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Abstract 

 

There are many software packages today that can describe the heat load calculations necessary to 

model a building’s thermal characteristics. Though very complex, these software programs lack the 

ability for rapid prototyping of building models to determine a relative heat gain profile. This thesis aims 

to develop a software program that can accurately determine the heat loads of several simple buildings 

models, and to determine the optimum design configuration for future, higher detailed calculations. 

From this software, a building material test facility will be proposed for the purpose of testing current 

and new materials to determine their thermal properties. Energy savings of the test facility are 

determined based on the amount and properties of added insulation or reflective paints. This software 

will be used in future studies to quantify and predict the heat flux properties of aging and weathered 

building materials. 
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Introduction 

 

As the world’s population surpasses 7 billion inhabitants, the ever growing demand for energy has 

driven the search for more and more sources of cheap energy. The latest trend has been the 

exploitation of natural gas, with the UAE consuming 59.08x109 m3 and the largest consumer, the United 

States, at 646.6x109 m3 , as of 2009 (Central Intelligence Agency, 2009). While this fuel burns cleaner 

than traditional oil or coal, it is still a fossil fuel and is limited in its availability and longevity. There are 

only 2 ways to solve the long-term energy security of the population: energy suppliers will need to 

switch from non-renewing energy sources to present and future forms of renewable energy to meet the 

demand, and energy consumers will need to reduce the total level of consumption to fall below the 

threshold of available energy production capacity. Both of these prospects have inherent benefits and 

drawbacks for their implementation, whether it is for the power plant manager, a company’s factory, or 

the local resident. Regardless of their decisions, these market competitors must keep in mind that the 

ultimate goal as a society is to grow and eventually sustain a level of production and consumption that 

meets or exceeds our needs today and can be sustained over the long term indefinitely. 

 

This Thesis will focus on the second of these energy requirements, in which the energy consumption 

levels of today must be reduced, and that energy should be utilized efficiently without excessive waste. 

According to the International Energy Agency (International Energy Agency, 2008), an average 

residential household in the United Arab Emirates uses around 40% of the final energy consumption. In 

hot and humid climates, the main energy expenditure comes from the cooling demand inside the 

building envelope. A problem arises when heat and humidity from outside leaks in or traverses through 

the building envelope, effectively increasing the demand for more cooling. With the proper materials 

and installation techniques, a building façade can slow or even reflect these heat gains away from the 

indoor space.  

While energy savings are encouraged for all building types, there is a critical point in which the marginal 

cost of adding more insulating materials will match the marginal cost of cooling the indoor air. Proper 

building modeling and simulations must be performed alongside economic energy analyses, in order to 

determine the optimum design for any particular construction project. This thesis hopes to add to the 

simulation techniques currently in use today, but also to simplify the level of understanding needed to 

properly model a project. In addition, designs for a test facility in real climatic conditions are utilized to 

verify the simulation model for accuracy, and to test new materials for their thermodynamic 

characteristics. 

  



2 

 

Thesis Outline 

 

The following list details the main Sections of this thesis report: 

 

A. Literature Review - An introduction to different heat transfer mechanisms is discussed. Also, different 

materials found most commonly in buildings are investigated, along with their functions 

B. Methodology - The decisions and design choices used to specify the final Test facility parameters are 

outlined. After, a detailed description of the process and final development of the CSEM software is 

described. 

C.Results & Conclusions - The results from several different Simulations are analyzed and the simulation 

is verified versus the TRNSYS software package. This is followed by a brief set of overall conclusions and 

future suggestions. 
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Literature Review 

 

Thermodynamic Laws 

 

For a closed system, the first law of Thermodynamics states: 

In a thermodynamic process, the increment in the internal energy of a system is equal to the difference 

between the increment of heat accumulated by the system and the increment of work done by it. 

This definition was proposed by Rudolf Clausius in 1850 (Clausius, 1850). It is generally stated today to 

mean that energy cannot be created nor destroyed, only transformed from one species to another. This 

fundamental principle of thermodynamics is of ultimate importance regarding the study of heat transfer 

and energy savings. Consider for example a small room with an air conditioner in thermal equilibrium 

with its surroundings. To ensure that this room is comfortable to sit in, the air conditioner uses electrical 

energy to absorb, transfer, and reject heat from inside the room to outside. It may seem like the room is 

losing energy for free, but when the energies of running the air conditioner and the increase in energy of 

the outdoor environment are all accounted for, the total net energy gain of the system is zero. The 

reason for this perceived ‘free’ cooling is that the heat sink, in this case the atmosphere is vastly greater 

in dimensions to our small room, and as a result its temperature increase is negligible in comparison. It 

is by this mechanism of heat transference, from cold to hot, that most of the thermal comfort enjoyed 

today is achieved. 

 

Regarding the same example, if this room was isothermally insulated, and exchanged no other heat with 

its surrounding, then the air conditioner could theoretically be turned off and the room would stay at a 

cooler temperature indefinitely. This is not realistic however, mainly due to the second law of 

thermodynamics, which states in general terms that heat will always flow spontaneously from higher 

temperatures to lower temperatures, and will never spontaneously reverse this direction. In our small 

room example, the air conditioner provided the energy needed to cool down the indoor air space, which 

would never have occurred naturally. Now that the indoor temperature will be less than the outdoor 

temperature, heat will tend to flow into the building, as water flows down a stream. But just as the flow 

of water can be slowed down by adding obstacles in its path, so too can heat energy be slowed down by 

introducing insulating materials in its path. This is the main reason for the study of insulating building 

materials. By reducing the flow rate of energy into the building, the air condition will require less energy 

to remove the unwanted thermal energy gains, and maintain a lower internal temperature. 

 

The heat gained by the spontaneous flow of energy from a higher temperature reservoir to a lower one 

is best described in its simplest form by Fourier’s law of 1 dimensional heat flux: 
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 � � �� · ���� (1) 

 

The rate of heat flow q is directly proportional to the temperature difference and inversely proportional 

to the thickness of the material. The constant of proportionality is call the thermal conductivity, and is 

specific to any particular substance. The negative sign ensures that the heat flow is always from the 

hotter Temperature to the cooler Temperature. This constant is of great importance, since it is a way to 

directly compare multiple materials to each other based on their effectiveness at transmitting heat. In 

many cases regarding everyday outdoor temperature differences, the thermal conductivity stays 

relatively constant, but does depend slightly on the material density, porosity, moisture content, and 

mean temperature difference (Abdou & Budaiwi, 2005). 

 

An excellent analogy is to visualize two pools of water at two different heights. This height is analogous 

to the temperature difference. The distance between the pools is correlated to the thickness of the 

material, and the smoothness of the path is similar to the thermal conductivity. The rate at which water 

falls from the higher pool to the lower pool is equivalent to the heat flux in this example. A larger 

difference in height, a shorter separation, or a smoother path between the pools will all lead to an 

increased flow rate. It is possible to imagine an air conditioning unit as a water pump that uses energy to 

maintain a lower water level by displacing fluid to the upper reservoir. The Thermodynamic laws can 

also be expressed in this analogy by stating that the total amount of water and energy in the system 

(including gravitational potential energy) is constant (1st Law) and that water will never spontaneously 

flow from the lower pool to the upper pool(2nd Law). 

Heat Transfer Mechanisms 

 

It is important to understand the 3 main mechanisms by which this heat flux can travel through a 

medium, namely conduction, convection, and radiation. Each mode is characterized by the way energy 

is transported across a distance. Simulation models use these heat transfer mechanisms to accurately 

predict a material’s temperature profile and thermal energy flux. 

