

wall construction internal surface node. In this approach, the zone air 

temperature is considered uniform. This term is affected by the difference in 

temperature between the two nodes and the 

heat transfer coefficient (Kelly, 1998; Beausoleil-Morrison, 2000; Negrao, 1995). 

After considering the storage as a backward difference scheme, Adding the 

implicit and explicit expressions and grouping future time step terms the final 

form of the energy balance equation is given as 
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 [
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∆𝑥
−

𝑞𝑠𝑜𝑙𝑎𝑟,𝐼
𝑡

∆𝑥∆𝑦∆𝑧
−
𝑞𝑐𝑎𝑠−𝑟𝑎𝑑,𝐼
𝑡

∆𝑥∆𝑦∆𝑧
                                         (3.4) 

The I node is located at the internal surface of the construction. I-1 is the 

preceding node in the construction and it represents the homogeneous node and 

I+1 is the zone’s air node. 

Where ℎ𝑐,𝐼
𝑡+∆𝑡 is the convection heat transfer coefficient [W/m2K] between the 

surface at node I and the zone air node, evaluated at the future time-step. N is the 

number of surrounding surfaces in longwave contact. ℎ𝑟,𝑠→𝐼
𝑡+∆𝑡  is a linearized 

radiation heat transfer coefficient [W/m2K]. 

 

𝑞𝑠𝑜𝑙𝑎𝑟,𝐼
𝑡+∆𝑡    is the solar radiation absorbed at node I at the future time-step. 

𝑞𝑐𝑎𝑠−𝑟𝑎𝑑,𝐼
𝑡+∆𝑡   represents, the radiant energy absorbed from casual sources (such as 

occupants, lights, office equipment) at the future time step. 𝑞𝑝𝑙𝑎𝑛𝑡,𝐼
𝑡+∆𝑡    represents, a 

radiant plant input to node I, that can be from a radiant heater located within the 

room at the future time step. 

That is the basic discretised equation used in ESP-r to characterise the energy 

balance at the internal surface node of a construction. As the equation shows it 

considers he heat storage, the conduction with the inner layer of the fabric layer 

the convection with the air node, the long-wave radiation exchange with 

surrounding surfaces and the absorption of solar radiation, radiant casual gains 

(eg. Occupant) and radiant plant injection (Kelly, 1998; Beausoleil-Morrison, 

2000; Negrao, 1995). 
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3.4.4 Air point node energy balance 

This section will deal with the most important element of building model which 

is the enclosed air volumes that form the thermal zones of the building. 

The simple and basic representation of the volume of fluid that constitutes a zone 

is by considering it as a single volume which can be represented as a single node. 

Where this volume is surrounded by solid constructions in addition to heat 

transfer by convection, the fluid exchange with its neighbour fluid volumes, 

external infiltration, the occupants' heat and vapour gains, plant interaction etc. 

The boundaries of the control volume of the air inside a zone are the solid 

constructions internal surfaces. Looking to the air node in the following the node 

I will represent the air node. J will represent an air node in an adjacent zone and 

S represents the surface nodes, Node o will represent the outdoor air node (Kelly, 

1998; Beausoleil-Morrison, 2000; Negrao, 1995). Figure 3.4 sketches an example 

representing the air node and the interaction with the other surfaces, external 

and neighbour air nodes.  

 

Figure 3.4: Energy balance at air node of zone. 
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As shown in the previous section the internal surface node and the air node 

exchange heat by convection, the convection term in the air node energy balance 

represents the total heat transfer from all surrounding surfaces to the zone air 

node. In addition, the energy balance of an air node considers the airflow from 

adjacent zones and outdoors and convective and latent sources of heat. The 

energy balance at the air node can be described as: 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛 𝐶𝑉

= 𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 + 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 𝑏𝑦 𝑖𝑛𝑡𝑒𝑟

− 𝑧𝑜𝑛𝑒 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 + 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 𝑏𝑦 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛

+ 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑤𝑖𝑡ℎ𝑖𝑛 𝐶𝑉 

(3.5) 

The energy balance equation governing these exchanges is of the form: 

𝜌𝑖𝑉𝑖𝑐𝑖
𝜕𝜃𝑖

𝜕𝑡
= ∑ 𝑞𝑖𝑗

𝑛
𝑗=1                                             (3.6) 

Where, 𝜌𝑖; 𝑉𝑖; 𝑐𝑖; 𝜃𝑖   are the fluid volume average density [kg/m3], volume V [m3], 

average specific heat [J/kgk] and the average temperature [oC] consecutively. 

They represent the thermal capacitance of the fluid volume. The right-hand side 

of the equation represents the summation of the energy fluxes [W] interacting 

with the control volume. 

The final form of the energy balance equation at the air node after adding the 

explicit and implicit forms and dividing by the zone volume 𝑉𝑧𝑜𝑛𝑒. The equation is 

arranged with the future time step on the left and the present to the right the final 

form of the mathematical equation is given as 
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𝑉𝑧𝑜𝑛𝑒
+
�̇�𝑜→𝐼
𝑡 𝑐𝑝

𝑉𝑧𝑜𝑛𝑒
] 𝑇𝐼

𝑡

− [
∑ ℎ𝑐,𝑠→𝐼

𝑡 𝐴𝑠𝑇𝑠
𝑡𝑁

𝑠=1

𝑉𝑧𝑜𝑛𝑒
] − [

∑ �̇�𝐽→𝐼
𝑡 𝑐𝑝𝑇𝐽

𝑡𝑀
𝐽=1

𝑉𝑧𝑜𝑛𝑒
] − [

�̇�𝑜→𝐼
𝑡+∆𝑡𝑐𝑝𝑇𝑜

𝑡

𝑉𝑧𝑜𝑛𝑒
]

−
𝑞𝑐𝑎𝑠−𝑐𝑜𝑛𝑣,𝐼
𝑡

𝑉𝑧𝑜𝑛𝑒
−
𝑞𝑝𝑙𝑎𝑛𝑡,𝐼
𝑡

𝑉𝑧𝑜𝑛𝑒
 

 (3.7) 

 

where N is the number of bounding surfaces. 𝐴𝑠 is the area of the surrounding 

surfaces [m2], and ℎ𝑐,𝑠→𝐼
𝑡+∆𝑡  the future time-step convective heat transfer coefficient, 

for surface S. M is the number of zones supplying air to the control volume. �̇�𝐽→𝐼
𝑡+∆𝑡  

is the mass airflow from zone J to the zone I [kg/s] at the future time step and 

�̇�𝑜→𝐼
𝑡+∆𝑡 is, the infiltration rate from the outdoors [kg/s] for the future time step. 

𝑇𝐽
𝑡+∆𝑡 and 𝑇𝑜

𝑡+∆𝑡 are, the future time step temperatures of the air node in zone J 

and the outdoor air, respectively. 

And as defined previously, 𝑞𝑐𝑎𝑠−𝑐𝑜𝑛𝑣,𝐼
𝑡+∆𝑡  is the heat transferred from casual sources, 

but only the convective part goes directly to air node (such as occupants, lights, 

office equipment) at the future time. 𝑞𝑝𝑙𝑎𝑛𝑡,𝐼
𝑡+∆𝑡  represents a convective plant input 

to node I at the future time, that could be from a convective heater located within 

the room or from an air-based mechanical system delivering a supply of 

conditioned air to the room (Kelly, 1998; Beausoleil-Morrison, 2000; Negrao, 

1995). 
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The above equation describes the one-dimensional heat flow associated with air 

volume ESP-r deals with three-dimensional heat and mass flow in the air volume 

using integrated computational fluid dynamic (CFD), this will be discussed in 

chapter 7. 

3.4.5 Solution of finite volume equations 

The previous sections show the energy balance equation using the control 

volume to different aspects of the building, similarly for other building 

components, the energy balance equation is defined for example for the plant, 

external fabric surface, window surface etc. All will have the same equation 

structure but with different coefficients. Each equation has expressions 

representing the future temperature of nodes in thermal contact and 

corresponding present time step expression. 

After defining the set of energy balance equations of all nodes in the model, a large 

matrix of equations is formed. The equations are arranged in the form where the 

future time-row nodal temperatures, plant injections, source terms, and external 

environment excitations grouped to the left and the corresponding present time-

row quantities to the right. The coefficients of the future time-step cannot be 

evaluated until the future timestep temperatures are evaluated for that the 

system of equation is not linear. In order to linearize this system of equations, the 

coefficients are evaluated one time-step in arrears. That means the future time 

coefficients are calculated using present temperatures, while present coefficients 

are calculated with the immediate past temperature. Similarly, the same 

technique has been adapted for the dynamic occupant heat load where the 

current environmental parameters are used to calculate the future internal heat 

loads. This technique of linearization is very efficient, especially for small time-

step of less than one hour (Kelly, 1998; Beausoleil-Morrison, 2000; Negrao, 

1995). Since the outdoor environmental parameters are predefined by the user 

and by using the linearization approach, this allows the future time-step data to 

be moved to the right side of the equation. 
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The set of zonal equations can be written in matrix form as: 

  

𝐴𝑇𝑛
𝑡+∆𝑡 = 𝐵𝑇𝑛

𝑡 + 𝐶 = 𝑍                                          (3.8) 

Where A is the matrix holding the coefficients corresponds to the future time-

step, B is the matrix holding the coefficients corresponds to the current time step, 

and matrix C contains known boundary interactions such as heat exchange with 

the sky and ground. 𝑇𝑛
𝑡+∆𝑡  and 𝑇𝑛

𝑡 are column matrices that hold the nodal 

temperatures and heat injections for the future and present time-steps 

respectively. 

Since the right side of the equation (present time-step) are known it can be 

combined and represented as Z matrix. 

The solution of the equation can be achieved by multiplying both sides by the 

inverse of A, to get the unknown temperatures and heat injections. 

  

𝑇𝑛
𝑡+∆𝑡 = 𝐴−1𝑍  (3.9) 

ESP-r employs a simultaneous direct solution approach based on matrix 

partitioning and Gaussian elimination. A full explanation and details are given in 

chapter 4 of Clarke (2002). 

The solution method intends to deduce the boundary conditions to the rest of the 

model, and hence calculate the performance of the modelled zone taking into 

account the interaction of other factors such as the plant injection and the control 

system. The control system is very important for the processing of the equation 

sets. The control system in ESP-r based on sensing a specified nodal parameter, 

which is linked to an actuator which takes action appropriately at the same or 

different node. The objective of the actuator is to bring the sensed nodal 

parameter to its desired value. 
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3.5 Methodology and Linking approach 

As stated earlier in chapter 2 (section 2.10) research gap, building simulation 

considers internal heat gains from people as fixed numbers based on a defined 

schedule. ESP-r also follows the same approach by allowing users to define 

internal heat gains from occupants as fixed ratio numbers distributed over an 

hourly-weakly schedule. It is also clear from section 3.4.4 how the internal heat 

gain from occupant has been represented in the air node energy balance 

equation. The equation showed that the user-defined heat flux is always used as 

a fixed ratio number.  Since the amount of sensible/latent heat flux are not a fixed 

number and heavily dependent on the environmental conditions, and the human 

physiology. The dynamic behaviours of sensible and latent heat loads using three 

degrees of detailed human representation have been addressed. 

 

3. 5.1 Occupant heat node system 

As it has been stated before in this thesis the occupants are always described as 

fixed rate of heat load injected into the air node. Moreover, the occupant/human 

body has not been described in any building simulation tool as a thermal node 

having mass and interacting with the other nodes of the building system. In this 

section the author trying to propose an approach of describing the building 

occupant in more detail.  

The occupant heat node inside the building simulation system can be described 

as: 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛 𝐶𝑉 = 𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 + 𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 +

𝑛𝑒𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝐶𝑉 − 𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐶𝑉 −

𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐶𝑉 − 𝑛𝑒𝑡 𝑙𝑎𝑡𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝐶𝑉 + 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑤𝑖𝑡ℎ𝑖𝑛 𝐶𝑉 

(3.10) 

The human body exchange heat with air node in addition to all surrounding 

construction nodes. Radiative heating and cooling systems can be applied directly 
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as radiation into the control volume. The mathematical equation of the occupant 

node in the building is described in detail in chapter 5 using the two-node 

thermo-physiology model and chapter 6 when using the multi-segmented 

thermo-physiology model. Where all heat transfer between the human body and 

its surroundings has been addressed. 

The dynamic occupant model requires some user-defined parameters as 

occupant presence, number of occupants, metabolic rate and clothing insulation. 

These data are user predefined and stored in the operation file. The operation file 

is hourly based, that means each defined hour has its inputs. 

The dynamic occupant models are subroutines in the building-plant solver (bps) 

and will be called each time step from the routine which handles the internal heat 

gains exchange with the surrounding nodes in a zone. That is to assign the future 

occupant internal loads. It uses the present environmental parameters with the 

corresponding individual input parameters from the operation file which 

describe the occupant schedule in each zone. 

The progress of improving the occupant representation in building simulation 

will be in three stages: 

1. A simple responsive model predicting sensible and latent heat 

loads directly 

In this approach, the sensible and latent heat load from occupants has been 

modified to be calculated as a function of operative temperature and 

metabolic rate, instead of the fixed values. Figure 3.5, is a representation of 

this approach.  
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Figure 3.5 Representation of the interaction of the first approach the responsive 

internal occupant heat fluxes with the building. 

2. A two-node physiology model  

The two-nodes model is a physiological model account for sweating, 

shivering, and blood flow the core node is an internal node and interact with 

the skin node, both represent the human and the interaction with the 

building parts happens through the skin node. Clothing is also considered 

as an insulation layer. The energy balance equations for the two-node 

accounts for the heat exchange within a time step.  

Figure 3.6 is a representation of this approach in the building. The model 

predicts heat fluxes and responds to the environmental changes; the 

prediction of the skin temperatures allows for comfort assessment.  
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Figure 3.6 Representation of the interaction of the second approach the two-nodes 

model skin/core with the building.  

3. A multisegmented physiology model  

As the name suggests a multisegmented occupant model, the model 

segments the human body into multiple body parts. Each segment of the 

body interacts thermally with the environment and the other body parts. 

Blood flow circulates in the body parts through arteries and veins where 

each represents an internal node. Energy balance equation is set for each 

node. The model predicts the temperature of the current node based on the 

previous time steps values and the heat exchanges within a defined time 

step and for that it is dynamic. Figure 3.7 is a representation of this 

approach.    
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Figure 3.7 Representation of the interaction of the third detailed multi-segmented 

physiology model with the building.  

In building simulation, the preceding approach multisegmented occupant will be 

interacting with one air node, the dry bulb temperature distribution over the 

body is not considered, also air velocity is considered as a fixed number. For that, 

to increase the level of details the multisegmented model has been applied to CFD 

in order to study detailed airflow inside the room and around the human body. 

Figure 3.8 is a representation of the segmented human thermal model inside a 

CFD domain. 
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Figure 3.8 Representation of the interaction of the multisegmented model with CFD 

domain. 

3.6 Summary 

As ESP-r was the selected building simulation tools to improve the occupant heat 

loads integration in the energy balance system. This chapter has presented a brief 

description of the ESP-r’s energy balance equations and especially the current 

state of occupant internal heat gain representation in this equation system. Later 

the proposed approach was discussed and different steps of implementation 

were defined. Where a dynamic internal heat gain from occupants is proposed in 

three approaches by using a simplified regression equation second by using a 

two-node thermo-physiological model and third by using a detailed multi-

segment human thermo-physiology model in a detailed building simulation 

including CFD. 
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Chapter 4: Simple dynamic linear 

model of occupant thermal loads 

4.1 Chapter overview 

Most building simulation tools use a predefined fixed occupant sensible/latent 

heat load ratio. This approach simplifies the dynamic nature of heat losses from 

the human. This chapter will introduce the first responsive approach to modelling 

the occupant heat loads. This will be the first step toward the detailed dynamic 

occupant model. For this reason, two dynamic polynomial equations were 

developed based on published data for both sensible and latent heat loads 

emitted from building occupant under different operative temperature and for 

different activity level. 

 

4.2 Internal heat gain from Occupant 

When it comes to defining the occupant’s heat loads in a building for energy 

performance simulation, there are some recommendations for the designers and 

building simulation tools users to follow. Recommendations were usually based 

on experimental data for people in thermal equilibrium, usually provided in 

CIBSE (2008), ASHRAE Standard 55-2013, also in ISO 7730 2005 and ISO 8996 

(2004). The data provided describes the latent and sensible loads emitted from 

people at steady-state once they achieve thermal equilibrium for specific room 

temperature and metabolic rate. The designer needs to decide beforehand on the 

operative temperature and the metabolic rate with regard the selection of heat 

loads. 
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The common practice of defining the occupant heat loads for a building 

simulation in a predefined schedule does not allow for the dynamic nature of heat 

loads. The ratio of sensible to latent loads is fixed over the periods based on a 

design indoor temperature (ASHRAE_Standard 2015). This is not always the case, 

especially when it comes to design natural ventilated buildings where zone 

temperature is variable during the day. Moreover, new building designs allow a 

range of temperature variation to reduce energy consumption. Furthermore, the 

fixed occupant heat loads approach leads to prediction error, especially when 

allowing the temperature to vary in a specific range (draft in temperature) and 

high density occupied buildings.  

As it has been discussed in the literature review chapter 2 section 2.2.2, occupant 

heat loads are affected by its environmental conditions. This approach will take 

into consideration the first two major parameters that affect the occupant heat 

loads which are the operative temperature and the metabolic rate. From a 

physiological point of view, thermal equilibrium will be achieved in a human body 

when the production of heat is equal to the heat losses (ISO 7730, 2005; 

Choudhury et al., 2011). 

The body is working at maximum efficiency only at comfort condition so when 

the environmental temperature increases or decreases, heat losses will be 

changed and aim to achieve a new thermal equilibrium state, the body will try to 

acclimatise itself to the new conditions which might require a regulatory 

mechanism (shivering, sweating, vasomotor) to be functional. The normal body 

temperature for human beings is the 37°C with a tolerance of ±0.5 °C and any 

change in the body temperature will cause a variation in the heat losses or heat 

production which will bring the body temperature back to its normal value 

(DuBois, 1939). Heat production in a body is done through the metabolic activity/ 

oxidisation of foods. The metabolic heat production in a body is generated at 

different rates depending on the activity level. Consequently, at a higher activity 

level (high metabolic rate) the body will emit as much heat in which the latent 

heat loss plays a major role in order to keep the body temperature constant 

(Höppe, 1993). 
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Though the metabolic rate is the rate of heat emitted at equilibrium by the body 

per unit skin area, it has a unit of met where each 1met is equivalent to 

58.2[W/m2]. For a normal average body with 1.8 [m2] body surface area, the heat 

generates for 1met will be around 104[W]. Even when the body is in an idle state, 

the body will be emitting around 100 [W]. Different factors could affect the basal 

metabolic rate value, like age and gender. For example, older people have a lower 

metabolic rate compared to young people because of less body muscle. Further, 

the metabolic rate will increase when the body weight and surface area increase 

(Höppe, 1993). 

4.3 Methodology 

To investigate the effect of making the occupant loads variable in the energy 

building simulation, we have made our first approach by changing the way heat 

gain from people was represented in ESP-r, by moving from defining the internal 

loads based on the design operative temperature and specified metabolic rate to 

specifying only the activity level and using the dynamically predicted operative 

temperature from the building simulation. With that changes the sensible and 

latent heat load ratio from occupant becomes a variable function of the 

dynamically predicted operative temperature in building simulation. 

Additionally, for the final load calculation, the number of people and gender/age 

were considered. 

After analysing the available data of building occupant heat loads in the literature, 

the author was able to produce a simple regression model to predict the overall 

sensible and latent occupant heat loads refer to section 4.3.2. 

As ASHRAE published some data of occupant loads for selected activity level and 

different room temperature (ASHRAE Fundamental, 2017). Humphreys et al. 

(1966) published a study of heat loads emitted from occupants of a survival 

shelter, in that study, they measured the skin temperature of the occupants and 

used a model to calculate the latent and sensible loads. The data of sensible and 

latent heat from people for the different metabolic rate and different surrounding 
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temperatures has been adopted. A regression model was developed for occupant 

heat gain as a function of the two variables metabolic rate and operative 

temperature. 