Conduction 

 

Conduction is the process by which heat energy, in the form of microscopic atomic vibrations passing 

from molecule to molecule because of their proximity to one another, without actually displacing largely 

their positions. A molecule with more energy (higher Temperature) with bump into its neighbors more 

often, both reducing its own energy and passing it on to his neighbors, until an equilibrium is reached 

between incoming energy and outgoing energy. It is by this process that thermal energy is transferred 

from a higher temperature area to a lower temperature area. 
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Convection 

 

Convection works much in the same way as conduction, except that the heat energy is now carried 

along with the medium as it flows naturally or forced mechanically through a system. This mainly applies 

to the interaction of gases with solids and liquids, as well as the flow of gases through a system. As a hot 

gas comes in contact with a cool, stationary medium, it will impart some of its energy to the object and 

leave with less energy. The rate at which this energy is transferred depends on the Temperature 

difference (energy of both medium), but also depends on how often the molecules can interact with the 

object. By taking into account the speed and direction, molecular momentum, amount of gaseous 

mixing, and boundary layer effects, an overall coefficient can be estimated to approximate this rate of 

heat transfer (Lienhard IV & Lienhard V, 2000). Also, due to the density difference between hot gas and 

cold gas, a hotter gas will naturally buoy upwards, forming a natural convective current that aids in the 

dissipation of heat from a surface. The aforementioned parameters are usually lumped into a single 

coefficient to simplify the heat transfer equation, given by: 

 � � 	
 · ����� � ��� (2) 

 

This equation, called Newton’s Law of Cooling,hI is the overall convective heat transfer coefficient, Tbody 

is the objects surface temperature, and T∞ is the Temperature of the bulk gas at a distance away from 

the body. In this case, a positive heat flux q represents a hot solid body transferring heat energy away 

through the interaction of cooler air passing around it. A good visualization to represent this is a cup of 

hot coffee. If you place your hand slightly to the left or right of the coffee cup, you will not feel much 

heat, but if placed directly over the surface, hot air can be felt travelling up and over your hand. This is 

due to the air molecules, just above the coffee surface, bouncing off the liquid and absorbing heat 

energy. This new hotter air is less dense than its surroundings and will rise up to you hand. Colder air 

from the sides will flow in and the cycle will repeat until the coffee loses enough heat energy to match 

that of the air above it. 

 

Radiation 

 

Radiation is fundamentally different from the previous two heat transfer mechanisms because it does 

not require a medium to transport the energy to and from a body. In general, a heated object will have 

its molecules vibrating at certain frequencies. At the surface boundary, these vibrating molecules will try 

to lower their energy, and will transform part of this energy into electromagnetic radiation. Radiation is 

emitted in all directions, but will be re-absorbed if it encounters another object. Only certain 

wavelengths will be emitted, depending on a materials atomic structure, and will have energy 

corresponding to its frequency. In this way the surface molecules will become cooler, until they reach an 

equilibrium state where incoming and outgoing energies are balanced. An important consideration 

when calculating the amount of energy emitted by a hot object is its absolute temperature, in degrees 
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Kelvin. When two bodies of different temperatures are facing one another, they exchange heat energy 

according to the formula: 

 ���� � � · � · � · � · ���� � ���� (3) 

 

This is the Stefan-Boltzmann Law of radiation heat transfer. The emissivity of the surface ε, an intrinsic 

property of the materials’ surface, times the Stephan-Boltzmann constant σ (5.67x10-8 J/s.m2.k4), times 

the surface area of the object A, times its view factor F, or the fraction of ‘view’ that each surface can 

see of one another, times the temperature difference in degrees Kelvin of each surface to the 4th power. 

For a flat roofed building, the view factor is 50%, since only half of the global sphere around the earth 

can be ‘seen’, and the temperature difference will be between the roof temperature and the sky 

temperature. A consequence of this 4th order temperature dependence is that a linear increase in the 

objects temperature, as well as a linear increase in both temperatures with a constant temperature 

difference, both will lead to an exponential growth in the amount of radiation energy that is transferred. 

It is for this reason that incoming radiative effects on the building envelope can have a considerable 

effect on the surface Temperature increase, and as a result a larger overall temperature difference and 

heat flow rate. 

 

Thermal Storage 

 

While thermal storage is not a direct heat transfer mechanism, it does influence how the temperature 

profile of a material will look over time. There are two main types of heat storage, namely sensible heat 

storage and latent heat storage. Sensible heat storage refers to the increase in internal temperature of a 

material, mainly by increased molecular vibrations. For high density materials, this effect is amplified 

due to the amount of energy that can be stored in the bulk. In the case of latent heat storage, energy is 

stored by the phase change of a material, or the energy needed to break or create intermolecular 

bonds, most commonly from a solid to a liquid form. This energy can then be released later by the re-

solidification of the material. In general, latent heat storage can hold much more energy than sensible 

heat storage. These effects can be calculated using the 1 dimensional Heat diffusion equation: 

 
������ � ��� · ��� ! 1# · ���  (4) 

 

In layman’s terms, the acceleration of heat through a material is directly proportional to the materials 

density, its heat capacity (either sensible or latent), and the temperature difference over time, while 

inversely proportional to its thermal conductivity. The term D is called the thermal diffusivity, 

sometimes denoted as (κ, α, or a), and incorporates all the aforementioned variables. 
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If a building contains ‘thermally massive’ materials, or those that have the ability to store a considerable 

amount of energy, what will occur is that the plot of a temperature profile of a building will decrease in 

amplitude and lag behind a similar non-massive building. This can be better described by going through 

the day and examining the thermal processes. Early in the morning we assume that all air temperatures 

and material temperatures are in equilibrium, i.e. No heat transfer is occurring. Now as the sun rises and 

the outdoor temperature start to increase, heat will spontaneously flow into the building. Part of that 

heat will enter, but also a fraction will be taken up into the internal energy of the thermally massive 

material. After a certain period, though, the massive material reaches thermal equilibrium and does not 

take up any more heat, and will allow the full fraction of heat energy to pass through. Viewed from 

inside the building, there will be a delay in the rate at which energy flows inwards, or lag. 

 

Now let’s imagine the sun is at its peak and the massive material is still heating up. If the outdoor 

conditions were to be sustained, the material would eventually reach equilibrium, but now a drop in 

outdoor temperature and insolation occurs. The material will react immediately and start to dissipate its 

energy back in all directions to reach thermal equilibrium. Since the material did not have enough time 

to reach the maximum outdoor temperature, the overall amplitude of the heat flux, comparing to 

thermally light buildings, will be less. Through the use of these thermally heavy materials, the daily heat 

flux profile of a building can be smoothed out, resulting in a reduced cooling or heating demand. Other 

studies have investigated the effects of where to place the thermally massive materials (Van Der Maas & 

Maldonado, 1997), the inclusion and placement of phase change material (PCM) (Rozanna, Salmiah, 

Chuah, Medyan, Thomas Choong, & Sa'ari, 2005), and their effects on energy consumption (XXXX). 