4.3.1 Categorized metabolic rate model 

A regression line is made for the three sets of data taken from (Humphreys et al., 

1966). The three sets of data represent three activity levels 1 met (seated 

relaxed), 1.2 met (Sedentary activity) and 1.6 met (Standing, light activity). The 

regression lines are for both sensible and latent heat load from people wearing 

clothing insulation of 1 Clo and an air velocity of 0.2 m/s of an operative 

temperature ranged between 10 and 50°C (Humphreys et al., 1966). The fitted to 

data line has a polynomial equation of a second-degree function of zone operative 

temperature. 

Figure 4.1 a,b and c shows the data lines of sensible and latent heat losses from 

the clothed person at three different activity levels. It can be seen from the graphs 

that the ratio between sensible and latent load from occupant heavily changed 

depending on the surrounding operative temperature. Sensible heat gain 

decreases and latent heat gain increases while the operative temperature 

increases. In addition, the latent heat gain increases when the metabolic rate 

increases, the aggregation point between the latent and sensible load happens at 

a lower operative temperature compared to a lower metabolic rate. Relative 

humidity inside a zone plays a major role on the evaporative latent load due to 

sweating evaporation where higher evaporation occurred during low relative 

humidity. On the other hand, during higher relative humidity an accumulation of 

sweating happens at the skin. 
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Figure 4.1: Sensible and latent heat dissipated from an average body weighted person 

at the activity level of a) 1.6 met b) 1.2 met c) 1.0 met. 
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The intersection point between the latent and sensible heat load from occupant 

varies for the different activity levels. At a higher activity level, skin temperature 

of the human body will rise, and more sweating will be generated at a lower 

temperature, which explains why the sensible and latent load will be equal at 

about 21°C for 1.6 met compared to 29 °C for the activity of 1 met. The equations 

below are the three set regression lines for the different activity levels. 

{
𝑄𝑠𝑒𝑛𝑠   =  −0.0558𝑇

2   −  2.9937𝑇 +  174.3

𝑄𝑙𝑎𝑡  =  0.1544𝑇
2  −  4.6528𝑇 +  57.37

      𝐴𝑡 1 𝑚𝑒𝑡       (4.1)        

                       

                       {
𝑄𝑠𝑒𝑛𝑠   =  −0.0577𝑇

2  −  2.8642T +  172.16

𝑄𝑙𝑎𝑡  =  0.1231𝑇
2  −  1.8358T +  25.452

   𝐴𝑡 1.3 𝑚𝑒𝑡       (4.2)              

       

                       {
𝑄𝑠𝑒𝑛𝑠   =  −0.0471𝑇

2  −  3.3346T +  155.86

𝑄𝑙𝑎𝑡  =  0.0729𝑇
2  +  1.7747T +  32.646

    𝐴𝑡 1.6 𝑚𝑒𝑡      (4.3)                    

 

For a wider range of activity levels, the degree of complexity to the polynomial 

equation was increased to calculate the sensible load from occupant with both 

variable temperature and metabolic rate. 

4.3.2 Simple dynamic occupant heat load model 

The three models are then evaluated, and more detailed regression model 

developed with both operative temperature and metabolic rate as variables by 

analysing more data. 

More data were taken from the tables provided by (ASHRAE Standard 55-2013; 

Carrier, 1965). Figure 4.2 and 4.3 are the extraction of the data table taken from 

the references previously mentioned. The data represented the average adjusted 

metabolic rate function of room air dry-bulb temperature. 
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Temperature range provided by Carrier is between 21 and 28 °C values which 

considered suitable for the indoor thermal conditions. ASHRAE table and data 

provided are set to the room air temperature of 24 °C and they added that an 

increase of 3 °C to the room air temperature will result in a 20% increase in the 

latent load and a similar decrease in the sensible load. 

After analysing all data and grouped based on temperature and metabolic rates a 

new combined model for latent and sensible are provided below equation 4.4 and 

4.5. 

 

Figure 4.2: The heat gain from people. The table is taken from Carrier Air 

Conditioning Company book (1965). 
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Figure 4.3: Heat and moisture emitted by people for different activity taken from 

ASHRAE Standard 55 (2017). 

𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑙𝑜𝑎𝑑

= 198.42617 − 3.80901𝑇 − 0.05419𝑇2 − 0.42472𝑀𝑒𝑡

+  0.00171𝑀𝑒𝑡2 + 0.01287𝑇𝑀𝑒𝑡 − 0.00004𝑇𝑀𝑒𝑡2

+ 0.00002𝑀𝑒𝑡𝑇2  −  3.8516 × 10−7 𝑀𝑒𝑡2𝑇2 

(4.4) 

𝐿𝑎𝑡𝑒𝑛𝑡 𝐻𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 

= 227.89011 − 14.95202𝑇 + 0.24884𝑇2  −  2.56734𝑀𝑒𝑡 

+  0.00715𝑀𝑒𝑡2  +  0.132𝑇𝑀𝑒𝑡 −  0.00017𝑇𝑀𝑒𝑡2  

−  0.00107𝑀𝑒𝑡𝑇2 

(4.5) 

The model shown in equations 4.4 and 4.5 is of the second degree with two 

variables dependent on the metabolic rate and operative temperature. The 

operative temperature is a dynamic parameter predicted and updated by the 

building simulation tool ESP-r and the metabolic rate is an input provided by the 

designer based on a schedule. 
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This model is valid for occupant wearing clothing insulation of 1 Clo and air 

velocity surrounding the occupant of 0.2 [m/s].  

Energy plus has previously made a similar attempt modelling a variable occupant 

load. Their model based only on the data taken from the Carrier Air conditioning 

book (Carrier, 1965), The model considers occupant has already been in steady-

state thermal condition. For that, they provide a model to describe the sensible 

heat load as a function of operative temperature and metabolic rate. Then, the 

latent heat load is simply the difference between the metabolic rate and the 

predicted sensible load. By doing that, they neglect any possibility of heat storage 

in the body saying that all metabolic heat generated is dissipated to the 

environment. The model does not consider any none steady-state situation. 

Although the metabolic rate is a constant input in this model, but by providing 

two separate models for sensible and latent heat loads it got a slightly flexible 

result where the sum of the heat loss is not always equal to the metabolic rate. It 

showed more reasonable results compared to what it is achieved by considering 

all heat generated is lost to the environment. 

4.3.3 Gender and Age differentiation 

The heat dissipated from the people can be different from one to another due to 

the differences in body surface areas and weight. 

In this approach, the age and gender have been considered as input for the model 

dividing the occupants into three category adult female, adult male, and children. 

In this case, the amount of heat load transferred from a female will be equal to 

85% of that emitted from an adult male, and children are 75% of an adult male. 

As an approximation to what it is stated in ASHRAE standard 55 2017. 

4.3.4 Model integration in ESP-r 

Figure 4.4 shows a schematic flow chart for the integrated dynamic occupant heat 

load model in ESP-r. The chart shows all the input required for the model to 

predict the total sensible and latent heat loads at each time-step. The predicted 
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values are considered as part of the internal heat load for bps to predict the new 

internal environmental conditions. 

4.3.5 ESP-r interface changes 

The implementation of the new model in ESP-r required changes to the casual 

gain algorithm and the user interface. The following functionality was added. 

Our model required new inputs to get the total occupant heat loads in ESP-r. The 

new model requires the metabolic rate, the metabolic rate is given based on an 

hourly schedule. 

 

Figure 4.4: Flow chart shows the model integrated into ESP-r inputs and outputs. 

schedule. 

The metabolic rate, describe the activity level of the occupant during the specific 

hours. ISO 8996 (2004) describes the ways of calculating it. The standard 

provided different levels of accuracy for estimating metabolic rate each level has 

different methods to characterise the mean workload for a given occupation. The 
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first level is screening and it is based on selecting the average metabolic rates 

based on tables provided. The second level is the observation, it reduces the error 

by increasing accuracy, but require more details of the occupational activity, it is 

based on observation of the body segments involved, the workload of the body 

segment, the body posture and work speed. Further, it counts for the rest 

duration during the period of work cycles (ISO 8996, 2004). 

Once the schedule for the activity level is defined, the model requires also the 

number of people and gender. The number of people is set to be a real number so 

it can count for occupants who spent a partial time of an hour, for example, a room 

has one occupant for one full hour and another occupant for 15 min the number 

occupant would be 1.25 occupants. 

While defining the type of casual gains in ESP-r the new feature of using dynamic 

people needs to be selected see figure 4.5. The selected feature allows the user to 

define the occupant casual gain based on metabolic rate and number occupant 

approach by using the developed dynamic model. 

After selecting the needed number of periods for a day, the user will be asked to 

define: 

1. The number of men, number of women and number of children. 

2. The average metabolic rate for that period. 

The final operation file will look as in figure 4.6 an example of an operation file. 
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Figure 4.5: Menu of internal gain type selection in ESP-r where (f) is the new function 

type. 

 

Figure 4.6: operation file including the new inputs required for the new approach. 

 

4.3.6 Final model evaluation 

The model can predict both sensible and latent heat loads emitted from an 

occupant at the different metabolic rate and a dynamically predicted operative 

temperature. Figure 4.7 a,b shows the predicted occupant heat loads for two 
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different metabolic rate of 1.1 and 1.6 met for a wide range of temperature [15 to 

30°C] (a) and [18 to 25°C] (b). In naturally ventilated building it can be possible 

to give a wide range of indoor temperature aiming to reduce energy consumption. 

Based on the adaptive comfort model developed by De Dear et al. (2001) the 

acceptable indoor temperature in a naturally ventilated building can be between 

17 to 31°C. The variation of occupant heat loads prediction is shown in figure 8. 

The graphs showed a decrease in sensible heat load and an increase in the latent 

heat load of around 40 [W] for an increase of 7 °C in the operative temperature. 

 

Figure 4.7: a,b sensible and latent heat load emitted from a person with 1.1 and 1.6 

met at different operative temperature. 
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Figure 4.8: sensible and latent heat load emitted from a person with 1.2 and 1.9 met 

at different operative temperature. 

Another set of model prediction sensible and latent heat emitted from a 

person with a metabolic rate of 1.2 and 1.9 met are presented in figure 4.8. Similar 

to the previous case sensible and latent heat loss reacts with respect to the 

operative temperature. A decrease in sensible heat loss accompanies with an 

increase latent when the temperature increases. The other fact is that increasing 

the metabolic rate does increase the latent heat loss considerably, conversely, the 

sensible heat loss has a very small increase. That can be explained as when 

metabolic rate increases, skin temperature also increases to a certain point since 

the parameters in the environment are constant as air temperature and air 

velocity the sensible heat loss stay nearly the same compared with a lower 

metabolic rate case. The body increases the sweating and consequently the latent 

heat losses. 

4.4 Test case and simulation results 

In this section, the effect of using a dynamic occupant heat load in building 

simulation is presented. For that, the three approaches of representing occupant 

heat load in ESP-r has been compared. The building model used in this section is 
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a predefined model from the examples model of ESP-r, the selected building 

model has been modified to account for the dynamic occupant load.  

Internal load input using a fixed amount of heat, representing the occupant heat 

load can lead to some calculation deficiency in the calculation of building loads. 

In this example, the fixed input of occupant heat loads inside a domain for the 

same schedule has been compared with the dynamic approach also together with 

the model provided by the Energy plus. 

 

 

Figure 4.9: Zone geometry representation. 

4.4.1 Model description 

A basic and simple model has been selected from the example models provided 

with ESP-r. The basic model is constituted of three zones of two rooms and a roof. 

A small office room of 16m2 floor area and floor dimension: 4m width x 4m depth 

x 2.8m height and a second zone represent the reception and it has a base area of 

48 m2 figure 4.9 shows the geometry of the model considered. The third zone 

represents the roof on top of the two previously described zones. 
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All the construction materials used in this model is briefly described in table 

4.1. 

Table 4.1: model construction and thermal specification. 

Construction types 

U value [W/m2 

K] 

External walls 0.4 

Internal walls (partition) 2.1 

Floor 0.9 

Ceiling 0.3 

Door 3.3 

Windows double glazed 2.8 

Roof 2.1 

 

Table 4.2: Occupancy internal gain schedule for Office zone 

Time of day 

Sensible heat load 

[W] 

Latent heat load 

[W] 

0:00 to 7:00 0.0 0.0 

7:00 to 12:00 180 100 

12:00 to 17:00 90 50 

17:00 to 24:00 0.0 0.0 

 

For such a model, the designer will probably choose a basic office schedule 

with the occupant heat load input presented in table 4.2 for the office zone and 

table 4.3 for the reception zone. 
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Table 4.3: Occupancy internal gain schedule for Reception. 

Time of day 

Sensible heat load 

[W] 

Latent heat load 

[W] 

0:00 to 7:00 0.0 0.0 

7:00 to 12:00 360 200 

12:00 to 17:00 180 100 

17:00 to 24:00 0.0 0.0 

 

On the other hand, for comparing with the dynamic model, the nearest 

approximated metabolic rate has to be selected. For that, the metabolic rate 1.4 

met has been chosen as it represents a total heat at a steady state of 145 [W]. 

Table 4.4 below shows the input data required for the dynamic model for both 

zones office and reception. 

A basic controller with a very wide dead band has been set, where heating starts 

at 16°C and cooling at 35°C from 7:00 to 17:00 hours. The weather file of Glasgow, 

UK in ESP-r has been used. 

 
Table 4.4: Occupancy schedule for the dynamic model. 

Time of day 

Office zone Reception zone 

Number of 

occupants 

    

Metabolic rate  

Number of 

occupants 

Metabolic 

rate 

0:00 - 7:00 0 0.0 - 0.0 

7:00 - 12:00 2 1.4 4 1.4 

12:00 - 17:00 1 1.4 2 1.4 

17:00 - 24:00 0 0.0 - 0.0 
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A repeated simulation with the three-occupant model approach has been 

conducted. The simulation period selected was one year with 15 min time step. 

But the results have been assessed in the following section choosing three 

different typical days of the year. 

First, a typical winter day has been presented to show how is the prediction 

of sensible and latent loads was during the day. From the results in figure 4.10 it 

can be seen that the sensible heat prediction is higher compared to the fixed one 

and the latent heat load were lower, the great difference in these results was 

because of the low temperature where it reached 16 °C it is considered low for an 

indoor environment and it may lead to an uncomfortable environment but it 

serves the purpose of this comparison. 

Figure 4.11 presents the occupant loads prediction using the dynamic models 

for a zone temperature around 21°C. At this temperature, the occupant heat load 

prediction was almost at the same level as the fixed heat load values. 

To see the model prediction in a warm environment, figure 4.12 shows the 

dynamic heat load predictions for a summer day where the temperature goes up 

to a level of 31 °C. The graph shows how the predictive dynamic latent load 

exceeds the fixed latent load, and the sensible load was around 50 [W] lower than 

the fixed sensible load for one person when the operative temperature reached 

30 °C. 

From above, it can be evidently seen how the indoor thermal environment 

may influence the amount of the occupant heat load in building simulation. Where 

the distribution of sensible and latent load varies when the operative 

temperature deviates from the neutral or the design temperature. 

The dynamic model predicts a higher sensible and lower latent values compared 

to the fixed ratio input at lower temperature and contrarily, a higher latent and 

lower sensible values at a higher temperature. That variation is stated in ASHRAE 

fundamental table (ASHRAE Fundamental 2017) and designers were given 

instructions on how to select the occupant load based on the design temperature, 
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but that was not fully studied and implemented to be dynamically calculated in a 

building simulation tool. 

 

Figure 4.10: Sensible and latent heat loads predicted from the different models during 

one day in Winter. 
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Figure 4.11: Sensible and latent heat loads predicted from the different models during 

one day of a Spring, moderate temperature. 

 

Figure 4.12: Sensible and latent heat loads predicted from the different models during 

one day in Summer. 



Simple dynamic model 

82 
 

How does this approach of building occupant heat loads influence the prediction 

of building performance? 

Continuing the analysis of results from the same model, for the cold case and 

since the zone is controlled to be heated to a minimum temperature of 16°C. The 

heating loads required in this case has been compared. Figure 4.13 shows the 

heating load required to raise the office zone temperature to 16°C. As the 

predicted (dynamic) sensible load is higher than the fixed one. For both zones, 

reception and office, the reduction in heating load was around 4.3 [kWh] for that 

day during the working hours. Figure 4.14 shows the relative humidity for the 

different modelling approach. As it is expected with lower latent heat load 

prediction from the dynamic model the zone will have lower relative humidity 

compared to the fixed approach. 

For the warm environment, in figure 4.15, the results show that temperature 

prediction of the office zone was slightly lower (around 0.95 °C) using the 

dynamic model and that was because the prediction of the sensible heat load 

was lower compared to the fixed load. Contrarily, relative humidity was higher 

as the dynamic prediction of the latent load was higher. Figure 4.16 shows the 

relative humidity in the office zone of the warm day, for the three different 
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modelling approaches. 

 

Figure 4.13: Heating load prediction using the different model during a cold day. 

 

Figure 4.14: Relative humidity prediction using the different model during a cold day. 
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Figure 4.15: room air temperature prediction from the different models during a hot 

summer day. 

 

Figure 4.16: relative humidity prediction from the three models during a hot summer 

day. 
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What is the difference between the developed dynamic occupant heat load model 

and the Energy plus model? 

As it has been mentioned previously that energy plus model predicts the 

sensible heat load based on the operative temperature and metabolic rate 

considering the occupant is always a steady-state, the latent load was calculated 

from the difference of the metabolic rate and the predicted sensible load. In the 

dynamic model approach presented in this chapter, two distinct components 

were used: one to predict the sensible load and a second one to predict the latent 

load.  

Allowing both sensible and latent load to be a function of metabolic rate and 

operative temperature gives a freely fluctuating total heat emission (sum of 

sensible and latent loads). Figure 4.18 shows that in a cold environment the sum 

of sensible and latent heat load predicted using the dynamic model was slightly 

higher compared to the given metabolic rate with a maximum difference of 

20[W]. As the Energy Plus model of occupant total heat losses is always equal to 

the metabolic rate. The question that could be asked here if whether that variation 

in the total load injected to the zone is realistic? The answer to this question is that 

in reality, the heat losses from the human body is not always equal to its metabolic 

rate, In the case when the heat losses are less than the metabolic rate that means 

the heat storage in the human body is higher than zero and consequently, the skin 

and core temperature are increasing, on the other hand, In the case when heat 

losses are greater then the metabolic rate skin and core temperature decreases. 

Figure 4.17 and 4.18, shows how our model predicts the total sensible and latent 

heat load for a given metabolic rate and a wide range of operative temperature 

4.17 and the Energy Plus prediction 4.18. The differences in the total heat losses 

can be also seen in figure 4.19 taken from (Viessman, 1966), the figure shows in 

compliance to the dynamic model developed here that heat losses vary from the 

metabolic rate at high and low temperature and only at neutral temperature is 

equal to metabolic rate when storage is zero.  In general comparing the dynamic 

model and the energy plus equation both showed similar results of building 
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performance which gives the model credibility, in addition, comparing the 

dynamic model to the fixed ratio results gives a clear statement that a fixed ratio 

can easily lead to roughly estimate the internal heat load from the occupant.  

 

Figure 4.17: the heat load prediction from the dynamic model. 

 

Figure 4.18: The heat load prediction from the Energy+ model.  
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Figure 4.19: heat loss from a human body at rest taken from (Viessman, 1966). 

4.5 Conclusion 

The use of a dynamic human thermal model will be essential in the case of having 

a variable indoor temperature. 

If there is temperature fluctuation inside a zone a variable occupant heat load 

demonstrated to be useful as results in this chapter showed. Where there is a 

significant difference between the results using static (profile) models and 

environment-responsive models on the building simulation results. 

The approach described in this chapter presented a method of calculating the 

sensible and latent heat ratio from occupant based on the dynamically predicted 

operative temperature. Nevertheless, this approach did not consider the effect of 

the surrounding relative humidity, air velocity and even the clothing insulation.  