 

Building Components 

 

Bulk Material 

 

In the building envelope, a large percentage of the cost and volume consist of bulk material. This 

includes the structural frame, whether it is reinforced concrete, wooden beams, or steel, as well as the 

wall materials between the frames. The type of material chosen will depend on many factors, such as 

their compressive strength, thermal conductivity, cost, availability, and resistance to moisture, 

corrosion, and ignition properties. Combinations of materials, placed in series and in parallel, are used to 

complement one another to provide all the necessary support, heat resistance, and safety 

requirements. For heat transfer studies, two main issues that must be considered are the materials 

thermal conductivity and thermal bridging effects. 
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The most common insulating materials are those with a combination of low density and gaps in the 

material structure to trap air pockets. Stagnant air is one of the best insulators, since there is very little 

conductive and convective heat transfer, where most of the heat transfer occurs when radiation is 

absorbed and re-emitted by the air molecules. Since radiation will propagate in all directions, a certain 

percentage will travel back and forth over a longer distance, being absorbed and re-radiated, before 

traversing the length of the material, or in other words increasing its resistance to heat flow. 

 

Thermal bridging is the term used to describe the process of heat bypassing a resistive material and 

travelling through a conducting material that penetrates past the other layers. This can be metal nails 

and fasteners used to attach much of the bulk material in place. The overall area of these thermal 

bridges should be minimized to increase the effects of its thermally insulating surroundings. It is also 

possible to isolate, or surround with insulation, some of these breaks to ensure that there is at least 

some resistance to heat flow for all paths that lead into the building enclosure. 

 

Table (XXXX) and Figure (XXXX) list some typical Insulating materials that are most commonly used in the 

building envelope. Due to the variable manufacturing techniques and material defects, each specific unit 

of material will have slightly different properties. It is the job of the manufacturer to ensure that these 

properties do not deviate drastically from the average. Average values were taken from many sources, 

(Abdou & Budaiwi, 2005), (Al-Ajlan, 2006), (Radhi, 2011). 

 

 

Figure 1 – Log-Log chart of Material Thermal Conductivity Vs. Density 
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Table 1: Common Building Material Properties 

Material 

Type 
Full Description 

Density 

ρ (kg/m3) 

Thermal 

conductivity 

κ (W/m.K) 

Thickness 

t (m) 

R-value 

(m2.K/W) 

Specific Heat 

C (J/Kg.K) 

Diffusivity 

D (m2/s) 

Emissivity 

ε (-) 

Absorptivity 

α (-) 

Wood Particleboard 600 0.14 0.025 0.18 1700 1.37E-07 0.85 0.85 

Plastic Polyamide (nylon) 1150 0.25 0.025 0.1 1600 1.36E-07 0.94 0.85 

Plastic Molded Polystyrene 38 0.033 0.025 0.77 1280 6.78E-07 0.94 0.85 

Plastic Polyurethane Board 28 0.024 0.025 1.06 1537 5.58E-07 0.94 0.85 

Fiberglass Fibreglass insulation 24 0.035 0.025 0.71 670 2.18E-06 0.75 0.85 

Rock wool Rock wool, Semi-rigid 50 0.039 0.025 0.65 1296 6.02E-07 0.75 0.85 

Concrete Concrete Slab 2000 1.16 0.200 0.17 920 6.30E-07 0.94 0.6 

Concrete 

Al Jazeera Factory 

AAC (Autoclaved 

Aerated Concrete) 

525 0.134 0.203 1.52 870 2.93E-07 0.94 0.6 

Brick Red Brick 1200 0.49 0.115 0.23 840 4.86E-07 0.72 0.63 

Drywall Gypsum Panel 1150 0.36 0.015 0.04 1100 2.85E-07 0.85 0.85 

Metals Cast Iron 7500 50 0.025 0.0005 450 1.48E-05 0.44 0.1 

Metals Steel 7800 50 0.025 0.0005 450 1.42E-05 0.26 0.1 

Stone Limestone, semi-hard 2000 1.4 0.025 0.02 1000 7.00E-07 0.96 0.6 

Other 
Cement-mortar 

coating 
2000 1.4 0.020 0.01 1210 3.51E-05 0.94 0.6 

Other Mortar bed 1858 0.72 0.020 0.03 837 4.63E-07 0.94 0.85 

Other Air gap 1 0.025 0.025 1.02 1008 2.02E-05   

Doors 
Doors, External door 

without glass 
  0.025 0.77   0.85 0.85 
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Window Glazing and Frames 

 

In many countries in the world, building codes and practices designate a minimum percentage of the 

wall surface that must be allotted towards the inclusion of window panes. Many factors go into this 

decision, but the main reasons for their use is to let in natural sunlight while still maintaining an 

adequate level of thermal resistance to heat flow. Allowing in daylight reduces the need for artificial 

lighting, and tends to be more pleasing to occupants. The drawback is what is commonly referred to as 

the greenhouse effect. This is where short wave, high energy radiation is absorbed by indoor materials 

and re-radiated as long wave, low energy infrared radiation. Since glass is transparent to visible light, 

and opaque to infrared radiation, it tends to let in more energy than is released back outdoors, 

increasing the total heat flux entering into the building. When choosing windows, this extra influx of 

heat must be considered with the lower energy consumption resulting from a reduced need for artificial 

lighting. The trade-off between reduced lighting energy consumption and increased cooling energy 

consumption must be optimized to increase user comfort and reduce energy demand. Seasonal issues 

are also a concern, because extra heating is beneficial during cold winter months and detrimental during 

hot summer months. For this reason, in the northern hemisphere, windows are usually placed on the 

southern facing wall. This allows for the lower sunlight angle in the winter to both heat and light the 

building, while the high angle summer sunlight will mainly fall on the roof and not contribute as much to 

the heat gains through the windows. 

 

The two main parameters when choosing window glazing’s are the Solar Heat Gain Coefficient, SHGC, 

and the percentage of visible light transmitted (Gueymard & duPont, 2009). The SHGC is defined as the 

ratio of the amount of solar radiation which stays within the building (both by primary transmittance 

from outside and secondary reflection of re-radiated energy from inside) and the total incident 

Radiation over the same area. This variable is an easy approximation for how much radiation energy is 

absorbed into the building. Manufacturers have also started coating glass panes with reflective 

materials, by which a large percentage of the unwanted solar radiation and the resulting SHGC is 

reduced with minimal reduction in visible transmittance. 

 

Another consideration for window glazing deals with its conductive properties, both through the glass 

panel and around its edges. Through the use of multiple panes of glass, each with air gaps in between, a 

thermally insulating barrier of gas can be trapped to increase its resistance to heat transfer. This gas can 

be air, but in some cases non-reactive gases such as Argon or Krypton are used because of their lower 

conductivity and higher viscosity (reduction of convection in the air gap). The other major concern deals 

with the spacers and seals used to hold the glass in place and to prevent air leakage around the panes. 

Metal spacers are usually used for their rigidity to keep the panes in place, but it also works as a thermal 

break, allowing heat to flow more easily around the edges. These spacers must be thermally isolated, or 

made from a less conductive, yet still rigid, material like structural foams. 



11 

 

 

Radiation Barriers & Reflective Coatings 

 

At any given wavelength, a material’s surface should reflect, absorb, or transmit 100% of the energy 

incident upon it. For opaque surfaces (no transmission), the reflectivity (also called emissivity) and 

absorptivity of a material should be equal for a given wavelength. This is known as Kirchoff's law: 

 �$ % &$ % '$ � 1 (5) 

Theoretically, a materials radiative properties can be estimated using the Grey-body approximation, 

meaning that a certain percentage of all wavelengths of light are absorbed, but are also radiated 

outwards in those wavelengths as well. In real world conditions, though, the radiative properties of 

certain materials are dependent on the wavelength of the incident radiation. This is the reasoning for 

using radiant barriers, since it is possible to reject unwanted wavelengths of the electromagnetic 

spectrum, while transmitting those useful wavelengths. Radiant barriers are materials, most commonly 

a thin aluminum coating, that are applied on the surface of insulating materials (Medina, 2000). These 

barriers generally have a very low emissivity (<0.1) for wavelengths in the thermal radiation range. By 

placing these barriers facing an air gap (to allow for radiation to travel unimpeded), a large portion of 

the thermal heat flux can be reflected back towards the outside. Radiant barriers are an excellent way to 

add heat flux resistance to a building without adding bulk thickness to a wall or roof. Care must be taken 

to have proper installation because if there is no air gap facing the surface, such as when too much 

insulation is pressed into a wall cavity, the metal will act as a thermal conductor and actually worsen the 

overall heat flux. Also, if dust or oxidation dulls the surface of the barrier, it can reduce its performance 

over its lifetime. 