For that, the need for a physiology model can be potential, not only for the internal 

load calculation, but also for studying and predicting the thermal state of the 

occupants, and the comfort level. For this reason, in the following chapter, the 

development, the use and the integration of physiology two-node model in ESP-r 

is discussed.
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Chapter 5: Two-node occupant 

model integration with ESP-r 

5.1 Chapter overview 

Figure 5.1 shows the building energy flow path used from Clarke (2002), the 

figure shows the occupant as part of the energy flow as one of the internal heat 

loads. In the previous chapter, the effect of the dynamic calculation of building 

occupant thermal loads inside a zone by using a dynamic sensible and latent load 

prediction model has been presented. By having some user inputs like the 

metabolic rate, the number of occupants and the gender, along with the operative 

temperature as a dynamic input from the building simulation. However, the 

occupants were not represented as a mass or as a node in ESP-r’s thermal 

balances. In this chapter, a two-node physiology model (core, skin) based on the 

Gagge model is developed and implemented in ESP-r (Gagge et al., 1973; Pennes, 

1948; Foda et al., 2011; Shih et al., 2007) to increase the detail of occupant 

representation in the building. In addition, the use of dynamic clothing insulation 

model has been presented. 
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Figure 5.1: energy flow path in building (Clarke, 2002). 

5.2 Two-node model Description 

This section will discuss the heat energy balance equation describing the heat 

losses occurs between the skin layer and the environment and the core layer for 

the heat transfer between the core and the skin. 

 

Figure 5.2: two-node model schematic representations of thermal interaction. 
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As it has been already discussed, for the human body core temperature to remain 

at a constant level, there should be a good energy balance between heat produced 

and the heat loss. 

The general energy balance equation is defined as below: 

 S = M + W ± R ± C ± K − E − RES (5.1) 

Where S is the heat storage and it is equal to the sum of M the metabolic rate a 

positive number, W the external work, R the radiative heat exchange, C the 

convective heat exchange, K the conductive heat exchange, in addition to E the 

evaporative heat loss and the respiration heat exchange RES. W, R, C and K can be 

either heat loss or heat gain. 

At the time when S is zero the energy balance is reached. Figure 5.2 shows the 

different means of heat transfer that are considered in the two-node model. The 

core and skin are the two nodes where metabolic heat generated in the core level 

also the respiration part a small amount of heat transfer from the core to the 

environment directly. Heat transfer to the skin node from the core throughout the 

conduction and blood flow. Based on the clothing insulation level the heat 

transfers from the skin to the environment by convection, radiation and 

evaporation. 

5.2.1 Mathematical equations 

The thermoregulatory model comprises a core and skin volume. Each of which 

can be subjected to energy and mass balance. The model accounts for the 

variation in the occupant surrounding environmental condition (zone 

temperature and relative humidity), occupant activity rate and clothing level. 

The energy balance equation used to calculate the body core temperature is as 

follows. 

 𝐶𝑐𝑟
𝑑𝑇𝑐𝑟

𝑑𝑡
= 𝑀𝑐𝑟 +𝑀𝑠ℎ𝑖𝑣 −𝑊 − 𝑄𝑟𝑒𝑠 − 𝑄𝑐𝑟−𝑠𝑘 + �̇�𝑏𝑙,𝑠𝑘𝑐𝑏𝑙(𝑇𝑠𝑘 − 𝑇𝑐𝑟) (5.2) 
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The equation to calculate the skin temperature is: 

 

  
𝐶𝑠𝑘

𝑑𝑇𝑠𝑘

𝑑𝑡
= 𝑄𝑐𝑟−𝑠𝑘 − 𝐴𝑠𝑘[ℎ𝑐(𝑇𝑠𝑘 − 𝑇𝑎𝑚𝑏) + ℎ𝑟(𝑇𝑠𝑘 − 𝑇𝑎𝑚𝑏𝑚𝑟𝑡) + ℎ𝑒(𝑃𝑠𝑘 − 𝑃𝑎𝑚𝑏)]

+�̇�𝑏𝑙,𝑠𝑘𝑐𝑝(𝑇𝑐𝑟 − 𝑇𝑠𝑘)
         

(5.3) 

Where, Tcr, Tsk are the core and skin temperature. Ccr , Csk are the core and skin 

thermal capacitance of body. Mcr and Msk are the basal core and skin metabolic 

rate. MShiver is the thermoregulatory shivering metabolic rate. W is the mechanical 

work done by the body. Qres is the heat dissipated through respiration. Qcr-sk is the 

heat exchange between the core and skin through contact resistance. mbl,sk is the 

skin blood flow. Cbl is the specific heat constant of blood. hc is the external 

convection heat transfer coefficient between the skin and the surrounding. hr is 

the radiation transfer coefficient he is the evaporation coefficient deduced from 

hc by Lewis formula. Tamb is the surrounding air temperature, 𝑇𝑎𝑚𝑏𝑚𝑟𝑡is the mean 

radiant temperature, Pamb is the ambient vapour pressure Psk is the skin vapour 

pressure. 

Skin blood flow mbl,sk is variable and it depends on the body thermal state. The 

relation below defines the blood vessel constriction term from the cold thermal 

signal of the skin 

 𝐶𝑜𝑛 = 0.5 × (𝑇𝑠𝑘 − 33.7) (5.4) 

While the blood vessel dilation factor is calculated, using the equation below 

related to warm core thermal signal. 

 𝐷𝑖𝑙 = 3.43 × (𝑇𝑐𝑟 − 36.8) (5.5) 

Skin blood is given by the relation addressed below taken from Foda et. al (2011) 

 �̇�𝑏𝑙,𝑠𝑘 = (6.3 + 60 × 𝐷𝑖𝑙)/(1 + 𝐶𝑜𝑛) (5.6) 
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For the sweating rate, the correlation introduced by Smith (1993) was 

adopted, where sweating is sensitive to skin and core temperature. 

First, the sweating threshold temperature Tsweat is calculated from the 

correlation below 

 𝑇𝑠𝑤𝑒𝑎𝑡 = {
42.084 − 0.15833𝑇𝑠𝑘  𝑓𝑜𝑟 𝑇𝑠𝑘 < 33°𝐶
36.85                     𝑓𝑜𝑟  𝑇𝑠𝑘 ≥ 33°𝐶

 (5.7) 

The sweat rate �̇�𝑠𝑤𝑒𝑎𝑡  is given by a relationship of the difference between sweat 

threshold and core temperature. 

 �̇�𝑠𝑤𝑒𝑎𝑡 = 45.8 + 739.4(𝑇𝑐𝑟 − 𝑇𝑠𝑤𝑒𝑎𝑡)         𝑇𝑐𝑟 > 𝑇𝑠𝑤𝑒𝑎𝑡  (5.8) 

The heat exchange between the core and the skin is given by the equation: 

 𝑄𝑐𝑟−𝑠𝑘 = 𝐾(𝑇𝑐𝑟 − 𝑇𝑠𝑘) (5.9) 

Where K is the conductance between skin and core and is calculated based on 

two conductance the Kmuscle muscle dependant and Kfat fat dependant based on the 

Havenith (2001) correlation. 

   𝐾𝑚𝑢𝑠𝑐𝑙𝑒 =
𝐴𝑠𝑘

0.5
                                                                                              (5.10) 

 

 and         𝐾𝑓𝑎𝑡 =
𝐴𝑠𝑘

0.0048(𝑓𝑎𝑡𝑡ℎ𝑖𝑐𝑘−2)+0.0044
                                                                     (5.11) 

 

Qcr−sk depends on the metabolic rate through the difference between the core and 

skin temperatures. 

The heat dissipated through respiration Qres is calculated through the correlation 

taken from ASHRAE Standard 55 (2017). The calculation is similar to the one used 

in the multi-segmented model chapter 6, section 6.2.2. 
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5.2.2 Initial conditions 

The model needs initial conditions for the first time-step of calculation. The initial 

conditions, taken for Tskin and Tcore are the values of neutral conditions the 

model starts at: 

• Tcr=37 ° C 

• Tsk=33 °C 

The model body parameters were considered for an average adult human as in 

table 5.1. 

Table 5.1: Body parameters 

Variable name and unit Value 

Total body mass (kg) mtotal=75.3 

Total body area (m2) Ask=1.85 

Fat skin thickness (mm) fatthick=10 

Blood specific heat (J/Kg ◦  C) Cbl =4000 

Blood density (g/cm3) ρ blood=1.05 

Mean body specific heat (J/Kg ◦  C) Cpbody=3100 

Water heat of evaporation (J/Kg) hfg=2.43∗ 10ˆ 6 

Air specific heat (J/Kg ◦  C) cpair=1005.7 

 

5.2.3 Clothing insulation and dynamic clothing model 

Clothing insulation and moisture permeability are other factors affecting the 

sensible and latent heat losses from the skin. In the presence of clothing, it is 

convenient to combine the convective and radiation heat transfer through the 
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clothing into a single thermal resistance. And the sensible heat losses equation 

can be written as 

𝐶 + 𝑅 = (𝑡𝑠𝑘 − 𝑡𝑐𝑙)/𝑅𝑐𝑙                                                                         (5.12) 

Where  𝑅𝑐𝑙 is the clothing thermal resistance in [(m².K)/W] and to exclude the 

clothing temperature from the equation (5.12) by using the operative 

temperature.  

Further, the evaporative heat loss from the skin after considering clothing 

evaporative resistance and the skin temperature energy balance equation can be 

written in the form: 

 

 
𝐶𝑠𝑘

𝑑𝑇𝑠𝑘

𝑑𝑡
= 𝑄𝑐𝑟−𝑠𝑘 − 𝐴𝑠𝑘 [(𝑇𝑠𝑘 − 𝑇𝑜𝑝)/(𝑅𝑐𝑙 +

1

𝑓𝑐𝑙(ℎ𝑐+ℎ𝑟)
)  + (𝑃𝑠𝑘 − 𝑃𝑎𝑚𝑏)/(𝑅𝑒,𝑐𝑙 +

1

𝑓𝑐𝑙(ℎ𝑒)
) ]

+�̇�𝑏𝑙,𝑠𝑘𝑐𝑝(𝑇𝑐𝑟 − 𝑇𝑠𝑘)

(5.13) 

Where 𝑅𝑒,𝑐𝑙 , is the clothing evaporative heat transfer resistance. 

Selecting the intrinsic value of clothing Icl [clo] can be taken for example from 

figure 5.3 a table taken from ASHRAE fundamental chap9 2017 it allows to 

calculate the resistance of the clothing where Rcl=0.155Icl  

Furthermore, the clothing surface area factor fcl can be estimated using the 

method provided in ASHRAE (ASHRAE Fundamental, 2017; ISO 9920, 2009) as 

in eq. 5.14. 

𝑓𝑐𝑙 = 1.0 + 0.3𝐼𝑐𝑙                                                                      (5.14) 
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Figure 5.3 Clothing insulation values for a collection of clothing ensemble (ASHRAE 

2017) 

5.2.3.1 Dynamic clothing insulation model 

Several pieces of research have been conducted, pointing out the significance of 

the variability of clothing insulation for thermal comfort. Dynamic clothing 

insulation models developed were based on either the current daily outdoor 

temperature or on the outdoor temperature of the previous day. (De Dear 1998; 

ASHRAE standard 55 2013; Schiavon and Lee 2013, Rida et al. 2019) 

Schiavon and Lee (2013) developed a model to predict the clothing insulation 

dynamically. The model is based on 6333 selected observations taken from the 

ASHRAE RP-884 and RP-921 databases. They investigated multiple variables 

which can affect the clothing insulation selection and among those variables, they 
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found that the outdoor temperature at 6 o’clock and the indoor operative 

temperature were the two main variables that influence the insulation clothing 

prediction.  

For that, the model of Schiavon (Schiavon and Lee 2013) to predict the total 

insulation value has been adopted. 

𝐷𝐼𝑐𝑙 = 10(0.2134−0.0063∗𝑡𝑎𝑚𝑏 𝑎𝑡 6−0.0165∗𝑡𝑜𝑝)  

𝐷𝐼𝑐𝑙   is the dynamic clothing insulation in clo, 𝑡𝑎𝑚𝑏 𝑎𝑡 6 is the outdoor 

temperature of the day at 6 am in °C, and 𝑡𝑜𝑝  is the zone operative temperature 

in °C. 

The model predicts the clothing insulation value every time-step based on a daily 

fixed outdoor temperature. Which mean the model prediction varies during the 

day depending on the operative temperature, in case of a designed space with 

fixed indoor temperature the clothing insulation level will be fixed throughout 

the day, however, when the indoor temperature fluctuates the clothing insulation 

value will be variable during the day.   

The previously described dynamic clothing model of Schiavon is implemented in 

ESP-r to give our occupancy modelling more reliability.  

 

5.3 Methodology and coupling approach 

Figure 5.4 shows an expansion in the flow path of ESP-r by adding the two nodes 

representing the core and the skin node of an occupant, as the metabolic heat 

production happens in the core node heat flows to the skin layer. From the skin 

node, all the heat flows to and from the environment is calculated after 

considering the clothing insulation. The heat from the skin node exchange with 

the air node through convection, and to surrounding construction and radiative 

heating/cooling through radiation. 



Two-node model 

97 
 

 

Figure 5.4: Two-node occupant representation in the energy flow path of ESP-r. 

Figure 5.5 is a flow chart to summarize the process of calculation within ESP-r.  

• For the corresponding zone, it reads the input data from the operation file 

which describe the occupancy schedule and other internal loads. 

• In case when the dynamic clothing model is active, the clothing insulation 

value is calculated.  

• The dynamic model is called from the ESP-r’s algorithm that manages 

casual gains from occupants.  

• The two-nodes human thermal model uses the latest calculated zone 

environmental parameters eg., air temperature, mean radiant 

temperature and relative humidity. 

• It predicts skin and core temperature and the dissipated sensible and 

latent heat.  

• After considering the number of occupant and age/gender, the final 

calculated internal loads from the occupants is passed back to the energy 

balance of zone in which the occupants are located.  

• This process continues every time step of the simulation. 
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Figure 5.5: Flow chart shows the integration of the two-node model in ESP-r. 
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Note on time-step: the building simulation time-step can vary from one hour to 

one-minute time-step, on the other hand, the two-nodes model works on one-

second time-step. By defining a smaller time-step for a building simulation can 

provide more detailed information on how the environmental parameters change 

within an hour, the environmental parameters which are inputs for the two-

nodes model reduces the impact of sudden environmental changes when 

considering hourly simulation. For example, if the room temperature has two-

degree kelvin change in one hour, the two-node model reacts differently when 

comparing a sudden change or a gradual of 0.5 [K] every 15 minutes. Even though 

the model input considers the hourly schedule (eg. Metabolic rate, number of 

people) and hourly weather file data but it is still recommended to use smaller 

time-steps. The reason behind the different time-steps between the building 

simulation and the two-nodes model is because the physiology seems to behave 

more accurately with one-second time-steps since it calculates blood flow and 

other physiology phenomena’s every second. 

In ESP-r there is a possibility to define an MRT sensor in a specific location inside 

a zone. The MRT calculated from the sensor can be used and linked to the two-

node model. Where that helps in accounts for example to the effect of cold and 

hot surfaces on the occupant. But for generalizing in the following simulation the 

occupant (two-node model) was always set in the middle of the room. 

5.3.1 Validation of model prediction 

The two-node model implemented in ESP-r has been validated with some 

published experimental data.  

To do the simulation using the coupled two-node in ESP-r a climatic chamber of 

dimensions 3m width x 3m length x 2.7m hight has been set up. All walls set to be 
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adiabatic and the room was controlled through a basic controller with a very high 

heating cooling capacity to ensure a fast temperature change. Time step used is 1 

minute to ensure the required environmental conditions temperature and 

relative humidity reached in no more than three minutes.   

The first comparison is for a person sitting in a room of 27°C air temperature and 

55% relative humidity for 90 minutes, after that temperature changed to 20°C for 

two hours figure 5.6 shows the operative temperature over the simulation time. 

The data has been extracted from the published work of Severens et al. (2009).  

In the experiment subjects wearing cloth of 0.19 clo metabolic rate of 1 met. 

Figure 5.7 and 5.8 shows good agreement of the model results of skin and core 

temperature with the experimental data. Error bars considered as ±0.6°C for skin 

temperature and ±0.4°C core temperature sensor error. 

The skin temperature, which is our interest, follows the experimental results with 

some differences of 0.5°C these degrees of error and differences are considered 

acceptable as the experimental skin temperature is a weighted average different 

local skin temperature. Core temperature stayed within the acceptable range 

near the 37°C, during the second phase of the simulation the core temperature 

showed a very fast response that is due to the thermoregulatory thresholds 

defined in our model in addition to the specific heat value considered in our 

model. 

 

Figure 5.6: Operative temperature of the climatic chamber with respect to time. 
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Figure 5.7: validation of simulated skin temperature vs. the experimental mean skin 

temperature published in (Severens et al., 2009) 

 

Figure 5.8: validation of simulated core temperature vs. the experimental core 

temperature published in (Severens et al., 2009) 
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environment of 37°C for two hours followed by one hour back to the initial 

starting environment. 

The experimental and simulation setup is shown in table 5.2 below. 

Table 5.2 simulation setup based on the experiment in [Hardy and Stolwijk, 1996] 

 

 

   

 1 hour 2 hours 1 hour 

Temperature 

[°C] 

28.5 37.5 28.5 

Relative 

humidity % 

40 33 41 

 

The comparison results are presented in figures 5.9, and 5.10. Figure 5.9, shows 

the skin temperature, in this case, the skin temperature showed a slightly slower 

response in the transition between the conditions, especially moving from the hot 

environment to the neutral conditions, that is due to the skin blood flow rate 

predicted. Although the environment temperature has dropped, but the 

vasodilation continues allowing more blood to circulate in the skin node. Figure 

5.10, shows the core temperature comparison, where results demonstrate an 

acceptable agreement with the experimental results. The differences in all the 

comparison cases can be due to the model input parameters sensitivity like 

metabolic rate as a fixed number, the clothing value and the fact that the two-

node model represents the human body as one whole part. Additionally, from the 

published experiment side like the experimental sensor’s accuracy.  
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Figure 5.9: comparison of skin temperature with the experiment of (Hardy and 

Stolwijk, 1966). 

 

Figure 5.10: comparison of core temperature with the experiment of (Hardy and 

Stolwijk, 1966). 
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5.4 Model simulation results and discussion 

In the following two subsections, applications of using the two-node model in 

building simulation were presented. In the first model, a multi-zone office 

building is considered with an occupancy capacity of 1 to 5 person and the second 

is a single zone model represents a classroom with 30 person capacity.  In both 

simulation cases, a time-step of 15 min was selected for the building simulation.  

5.4.1 Comparison with the previous approach 

All three approaches, i.e. the scheduled sensible latent ratio, the polynomial 

model described in chapter 4 and the two-node model, have been applied to a test 

office (Figure 5.11) building. This comprises four main zones: a reception of 71 

m2 base area a general room of 77m2 a conference room of 62m2 and a manager 

office of 13.5m2. Figure 5.11 shows the model geometry. 

The construction data are shown in Table 5.3 and the occupancy schedule is 

shown in Table 5.4. 

For the occupant thermal model, clothing resistance is chosen to be 1 clo for all 

occupants.  
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Figure 5.11: model geometry in ESP-r. 

 
Table 5.3: Selected constructions used in the model 

Construction U-value (W/m2K) 

Ceiling 0.323 

Floor 1.32 

External wall 0.21 

Double glazed window 2.243 

 

 
Table 5.4: occupancy loads schedule for zone general 

Time (hrs) No. of 

occupants 

Sensible/Latent 

gain (W) 

Metabolic 

rate (met) 

00:00-07:00 0 0/0 0 

07:00-08:00 1 100/60 1.54 

08:00-09:00 3 300/180 1.54 

09:00-12:00 5 500/300 1.54 
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12:00-14:00 3.25 325/195 1.54 

14:00-17:00 5 500/300 1.54 

17:00-00:00 0 0/0 0 

 

The predictions of all three models were compared in a simulation of a typical 

summer week using climate data for London, UK. 

Results in Figures 5.12 (a) and (b) show the input sensible and latent load from 

the occupants of the General room of the model as derived from the various 

modelling approaches. The figures show that there are substantial differences 

between the dynamic polynomial or two-node models and the commonly used 

fixed sensible latent ratio approach, with the sensible load was over-predicted 

when using fixed values and the latent load was under predicted in this particular 

case. 