 

Reflective coatings also work in the same fashion as radiation barriers, where the main difference is that 

these coatings are usually paints or films applied to the outside of buildings, where radiant barriers must 

be placed inside the building envelope for protection against weathering. Reflective paints may use a 

combination of light colors and embedded particles to reflect more light, thereby reducing the total 

energy absorbed and temperature increase of the building. The two main parameters that define these 

properties are the emissivity ε and the absorptivity α. Most common materials have a high emissivity 

around 0.95 (Monarch Instruments, 2003), while the absorptivity values vary widely from 0.1 to 0.8 with 

regular concrete as being 0.6. This deviation in values is explained before, since most materials radiate 

like grey-bodies, but only absorb certain wavelengths. Thin plastic or metal coated films can also be 

added in between panes of glass to lower its absorptivity, or to add to the amount of radiation that is 

reflected towards the outside, mainly in the thermal range while still being semi-transparent to visible 

light. 

 

Other Heat Flux Considerations 
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Moisture 

It is generally assumed that a comfortable level for air moisture indoors is in the range of 30-60% 

relative humidity (Wolkoff & Kjærgaard, 2007). The outdoor humidity, although, can fluctuate anywhere 

from 30% to 100% humidity, depending on the dew point temperature. The dew point temperature is 

defined as the temperature at which humid air is completely saturated and will start to condense out 

water into liquid form, denoted by 100% Relative Humidity (RH). This temperature can be determined 

by soaking a cloth and placing over the end of a thermometer. As drier air passes over the cloth, water 

will evaporate (latent energy) and removes some energy, thus cooling the thermometer. The bulb can 

be said to be at 100% RH, so the final bulb temperature will correspond to the temperature that the 

outdoor air would be if it was also at 100% RH. By knowing any two of the 3 variables, ambient air 

temperature, dew point temperature, or RH, the third can be found using a form of the August-Roche-

Magnus approximation of the Clausius-Clapeyron equation (Paroscientific, Inc., 2011): 

 ���( � 237.7 - .��/0� , 23�17.271 �  .��/0�, 23� (6) 

where: 

 .��/0� , 23� � 17.271 - �/0�237.7 % �/0� - ln �23100� (7) 

 

All temperatures are in °C and RH is in percent. This set of equations gives a good approximation of the 

dew point temperature for outdoor temperature ranges from 0°C to 60°C. It is also useful to use 

psychrometric charts to find these relations, although electronic copies are preferred for exact values. 

 

The reason that RH is important to Heat flux calculations is because if humid air leaks into the building or 

incoming ventilation air is more humid, this extra water vapor will carry along some sensible heat that 

must be accounted for. Also, if the room must be dehumidified, this will add greatly to the energy 

consumption of the AC unit to condense some of the water vapor into liquid water. 

 

Internal Heat Gains 

 

From light bulbs, to computers, to refrigerators to resting humans; all of these are sources of internal 

heat gain. There are several models of how to accurately determine the heat dissipation of each, but 

usually average values for heat flux are estimated, depending on the rated kW size of an appliance and 

the level of human activity. These parameters can be easily controlled, and have been studied at length 

in other papers (ASHRAE, 2001). 
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Methodology 

 

Motivation & Focus 

 

The investigation of indoor climate had started to become a concern for human beings through a variety 

of social changes back in the 18th century. Through the rise of the Industrial Revolution, indoor air 

pollution and overheating started to make workers sick due to lack of proper ventilation. Doctors 

started to notice that stagnant indoor air in their hospitals was increasing the spread of diseases. The 

rise of the middle class city dweller saw more and more people stuffed into smaller and smaller rooms, 

causing unbearable indoor temperatures and heavily polluted air (Jankovic, 2011). These conditions did 

not change much over the years, until scientists started to connect the dots between the quality of our 

surrounds and its impact on human health. Much progress has been made since then, but it is only 

within the last century that quantitative studies of heat gain and air quality measurements could be 

performed. The reason for such a delay was due to the fact that the building model was a complicated, 

interconnected system that could not be accurately described in detail without extensive calculations or 

simplification. It was due to the invention of the computer that exponentially increased the amount of 

calculations that could be performed, and how many variables that could be accounted for, making it 

possible to obtain meaningful results (Kusuda, 1999). It is taken for granted that a calculation done in 1 

minute with today’s computers would have been impossible, or taken weeks to complete only 50 years 

ago. The use of computers for building modeling exploded very quickly, since it was the perfect tool for 

analyzing large, interconnected systems. Very complex and detailed software was developed for a 

multitude of specific goals, such as analysis for heat gains, humidity levels, illumination, shading, human 

comfort, and the interdependence of all these variables all at once. 

 

While research into Building design and modeling has expanded to cover many particular areas of 

interest, whether it be material testing, HAM transfer studies (Heat, Air, and Moisture), or Cooling 

mechanisms, there is still much room for the development of specific niche research into a variety of 

energy related studies. This thesis aims to indentify a procedure for quickly and easily prototyping a 

wide range of simple building configurations. With a set of construction limitations and desired 

outcomes, one can narrow the range of possibilities down quickly, so that this knowledge can be applied 

to a more complete and rigorous building model. Another goal is to have the ability for comparative 

analysis. Two building models can be simulated under exactly the same conditions, with the first 

building as a reference, and the second building containing a new element. By comparing both of the 

results, and subtracting out the contributions from the reference building, what is left is the effect that a 

new building element has on the energy consumption and heat profile of a building, where the energy 

savings potential can then be determined. This simulation can also be matched to real world data, 

where the inverse problem can be solved through iteration of the unknown element’s properties and 

matching the best fit scenario to the raw data. To summarize these Thesis objectives: 
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• Conduct a literature review to identify energy efficient and low cost building materials suitable 

for a building material test facility 

• Propose several different designs for the test facility, with feasibility, cost effectiveness, and 

testing flexibility as major considerations 

• Model the most promising designs using available software to optimize their testing capability, 

accuracy, and cost effectiveness 

• Validate the simulation software against currently developed building software, such as TRNSYS. 

• Obtain quotes from the commercial sector for the proposed test facility implementation. 

 

Theoretical Model 

 

In order to accurately simulate the thermal processes involved, it is necessary to include those factors 

that will have a significant impact on the system. While it may be possible to include a multitude of 

factors and algorithms to account for many of the thermodynamic processes, it is desirable that a 

certain scope of application needs to be well defined. The complexity of the model must also be 

considered in the model’s limitations, due to constraints on computing power and reasonable 

computing time considerations. Also, one of the main goals of this software is also to be user-friendly so 

that simple and fast prototyping can be accomplished with relative ease and without special knowledge 

of the inner workings of the program. 