Figures 5.12 (c) and (d) show the latent cooling load and the sensible cooling load, 

when the air temperature of the general space is cooled to 25°C and the RH 

restricted to 50%. Both show appreciable differences between the fixed and 

dynamic modelling approach, which could have an impact if the results were 

being used to select plant size. 
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Figure 5.12: a,b, sensible and latent heat load from the different models c- Latent load 

typical day (-ve implies dehumidification) d- Sensible cooling load typical day. 

 

5.4.2 densely occupied room 

In the following study, the two-node model occupancy approach has been applied 

to a classroom. The classroom geometry is a general classroom with 8m length x 

7m width and 2.8 m height. The floor area is 56m² with windows area of 6.75 m².  

This type of classroom has a student capacity of 30 students (Niemeyer, 2003; 

Daniels et al., 2017). Figure 5.13 shows the wireframe representation of the 

classroom modelled in ESP-r. The weather data used in this simulation is the 

default weather data of ESP-r of the city of Glasgow. 

 

 

 

Fixed 
Sensible/latent 
ratio 

Polynomial 
equation 

Two-node 
model 



Two-node model 

108 
 

Table 5.5 construction characteristic of the classroom 

Construction type U-Value 

External wall 0.2 

Internal walls 1.36 

Ceiling 0.14 

Floor 1.32 

Windows (double glazed) 2.24 

 

 

Figure 5.13 wireframe of the classroom modelled in ESP-r. 

 

Table 5.5 presents the construction material thermal characteristic. To evaluate 

the results of the classroom using the two node-model occupancy approach, a 

comparison with the fixed sensible latent occupant load has been made. Table 5.6 

present the schedule used in the simulation for a typical weekday occupant 

sensible/latent load. Table 5.7 presents the comparable inputs for the two-node 

model.  The values in table 5.6 were calculated based on ASHRAE table presented 
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in section 4.3.2 as Figure 4.3 where data were chosen represent a person seated 

with a metabolic rate of 1 met (70 sensible 45 latent). 

Table 5.6 Schedule with fixed occupant sensible/latent approach. 

Time Sensible heat load [W] Latent [W] 

00:00 to 08:00 0 0 

08:00 to 12:00 2100 1350 

12:00 to 13:00 700 450 

13:00 to 17:00 2100 1350 

17:00 to 24:00 0 0 

 

Table 5.7 Schedule two-node model occupancy inputs. 

Time Number of occupants Metabolic rate 

00:00 to 08:00 0 0 

08:00 to 12:00 15 men 15 women 1 

12:00 to 13:00 5 men 5 women 1 

13:00 to 17:00 15 men 15 women  1 

17:00 to 24:00 0 0 

 

A basic controller has been defined to control the indoor temperature between 

20 and 25 °C and relative humidity between 50 and 60%. The controller active 

between 7:00 and 18:00. The ventilation rate used during the occupied hours is 

considered 2 ACH air change per hour of fresh air. The model is set to use the 

dynamic clothing approach which means clothing were dynamically calculated 

based on the outdoor temperature and the indoor operative temperature. 

Figure 5.14 shows the indoor resultant temperature and the relative humidity 

from the two-node model simulation approach. Figure 5.15 presents the outdoor 

dry bulb temperature over the year and figure 5.16 shows the values of the 
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clothing insulation calculated and used during the simulation. Form figure 5.16 it 

is clear how the clothing insulation value is dynamically calculated and used 

where winter showed higher clothing insulation compared to summer. 

 

 

Figure 5.14: Resultant temperature and relative humidity prediction over a year. 
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Figure 5.15: Outdoor dry bulb temperature over a year  

 

 

Figure 5.16: Dynamic clothing insulation value prediction for the full year. 

 

The simulation results looked into the cooling and heating loads in addition to the 

dehumidification and the humidification demand over a year. The bar chart in 
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sensible latent ratio and the two nodes model. From the chart, it can be seen how 

the differences in demand are between the two approaches. Where the two-

nodes model showed higher heating demand but much lower cooling demand 

comparing to the fixed sensible latent ratio. In addition, the two-nodes model 

simulation showed higher dehumidification and lower humidification demand 

compared to the fixed ratio approach. 

 

Figure 5.17: Comparisons of the different energy consumptions between the fixed 

ratio and two-node model approach.  

These results of the cooling load can be explained by looking into one-day results. 

A random day in May has been selected. Figure 5.18 presents the predicted 

sensible and latent heat loads from occupants from the 2-nodes model and 

compared to the fixed ratio approach. From the results, it can be seen that latent 

load was much higher than the fixed latent and consequently the sensible load 

predicted was lower compared to fixed sensible load. Which explain the reason 

why the sensible cooling load was lower in the case of the dynamic 2-node model 

simulation. The correspondent temperature and relative humidity of the selected 

day are presented in Figure 5.19. From Figure 5.19 we can see the influence of 

sensible and latent heat load from occupant on temperature and relative 

humidity, as the latent load is higher the relative humidity was comparably higher 
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in the 2-node model simulation case. Contrarily, the sensible load was lower and 

that reflected in the temperature results.  

 

Figure 5.18: sensible and latent heat load comparison between 2-node and fixed ratio 

in one day of May. 

 

Figure 5.19: Operative temperature and Relative humidity for both simulation case 2-

node model and fixed ratio. 
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To evaluate the clothing effect on the total energy demand since clothing 

insulation value affects the sensible and latent heating losses from the human 

body. The same building model has been selected using the two-node model 

approach but fixing the clothing insulation value to 0.7 [clo]. The bar-charts in 

Figure 5.20 shows the differences in energy demand of cooling, heating, 

humidification and dehumidification over a year for both simulation dynamic and 

fixed clothing. The graph shows how clothing can affect the energy demand 

values and that is because during summer an occupant might be wearing clothing 

of insulation 0.5 [clo] that mean higher sensible heat load from the human body 

to the zone compared to 0.7 [clo] case, that leads to higher cooling demand. 

Contrarily, during winter higher insulation will result in a lower sensible heat loss 

from the occupant and consequently, lower heating demand. Also, more sweating 

will be resultant in summer if higher clothing insulation is imposed, and that is 

why the dehumidification value was higher in the case of fixed clothing. 

 

 

Figure 5.20: Comparisons of the different energy consumptions between the two-node 

model with dynamic and fixed clothing insulation.  
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5.5 Conclusion 

This chapter showed the importance of using a dynamic physiology model in 

combination with building simulation. In order to size the cooling and heating 

plants correctly it is very important to provide as realistic as possible the internal 

heat loads and in our case the occupant heat loads. The latent heat load from 

occupant is another very important factor to simulate and size correctly a 

dehumidifier if needed. The two-node model can predict the required occupant 

heat loads, further, the model can predict the core and skin temperature of 

occupant which are the main factors to study thermal comfort. The core and skin 

temperature can be linked to any comfort model like the PMV method.  

From above a two-node model is a good approach to predict the internal heat load 

from the occupant and to predict thermal comfort. The model can not predict the 

local body thermal comfort, for that a detailed human thermal model is needed. 

Keeping in mind that a multi-segment human model will require higher detail 

input as a local environmental condition. For simplicity, one can assume the 

uniform temperature, but to be more accurate and predict meaningful results a 

detailed environmental condition for each body part is needed. For that, a CFD 

simulation can be a solution. In the following chapter, a description of the detailed 

multi-segmented model has been presented and the use as integration in building 

simulation and CFD is discussed in chapter 7. 
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Chapter 6: Multi-segment Human 

Thermal Model 

6.1 Chapter overview 

Several simple transient human thermo-physiology models were developed 

before the sixties for example (Machle et al., 1947; Kerslake et al., 1958; 

Wyndham et al., 1968). Around 1970, more complex thermal models started to 

appear, that was because of the fast development of digital computers. The 

human thermal models were developed based on thermodynamics, mass 

transport and physiology theories to predict the thermal behaviour of the body 

or parts of it (Stolwijk, 1971; Rupp et al., 2015). 

A detailed multi-segment describes the human thermal system is adequately 

detailed to provide valid thermal data from the different human body parts like 

local skin temperature local heat losses and sweating rates. In this chapter, the 

multi-segment physiology model has been described. All the equation related 

to the passive and active heat transfer is presented. The model has been 

implemented in ESP-r and made available open-source. The model 

implemented is based on the work of Salloum et al. (2007) and Karaki et al. 

(2013) with some modifications to fit the purpose and linkage to the building 

simulation like heat transfer coefficients. The multi-segment model thermally 

interacts with its surrounding space.  The chapter is divided into multiple 

sections describing the blood circulation system, the energy balance equations 

and the thermoregulatory system. 
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6.2 The human thermal model: passive heat regulation 

The Physiology model divides the human body into 25 body segments, Where 

Salloum et al. (2007) initially developed his model with 15 body segments and 

later development done by Karaki et al. (2013) including the ten fingers to the 

same physiology model. It is constituted of the head (representing both head 

and neck), upper and lower chest (representing the trunk), and symmetrically 

for left and right, it has the upper arm, lower arm, hand, five fingers in addition 

to the thigh, leg and foot. Each segment can be represented as a cylindrical form 

with a uniform temperature. All body parameters such as surface area, mass 

for each segment can be found in table 6.1. Each segment is divided into four 

nodes (Core, Artery, Vein, and Skin) representing the concentric layers of each 

body segment in the model, Forearms and fingers has an additional node the 

superficial vein. These nodes exchange heat between each other by convection, 

conduction and perfusion figure 6.1 clarify the proceeding also in figure 6.2 the 

body segment considered in the model is shown. 

 

 

Figure 6.1: the representation of the node in the body segment, figure is taken from 

Rida et al. 2014. 
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Table 6.1: Body parameters mass, area and fat thickness (Salloum et al,. 2007). 

Body segment Mass [kg] Area [m2] Fat thickness 

[mm] 

Upper Chest 16.1 0.40 19.12 

Lower Chest 24.4 0.26 19.12 

Head 5.0 0.14 8.5 

Thigh x 2 5. 5 0.15 10.64 

Calf x 2 2.44 0.10 10.64 

Foot x 2 1.01 0.058 11.7 

Upper arm x 2 2.5 0.01 4.51 

Forearm x 2 1.4 0.068 4.51 

Palm x 2 0.36 0.023 7.4 

Fingers x 10 0.036 0.0043 3.3 

 

 

The body segments are connected through the blood vessels. In each body 

segment, a number of arteries and veins are passing through and connecting 

other body segments representing a branch as described in the Avolios arteries 

branch (Avolio, 1980). The origin of the blood starts with the aorta from the 

heart located in the upper chest and ends in different locations as extremities 

and figure 6.1 shows the Avolio blood tree distribution. 

The detailed blood flow will be explained in subsection 6.3.3 later in this chapter. 
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Figure 6.2: The human body representation with the 25 body segments. 

6.2.1 Metabolic heat production 

The metabolic heat production is an input to the model to represent the 

activity level of the human subject. The metabolic heat rate is expressed by 

the unit of MET as described earlier. In the multi-segmented model, the 

basal metabolic rate is distributed over all the body segments, table 6.2 

shows the values considered for each segment with a total of 83.4 [W].  

 
Table 6.2: Basal metabolic rate for each body segment (Salloum et al., 2007). 

body segments Basal metabolic [W] 

Upper CHEST 6.56 

Lower Chest 47.47 

Head 18.65 

Right/left THIGH 2.05 



Multi-segment model integration with ESP-r 

120 
 

Right/left Calf 0.91 

Right/left Foot 0.27 

Right/left Upper-Arm 1.24 

Right/left Forearm 0.73 

Right/left Palm 0.11 

Fingers x 10 0.009 

 

6.2.2 Heat dissipated by respiration  

The calculation of heat dissipated by respiration in the model is based on the 

equation provided in ASHRAE (ASHRAE Fundamental, 2017) where the 

respiration heat loss Qres is the sum of the Latent Eres and the sensible Cres 

compartment. 

𝑄𝑟𝑒𝑠 = 𝐶𝑟𝑒𝑠 + 𝐸𝑟𝑒𝑠 (6.1) 

𝑄𝑟𝑒𝑠 = �̇�𝑟𝑒𝑠𝐶𝑝,𝑎𝑖𝑟(𝑇𝑒𝑥 − 𝑇𝑎𝑚𝑏) + �̇�𝑟𝑒𝑠ℎ𝑓𝑔(𝑤𝑒𝑥 −𝑤𝑎𝑚𝑏) (6.2) 

 

Where, �̇�𝑟𝑒𝑠 Is the mass flow rate of air inhaled into the lung during the 

respiration and it is calculated through: �̇�𝑟𝑒𝑠 = 𝐾𝑟𝑒𝑠𝑀 (𝐾𝑟𝑒𝑠 = 1.43 ∗ 10−6 𝐾𝑔/

𝐽) and M is the metabolic rate in W. 

The specific heat capacity of air is given as follows: 𝐶𝑝,𝑎𝑖𝑟 = 1005.7 (𝐽/𝐾𝑔𝐾) 

The exhaled air temperature is given by 𝑇𝑟𝑒𝑠 = 32.6 + 006𝑇𝑎𝑚𝑏 + 32𝑤𝑎𝑚𝑏 (°𝐶) 

Tamb is the ambient temperature 𝑤𝑎𝑚𝑏 is the ambient humidity ratio. 

The heat of vaporization of water is ℎ𝑓𝑔 = 2.43 ∗ 106  (𝑗/𝐾𝑔) and the exhaled 

humidity ratio is calculated 𝑤𝑒𝑥 = 0.2𝑤𝑎𝑚𝑏 + 0.0277 + 6.5 ∗ 10
−5𝑇𝑎𝑚𝑏  
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6.2.3 Heat transfer coefficients  

The convection heat transfer at the body surface areas can be categorised into 

natural convection which is the process of air movement naturally at the 

border of the outer layer of the body, and it is driven by the thermally induced 

buoyancy. The other form is the forced convection when air velocity is higher 

than 1.5 [m/s], when air velocity is less than 1.5 [m/s] a combined of the mixed 

convection mode should be considered. 

In the model, a default fixed value of the convective heat transfer coefficient for 

each body part is considered in the case of building simulation, where air 

velocity inside a zone is assumed constant and uniform. That approach neglects 

the effect of air velocity. In this research, when using the model in CFD (see 

Chapter 7), local air velocity is being updated and linked with the heat transfer 

coefficient calculation. The calculation of the local heat transfer coefficients is 

according to the empirical equation’s correlation published by De-dear et al. 

(1997). 

Values of local hc, used for the building occupant in building simulation and CFD 

are stated in table 6.3. 

Table 6.3: convective heat transfer coefficient at each body segment [De-Dear et al. 

1997].   

Body segment hc in building 

simulation 

[W/m2K] 

hc in CFD 

hc = Bvn[W/m2K] 

B n 

Upper CHEST 3.1 7.5 0.66 

Lower CHEST 3.1 7.5 0.66 

HEAD 3.6 3.2 0.97 

Right THIGH 4.1 10.1 0.52 

Left THIGH 4.1 10.1 0.52 
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Right Calf 4.1 12.9 0.5 

Left Calf 4.1 12.9 0.5 

Right Foot 5.1 12 0.5 

Left Foot 5.1 12 0.5 

Right Upperarm 5.1 10 0.62 

Left Upperarm 5.1 10 0.62 

Right FOREARM 5.4 12.6 0.54 

Left FOREARM 5.4 12.6 0.54 

Right Palm 7.0 14.4 0.56 

Left Palm 7.0 14.4 0.56 

Fingers x 10 7.0 14.4 0.56 

 

The evaporative heat transfer coefficient is given by the Lewis relation and it is 

calculated by the equation he = LR ∗ hc where LR is the Lewis ratio and is equal to 

16.5. 

The radiative heat transfer coefficient hr is considered as the linear radiation 

heat transfer coefficient which is calculated from the equation taken from the 

ASHRAE Handbook of fundamental (2017). 

 ℎ𝑟 = 4𝜀𝜎(𝐴𝑟/𝐴𝐷)[273.2 + (𝑡𝑠𝑘 + 𝑡𝑟)/2]
3(𝑊/𝑚2𝑝𝑒𝑟 𝐾) (6.3) 

Where ε is the average body surface emissivity assumed to be equal 0.95, σ is 

the Stefan-Boltzmann constant, 5.67∗ 10-8 W/m2 per K; AD is the DuBois body 

surface area (m2) and Ar is the effective radiation area of the human body (m²) 

tsk is the skin body surface temperature (°C) 
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6.3 The active human thermal model: active heat regulation 

6.3.1 Shivering model 

The mathematical model describing the shivering metabolic rate used in the 

AUB model (Salloum, 2005) which is based on the experimental data. The 

model is represented as a set of correlations to predict the shivering metabolic 

rate. The model is described as follows, As soon as the skin temperature falls 

below the thermal neutrality the first body response will be the 

vasoconstriction by decreasing blood flows to the skin to reduce the heat losses 

when that is insufficient and if core temperature keeps decreasing the 

shivering phenomena starts to generate more heat. The higher setpoint 

temperature is the 37.1 °C core temperature where, above this temperature, no 

shivering will occur, and the lower set point is 35.8 °C where shivering will 

always occur. In between these two values, the threshold is being calculated 

and it decreases linearly based on the core temperature. Equation 6.4 showing 

the shivering threshold calculation. 

Table 6.4: body segment shivering weighting factor (Salloum, 2005). 

Body segments Shivering 

Upper CHEST 0.515 

Lower CHEST 0.3875 

HEAD 0.0775 

THIGH x 2 0.0039 

CALF x 2 0.0017 

FOOT x 2 0.0004 

UPPERARM x 2 0.0024 

FOREARM x 2 0.0014 

PALM x 2 0.0001 

Fingers x 10 0.00002 
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𝑇𝑠ℎ𝑖𝑣

= {
35.5℃    𝑓𝑜𝑟  𝑇𝑐𝑜𝑟𝑒 ≤ 35.8℃

−1.0222 × 104 + 570.97𝑇𝑐𝑜𝑟𝑒 − 7.9455𝑇𝑐𝑜𝑟𝑒
2    𝑓𝑜𝑟   35.8℃ < 𝑇𝑐𝑜𝑟𝑒 < 37.1℃

 

 (6.4) 

The total shivering rate is calculated in [Joules/hour] and it is given by the 

following equation 6.5. 

𝑀𝑠ℎ𝑖𝑣 = 𝑀𝑚𝑎𝑥,𝑠ℎ𝑖𝑣 [1 − (
𝑇𝑠𝑘𝑖𝑛 − 20

𝑇𝑠ℎ𝑖𝑣 − 20
)
2

]     𝑓𝑜𝑟   (40 − 𝑇𝑠ℎ𝑖𝑣) < 𝑇𝑠𝑘𝑖𝑛 < 𝑇𝑠ℎ𝑖𝑣 

                                  (6.5) 

The maximum shivering rate can be attained at mean skin temperature around 

20°C and is calculated by the equation 6.6 in unit Watts according to the core 

temperature. 

 

𝑀𝑚𝑎𝑥,𝑠ℎ𝑖𝑣 =
(−1.1861 × 109 + 6.552 × 107𝑇𝑐𝑟 − 9.0418 × 10

5𝑇𝑐𝑟
2 )

3600
    𝑓𝑜𝑟  

𝑇𝑐𝑟 < 37.1℃ 

    (6.6) 

All local shivering rates are calculated by multiplying the total shivering rate by 

the shivering weighting factor provided in table 6.4. 

6.3.2 Sweating model 

When the core temperature rises, the thermoregulatory system activates the 

first response which is the vasodilation if it is insufficient the sweating 

response takes place. The sweating system is modelled as when the core 

temperature reaches a threshold, it gets activated and gradually increase the 

sweat with respect to the increase of body temperature until the swearing 

reaches its maximum limit. This can be resumed as when the core temperature 

is below the threshold no sweating will occur and once the core temperature 

exceeds the threshold the body starts to sweat. In addition, the skin 
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temperature will have an impact on the sweating model by modifying the 

sweating threshold temperature. The sweating threshold temperature is 

varying between 36.85°C, below this value, no sweating will occur and 37.1°C 

above this core temperature sweating will always occur regardless of the skin 

temperature value. The sweating threshold temperature (eq. 6.7a) correlation 

and the sweating rate (eq. 6.7b) equation are taken from Salloum (2005) which 

are based on the work of Bezinger (Salloum, 2005) equation 6.7. 

𝑇𝑠𝑤𝑒𝑎𝑡 = {
42.084 − 0.15833 ∗ 𝑇𝑠𝑘𝑖𝑛         𝑓𝑜𝑟      𝑇𝑠𝑘𝑖𝑛 < 33.0℃
36.85℃                                          𝑓𝑜𝑟      𝑇𝑠𝑘𝑖𝑛 ≥ 33.0℃ 

 

   (6.7a) 

 

𝑚𝑠𝑤𝑒𝑎𝑡 =
45.8 + 739.4(𝑇𝑐𝑜𝑟𝑒 − 𝑇𝑠𝑤𝑒𝑎𝑡)

3600
  𝑓𝑜𝑟   𝑇𝑐𝑜𝑟𝑒 > 𝑇𝑠𝑤𝑒𝑎𝑡 

(6.7b) 

The sweating value msweat is calculated in [gram/s] and it can reach 

0.193[g/s] as the highest value of the sweat rate. The sweating is distributed 

over the whole body by multiplying the sweat rate by a weighting factor for 

each body part values stated in table 6.5. 

 

Table 6.5: body segment sweating weighting factor. 

Body segment Sweat factor 

Upper CHEST 0.275 

Lower CHEST 0.206 

HEAD 0.081 

THIGH x 2 0.0645 

CALF x 2 0.0445 

FOOT x 2 0.0175 
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UPPERARM x 2 0.0444 

FOREARM x 2 0.0326 

PALM x 2 0.00775 

Fingers x 10 0.00155 

 

6.3.3 Blood flow system 

The heat transfer is significantly influenced by the rate of blood perfusion. 

Contrary, to what was described in the two-node model Chapter 5 section 5.2.1 

the blood flow is not distributed uniformly in all the body segments. That 

assumption was taken into consideration in the multisegmented physiology 

model. 

Karaki et al., (2013) modified the arterial branch tree of Salloum et al., (2007) 

to include the palm and five fingers instead of one block for the hand. Where in 

multiple studies fingers showed significant importance in the 

thermoregulation of the human body (Karaki et al., 2013; Rida et al., 2014 a; 

Salloum, 2005). 

The input impedance for each of the 138 arteries is calculated using the Avolio 

method (Avolio, 1980). Each arterial branch velocity is calculated recursively 

starting from the aorta using an input/output artery velocity ratio based on 

impedance. The input waveform of heartbeat with a Fourier series expansion 

describes the instantaneous periodic velocity of the aorta, with its mean was 

taken as the average blood velocity out of the heart. Figure 6.3 shows the blood 

circulatory system representation where the numbers represent the artery 

index from 1 to 138. The detailed blood flow calculation within the human 

physiology model showed improvement in the prediction of skin and core 

temperatures (Karaki et al. 2013, Kobayashi and Tanabi, 2013). This detailed 

blood flow calculation is not only useful for improving the prediction of skin 

temperature and consequently thermal comfort, but it can be also a useful 
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application in medical research. An example of such an application can be 

predicting blood flow at the extremities in operation rooms.   

 

Figure 6.3: The modified Avolio tree as presented in (Karaki et al., 2013). 

6.3.3.1 Input Impedance 

The following are some assumptions in the blood circulatory model like: 

1. The flow is incompressible. 
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2. The blood behaves as a Newtonian fluid. 

3. The blood viscosity is constant. 

4. The flow is laminar and fully developed. 

5. The flow is axisymmetric. 

 

After taking all the necessary assumption, for a given artery the Navier-stokes 

equation is 6.8, 

  

𝜕2𝑤

𝜕𝑟2
+
1

𝑟

𝜕𝑤

𝜕𝑟
−
𝜌

𝜇

𝜕𝑤

𝜕𝑡
= −

1

𝜇

𝜕𝑃

𝜕𝑧
 

 (6.8) 

Where ρ is the density of blood, µ is its dynamic viscosity w is the blood velocity 

in the z-direction, P is the blood pressure. The pressure is pulsatile with an 

unknown amplitude A and a frequency defined by, 

  
𝜕𝑃

𝜕𝑧
= 𝐴𝑒𝑗𝜔𝑡 

(6.9) 

The angular frequency ω is given by 

  

𝜔 = 2𝜋
ℎ𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 

60
 

 (6.10) 

The analytical general solution of this equation then is: 

  

𝑤 =
𝐴𝑅2

𝑗𝜇𝛼2
(1 −

𝐽0(𝛼𝑦𝑗
3
2)

𝐽0(𝛼𝑗
3
2)
) 𝑒𝑗𝜔𝑡 

 (6.11) 

𝛼 = 𝑅√𝜔/𝑣                                                                    (6.12) 
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Where R is the radius of the artery, J0 is a zero-order Bessel function of the first 

kind, y=r/R, and alpha is the Womersley number. 

Integrating from r=0 to R, the mean axial velocity is obtained as. 

 

�̅� =
𝐴

𝑗𝜇𝛼
(1 − 𝐹10)𝑒

𝑗𝜔𝑡 (6.13) 

 

𝐹10 =
2𝐽1(𝛼𝑗

3/2)

𝛼𝑗3/2𝐽0(𝛼𝑗3/2)
 (6.14) 

Here the flow and solution are still dependent on an unknown pressure 

amplitude A. 

To get rid of A, the longitudinal impedance is derived as: 

 

𝑍𝐿 =
𝜕𝑃/𝜕𝑧

�̅�
=

𝑒𝑗𝜔𝑡

�̅�
=

𝑗𝜇𝛼2

𝑅2
1

1−𝐹10
 (6.15) 

ZL can now be found with all the parameters known, independent of A. 

The characteristic impedance is found and corrected for wall elasticity σ [92]. 

𝑍0 =
𝜌𝑐0

√1 − 𝜎2
(1 − 𝐹10)

−1/2[cos(∅/2) + 𝑗𝑠𝑖𝑛(∅/2)] 

 (6.16) 

𝛾 =
𝑗𝜔

𝑐0
(1 − 𝐹10)

−1/2√1 − 𝜎2[cos(∅/2) 𝑗𝑠𝑖𝑛(∅/2)] 

 (6.17) 

𝑐0 = √
𝐸ℎ

2𝜌𝑅
 

  (6.18) 

∅ = ∅0(1 − 𝑒
−𝑘𝜔) 

 (6.19) 
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where k=2, and φ0=15 deg. 

Through equation 6.20, the wave reflection is evaluated at the level of each branch. 

Г =
𝑍𝑇−𝑍0
𝑍𝑇+𝑍0

 

  (6.20) 

Where ZT is the sum of all previous impedances starting from the terminal backwards 

(at terminal arteries, ZT=0.8) summed in parallel is there is bifurcation or summed 

directly if all the arteries are in series. The input impedance is then expressed as, 

𝑍 = 𝑍0
1 + Г𝑒−2𝛾𝐿

1 − Г𝑒−2𝛾𝐿
 

  (6.21) 

 

At the terminals, γ assumed = 0.8. However, since additional branches at the 

hands would increase the impedance, γ is taken 0.975 at the fingers to counter 

this increase. 

6.3.3.2 Blood flow circulation 

Once the impedance in all the arteries is calculated, the blood flow is calculated 

starting from the ascending aorta. The periodic cardiac ejection waveform is 

expanded into a Fourier series. The flow ratio is the ratio of the mean axial 

velocity ω at the outlet of an artery to mean axial velocity at its inlet (Salloum, 

2005). This ratio is a complex number defined by, 

�̅�𝑧=𝐿
�̅�𝑧=0

=
1 − Г

𝑒−𝛾𝐿 − Г𝑒−𝛾𝐿
 

 (6.22) 

This ratio is multiplied by the Fourier expansion, and thus the velocity v(t) is 

found. The flow ratio in each consecutive artery is found by multiplying the 

preceding flow ratios of the previous arteries all the way to the ascending aorta 

(artery index 1). Therefore, when this flow ratio is multiplied by the Fourier 
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expansion, the velocity of the flow with time can be found in each artery. The 

blood velocity in the vein, unlike the artery, is steady rather than periodic and 

is taken as the mean velocity of the blood in the corresponding artery. 

6.3.3.3 Blood flow regulation 

6.3.3.3.1 Cardiac output 

The cardiac output does not remain constant at different core body temperatures 

(Smith, 1991). The cardiac output model (Fu, 1995) only changed within a 

narrow margin of core temperatures before and after which it plateaued. This 

was adjusted to account for the variability observed experimentally (Smith,1991) 

where the cardiac output changes if the core temperature decreases or increases 

beyond this margin. 

The constricted cardiac output is found by eq 6.23, 

{
 

 
𝐶𝑂𝑐𝑜𝑛 = 290000                                                                                                     𝑇𝑠𝑘 ≥ 33.7

𝐶𝑂𝑐𝑜𝑛 =
(𝑇𝑠𝑘 − 10.7)(290000 − 270000)

(33.7 − 10.7)
+ 270000          𝑇𝑠𝑘 > 10.7 𝑎𝑛𝑑 𝑇𝑠𝑘 < 33.7

𝐶𝑂𝑐𝑜𝑛 = 270000                                                                                                   𝑇𝑠𝑘 ≤ 10.7

 

(6.23) 

The dilated cardiac output is found by, 

{
 
 

 
 

𝐶𝑂𝑑𝑖𝑙  =  427500   𝑖𝑓   𝑇𝑐𝑟 ≥ 41

𝐶𝑂𝑑𝑖𝑙 = ( 𝑇𝑐𝑟 − 37.2) ∗
508000.0 − 400000.0

41 − 37.2 + 400000.0 𝑖𝑓  37.2 ≤  𝑇𝑐𝑟 < 41 

𝐶𝑂𝑑𝑖𝑙 = ( 𝑇𝑐𝑟 − 36.8) ∗
427500.0 − 290000.0

37.2 − 36.8 + 290000.0  𝑖𝑓   36.8 <  𝑇𝑐𝑟 < 37.2

𝐶𝑂𝑑𝑖𝑙 = 290000.0   𝑖𝑓    𝑇𝑐𝑟 ≤ 36.8

 

                                                                                                                                          

(6.24) 

The total cardiac output is finally determined by, 

𝐶𝑂 = 𝐶𝑂𝑑𝑖𝑙 × 𝐶𝑂𝑐𝑜𝑛/290000.0 

 (6.28) 
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The cardiac output calculated using this model is used to find the cardiac index. 

 

6.3.3.3.2 Vaso-constriction and vaso-dilation 

The radius of the arteries in the limbs and neck change in correspondence with 

the change in cardiac output (Smith, 1993), dilating with higher core 

temperatures and constricting with lower ones. This change becomes 

important in modelling situations where the body’s core temperature changes 

significantly, and thus should be accounted for. The previous model (Salloum, 

2005) which used constant artery radii, which imposed constant blood into 

each body segment no matter the conditions, was unable to simulate certain 

situations where the body temperature changed enough to cause a significant 

increase in skin perfusion such that is exceeded the maximum possible blood 

flow into the body segment. For this reason, a model was introduced to 

simulate the dilation and constriction of the arteries in the neck, upper arms, 

forearms, palms, fingers, thighs, calves, and feet based on the cardiac output. 

  

𝑅𝑎 = √
(𝑅𝑎,𝑚𝑎𝑥2 − 𝑅𝑎,𝑚𝑖𝑛

2 ) ∗ (𝐶𝑂 − 270000)

(427500 − 270000)
+ 𝑅𝑎,𝑚𝑖𝑛

2  

 (6.29) 

 

Ra is the radius of the artery, Ra,min is the maximum constricted radius of the 

artery, and Ra,max is the maximum dilated radius of the artery. The impedance 

and blood flow calculations were then repeated at each time step in the model. 

6.3.3.4 Skin blood perfusion 

The skin perfusion is calculated using the method outlined in (Salloum, 2005). 

The mass blood flow rate in the skin is described by, 

�̇�𝑏𝑙𝑠𝑘𝑖𝑛
=
�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐷𝑖𝑙

× �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐶𝑜𝑛

�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠
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 (6.30) 

�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐷𝑖𝑙

=

{
 
 

 
 �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠

   𝑓𝑜𝑟     𝑇𝑐𝑟 ≤ 36.8℃

𝑇𝑐𝑟 − 36.8

37.2 − 36.8
(�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝑀𝑎𝑥

− �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠
) + �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠

  𝑓𝑜𝑟 36.8℃ < 𝑇𝑐𝑟 < 37.2℃

�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝑀𝑎𝑥
      𝑓𝑜𝑟       𝑇𝑐𝑟 ≥ 37.2℃  

 

 (6.31) 

�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐶𝑜𝑛

=

{
 
 

 
 �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝑚𝑖𝑛

   𝑓𝑜𝑟     𝑇𝑠𝑘𝑖𝑛 ≤ 10.7℃

𝑇𝑠𝑘𝑖𝑛 − 10.7

33.7 − 10.7
(�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠

− �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝑚𝑖𝑛
) + �̇�𝑏𝑙𝑠𝑘𝑖𝑛𝑚𝑖𝑛

𝑓𝑜𝑟 10.7℃ < 𝑇𝑠𝑘𝑖𝑛 < 33.7℃

�̇�𝑏𝑙𝑠𝑘𝑖𝑛𝐵𝑎𝑠
      𝑓𝑜𝑟       𝑇𝑠𝑘𝑖𝑛 ≥ 33.7℃  

 

 (6.32) 

Basal, maximum, and minimum skin blood flow rates are calculated from Fu 

(1995) based on the volumetric cardiac output blood flow. 

6.3.3.5 AVA modelling 

In the peripheral body segments (forearms, palms, fingers, calves, and feet), 

some veins run close to the skin, which is called the superficial veins, as well as 

direct connections or shunts between the arteries and veins these veins known 

as arteriovenous anastomoses or AVA. This physiological phenomenon is most 

likely to be seen in a very hot and very cold environment. The thermo-

physiological reaction to a cold environment is to preserve the body from 

losing heat, and in a hot environment, it increases heat loss from the body.  In 

the limbs, the heat loss is increased because of the AVA blood flows in the 

superficial veins. But in the cold environment, the body reduces heat losses and 

that due to the vasoconstriction of arteries and the closure of AVA (Arens et al., 

2006; Daanen, 1991; Takemori, 1995). Although this theses concerns about the 

indoor building occupant where the thermal environmental conditions are 

usually neutral. Including the AVA in the multi-segmented model allows it to 

be used either for indoor or outdoor simulations.    
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The AVA model was developed by (Takemori et al., 1996). The skin blood flow 

which includes both the skin perfusion and the AVA blood flow is calculated by,

  

�̇�𝑏𝑙,𝑠𝑘 = �̇�𝑏𝑙,𝑠𝑘,𝑚𝑎𝑥𝐴𝑉𝐴                                                      (6.33) 

where Vbl,sk,max is the maximum skin blood flow rate [ml/min], and AVA is a 

coefficient from 0 to 1 that depends on the extent that the AVA’s are open. 

  

�̇�𝑏𝑙,𝑠𝑘,𝑚𝑎𝑥 = 𝑉𝑙𝑖𝑚𝑏 ⋅
𝑓𝑠𝑘𝑖𝑛,𝑎𝑣𝑒
100

 

 (6.34) 

Vlimb is the volume of the limb (hand, foot, lower arm, etc.) in cm3, and fskin,ave is the 

maximum skin blood flow in limb in [ml/min] per 100ml tissue, and is usually 30 

[ml/min] in 100[ml] tissue. 

The AVA coefficient to core and skin temperature relationship is,  

for the hands 

𝐴𝑉𝐴 = 0.265(𝑇𝑠𝑘 − 34) + 0.953(𝑇𝑐𝑟 − 36.8) + 0.9126 

(6.35) 

for the feet 

𝐴𝑉𝐴 = 0.265(𝑇𝑠𝑘 − 35.4) + 0.953(𝑇𝑐𝑟 − 37) + 0.9126 

 (6.36) 

if  AVA ≥1,  AVA=1 

if  AVA ≤0,  AVA=0 
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Figure 6.4: Flow of blood through a peripheral body segment (Karaki et al., 2013) 

6.3.3.6 Blood flow in the body segments 

Blood comes in through the artery to the body segment. The blood returning 

through core vein is assumed to be the combination of blood from the previous 

vein and the blood coming in through perfusion from the core. In terminal body 

segments where there are superficial veins, the blood returning through the 

superficial vein is the blood from the previous superficial vein and from the 

artery by blood perfusion through the skin and also through direct connection 

with the AVA. 

The body segments which contain the superficial vein node are: 

• All 10 digits of the hand 

• Palms 

• Forearms 

The flow in the veins in these peripheral body segments are calculated as 

follows, 

1. The total perfusion is found in a segment by subtracting the mean inlet 

and the outlet blood flow rate in the arteries. 
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2. Skin perfusion is found through Smith’s model using equation 6.31 (6.28). 

AVA model is used to find the total blood flow to the skin layer which 

includes skin perfusion and blood through the AVA. 

3. Core perfusion is calculated by subtracting the total skin perfusion, 

including AVA from the total perfusion. 

4. The flow in the regular core vein and the superficial vein are defined 

respectively 

as, 

�̇�𝑣𝑒𝑖𝑛 = �̇�𝑝𝑟𝑒𝑣,𝑣𝑒𝑖𝑛 + �̇�𝑝𝑒𝑟𝑓,𝑐𝑟 

 (6.37) 

�̇�𝑠,𝑣𝑒𝑖𝑛 = �̇�𝑝𝑟𝑒𝑣,𝑠,𝑣𝑒𝑖𝑛 + �̇�𝑝𝑒𝑟𝑓,𝑠𝑘 + �̇�𝐴𝑉𝐴 

 (6.38) 

5. Blood flow of the previous vein (both core and superficial) for the terminal 

body segments (fingers and feet), and is considered zero. 

6.4 Heat transfer model (Energy Balance Equations) 

6.4.1 Core node 

Using lumped capacitance, there are five nodes for the energy balance in each 

segment. The nodes are: core, skin, artery, core vein, superficial vein. 

𝐶𝑐𝑟
𝑑𝑇𝑐𝑟
𝑑𝑡

= 𝑀𝑐𝑟 +𝑀𝑠ℎ𝑖𝑣 −𝑊 − 𝛼𝑄𝑟𝑒𝑠 − 𝑄𝑐𝑟−𝑠𝑘 − ∑ ℎ𝑎𝑟𝑡𝑒𝑟𝑦𝐴𝑎𝑟𝑡𝑒𝑟𝑦(𝑇𝑐𝑟 − 𝑇𝑏𝑙,𝑎)

𝑎𝑟𝑡𝑒𝑟𝑖𝑒𝑠

− ∑ ℎ𝑣𝑒𝑖𝑛𝐴𝑣𝑒𝑖𝑛(𝑇𝑐𝑟 − 𝑇𝑏𝑙,𝑣)

𝑣𝑒𝑖𝑛𝑠

+ �̇�𝑝𝑒𝑟𝑓,𝑡𝑜𝑡𝑎𝑙𝑐𝑏𝑙(𝑇𝑏𝑙,𝑎 − 𝑇𝑐𝑟)
 

 (6.39) 

Ccr is the thermal capacitance for each body segment Mcr and Mshiv are the basal 

and segmental thermoregulatory shivering metabolic rate respectively. W is 
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the mechanical work done by the body. α is a coefficient which is 1 for the chest 

and zero for all other body parts, and Qres is the heat dissipated through 

respiration. Qcr-sk is the heat exchange between the core and skin through 

contact resistance. Qcr − sk = K (Tcr − Tsk) hartery and hvein are the convection 

coefficients of the blood in the artery and core vein respectively. 

Aartery and Avein are the cross-sectional area of the artery and core vein 

respectively. Tbl,a and Tbl,v are the temperatures of the blood in the artery and 

core vein respectively. mperf,cr is the blood perfusion in the core only (i.e. total 

perfusion skin perfusion) cbl is the specific heat constant of blood. 

6.4.2 Skin node 

Despite the assumption of lumped capacitance, there is a difference between 

the temperature of the skin at the surface exposed to the surroundings and the 

temperature which is in the middle of the skin node. For this reason, and to 

increase accuracy in the skin temperatures calculated the following correction 

to find the surface skin temperature is used. 