 

Scope & Limitations 

 

This thesis aims to apply the knowledge of thermodynamic processes and building material properties to 

quickly and accurately simulate building models under real world conditions. It will also be used to 

model and propose a test facility site where the energy saving effects of new and existing insulating 

materials will be tested. This software should be able to rapidly prototype multiple configurations of 

buildings, to determine the heat load of the structure. It should also be possible to program different 

algorithms for variables, such as thermal conductivity, with the purpose of predicting the long-term 

weathering effects of building materials in hot and humid climates. 

 

Certain limitations were placed on this model with the goal of presenting a draft proposal to a 

construction company to build the test facility. It had to be large enough so that thermodynamic effects 

could be measured with certainty, considering any thermal background ‘noise’ that could impair any 

measurements. It also had to be small enough so that costs for construction and test material sizes 
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could be minimized. Through the consideration of these two effects, along with practical issues such as 

measurement device placement and air conditioner cooling limitations, an optimum building size and 

dimensions are to be determined. Also, multiple buildings with the same parameters should constitute 

this test facility, so that testing can be performed for several different setups at once, while still being 

comparable to a reference building. 

 

Another restraint for this proposal dealt with which materials should be chosen. They must be readily 

available, cheap, common in the construction process, and their thermal properties should be well 

known and consistent over the range of temperatures and humidity’s experienced in a hot and humid 

climates. 

 

Test Facility Design Choices 

 

There are many factors that contributed to the design choices that have been implemented for the final 

product of this study. By examining the goals and limitations set up for this facility, several different 

choices had to be made about size, shape, thermal properties, layout, and testing scope. Taking into 

account all of these features resulted in the current design parameters that are detailed in Table (XXXX). 

 

Components 

 

One of the most important choices was the makeup of the building components. In order to test the 

relative energy savings between a reference building and a model building, they both must be identical 

as much as possible, except for the added insulation or painting that is to be tested. In this manner, it is 

possible to isolate the effects of this new material with regard to its thermal and radiative properties. 

Before testing takes place, all buildings will have to be calibrated with one another, to ensure 

consistency. During testing, all buildings will have an air conditioning unit with an energy meter, so that 

the indoor temperature is constant for all buildings. With this in mind, the heat gained by the least 

insulated building must be able to be removed by the air conditioning unit to maintain constant 

temperature. The limit of the maximum hourly heat gain was chosen to be in the range of 3 kWthermal, 

which corresponds to approximately 1 ton of cooling capacity potential from the AC unit. Also, the 

building must be able to include space for the measurement devices or data collection hardware, 

fasteners and piping fixtures for the AC unit, and wiring for electronics. By adjusting the amount of 

thermal insulation and the size of the building, it was possible to determine which sets of sizes and 

materials would fall within an acceptable range to be considered 

 



 

Shape 

 

During the design process, consideration was t

comparison between using a square building, and using a building with a slanted roof was considered. It 

was hypothesized that by having a slanted roof, it would be possible to insulate all of the oth

have the largest percentage of heat gain through the 

one surface would need to be painted or padded with insulation, and could be easily accessible. 

Simulations were performed to compare two 

≈ 3m2·K/W (high insulation) and Rroof

roof slanted to the optimum yearly inclination angle

(XXXX) and figure (XXXX), it can be seen that both configurations result in approximately the same heat 

loads throughout the year, where

solar incident angle influences slanted roof’s heat loads 

difference overall). It was decided that 

reasons: the heat flux would not

common roof type for this area. 
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design process, consideration was taken into account regarding the shape of the building. A 

comparison between using a square building, and using a building with a slanted roof was considered. It 

was hypothesized that by having a slanted roof, it would be possible to insulate all of the oth

have the largest percentage of heat gain through the slanted roof throughout the year. In this way, only 

one surface would need to be painted or padded with insulation, and could be easily accessible. 

Simulations were performed to compare two equal volume buildings made of the same materials

and Rroof ≈ 0.4m2·K/W (low insulation), one with a flat roof

roof slanted to the optimum yearly inclination angle (approximately the local Latitude angle)

t can be seen that both configurations result in approximately the same heat 

loads throughout the year, where the difference is a result of the slight difference in roof area and the 

influences slanted roof’s heat loads more during the winter months

decided that the roof should be flat instead of slanted because

would not greatly affected, it would be much easier to construct

 

Yearly Heat Load profile for Square building; 4.5mX4.5mX2m
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regarding the shape of the building. A 

comparison between using a square building, and using a building with a slanted roof was considered. It 

was hypothesized that by having a slanted roof, it would be possible to insulate all of the other walls and 

roof throughout the year. In this way, only 

one surface would need to be painted or padded with insulation, and could be easily accessible. 

made of the same materials, Rwall 

one with a flat roof and one with a 

local Latitude angle). In figure 

t can be seen that both configurations result in approximately the same heat 

slight difference in roof area and the 

more during the winter months (~10% 

the roof should be flat instead of slanted because of several 

onstruct, and is the more 
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Figure 3 - Yearly Heat Load profile of Slanted building; 4.5mX4.5mX

 

Dimensions 

 

A constraint that was imposed on all the t

The simulation software is capable of cycling

and Height of a building over a given range and 

year. In this way, it was possible to show which dimensions came close to a maximum 3

While some candidate buildings were 3m tall

meter tall as well. It was decided to keep the height less for a couple of reasons. First, 

shading from one building onto another, there must be some separation distance between them. A 

shorter building would require less separation in this case. Second, it would be more difficult to access 

the roof of taller buildings, for when they may require the addition of paint or insulation. Finally, it 

would be easier to monitor the roof of shorter buildings fro

obstructions or debris will find its way onto the roof.

Insulation 

 

One of the main design choices was to choose 

The main variable that influenced this 

materials come in pre-set dimensions, it is an easy calculation to find the R

reciprocal, the U-value. Before any particular material was chosen though, 

by changing the total average R-
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Yearly Heat Load profile of Slanted building; 4.5mX4.5mX (1m & 3m)

A constraint that was imposed on all the test buildings was to set the height of each one as 3 meters tall. 

is capable of cycling through all possible configurations for the Length, Width, 

building over a given range and returns the resulting maximum heat load value over the 

year. In this way, it was possible to show which dimensions came close to a maximum 3

While some candidate buildings were 3m tall, there were also other candidates that were 4 meter and 5 

meter tall as well. It was decided to keep the height less for a couple of reasons. First, 

shading from one building onto another, there must be some separation distance between them. A 

g would require less separation in this case. Second, it would be more difficult to access 

the roof of taller buildings, for when they may require the addition of paint or insulation. Finally, it 

would be easier to monitor the roof of shorter buildings from a nearby elevated cabin, so as to insure no 

obstructions or debris will find its way onto the roof. 

One of the main design choices was to choose those materials that would constitute the test buildings. 

The main variable that influenced this decision was the thermal conductivity of a material. Since most 

set dimensions, it is an easy calculation to find the R-

value. Before any particular material was chosen though, a simulation w

-value for all surfaces along with changing the dimensions of the building 

for all configurations within our criteria. These results are given in Figure (XXXX). This helped narrow 
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to set the height of each one as 3 meters tall. 
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maximum heat load value over the 

year. In this way, it was possible to show which dimensions came close to a maximum 3 kWth heat load. 
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shading from one building onto another, there must be some separation distance between them. A 

g would require less separation in this case. Second, it would be more difficult to access 

the roof of taller buildings, for when they may require the addition of paint or insulation. Finally, it 

m a nearby elevated cabin, so as to insure no 

materials that would constitute the test buildings. 

decision was the thermal conductivity of a material. Since most 

-value of a wall, and its 

a simulation was performed 

value for all surfaces along with changing the dimensions of the building 

(XXXX). This helped narrow 

15
18

21

) for Slanted Building

3-4

2-3

1-2

0-1

-1-0

-2--1



18 

 

down the number of possible setups that fell within the required criteria. From this figure, several 

candidates were chosen around the 3kWth maximum heat load range for different R-values and sizes, 

represented by the dashed circle. 

 

 

Figure 4 – Maximum building heat load for different R-values and sizes. (2mX2mX3m to 6mX6mX3m). 

These candidates are also listed in Table (XXXX). From these choices, the best candidate was chosen 

based on: small overall size, low average R-value, and wall dimensions. The highlighted candidate met all 

these criteria, and was preferred ahead of other choices since it was cubic, which would simplify 

construction and modeling. 

 

Table 2 – Possible Test facility building dimensions. 

Length (m) Width (m) Height 

(m) 

Volume (m3) Avg. R-value (m2.K/W) Max. heat load (kWth) 

3.5 2.5 3 26.25 1.64 2.90 

4.5 2 3 27 1.64 3.01 

3 3 3 27 1.65 2.97 

2 4.5 3 27 1.69 3.00 

4 4 3 48 1.73 2.93 

5.5 3 3 49.5 1.72 3.05 

3 5.5 3 49.5 1.75 3.03 

5 4.5 3 67.5 1.83 2.90 

4.5 5 3 67.5 1.84 2.90 
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6 4 3 72 1.82 3.09 

4 6 3 72 1.84 3.08 

6 5 3 90 1.94 3.00 

5 6 3 90 1.95 2.99 

5.5 5.5 3 90.75 1.95 3.01 

6 6 3 108 2.08 2.95 

 

Current Design 

 

Taking all the aforementioned Design constraints into consideration, a final design was chosen, whose 

specifications are listed in Table (XXXX). This design meets several of the criteria, such as small size, 

3kWth maximum heat gain, testing flexibility, local materials, and reproducibility by the software model. 

These designs were sent to a local construction contractor for quotation, and to access any other 

building regulations or mandatory protective material (for water, pests, etc.). 

 

Table 3 – Final Designs of the 4 test facility buildings. 

Reference Building: Components Size Overall R-value 

South Wall 

Total:3  

Area: 3mx3m 

*1 building 

w/no S. wall 

Solid concrete blocks Thickness: 15cm R ≈ 0.18 m^2*K/W 

(+ 1.52 for Summer time) Plaster (Cement/Sand) Thickness: ≈2cm on each side 

of wall 

Moveable Insulation  Thickness: ≈ 5cm 

During Summer months 

East, West, 

North Walls 

Total:12 

Area: 3mx3m 

AAC Thermalite Block 

(J2) 

(Including Joint mortar 

and Finishes) 

Thickness: 10” (25cm) 

Total Area: 24.9m2 per building 

R ≈ 2.11 m^2*K/W 

North Wall: 

Includes Sealed Door 

1mX2.1m Wooden door 

Edge seals to prevent air leaks 

R ≈ 0.77 m^2*K/W 

Roof 

Total:4 

Area: 3mx3m 

Solid Concrete Slab Thickness: 15cm R ≈ 0.18 m^2*K/W 

(+ 1.52 for Winter time) Plaster (Cement/Sand) Thickness: ≈2cm on each side 

of wall 

Moveable Insulation  Thickness: ≈ 5cm 

During Winter months 

Floor 

Total:4 

Concrete Slab Thickness: 15cm 

Area: 3mx3m 

R ≈ 1.70 m^2*K/W 
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Gravel fill + Screens Thickness: as necessary 

Extruded Polystyrene Thickness: 5cm 

Area: 3mx3m 

Total:  

4 Buildings 

 Area: 3mx3mx3m Avg R ≈1.61 m^2*K/W 

 

One interesting feature of this design is the moveable insulation panel. The idea behind this adjustable 

insulation was that there were two opposing interests taking place. First, the heat gain through the 

façade should be concentrated into the smallest possible area, while all other surfaces are kept 

insulating, similar to how a calorimeter is designed. Second, there is a need for testing to be performed 

both on the roof surface and vertical wall surfaces, to account for things like windows, paints, and dust 

accumulation that could not be done on either surface alone. The only solution seemed to be to only 

moderately insulate both the south and roof surfaces (the two main insolated surfaces) and test a new 

material on both surfaces. A novel solution was to include a moveable piece of insulation on the inside 

of the building, and switch its location depending on the season or testing surface. During the winter, 

when the sun is low in the sky, tests should be done on the south wall and the moveable insulation will 

be placed on the ceiling of the test cell. During the summer, this insulation is moved down to the south 

wall, so that the roof, which is now absorbing a great deal of the high angle insolation, is now the test 

surface. This solves both problems: it reduces the testing surface area, or increases the percentage of 

heat gain through the test surface, and also allows for testing to be performed on both vertical and 

horizontal surfaces. 

 

CSEM Building Software 

 

Previous Software 

 

There are many programs on the market today involving the modeling and simulation of a building’s 

heating and cooling loads, HVAC systems, and Hydrodynamic processes. Software packages such as 

TRNSYS (Hasan & Sirén, 2002), EnergyPlus (Rode & Grau, 2003), and Visual DOE 4.0 (Iqbal & Al-Homoud, 

2007) all share many of the basic architectures and formulas for calculating large, complex systems. The 

downside for many of these programs is that they require a well versed programmer to know how to set 

up the parameters correctly and accurately. Also, a lack of initial data or non-applicable system 

constraints may cause errors in the results if not properly identified by the user. Along with an initial 

licensing cost for many of these programs, these constraints limit the accessibility of simulation software 

to be used for simple models, or for model optimization. 
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In order for the software simulation to be easily accessible and readily useable by the general public, the 

Microsoft Excel 2007 program was chosen as the basic modeling software, along with its programming 

language Visual Basic to run scripts and iterations. The benefits of using Excel are numerous. It has the 

ability to reference multiple cells and call information from multiple sources at once, in order to make it 

a simple matter of changing a few specific cells, in which all other relevant information is automatically 

updated. Once programmed correctly, the Visual Basic script can also be attached to buttons and can be 

used without having to go into the raw coding to make changes or initialization. Also, Boolean 

operators, such as check boxes, are added to make quick choices on whether to include or exclude 

certain calculations, such as adding windows or adding a described amount of insulation to a specific 

wall. It also has the option for more powerful calculations, such as solving simultaneous equations 

through the use of iterative calculation or circular referencing, as well as curve fitting set of data or 

solving a 4th order polynomial (used to calculate the surface temperature of a wall). The downside to 

using excel is that the program settings must first be chosen correctly, e.g. the Macro (script) utility must 

be enabled. Also, system instabilities must be checked from time to time, in such cases where automatic 

calculations were turned off or a circular reference has lost its initial values.  

 

Current Software Description 

 

The current CSEM Building heat load calculator has a number of functions. Its ultimate goal is to 

determine the cooling (or heating) load of a specified building over a period of time, given the relevant 

outdoor conditions over that interval. Firstly, a model for the Insolation incident on the area is 

determined based on: the coordinates of the site, the day and time of the year, and a simple monthly 

average of the apparent Solar Radiation. Next, this Radiation is calculated for each surface, depending 

on the surface orientation, for every hour of the year. This calculation includes direct, diffuse, and 

ground reflected radiation coefficients. The final output of this node is the total Irradiation, Et (W/m2), 

incident on each of the building surfaces. 