𝑇𝑠𝑘,𝑠𝑢𝑟 = 2T𝑠𝑘 − 𝑇𝑐𝑟 

 (6.40) 

𝐶𝑠𝑘
𝑑𝑇𝑠𝑘
𝑑𝑡

= 𝑀𝑠𝑘 + 𝑄𝑐𝑟−𝑠𝑘 − 𝐴𝑠𝑘,exp[ℎ𝑐(𝑇𝑠𝑘,𝑠𝑢𝑟 − 𝑇𝑎𝑚𝑏) + ℎ𝑟(𝑇𝑠𝑘,𝑠𝑢𝑟 − �̄�𝑎𝑚𝑏) +

ℎ𝑒(𝑃𝑠𝑘 − 𝑃𝑎𝑚𝑏)]

+�̇�𝑝𝑒𝑟𝑓,𝑠𝑘𝑐𝑝(𝑇𝑐𝑟 − 𝑇𝑠𝑘) + ∑ ℎ𝑣𝑒𝑖𝑛,𝑠𝐴𝑣𝑒𝑖𝑛,𝑠(𝑇𝑏𝑙,𝑣,𝑠 − 𝑇𝑠𝑘)

𝑣𝑒𝑖𝑛𝑠

 

 (6.41) 

Csk is the skin thermal capacitance for each body segment. Msk is the 

metabolic rate in the skin hc is the external convection heat transfer coefficient 

between the skin and the atmosphere hr is the radiation transfer coefficient he 

is the evaporation coefficient deducted from hc by Lewis formula. Tsur is the 

surroundings radiant temperature, Pamb is the ambient vapour pressure Psk is 

the skin vapour pressure ℎ𝑣𝑒𝑖𝑛,𝑠  is the convection heat transfer coefficient of 
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blood in the superficial vein 𝐴𝑣𝑒𝑖𝑛,𝑠 is the cross-sectional area of the superficial 

vein �̇�𝑝𝑒𝑟𝑓,𝑠𝑘  is the blood perfusion in the skin layer 

6.4.3 Artery node 

 

𝐶𝑏𝑙,𝑎
𝑑𝑇𝑏𝑙,𝑎

𝑑𝑡
= −∑ ℎ𝑎𝑟𝑡𝑒𝑟𝑦𝐴𝑎𝑟𝑡𝑒𝑟𝑦(𝑇𝑏𝑙,𝑎 − 𝑇𝑐𝑟)𝑎𝑟𝑡𝑒𝑟𝑖𝑒𝑠 + �̇�𝑎𝑐𝑏𝑙(𝑇𝑎,𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 − 𝑇𝑏𝑙,𝑎)  

(6.42) 

�̇�𝑎is the blood flow rate through the artery 𝑇𝑎,𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 is the temperature of the blood 

in the adjacent artery of the previous body segment. 

6.4.4 Vein node 

 

𝐶𝑏𝑙,𝑣
𝑑𝑇𝑏𝑙,𝑣
𝑑𝑡

= − ∑ ℎ𝑣𝑒𝑖𝑛𝐴𝑣𝑒𝑖𝑛(𝑇𝑏𝑙,𝑣 − 𝑇𝑐𝑟)

𝑣𝑒𝑖𝑛𝑠

+ �̇�𝑣𝑐𝑏𝑙(𝑇𝑣,𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 − 𝑇𝑣)

+ �̇�𝑝𝑒𝑟𝑓,𝑐𝑟𝑐𝑏𝑙(𝑇𝑐𝑟 − 𝑇𝑣) 

 (6.43) 

 

�̇�𝑣is the blood flow rate through the vein, 𝑇𝑣,𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 is the temperature of the blood 

in the adjacent core vein of the previous body segment. 

6.4.5 Superficial vein node 

 

𝐶𝑏𝑙,𝑣,𝑠
𝑑𝑇𝑏𝑙,𝑣,𝑠
𝑑𝑡

= − ∑ ℎ𝑣𝑒𝑖𝑛,𝑠𝐴𝑣𝑒𝑖𝑛,𝑠(𝑇𝑏𝑙,𝑣,𝑠 − 𝑇𝑠𝑘)

𝑣𝑒𝑖𝑛𝑠

+ �̇�𝑣,𝑠𝑐𝑏𝑙(𝑇𝑣,𝑠,𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 − 𝑇𝑣,𝑠)

+�̇�𝑝𝑒𝑟𝑓,𝑠𝑘𝑐𝑏𝑙(𝑇𝑠𝑘 − 𝑇𝑣,𝑠) + �̇�𝐴𝑉𝐴𝑐𝑏𝑙(𝑇𝑏𝑙,𝑎 − 𝑇𝑣,𝑠)

 

 (6.44) 

�̇�𝑝𝑒𝑟𝑓,𝑠𝑘is the blood perfusion in the skin layer without AVA. 
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�̇�𝐴𝑉𝐴is the blood flow due to AVA, i.e. skin blood perfusion calculated by Takemori 

minus �̇�𝑝𝑒𝑟𝑓,𝑠𝑘. 

6.5 Code structure and algorithm 

The multi-segment human thermal model was implemented with ESP-r. All the data 

required for the model like body parameters, all sweating shivering and blood 

coefficients were stored in a database file. The model needs inputs defined by the user 

like the metabolic rate and the clothing insulation level. Clothing ensemble predefined 

in the model as databases are either summer or winter clothing distribution with total 

values of 0.5 and 0.9 clo respectively. 

 

Figure 6.5 Data exchange between building simulation and the multi-segment model  

The environmental parameters required are passed from the ESP-r building simulation 

or from the integrated ESP-r CFD calculation which will be described in Chapter 7. 

Figure 6.5 presents the data exchange between the building simulation and the 

multisegmented model. Air dry bulb temperature, mean radiant temperature (in the 

middle of the room, unless a sensor location is defined /place of the occupant in CFD 

simulations) relative humidity are passed every time step.  

For the stability of the model, especially for accurate blood flow calculation the multi-

segmented physiology model run on a smaller time step compared to the building 

simulation time step. The physiology model runs on the same environmental 

parameters for the period of the building simulation time step. For example, if the time 
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step in building simulation is set to 15 minutes, the physiology model will run for a 

duration of 15 minutes on the same environmental condition. The smaller time-step in 

the physiology model is required for an accurate blood flow calculation since it is 

based on the cardiac-outputs. This has seen to be computational time consumer, 

especially when assessing yearly simulation. As an example, the time required for a 

one year-simulation has been increased around 15-20 times compared to a simulation 

without calling the physiology model.  

Figure 6.5 is a flow chart summarizing the logical steps of the mathematical model 

and all the inputs. The model has two loops every time the subroutine is called, the 

first loop is over the body segments and the second one is over the simulation phase 

time which is same as the building simulation time step. After the model finished the 

calculation, the final nodes temperatures are stored to be used in the next time the 

subroutine is called. Later the predicted skin and core temperatures can be linked to a 

detailed thermal sensation and comfort analysis such as Zhang (2003) model to 

describe the occupant thermal perception. 

The model is written in Fortran language although it is fully merged with ESP-r, the 

model can be easily transferred and used in different building simulation tools.  



Multi-segment model integration with ESP-r 

141 
 

 

Figure 6.5 Flow chart of the multi-segmented human thermo-physiology model. 
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6.6 Conclusion 

The main equations used in the multi-segmented human thermo-physiology was 

presented in this chapter. The model is very detailed, it segments the body into 

25 segments and it accounts for a detailed calculation of the blood flow. The 

model subroutine is already submitted to the final release of ESP-r. the model is 

linked to the building simulation similar to the two-node human thermal model, 

the multi-segmented model gives a detailed projection of how local comfort is 

likely to be to a certain thermal environment. To that extent, the environmental 

parameters around the human body should be set to be at an equal level of details 

and information exchange. For that reason, in the following chapter, the linking 

and the use of the multi-segmented model with ESP-r’s integrated CFD 

calculation is presented.  
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Chapter 7: Multi-segmented Model 

Integrated with CFD 

7.1 Chapter overview 

As previously discussed, using the well-mixed air node temperature predicted in 

ESP-r’s simulator with an airflow network (Hensen, 1991) with a multi-

segmented physiology model does not give the full functionality of the detailed 

human thermo-physiology model. Even though, it can provide more detail about 

each segment of the human body.  

The nodal network approach has some limitations with regards to indoor thermal 

comfort and air quality. Since it neglects the momentum effect, the air movement 

within a space cannot be studied. With such low-resolution, local surface heat 

transfer is usually accounted for by empirically-derived coefficients. Further, 

assigning the local environment for each body parts is not possible as there is 

only a single air temperature.  

The integrated computational fluid dynamics (CFD) solver within ESP-r can give 

detailed information about the local environment inside a zone, and consequently 

around the human body. The CFD tool calculates the intra-zone airflow, 

convective heat transfers and temperature variation, whilst ESP-r’s building-

plant solver (BPS) computes surface temperatures, radiant exchanges, etc. Figure 

7.1 a schematic of the integration and the information passed from each model.  
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Figure 7.1: BPS-multisegmented-CFD representation and data passed. 

This chapter describes the method of integrating the detailed multi-segmented 

model described in chapter 6 with the ESP-r’s BPS and its integrated CFD domain.  

The capability of the integration of the detailed occupant model is demonstrated 

using examples of natural and displacement ventilation. 

 

7.2 Methodology 

7.2.1 CFD in ESP-r 

CFD has been widely and effectively applied in the prediction of room air motion. 

It usually demands high computational requirements, which has generally 

restricted simulations to single rooms and domains within buildings. The 

boundary conditions supplied by the user play a major role in the accuracy of 

prediction results in a simulation. With the advances of computational power, 

these issues started to end gradually.  

Negrao (1995) integrated a CFD code into ESP-r, by using the handshaking (a 

term in ESP-r describe the method of data exchange between the two solvers 
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energy simulation and CFD) which allows the two modelling domains to interact 

on a time-step basis. That approach in ESP-r eliminates the requirement of 

explicitly define the boundary conditions as the boundary conditions are 

determined dynamically by the building thermal simulation. The approach was 

expanded by Beausoleil-Morrison (2000), who implemented the adaptive 

conflation controller (ACC). The controller automated the process of passing the 

boundary conditions from the building simulation to the CFD on a time-step basis 

and sending back the resultant heat flux to building simulation. The handshaking 

mechanism can be defined as “one-way” or “conditional two-way”. The one-way 

mechanism is appropriate when the objective of the study is to predict the flow 

and temperature field within the room, visualising the flow inside the room, 

evaluating thermal comfort of the occupant or studying the dispersion of 

contaminants. In addition to the tasks performed with the one-way mechanism, 

the two-way mechanism can enhance the thermal simulation by providing 

surface convection estimates for the thermal domain (Beausoleil-Morrison, 

2002). 

The combined building simulation/CFD simulation develops a clear prediction 

and detailed temperature and airflow distribution within a defined zone of a 

building. The outcomes of such integrated simulations are normally used to show 

a detailed flow visualisation, to study pollutant spreading, for detailed thermal 

comfort assessments or to improve ventilation systems by looking at the heat 

transfer within the internal building surfaces. 

ESP-r’s CFD model shares much in common with other CFD codes that have been 

used for modelling room airflow. Flow inside a room is characterized by a set of 

time-averaged conservation equations for the three-dimensional velocities (U, V, 

W), temperature and concentration. It contains seven coupled partial differential 

equations. The velocity distribution of the room flow is obtained from the three 

momentum equations conforming to the three spatial axes. It uses the SIMPLEC 

(Semi-Implicit Method for Pressure Linked Equations) pressure-correction 

solution approach. It is finite-volume based and employs a three-dimensional, 

Cartesian grid. The turbulent diffusion of heat and momentum is estimated with 
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the widely applied standard k − ε model, while log-law wall functions are used to 

account for viscous effects in the near-wall regions (Beausoleil-Morrison 2000; 

Clarke 2001; Clarke et al. 2011). To model the complex motion some advanced 

techniques with various level of complexity and computational capacity have 

been developed. Methods like the direct numerical simulation and the large-

eddy-simulation, attempt to model with little or no assumptions the details of the 

turbulent fluctuations. But that requires finer grids, and it increases the 

computational costs dramatically (Blocken et al., 2010). 

The CFD solver in ESP-r can be defined to be undertaken at every time step where 

the boundary conditions are updated dynamically. An advantage of this 

simulation technique in ESP-r has been taken to link the detailed human 

physiology model. The reason behind the selection of the CFD solver in ESP-r to 

implement the detailed human thermal model was because the CFD solver with 

ESP-r provides dynamic boundary conditions, it is tested and validated, also it is 

acceptable in solving most indoor simulation problems. 

 

7.2.2 Integration of Multi-segment Occupant Model Into ESP-r 

A flow domain in CFD is the volume in which the flow takes place. The walls of a 

room define the boundaries of the CFD domain.  

Defining a blockage in ESP-r is a way to represent an object that blocks the airflow 

inside the domain. In addition, in ESP-r, blockages in a CFD domain can have heat 

fluxes defined at its boundaries, that can represent an object with a source of heat 

like a computer, machine or even an occupant. The convective heat fluxes are 

fixed values defined by the user. 

For the approach described in this chapter, the blockages method has been 

adapted to represent the human body physically inside the CFD domain. 

Alongside the conflation method, the boundary conditions around the human 

body representation surfaces are dynamically updated. The two models CFD and 
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Human physiology communicate every time step and exchange data. The human 

physiology model receives from the CFD solver the average air temperature and 

velocity around each block (body part) and update the convective heat fluxes at 

the boundaries of blockages in the CFD domain. Figure 7.1 shows the data passed 

between the three   

7.2.3 A Method of integrating the dynamic human thermal 

model with CFD 

As described in chapter 6, the multi-segmented model can run with BPS by having 

a uniform dry bulb and radiant temperature around the human body (around the 

25 segments). First the number of occupants in addition to their metabolic rates 

and clothing level needs to be defined in the specified zone schedule file, BPS calls 

the multi-segmented occupant model by sending the environmental parameters 

dry bulb temperature radiant temperature and relative humidity considering air 

velocity constant and equal to 0.1 [m/s] in order to get an updated convective 

radiative and latent heat loads from the occupant. 

As it has been described before a multisegmented occupant model can be more 

suitable with a CFD simulation aiming to increase the resolution of the simulation. 

Where a CFD solution provides details as  

The occupant geometry needs to be defined in the domain, for simplicity the 25-

body segment in the physiology model has been simplified and grouped into six 

body parts in the CFD domain. We found that applying this simplification is 

acceptable since it accounts for the environmental distribution.  

The boundary conditions at the occupant body surfaces are linked to the heat 

fluxes calculated from the multi-segment dynamic model. Every block defined as 

a human body part the average air temperature and air velocity around it is being 

calculated from the adjacent non-blockage cells. Figure 7.2 a schematic of a block 

in the CFD domain and the considered surrounding cells.   
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Figure 7.2 Average local temperature and air velocity calculation. 

𝑇𝑎,𝑏𝑜𝑑𝑦 𝑠𝑒𝑔 = ∑
𝑇𝑎𝑖,𝑗,𝑘

𝑛

𝑖=𝑛
𝑖=1                                                         (7.1) 

The dynamic human thermal model is being run with the building simulation bps 

where the environmental conditions are the room well-mixed air temperature, 

mean radiant temperature and relative humidity. Those results considered as 

initialization boundary conditions at the first CFD simulation iteration.   

When CFD start for the first time step the human body boundary conditions are 

taken from the previous time step, once the CFD reaches a converged solution, an 

average temperature around each body part is passed back to each 

corresponding body part in the human thermal model. The average local 

temperature and air velocity were calculated, see figure 7.2. Where for every 

block representing a body part the temperatures and velocities of the immediate 

cells around it are averaged. For the rest of the CFD model, heat fluxes are 

updated each time step considering the variation in temperature near each body 

part. 

When specifying a reasonable small time-step, this approach is acceptable in 

indoor conditions where it is very rare to have a sudden change in room 

temperature in such case there will be a short delay in assigning the real 

boundary conditions from the body. 

Such a linking technique allows to model multiple occupants inside a domain, 

each with different body mass, body surface area, clothing and activity level.  
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7.2.4 Body parts representation in CFD 

As previously explained, the blockage in a CFD domain can be used to represent 

the human body. Although the cuboid shape has limitation particularly when 

studying the flow in detailed level around the skin as near the face and very close 

to the skin, but based on the literature it is considered acceptable especially for 

airflow calculations inside a CFD domain [Villi et al. 2014; Zelenský et al. 2013]. 

As previously mentioned, the 25-body segment physiology model presented in 

chapter 6 has been grouped into six groups. Each group was represented in a 

cuboid block inside the CFD domain. the body parts were grouped as follow: 

• head: represent the head body segment. 

• chest: represent the upper and lower chest body segments. 

• left arm: represent the left upper and lower arm, palm and the 5 fingers. 

• right arm: represent the right upper and lower arm, palm and the 5 

fingers. 

• left leg: represent the left thigh, calf and foot. 

• right leg: represent the right thigh, calf and foot.  

 

The area of the defined blockages needed to be in consistence with the human 

body surface area defined in the physiology model with a total of around 1.8m². 

That requires a discreet complex grid structure at the location of the human 

inside the domain.   

Figure 7.3 describes the grouped body part representation in the CFD domain and 

shows the parameters passed from each solver. The averaged environmental 

parameters calculated around each body segment is passed and considered the 

same for all the body segments in the corresponding group.  
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Figure 7.3: the cuboid human body in CFD 

7.2.5 Updating boundary conditions around the blockages 

Figure 7.1 presented earlier shows the parameters passed between the three 

solvers building simulation- physiology model-CFD. From the CFD simulation six 

averaged air temperatures and air velocity around the represented human 

surfaces are passed to the physiology model, the multisegmented human thermal 

model receives the mean radiant and relative humidity from BPS. The convective 

heat fluxes calculated from the multisegmented model are distributed around the 

blockages.   

Figure 7.3 shows the flow chart of the integrated multi-segment model within 

ESP-r. The flow of the model can be described as follow:  

• Starting from the file that holds information about the occupant schedules 

and internal load description, the model check whether there are 

occupants in the room or not. It also checks if the dynamic occupant is 

activated by sending the corresponding flag.  

• The multisegmented model is being called at each time step if the occupant 

number is greater than zero, just before accounting for the internal loads 

in the energy balance equation in the energy simulation in BPS.  
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• All the current required environmental parameters sent to the 

multisegmented human model in order to get the heat fluxes.  

• The multi-segmented model reads the body data from the database (body 

segments mass, area, basal metabolic and blood flow, etc.) which currently 

correspond to an average adult aged person. The metabolic rate and 

clothing insulation level are updated every time step (hour/ sub-hour) 

from the operation file.  

• Another flag is set for the CFD simulation, if the human is physically 

defined in the CFD domain, the multisegmented model receives the local 

environmental conditions from the CFD solution, if not, it takes the 

environmental parameters from the building simulation as well mixed air 

for all body parts.  

• Results from the multi-segmented model later considered as internal 

loads from occupant for the next step or updating convective heat flux 

around the blockages in the CFD domain.  

• The radiation heat exchange is considered in the energy building 

simulation part between the human and the surrounding surfaces. In ESP-

r the mean radiant temperature MRT can be calculated from a defined 

MRT sensor by defining a location inside the room, but to generalize, the 

human was always defined in the middle of the room. The latent heat load 

is always linked to the building simulation unless a source of 

(contamination) vapour is defined in the CFD domain.   
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Figure 7.3: Flowchart of the integrated multi-segment within ESP-r 
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7.3 Simulation and Results 

7.3.1 Validation with the manikin benchmark experiment 

A benchmark test was set by Nielsen et al., (2003) for a CFD simulation with a 

manikin standing in the middle of the room. The benchmark came after the 

experiment conducted by Kato and Yang (2006) to study the fluid flow around 

the manikin. This simulation case attempts to reproduce the benchmark 

described by Nielsen et al. (2003). The room has dimensions 3m width x 3.5m 

depth x 2.5m height. The room has an inlet in the bottom of the east wall with 

dimension 0.2m x 0.4m and an outlet in the top of the opposite wall of 0.3m 

x0.3m. The boundary conditions of air entering the room were 21.8°C inlet 

temperature and average velocity of 0.182[m/s]. The measurements of air 

velocity and temperature were made at various locations; four vertical poles 

were set two in front of the manikin and two behind it, the temperature is 

measured at seven different heights while velocity was taken at six different 

heights. The velocity above the head was also monitored by using the particle 

image velocity (PIV). Figure 7.4 illustrates the computational domain of the 

benchmark described in (Nielsen et al., 2003). The figure shows the 

representation and the dimension of the room with the supply and exhaust 

openings, the room dimensions where manikin was placed in the middle of the 

room. Figure 7.5 shows the location of the four poles in the room, two poles are 

in front of the manikin, one close to the manikin the second close to the wall and 

the inlet opening, the other two were behind the manikin one immediately behind 

the manikin the second was near the wall which consisted the outlet opening. 