 

The next node in the program is for referencing all the relevant weather data for any given hour of the 

year. This includes Ambient Temperature (Tamb), Dew Point Temperature (Tdew), Indoor Air Temperature 

(Tin), Sky Emissivity (εsky), and Ground Temperature (Tground). All of this data can either be read from a 

weather file or can be customized to a predetermined schedule, such as having the indoor temperature 

fluctuate for winter or summer months. These values are automatically updated using the VLOOKUP 

function. In essence, what this function does is take a reference cell, in our case the current hour of the 

year, and search a specified range such as the weather data spreadsheet. It then returns whichever cell 

in the column you specify, by matching the row to the reference cell. For our case, we match the exact 

hourly time, and return the Temperatures in that row data into their specified cells. In this way, by 

changing the hourly time, all of the weather data will be automatically updated for each calculation. The 

only stipulation is that the first row of the weather data sheet must match the referencing cell, or else 
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the function will not run properly. For this case, hourly data is used and must have an exact date & time 

stamp in the first row. 

 

Alongside these parameters is space for designating the range of time to be simulated. By choosing the 

beginning date (in Julian format: 1-365) and the number of days to run, that being 365 for a full years 

worth of data, the program will cycle through each 24 hours of each day for as long as designated, or as 

long as there is still weather data to read in. Also designated here is a place to change which weather 

data set to choose from, if there are multiple sets, along with the corresponding year that weather data 

was taken from. 

 

Following this, the dimensions of the building are read into the program, and through these values, the 

areas for each surface are easily calculated and exported. There is also a script to cycle through the size 

of each dimension, so that by keeping all other variables constant, an optimum size for the building can 

be determined for any desired output parameter, most notably the maximum cooling load needed 

during the year. This is one of the main strengths of using Excel, where multiple setups can be tested in 

series and their results can be easily compared to one another to determine which setup is the best. This 

iteration specifies the range of sizes for the Length, Width, and Height of the building, as well as how 

many intervals should be calculated for each range. One drawback to this type of calculation is that the 

time for calculation increases exponentially for larger ranges and smaller intervals. Care must be taken 

to first find a good range of values before fine tuning the number of intervals to be calculated, or else 

the program will be bogged down with excessive calculations 

 

The main building material specifications are referenced in the next section. For each wall, including the 

roof and floor, there are 3 separate materials that can be represented. These represent 3 layers in 

series, starting from the outside layer to the inside surface. The user must specify from a list of common 

bulk materials (or input their own custom material), along with its thickness. From there, the program 

reads in all the relevant parameters such as thermal conductivity (κ), specific heat (C), outdoor and 

indoor heat transfer coefficients (ho, hi), emissivity (ε), and absorptivity (α). From these values, the 

program calculates each layers R-value and U-value, as well as the total wall resistance to heat flow. 

There is also an extra write-in resistance term for quickly changing the R-value for other purposes. The 

overall conductive + radiative heat transfer equation is: 

 

 � � 8 11	 % 21 % 22 % 23 % 9% 1	:
; · �<=>?/@� · ��<AB/:> � �:��>� (8) 
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Once all the information regarding the layers is included, there is one more step necessary in order to 

calculate heat gains through each surface. The two main sources of heat gain are from conduction 

through the material and Radiation incident upon the surface layer. In order to combine these two 

terms into one heat flow parameter, the program uses what is called the Sol-Air Temperature. This is a 

figurative temperature that represents the temperature that the outer surfaces would ‘see’ if all the 

incident radiation that is absorbed is converted to heat. The Sol-Air Temperature is defined as: 

 �<AB/:> � �/0� % & · C� � ∆2	  (9) 

 

In essence, Tsol-air is the amount of absorbed radiation converted into heat, minus the amount of re-

radiated heat (ΔR) due to the increased surface temperature. This Sol-Air Temperature can then be used 

with the R-value and area of each surface to calculate the combined conductive and Radiative heat gains 

through the surface. These calculations are described in the next section. 

 

Each surface also has the capability to add windows or doors, except where they are not applicable 

(such as doors on the roof or floor), where their sizes and properties are used to calculate the heat gain 

alongside the wall’s heat gain. It also subtracts out the surface area taken up by a window or door when 

calculating the wall area. Error checking is also implemented, for such cases when the window area is 

larger than the wall surface area. 

 

Calculating Surface Temperature (Ts) 

 

In order to calculate the Sol-Air Temperature, you must first know the surface temperature of the wall 

you are studying. The problem arises when performing the steady state heat flux through the wall 

surface. This is because the amount of re-radiated heat depends on Ts to the 4th power, due to the 

Stefan-Boltzmann Law, but Ts is also dependent upon the new Tsol-air that results from this re-

radiation. Therefore, Tsol-air and Ts must be solved simultaneously. The first draft of the program solved 

this issue the hard way, by writing each reference cell in a circular loop and iterating the calculation until 

the heat balance equation for the surface converged to steady state. There were many drawbacks to 

this method that became untenable. This calculation resulted in an unstable solution, where the 

convergence sometimes resulted in large negative Tsol-air temperatures. Also, if the circular equations 

became uninitialized, the reference cells would have to be reset with new values, and then reintroduced 

with the simultaneous equations. This was troublesome on many occasions because the Excel program 

tries to protect itself from circular referencing, and re-initialization of the values was cumbersome and 

time consuming. 

 



24 

 

In a future design, these problems were mitigated by the inclusion of a Bi-quadratic polynomial root 

finder, which is able to solve 4th order polynomials. This works by solving the heat balance equation for 

the wall in terms of Ts, and rearranging and combining terms to get the coefficients for each term, 

shown in equation (XXXX). The root finder function would then return the 4 roots of the equation, both 

the real and imaginary parts (zero for real numbers). As such, the program is able to determine the only 

positive, real root to the polynomial, which corresponded to the true surface temperature. From here, 

the Tsol-air and ΔR can be determined without iteration. The only drawback is that the bi-quadratic 

function is not included in Excel 2007 and must be added into the list of recognized functions. 

 

 ��� · �� · �<� % ��E � 	� · �< % & · C� % � · � · �<F�� % E · �:� % 	 · �/0� � 0 (10) 

 

Comparative Savings 

 

When calculating the comparative energy savings between buildings, their indoor temperatures are held 

constant throughout the year. We justify this by stating that all heat gains will be taken out by the air 

conditioning unit, so that the indoor air will not rise in temperature. It is then possible to attach an 

energy meter to the air conditioning unit, to measure its power consumption. If the coefficient of 

performance for the air conditioner is known, we can then approximate how much energy (kWelectric) is 

needed to cancel out the heat gains from all heat sources. Since the test facility is designed in such a 

way as to isolate most of the heat gain through one surface, the thermal properties of that surface can 

be more accurately determined in this way.  

 

The program is set up in such a way that it makes an exact duplicate, labeled as the Reference building, 

of all the relevant variables pertaining to the model building, resulting in exactly the same results as the 

model. Now, by changing 1 or more parameters on the model building, the change in heat gain can be 

determined for each hour of the year. For example, if the model building were to be painted with a 

more reflective coating on the south wall and roof, changing its absorptivity from 0.6 to 0.3, the amount 

of electricity needed to cool each building will change, where the painted building will consume less 

energy for cooling purposes. We can then determine the percentage of energy savings acquired over a 

full year by painting these surfaces. The inverse problem can also be calculated, where the energy 

consumed by the air conditioning units are know as well as the reference building’s absorptivity, and the 

only unknown is the absorptivity of the new paint. By cycling through different values for α, and finding 

a best fit for the resulting energy consumption pattern to the measured values, an approximate 

absorptivity value can be determined.  