There were a slightly different between the experimental and the benchmark set 

up especially for the supply air velocity and temperature. For the purpose of 

comparison, the values from the experiment of air velocity and temperature at 

the supply opening have been considered. 
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Figure 7.4: Sketch of the benchmark displacement ventilation case (Nielsen et al., 

2003) 

 

The benchmark set a total heat loss from the manikin to the surrounding of 76 

[W] of sensible load without mentioning the ratio or the portion of what is 

convection and radiation. Walls were considered adiabatic in the benchmark 

which could have some implication on results, as heat transfer from wall typically 

has a significant effect on room airflow. 

 

Figure 7.5: Sketch of the benchmark vertical measuring pole (Nielsen et al., 2003) 
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7.3.1.1 Integrated BPS-Physiology-CFD Simulation 

The CFD domain grid consisted of rectangular structured mesh with cell 

dimensions approximately 0.03m around the human body and about 0.1m in 

other regions of the room. As described in section 7.2 ESP-r CFD uses an 

orthogonal grid it is necessary to represent the occupant body shape in a 

rectangular form. As described in subsection 7.2.4 The level of complexity of the 

body geometry has been considered by representing the human body by six 

blockages cuboids representing the head, torso, left and right arms and legs. The 

total number of cells was 81,000. To study the effect of increasing the meshing 

number on the results, another simulation case with 135,252 of a total number of 

cells has been conducted. Figure 7.6 shows the CFD domain in ESP-r first (a) with 

the low resolution the second (b) with a higher resolution. The defacto standard 

k-Ɛ mode turbulence model was used in the simulations. Buoyancy was modelled 

using the Boussinesq approximation with a reference temperature of 24°C. The 

convergence criterion was of a maximum residual value of 10-3. Simulations were 

performed with two-time steps per hour, on a computer with the Ubuntu 

operating system with a 6 GB RAM Memory and 3.60 GHz CPU. The human body 

represented in the room using the six blockages approaches the body surface 

area used in the simulation are given in table 7.1. 

 

 (a) 81,000 cells (b) 135,252 cells 

Figure 7.6: CFD domain setup with the occupant geometry. 
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Table 7.1: Body part surface area used in the simulation 

Body Part area [m2] 

Head 0.123 

Trunk 0.6 

One Arm 0.245 

One Leg 0.31 

Total 1.833 

 

 

7.3.1.2 Results 

The published experimental data and its description did not provide any accuracy 

or measurement error to be considered. For this reason, a qualitative comparison 

between the experimental and simulated results of both air velocity and 

temperature of the four poles has been done. The graphs 7.7 to 7.14 shows the 

comparison of the result between the measured data from Kato’s published 

experiment and the simulated ones of the two meshing cases. 

Figures 7.7, 7.8, 7.9 and 7.10 has the comparison of air velocity distribution over 

the poles one, two, four and five consecutively. Where the first two pols were in 

front of the manikin and two behind as figure 7.5 shows. The two sets of data 

represent the model prediction at low (a) and higher (b) meshing resolution 

where (a) has meshing discretized into 81,000 cells and (b) has 135,252 cells. 

Figures 7.11, 7.12, 7.13 and 7.14 shows the air distribution over the four poles 

and for the two-simulation resolution. 
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Figure 7.7: air velocity at Pole 1 (a)  81,000 cells; (b) 135,252 cells 

 

Figure 7.8: air velocity at Pole 2 (a) 81,000 cells , (b) 135,252 cells 
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Figure 7.9: air velocity at Pole 4 (a) 81,000 cells, (b) 135,252 cells 

 

 

Figure 7.10: air velocity at Pole 5 (a) 81,000 cells, (b) 135,252 cells 

 



multi-segmented model integration with ESP-r’s CFD domain 

160 
 

 

Figure 7.11: Temperature distribution at Pole 1, (a) 81,000 cells, (b) 135,252 cells 

 

 

Figure 7.12: Temperature distribution at Pole 2, (a) 81,000 cells, (b) 135,252 cells 
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Figure 7.13: Temperature distribution at Pole 4, (a) 81,000 cells, (b) 135,252 cells 

 

 

Figure 7.14: Temperature distribution at Pole 5, (a) 81,000 cells, (b) 135,252 cells 

 

The qualitative comparison between the simulation and the experiment showed 

that results follow the experimental line with some discrepancy. The differences 

Error between the experimental and simulation results are shown in Table 7.2.  

In order to evaluate the accuracy of the results, the root-mean-square (RMS) 

residuals and the mean absolute error (MAE) were used. RMS is a measure of the 

variability of the data it has been used as a standard statistical metric to measure 

model performance in meteorology, air quality, and climate research studies 
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(Chai and Draxler, 2014).  The difference in pairs data is calculated and squared 

for each pole, the sum of squared error is then added for the different heights and 

then divided by the respective number of measured points in a pole, according to 

equation 7.2, where Y is the considered data air temperature or velocity and n is 

the number of data. The mean absolute error (MAE) is another useful measure 

widely used in model evaluations (Chai and Draxler, 2014). The difference in 

pairs data is calculated and the sum of absolute values of the different hight for 

each pole is then divided by the respective number of measured points in a pole. 

MAE is calculated as in equation 7.3. 

Table 7.2 shows the temperature and velocity RMS and MAE values for each pole. 

Maximum RMS was 0.68 °C for temperature and 0.025 [m/s] for velocity whereas 

MAE was 0.534 °C and 0.017 [m/s]. It can be also noticed from the table that the 

higher RMS and MAE in both temperature and velocity was at pole 1 and 5 the 

ones far from the manikin also the differences are acceptable but that could be 

due to the discretisation and meshing shape near the walls. 

  

𝑅𝑀𝑆 = √
∑ (𝑌𝑒𝑥𝑝 ,𝑖−𝑌𝑠𝑖𝑚,𝑖)

2𝑛
𝑖=1

𝑛
                                                                (7.2) 

𝑀𝐴𝐸 =
∑ |𝑌𝑒𝑥𝑝 ,𝑖−𝑌𝑠𝑖𝑚,𝑖|
𝑛
𝑖=1

𝑛
                                                                (7.3) 

Table 7.2: Temperature and velocity RMS and MAE values for each pole 

 RMS 

Temperature 

RMS 

Velocity 

MAE 

Temperature 

MAE 

Velocity 

Pole1 0.683 0.025 0.534 0.017 

Pole2 0.342 0.016 0.312 0.013 

Pole4 0.313 0.012 0.229 0.012 

Pole5 0.50 0.018 0.38 0.017 
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Comparing the two simulation cases of the different resolutions, it can be seen 

that increasing the resolution didn’t improve the results much at the four poles. 

Figure 7.15 shows the air velocity comparison of experimental and simulated air 

velocity above the head. particle image velocimetry (PIV) was used to take 

detailed measurements above the head. The differences between the simulation 

and experimental results in the air velocity above the head are because of the 

rectangular shape of the head. Moreover, that can also due to the turbulence 

model used in this study. As the buoyancy produced turbulence in the plume 

above the head is difficult to precisely model and for that, a large eddy simulation 

might be needed. 

 

Figure 7.15: air velocity comparison above the head   
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Figure 7.16: (a) low-resolution meshes, air velocity distribution in the domain (b) 

high resolution meshes air velocity distribution in the domain 

Figure 7.16 (a) and (b) show the air velocity magnitude of a cross-sectional in the 

middle of the domain for a low and high resolution consecutively. Table 7.2 shows 

the skin temperature prediction from the two resolution cases in addition to the 

local air temperature predicted from CFD. The results in table 7.2 show some 

small differences in the local air temperature, and consequently has a small 

influence on the physiology model. Figure 7.17 shows the differences in skin 

temperature between the two meshing cases. From that, it can be concluded that 

increasing the meshing resolution can improve the simulation results a little bit 

especially the plume generated above the human body. On the other hand, the 

simulation time increases massively so it has a more computational cost.   

(a) 

(b) 
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Table 7.2: local body skin temperature and air temperature from a high and low 

resolution. 

 
Hres 

Tskin 

Lres 

Tskin 

T_air from Hres CFD T_air from Lres 

CFD 

Finger_L 31.63 31.56 24.66 24.496 

finger_R 31.62 31.56 24.64 24.491 

palm_L 33.06 33.02 24.66 24.496 

palm_R 33.06 33.02 24.64 24.492 

Forarm_L 32.28 32.23 24.66 24.496 

Forarm_R 32.28 32.23 24.64 24.492 

Upperarm_L 32.08 32.03 24.66 24.496 

Upperarm_R 32.07 32.02 24.64 24.492 

Foot_L 32.77 32.67 23.61 23.20 

Foot_R 32.75 32.67 23.51 23.20 

Calf_L 32.58 32.48 23.61 23.20 

Calf_R 32.56 32.48 23.51 23.20 

Thigh_L 33.44 33.37 23.61 23.20 

Thigh_R 33.42 33.37 23.51 23.20 

Head 35.49 35.42 26.23 25.64 

Lower Chest 33.57 33.58 24.74 24.76 

Upper chest 33.18 33.19 24.74 24.76 

 

The experiment modelled here in this section was using a thermal manikin. 

Thermal manikins are usually used in such experiments studying the flow around 

the body. It usually uses a built-in thermoregulation model but the one used in 

the experiment had a fixed sensible heat loss. Based on that an experiment with 

real human body would suits better the validation purpose, but since there are 

lacking in such experiments this experiment is considered acceptable and it was 

widely adopted.   
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Figure 7.17: Skin temperature distribution over the different body part of the two-

meshing resolution. 

 

7.3.2 Plume development with respect to cell dimension size 

In order to better understand the effect of the simulation resolution on the 

results, the same simulation with the same setup has been run for an additional 

lower resolution. The simulation with the smaller resolution it discretised the 

room into 13,824 cells.  Figures 7.18, 7.19, and 7.20 present the streamlines of 

the flow inside the zone for the three different resolutions, figures also show the 

temperature scale on the glyph and the stream tracers. The resolution of the 

meshing plays a role in the definition of the flow results. In terms of simulation 

time, the lower resolution has significantly reduced the convergence time. In 

general, it can be concluded that a medium resolution can be also acceptable since 

its computational time and results are acceptable.   
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Figure 7.18: streamline of the flow in the room with low resolution. 

 

Figure 7.19: streamline of the flow in the room with medium resolution.  
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Figure 7.20: streamline of the flow in the room with high resolution. 

To show the temperature distribution inside the room the temperature colour 

map has been extracted for two cross-sectional one on the X direction and the 

second on the Y direction. Figure 7.21 shows a cross-section on the middle of X-

axes the human in the middle doesn’t have the temperature representation for 

the inner and outer area since heat fluxes are only linked to the CFD domain.    

Figure 7.22 shows the temperature distribution over a cross-section on the Y-axis 

of the room. It can very clearly demonstrate the temperature gradient from the 

ground to the head of a standing person.  

 

Figure 7.21: temperature distribution over a cross-section in the middle of the X-axes. 
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Figure 7.22: temperature distribution over a cross-section in the middle of the Y-axes. 

 

7.3.3 The natural ventilated case 

7.3.3.1 CFD domain description 

The naturally ventilated case highlights the advantages of linking the BPS model, 

CFD and the occupant model for typical but complex thermal comfort scenarios. 

The description of the simulation setup is as follow; the room has 15.12m2 base 

area dimension: 4.2m width x 3.6m depth x 3m height. It constitutes of three 

external walls: East wall with an opening in the top to the external environment, 

external walls in the south, and north. The west wall is an internal partition and 

has an opening in the bottom. Figure 7.23 shows the CFD domain of a cross 

naturally ventilated room geometry. A warm weather was chosen and table 7.3 

shows the weather data of the chosen simulation day and corresponding hours. 

A flow network has been defined and linked to the CFD domain using the two-

way handshaking method. Which means that at each time-step the thermal 

domain handshakes with CFD, Since the thermal and CFD solution domains 

operate independently, but exchange information at the internal surfaces at the 

begin- beginning of each simulation time-step (Beausoleil-Morrison, 2002). The 
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thermal domain provides boundary conditions for CFD (temperatures or heat 

fluxes), while the CFD model calculates hc coefficients for the thermal domain.  

The flow network connections setup is given in figure 7.24, where it shows the 

outdoor boundary at the outlet opening and from the opposite wall the inlet has 

boundary similar to the room conditions.  

 

Figure 7.23: The CFD domain used in this section with two openings. 

 

Figure 7.24: flow network connection representation. 
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The human representation was again the same approach used in the previous 

simulation by using the six blockages representing the six body parts, the head 

the trunk, two arms and two legs. The occupant model is linked to the multi-

segmented model where heat fluxes are updated each time steps dynamically 

depending on the thermal environmental changes.  

 

7.3.3.2 Changing metabolic rate with time. 

Table 7.3: weather data for each hour of the simulation time for the simulation date. 

Hour Temperature 

wind 

velocity m/s 

wind 

direction 

relative 

humidity 

12 25 2.1 10 39 

13 25.7 4.1 70 35 

14 26.4 5.1 10 38 

 

The occupant was given an initial metabolic rate of 1.4 met (standing doing light 

industrial work), changing to 2.4 met between 12:00 and 13:00 and then back to 

1.4 met until the end of the simulation day. This approach demonstrated the effect 

of variable metabolic rate during a transient simulation. Clothing level was 

chosen as a summer clothes ensemble with insulation 0.45 clo (clothing layers 

covering thighs, chest and upper arms).  

Figure 7.29 a, b and c gives results visualisations for temperature distribution at 

times 12:00 13:00 and 14:00.  The temperature on a plane bisecting the occupant 

and the airflow openings, and arrow representations of the flow field (scaled by 

velocity), are shown. It can be seen how the air velocity change at the inlet 

opening with corresponding to the weather data.  
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Figure 7.30 a, b, c temperature distribution around the manikin at a) 12:00 b) 13:00 

c) 14:00 
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Figure 7.31 shows the variation in heat loss from the dynamic occupant over the 

simulation period. Although the change in metabolic rate has more influence on 

the occupant heat loads, it can be clearly seen that the transient nature of sensible 

and latent loads connected to the environmental conditions. In addition, figure 

7.32 shows the skin temperature of the occupant body parts and the overall 

temperature. From the graph it can be seen the variation of the skin temperature 

over the simulation time, these temperatures influence the occupant thermal 

state and it can be connected later to a thermal sensation and comfort model. 

 

Figure 7.31: Variation of total sensible and latent heat during the simulation time. 
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Figure 7.32: Skin surface temperature of each body part. 

 

7.3.4 Two occupants in one domain with different metabolic 

rate 

This modelling approach has the capability to model multiple occupants inside 

the room with different input characteristics. In the following simulation, two 

occupants in one domain with different metabolic rate were set. The CFD domain 

has the same boundary conditions as in the case described in section 7.3.1 with 

same room dimensions.  A displacement ventilation case with two occupants 

standing in the room. In this approach, the two occupants were set to have two 

different metabolic rates. One occupant was at rest with 1met and the second 

occupant has higher activity with a metabolic rate of 1.8 met. Figure 7.33 shows 

the CFD domain with the discretised meshing and the location of the two 

occupants inside the room. The results from this simulation show the difference 

in heat loads emitted from the occupant body to the domain. Figure 7.34 shows 

the temperature distribution over a cross-section bisecting the location of the 

two occupants in the middle of the room of Y-axis. Similarly, figure 7.35 shows 



multi-segmented model integration with ESP-r’s CFD domain 

175 
 

the air velocity magnitude distribution over a cross-sectional bisecting the two 

occupants. The temperature distribution shows higher values compared to the 

case with only one occupant, in addition, the occupant with a higher metabolic 

rate has a stronger plume over the head with higher temperature and velocity.   

The model can be used in different cases, mainly to study the thermal 

environment surrounding occupants and their thermal comfort in cases where 

people have different activity level like in hospitals, school etc. 

 

Figure 7.33: CFD domain with two human body inside the room. 

 
Figure 7.34: Temperature distribution over a cross-section bisecting the human. 
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Figure 7.35: Air velocity distribution over a cross-section bisecting the human. 

7.4 Conclusion 

In this study, the coupling method of a multi-segmented thermo-physiology 

model with ESP-r and its integrated CFD solver has been presented. The coupling 

method was validated a benchmark study of displacement ventilation and our 

results were in a good agreement with the published data.  

The detailed occupant representation of our coupling also applied in a natural 

ventilation case to show its transient capability. In addition, we applied this 

approach to simulate multiple occupants with different metabolic rates.  

The coupling approach has the capability to present multiple occupants in one 

domain and allows the user to set a schedule for the building occupant activities 

over the simulation time. But on the CFD side, when assessing multiple occupants, 

the computational resources required to simulate requires longer.  

By developing this model and the linkage associated, it increases the reliability of 

simulation for the flow and system.  

The results presented here may facilitate improvements in the building 

simulation. Further investigation on the coupling method and studies on thermal 

comfort adaptation for multiple occupants with different thermal behaviour in 

the same domain will be presented in further studies. 
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Chapter 8: Conclusions and further 

development 

8.1 Chapter overview 

This chapter summarises what has been achieved throughout this thesis and 

connected it back with the aims and objectives. Also, it looks ahead to how the 

work presented in this thesis may be improved upon. In addition, opportunities 

for future work has been discussed. 

8.2 Satisfaction of project aims and objectives 

The stated aim of this research was to improve the representation of occupants 

in building simulation tools. Throughout this thesis, the author tried to show how 

the building occupants and the building thermal environment are coupled. And 

gradually the occupant representation has been improved from a simple dynamic 

sensible and latent heat load, to full integration of a detailed multi-segment 

human thermal model with the integrated CFD within the building simulation 

tool ESP-r. 

Multiple objectives have been stated for this thesis, were:  

1. To investigate the effect of the dynamic occupant heat load on the indoor 

thermal condition. 

2. To integrate a two-node model (core and skin) building occupant model 

with ESP-r.  

3. To integrate a multi-segmented human thermal model with ESP-r. 

4. To integrated the multi-segmented model with ESP-r’s integrated CFD.  

5. To clarify the capability of such integration in multiple simulation case 

scenario. 
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These objectives have been realized within the framework of ESP-r’s integrated 

and partitioned solution approach. First, the dynamic nature of the occupant heat 

loads (sensible and latent heat loads) was approached by developing and 

integrating a simple regression line for each sensible and latent heat load. The 

regression lines generated in chapter 4 were based on the data available in the 

literature of people at steady-state and in a dynamic environment. The regression 

lines model were basically a function of the indoor operative temperature and the 

occupant metabolic rate only. This integration demonstrated the needs of 

implementing a more detailed human thermal model which accounts for the 

physiological phenomena in addition of considering other environmental 

parameters like relative humidity, air temperature and radiant temperature and 

air velocity alongside to personal parameters like the clothing insulation and 

metabolic rate.  So secondly the two-nodes model has been developed and 

implemented in ESP-r. That has been explained in chapter 5 where the energy 

balance equations of both skin and core of the human body have increased the 

level of representation of the building occupant thermally within the building 

performance simulation system.    

A dynamic clothing insulation model has been adopted and implemented 

together with the two-node physiology model to account for the human 

behaviour of clothing adaptation. This integration provided in chapter 5 has given 

more robustness to the model, in general, knowing that clothing insulation level 

affects the heat transfer from the human body and consequently its thermal 

comfort.  This integration model has been tested in chapter 5 in a couple of 

application where a model of a classroom has been presented showing the 

differences that may arise compared to the simplified method. 

Third, The level of details of representing the building occupant has been 

augmented and that is by developing and integrating a multi-segmented thermal 

comfort model in ESP-r. Chapter 6 showed a description of the multi-segmented 

model which consider the human body as 26 body segment and accounted for the 

different thermoregulation phenomena as sweating, shivering and blood flow 

regulation. The model uses a realistic blood flow calculation and distribution over 
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the body parts. This increase of details in the occupant representation in building 

simulation missed the same level of details from the building simulation as 

chapter 5 stated. Finally, to cope with this issue of the level of details of 

representing the human body with multiple nodes compared to air and surfaces 

as one node each, the multi-segmented model has been integrated with the 

coupled CFD domain in ESP-r. That coupling approach has given the simulations 

more robustness it also opens a bigger possibility and usability for such 

integration.  

The coupling approach in chapter 7 has been validated with published 

experimental results done on a thermal manikin in a chamber with a 

displacement ventilation system. 

Also, chapter 7 presented a couple of simulation case where both displacement 

ventilation and natural ventilation has been applied. Besides, the application of 

having two human body inside a room with different metabolic rates has been 

presented where the possibility of showing differences in thermal perception can 

be valid. 

8.3 General discussion 

The thesis covered three approaches of occupant representation in building 

simulation, starting from a simple dynamic approach and ending by a more 

detailed including detailed human body and CFD.  

The simple occupant heat loads model is good for a fast calculation to consider 

the transient occupant heat loads, but this approach does not account for the 

physiological/thermoregulatory behaviour of the human body. It is very useful 

for the occupant heat loads calculation at each time step considering the influence 

of operative temperature on the ratio of sensible/latent load.  

The two-node model is another a quiet fast approach which accounts for the 

physiological phenomena and variable clothing insulations. As it does not require 

lots of inputs from the building simulation tool user. It is more accurate compared 
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to the previous approach it predicts skin and core temperature dynamically so it 

can be linked to a PMV scale model to predict thermal comfort. The model was 

linked to a dynamic clothing model that changes insulation values based on the 

outdoor weather of each simulation day. That provides an additional degree of 

dynamical prediction. This approach considered dynamic it does a quick 

calculation it is very useful if one needs to consider the dynamic thermal 

interaction between the human body and its thermal environment as surfaces 

and air temperature, relative humidity and clothing. The metabolic rate is 

considered as predefined input in a schedule. 

The multi-segmented model requires more computational time and it is best 

suitable for local environmental and asymmetric studies. This model can be best 

used in a CFD domain where local environmental conditions give a greater degree 

of modelling detail. Further, it requires more information from the user as 

location and requires time to set up the human body (blockages) inside the CFD 

domain. This coupled simulation of multi-segmented physiology model and the 

integrated CFD in building simulation will be best used for studying HVAC system, 

asymmetric environment, radiant surfaces and local heating cooling devices.  

8.4 Contributions to the State-of-the-Art 

To the Author’s knowledge, there were no other examples in the literature where 

a very detailed, multi-segment human physiology model has been fully integrated 

with a building simulation tools and CFD for use in such activities as detailed 

comfort assessment and modelling of passive ventilation systems. Additionally, 

previous to this research the occupant heat load was defined as a fixed ratio of 

sensible and latent heat loads. 

This thesis contributes to the state of the art by developing a method for coupling 

an explicit thermal representation of building occupants within the CFD-coupled 

with building simulation tools in order to have a reliable and more detailed 

prediction of their thermal comfort and their thermal interaction with the 

building in greater detail than has been done before. The models have been 
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included in the final release of ESP-r and have been made available as open-

source with a tutorial and examples.  

Furthermore, this thesis showed how an occupant can be modelled as a thermal 

node in the building simulation system and being a connected part of the building 

simulation system. With the modification presented in this thesis the occupant 

heat loads become dynamic accounting for the effect of changes in the thermal 

environmental parameters.  

8.5 Further development 

 Although the work documented in this thesis represents a contribution towards 

integrating a detailed human thermal comfort model with building simulation 

and its integrated CFD domain, much work remains. 

Here are some prospects for improvements in the code to be done in the future: 

1. All the simulations presented in this thesis had considered the human 

body with a standing posture, different posture can be applied for the 

human body in a simulation and that requires some manual 

modifications in order to account for example for a sitting or even a lying 

human body.  

 

2. Improving MRT calculation, the mean radiant temperature is considered 

as the average MRT calculated by ESP-r at the centre of the zone or the 

one calculated from a sensor located in a specific location and it is 

considered uniform for the whole body. In future local MRT sensor for 

each body segment can be considered to account for the local radiant 

heat exchange. 

 

3. The direct solar radiation load on the human body is not considered in 

this thesis only longwave radiation exchange between the body and the 

building surfaces is considered. The detailed human thermal model is a 

valuable tool to study the direct solar radiation hitting the human body 

and that is for example to study thermal comfort of occupants sitting 

close to fenestration and transparent surfaces which allow the solar 
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radiation to penetrate the zone. In addition, it will be very useful in 

modelling the shading system like in complex fenestration systems. 

8.6 Future research 

The human behaviours of building occupant are greatly correlated with human 

thermo-physiology. Using the detailed multi-segmented model with other human 

behavioural models can lead to a better projection of the occupant thermal 

comfort and building performance.  Here are some examples for future 

consideration: 

1. Developing a dynamic HVAC controller, the model can be further used as 

a controller (dynamic sensor) to control air conditioning or even 

considering the thermal state of the occupant for windows openings in a 

naturally ventilated building.  

 

2. Improving and developing a detailed dynamic clothing model for the 

multi-segmented model and link it to the multi-segmented model. People 

change their clothing to adapt to their thermal environment.  

 

3. Occupants move between the different building zones and between 

outdoors and indoors. With that in mind, a human behaviour model of 

building occupant movement and presence can be linked with the 

physiology model to account for the corresponding changes in the 

environmental conditions.  

 

4. Thermal comfort of senior people becomes an interesting research topic 

with the increasing of the mortality age. Older people thermoregulation 

showed differences compared to young people, for that developing an 

adapted thermophysiology model for the elderly is important.  With such 

a model, it would be easier to project and understand the thermal 

comfort of individuals with different age groups sitting in the same 

thermal environment. 

5. Studying the effect of local heating and cooling devices on improving 

local thermal comfort and reducing the building energy consumption. 
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Devices such as foot warmer, heating/cooling chair and personalized 

ventilation. 

6. The role of ventilation in increasing or reducing the infection rate of 

viruses becomes a big research question, especially during the COVID-19 

era. More recommendation toward natural ventilation and personal 

ventilation with fresh air is another option. 

Although in this thesis some application has been presented as in chapter 7. A 

further application is needed with respect to test the robustness of the modelling 

approaches. Most of the research questions mentioned in this section can be 

evolved with the advantage of the detailed human thermal model linked with 

building simulation presented in this dissertation. 
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Appendix A: Regression line 

statistics 

The following statistical data presents the sensible and latent heat load 

regression line. It also shows the R-value, R-square and the residuals.  
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Appendix B: Dynamic model 

Fortran code 

The following is the Fortran code of the two-nodes physiology model. For the 
detailed multi-segment model readers are referred to the ESP-r official release 
into the following directory: 
Esp-r/src/ebld/segmentedocc.f90 
  
C************Dynamic occupant subroutine********************************** 
      Subroutine DynamicOcc(ICOMP,METAo,CLOTHO) 
      REAL TPA,TAIR,H2Oexp,HRexp,Mresp 
      COMMON/ATPRES/PATMOS 
      REAL TMRT,TOP,Tamb 
      real PATMOS ! Ambient pressure  
      integer ICOMP 
      REAL  Tcr(2),Tsk(2) 
      REAL  Cp_blood   ! Blood specific heat (J/Kg oC) 
      parameter (Cp_blood=4190.0) 
      real  ro_blood   ! Blood density (kg/l) 
      parameter (ro_blood=1.29) 
      real  Cp_body    ! Mean body specific heat (J/Kg oC) 
      parameter (Cp_body=3500) 
      real  hfg        ! Water heat of evaporation (J/Kg) 
      parameter (hfg=2.43e6) 
      real  cpair      ! Air specific heat (J/Kg oC) 
      parameter (cpair=1005.7) 
      real  mtotal     ! Total body mass (kg) 
      parameter (mtotal=75.33) 
      real  Ask        ! Total body area (m2) 
      parameter (Ask=1.8518) 
      real  Patm       ! Atmospheric pressure ! Ambiant relative humidity 
      parameter (Patm=1.013e2) 
      real  Psat_amb,Psatsk  ! Ambiant saturation pressure (kPa)/ skin saturation 
pressure 
      real  Pv_amb           ! Ambiant vapor pressure (kPa) 
      real  HR_amb           ! Ambiant humidity ratio 
      real  fs_thick                    ! Fat skin thickness (mm) 
      parameter (fs_thick=20) 
C Heat exchange coefficients at skin surface 
      real  hc,hr,he         ! Convection coefficient at still ambiant air (W/m2 oC)  
                             ! Radiation coefficient (W/m2 oC)Evaporation coefficient (W/m2 
kPa) 
      real  Rcl,Rcle,fcl     !Clothing resistanve  
      real  shiv,W,Qcrsk,K,PsatT,mswT,PskT,mshivT,Ccr 
      real  resl,ress,sresT,lresT      ! latent and sensible heat loss from respiration 
      real  Pskin,mblsk,Qboold,Csk,PVAMB,mbskT,ALFA 
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      real  sklat,skcon,skrad,expo   ! latent, convective, radiative heat loss 
      real  METAo,CLOTHO,META 
      real  SWEAT                    ! Sweating weighting factor 
      real  COLD                     ! Shivering weighting factor 
      INTEGER  t_scounter,time_step, prtime 
      real  QTOT,COMF,MET,Qcomf,t_sB 
      expo=1.5 
      SWEAT=1.4 
      COLD=1.0                       ! Shivering weighting factor W is the mechanical work 
      ALFA=0.1 
      Tcr(1)=37.00                 ! initial conditions 
      Tsk(1)=33.00 
 
C Clo = 1 - corresponds to the insulating value of a person wearing a business suit 
C sitting in comfort at rest in a room at 21C with air movement of 0.1 m/s and 
humidity less than 50% 
      Rcl=0.155*CLOTHO    !m2k/w 
      Rcle=0.02 
      if (Rcl .LE. 0.078) then 
         fcl = 1 + (1.29 * Rcl) 
      else 
         fcl = 1.05 + (0.645 * Rcl) 
      endif 
      t_sB=3600./float(NTSTEP) 
      time_step=1 
      t_scounter=1 
      INDX=ICOMP*(-1)   ! negate the zone index for use in mzmixt. 
      CALL MZMIXT(INDX,TMRT,TMIX) 
      TAIR=TPA(ICOMP) 
      TOP=0.5*TMRT+0.5*TAIR  
 
10    if (t_scounter.LT. int(t_sB)) then 
       if (TTcr(ICOMP).GT.5) then  ! if first time called for a zone TTcr(ICOMP)                      
         Tcr(1)=TTcr(ICOMP)! will be equal to zero if not it will be set to present core 
temperature 
         Tsk(1)=TTsk(ICOMP) 
       end if 
 
      META=METAo 
      Tamb=TOP + 273.0 
      RH=PCRH2(TPA(ICOMP),GFA(ICOMP),PATMOS)/100.0 
      if (RH.lt.0.3)RH=0.3 
      Psat_amb=PsatT(Tamb) 
      Pv_amb=RH*psat_amb 
      HR_amb=0.622*pv_amb/(Patm-Pv_amb) 
      skT=Tsk(1)+273 
      crT=Tcr(1) 
      resl=lresT(META,(Tamb-273.0),HR_amb) 
      ress=sresT(META,(Tamb-273.0),HR_amb) 
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C Calculation of the skin conductance from the correlations of Havenith. 
      Kmuscle=(1.0/0.05)*Ask 
      Kfatskin=Ask/((fs_thick-2.0)*0.0048+0.0044) 
      K=1.0/(1.0/Kmuscle+1.0/Kfatskin) 
      Psatsk=PsatT(skT) 
      Qcrsk=K*(Tcr(1)-Tsk(1))     ! W=W/K*(K) 
 
C heat transfer coeficients 
      hr=0.7*4.0*5.67e-8*0.95*(273.0+(Tsk(1)+Tamb-273)/2)**3 
      hc=7.5      ! could be modified to be calculated from de Dear hc=10.3V^0.6 
W/(m2•ºC)  
      he=16.5*hc 
 
C functions called  
      Pskin=PskT(Psatsk,he,Pv_amb,mswT(Tcr(1),Tsk(1),Ask,SWEAT)) 
      shiv=MshivT(Tcr(1),Tsk(1),cold) 
      mblsk=mbskT(Tsk(1),Tcr(1)) 
      Qbld=(mblsk*ro_blood*Ask*Cp_blood*(Tcr(1)-Tsk(1)))/(3600.0) 
      ALFA=0.0417737 + 0.7451832/(mblsk + 0.585417) 
      Ccr=Cp_body*mtotal!*0.75!(1-ALFA) 
      Csk=Cp_body*mtotal!*0.25!(ALFA) 
      Mresp=1.43e-6*META                       !kg or kg/s?? 
      HRexp=0.2*HR_amb+0.0277+6.5e-5*Tamb 
      H2Oexp=Mresp*(HRexp-HR_amb)              !!kg/s? 
      H2Oswt=mswT(Tcr(1),Tsk(1),Ask,SWEAT)*ASK  !Kg/s 
C Calculating the future skin and core temp 
      QTOT=(Qcrsk-(Ask/expo)*((Tsk(1)-(Tamb-273))/ 
     &   (Rcl+1/(fcl*(hc+hr)))+(Pskin-Pv_amb)/(Rcle+1/(fcl*he)))+Qbld) 
      Tsk(2)=QTOT*time_step/Csk+Tsk(1) 
      Tcr(2)=((META+shiv-resl-ress-Qcrsk- 
     &       Qbld)*time_step/Ccr)+Tcr(1) 
      sklat(ICOMP)=((Pskin-Pv_amb)/(Rcle+1/(fcl*he)))*(Ask/expo)+resl 
      skcon(ICOMP)=((Tsk(1)-(Tamb-273))/(Rcl+1/(fcl*(hc+hr))))* 
     &             (Ask/expo)+ress 
      skrad(ICOMP)=((Tsk(1)-(Tamb-273))/(Rcl+1/(fcl*(hc+hr))))* 
     &             (Ask/expo)*0.6 
      COnflux=skcon(ICOMP)/Ask 
      TTcr(ICOMP)=Tcr(2) 
      TTSK(ICOMP)=Tsk(2) 
      t_scounter=t_scounter+1 
 
      if (t_scounter .eq. int(t_sB-1)) then 
C     This code to calculate PMV CCCC test 
      MET=META/Ask  !metabolic rate in w/m^2 
      Pskin=PskT(Psatsk,he,Pv_amb, 
     & mswT(TTcr(ICOMP),TTSK(ICOMP),Ask,SWEAT)) 
      Qcomf=(META-sklat(ICOMP)-skcon(ICOMP))/Ask 
      COMF=(MET-58.2)*0.42 
      if(COMF.LT.0)COMF=0 
      PMV=(0.303*exp(-0.036*MET)+0.028)*(Qcomf+COMF)     
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      PPD= 100.-95.*exp(-0.2179*((PMV)**2)-0.03353*((PMV)**4)) 
 
      open(221, file='Dynamic_results.csv', status='unknown', 
     & access='append') 
      write(221,*) Tsk(2), ',' ,Tcr(2), ',' ,Qcomf, ',' , 
     &      PMV, ',' ,PPD, ',' ,TOP, ',' ,RH, ',' ,CLOTHO, 
     &      ',' ,Rcl, ',' ,mblsk, ',' ,META, ',' ,shiv, ',' , 
     &       resl, ',' ,ress, ',' ,sklat(ICOMP), ',' ,skcon(ICOMP)     
      close(221) 
      endif 
      Go to 10 
 
      endif 
 
      END subroutine 
 
      real function SresT(M,T,HR) 
      implicit none 
      real, intent(in):: M,T,HR 
      real  Tex,mres 
      real  cpair 
      parameter (cpair=1005.7) 
      mres=1.43e-6*M 
      Tex=88.6+0.066*T+57.6*HR 
      SresT=mres*(cpair*(Tex-T)) 
      return 
      end function SresT 
 
      real function LresT(M1,T1,HR1) 
      implicit none 
      real, intent(in):: M1,T1,HR1 
      real  HRex,mres1 
      real  hfg 
      parameter (hfg=2.43e6) 
      mres1=1.43e-6*M1 
      HRex=0.2*HR1+0.0265+3.6e-5*T1 
      LresT=mres1*(hfg*(HRex-HR1))       
      return 
      end function LresT 
       
C Calculates the Control metabolic rate (shivering) (in Watts) 
      real function MshivT(Tcr,Tsk,w) 
      implicit none 
      real, intent(in):: Tcr,Tsk,w 
      real  Tshiver,Mshivmax 
      if (Tcr.LE.35.8) then 
        Tshiver=35.8 
      else 
        Tshiver=-1.0222e4+570.97*Tcr-7.9455*Tcr**2 
      end if 
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      if (Tcr.LT.37.0) then 
        Mshivmax=-1.1861e9+6.552e7*Tcr-9.0418e5*Tcr**2 
      else 
        Mshivmax=0.0 
      end if 
      if (Mshivmax.LE.0) then 
        Mshivmax=0.0 
      end if 
      if ((Tsk.GT.(40-Tshiver)).or.(Tsk.LT.Tshiver)) then 
        MshivT=Mshivmax*(1.0-((Tsk-20.0)/(Tshiver-20.0))**2) 
     &       *w/3600.0 
        return 
      else 
        MshivT=0.0 
        return 
      end if 
      if (MshivT.LE.0) then 
        MshivT=0.0 
      end if 
      return 
      end function MshivT 
 
C Calculates the sudomotor response (sweat rate) (Kg/s/m2) 
      real function mswT(Tcr,Tsk,A,w) 
      implicit none 
      real, intent(in)::  Tcr,Tsk,w,A 
      real  Tsweat 
 
      if (Tsk.LT.33) then 
        Tsweat=42.084-0.17833*Tsk 
      else 
        Tsweat=36.75 
      end if 
 
      if (Tcr.GT.Tsweat .or. Tsk.GT.33) then 
        mswT=(45.8+739.4*(abs(Tcr-Tsweat)))*w/3600.0/1000.0/A 
        return 
      else 
        mswT=0.0058e-3/A 
        return 
      end if 
      end function mswT 
 
C Calculates saturated vapor pressure for a given temperature (kPa) 
      real function PsatT(T) 
      real, intent(in)::  T 
 
C Coefficients of saturation pressure correlation according to ASHRAE 
      real  c8,c9,c10,c11,c12,c13 
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      parameter (c8=-5800.2206,c9=1.3914993,c10=-0.04860239, 
     &  c11=0.41764768e-4,c12=-0.14452093e-7,c13=6.549673) 
      
      PsatT=(exp(c8/T+c9+c10*T+c11*T**2+c12*T**3+c13*log(T)))/1000.0 ! 
Saturation pressure correlation according to ASHRAE 
      return 
      end function PsatT 
 
C Calculates the vapor pressure at skin (kPa) 
      real function PskT(Psatsk,he,Pa,mswT) 
      real, intent(in)::  Psatsk,he,Pa,mswT 
        PskT=(Psatsk/he+Pa*0.3+mswT*0.3*2.43e6/he)/(1/he+0.3) 
      if (PskT>=Psatsk) then 
        PskT=Psatsk 
      endif 
      return 
      end function PskT 
 
C Calculates skin blood flow in (L/m2hr) 
      real function mbskT(Tsk,Tcr) 
      real, intent(in)::  Tsk,Tcr 
      real Con,Dil,mbbsk 
      Con=0.5*(34-Tsk) 
      if(Con.LT.0) then 
      Con=0 
      endif 
      Dil=50*(Tcr-37) 
      if(Dil.LT.0) then 
      Dil=0 
      endif 
      mbbsk=(6.3+Dil)/(1+Con) 
      if ( mbbsk.LT.0.5) then 
         mbskT=0.5 
      else if( mbbsk .GT.90)then 
         mbskT=90 
      else 
         mbskT=mbbsk 
      end if 
      return 
      end function mbskT
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