 

Calculation Speed 
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Now that the heat gains are calculated for each surface for any particular hour, there needed to be a 

way to record the results in an efficient manner, for a full year’s worth of data. This program 

accomplishes this task with an efficient and speedy solution. Once the button is pressed to start the 

calculations, the program first disables the automatic calculation option. This is because every time a 

reference cell is change, the Excel program will search for every cell that is dependent on the original 

cell and recalculate all of them, until there are no more dependent cells left, which in turn may affect a 

multitude of cells. Normally this is done without the user being aware, since Excel is very efficient in its 

calculating speed, but when multiple cells change and circular referenced cells occur, the calculations 

tend to take up a large portion of processing power. By turning off this option, the program will only 

recalculate selected cells when prompted, thereby eliminating redundant calculations. It must therefore 

be programmed correctly to recalculate the worksheet only when absolutely necessary. Another 

improvement in processing time is achieved by turning off the screen refresh option. This is, by default, 

always on and is rarely noticed for simple excel worksheets. It is usually only noticed when working with 

multiple graphs that contain many data points. Every time you scroll across the screen, the computer 

must re-plot all of the data points, which eats up a noticeable amount of processor time. By disabling 

this feature, the cells will keep performing as usual, but will not display new values until prompted with 

a refresh command. Through this, the building heat gain calculations can be performed much more 

quickly because the Excel program will not show the results of each step, until the program is finished 

running and all of these options are re-enabled. Just as an idea of the difference in speed, a normal 

calculation with the default settings would take somewhere in the range of 3-4 hours, all the while the 

screen would flash back and forth between reading in new data, updating all the relevant cells, and 

rewriting new results for every hour of the year. Disabling these two options reduces the computing 

time down to less than 5 minutes. While this is still much longer than other similar building modeling 

programs (TRNSYS full year calculation is less than 10 seconds), this program enables the user to 

designate a certain parameter, each wall’s R-value for example, and run through multiple different 

values with one click, without the need for the user to dig through and locate the variable and change it 

manually for every iteration. It is this automation of variable modification that makes up for the 

simplicity of this simulation. 

 

Results Reporting 

 

The results of a calculation are written into a new spreadsheet, where each column represents a 

different variable, and each row designates the time and date that corresponds to those variables. This 

gives the user two very powerful tools to use for filtering and analyzing data. Firstly, the filter command 

can quickly and easily show or hide any of the relevant inputs or results. Say for example that the user 

only wanted to look at the results where the ambient temperature was above 24°C. A filter would be 

placed on the Tambient column, and only values greater or equal to 24°C would be chosen. The user can 

now plot this column and will only see those selected cells. Table (XXXX) lists all those variables that are 

recorded for each hour and which can be filtered. 
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Table 4 – List of variables recorded from CSEM simulations 

Variable Units 

Full Date & Time mm/dd/yy hh:mm 

Time of day hh 

Day of year dd (Julian Date) 

Length, Width, Height m 

Volume m3 

R-Value for each surface (model & reference) m2.K/W 

α & ε for each surface (model & reference) - 

Ambient Temperature, Dew Point Temperature, 

Sky Temperature, Indoor Temperature, 

Ground Temperature 

°C 

Solar Irradiance for each surface (model & reference) W/m2 

Sol-air Temperature for each surface (model & reference) °C 

Surface Temperature for each surface (model & reference) °C 

Heat gain through wall for each surface (model & reference) 

Heat gain through windows for each surface (model & reference) 

Heat gain through doors for each surface (model & reference) 

kW (thermal) 

Total Heat Gain for model building 

Total Heat Gain for reference building 

kW (thermal) 

Absolute Savings kW (thermal) & (electrical) 

 

The second, more advanced, filtering tool is the pivot table. The user first defines which cell range the 

pivot table will reference. Then the user is able to drag and drop the names of each column into either 

the row slot, column slot, or evaluation slot. In this way, two variable ranges can be evaluated with 

relation to a third. For example, an easy plot can be to list the hour of the day in the columns, the days 

of the year in the rows, and then evaluate the values for any other variable you wish, such as total heat 

flux. If this is now plotted on a surface graph, the user is now able to see all 8760 hourly data points on a 

3 dimensional graph, where the intersection of length and depth represent each day, and the height of 

the surface represents the total heat flux at that particular time, in the same fashion as Figure (XXXX). It 

is also possible to plot the difference between two data sets in this manner as well. Figure (XXXX) shows 

the savings throughout the year between the Reference building model and one with an extra painting 

coating on the Southern wall and roof surface (changing α from 0.6 to 0.3). The discontinuities in the 

curve is attributed to the change of testing surface described in Table (XXXX) 

 



 

Figure 5 – Absolute energy savings (kW

 

0

0.25

0.5

0.75

1
1

3
1

6
1

A
b

so
lu

te
 S

a
v

in
g

s 
(k

W
th

)

27 

e energy savings (kWth) from the addition of reflective paint on the testing surfaces
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Results & Conclusions 

 

Weather Data 

 

Ambient Temperature & Humidity

 

Weather data used in this simulation was taken from METEONORM software for the local region, 

specifically from Abu Dhabi International Airport. This included the ambient temperature, wet bulb 

temperature, dew point temperature, 

it is not necessary to have all this information since

equation (XXXX). It should be noted that if only the ambient temperature and dew point temperature 

are available, it is possible to solve this equation in terms of relative humidity. 

temperature is given in Figure (XXXX). 

a mean annual temperature of 26.5

 

Figure 6 – Ambient temperature data for Abu Dhabi Airport Region, 2005

 

Ground Temperature & Sky Temperature

 

The sky temperature is a measure of how ‘cold’ the atmosphere appears, relative to the amount of 
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Ambient Temperature & Humidity 

Weather data used in this simulation was taken from METEONORM software for the local region, 

abi International Airport. This included the ambient temperature, wet bulb 

temperature, dew point temperature, and relative humidity for each hour of 20

it is not necessary to have all this information since the dew point temperature can be found from 

equation (XXXX). It should be noted that if only the ambient temperature and dew point temperature 

are available, it is possible to solve this equation in terms of relative humidity. 

perature is given in Figure (XXXX). The temperature range for this region is from 

perature of 26.5°C. 

Ambient temperature data for Abu Dhabi Airport Region, 2005

re & Sky Temperature 

The sky temperature is a measure of how ‘cold’ the atmosphere appears, relative to the amount of 

moisture, particulate, or cloud cover between the observer and sky. It is used to determine the ‘sink’ for 

the building’s thermally radiated energy towards the sky. Since there is not reliable data or models for 
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abi International Airport. This included the ambient temperature, wet bulb 

2005. As explained earlier, 
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equation (XXXX). It should be noted that if only the ambient temperature and dew point temperature 

are available, it is possible to solve this equation in terms of relative humidity. A profile of the ambient 

The temperature range for this region is from 8.9°C to 45.3°C with 

 

Ambient temperature data for Abu Dhabi Airport Region, 2005 
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the cloud cover in this region, this program uses an equation to estimate the sky temperature, 

depending on how much humidity is in the air from (Berger, Buriot, & Garnier, 1984), given as: 

 

 �<F� � �/0� · �<F�G.�H � �/0� · I0.787 % 0.0028 · ���(KG.�H (11) 

 

The ground temperature is also an unknown variable that is generally not available, since it is dependent 

on many factors, including density, water content, depth, and mineral content. Since no accurate model 

can be predicted for this study, a general temperature was determined based on the outdoor ambient 

temperature. First, a sinusoidal yearly temperature profile was fit onto the ambient temperature data. 

Then a daily sinusoidal profile was combined with this yearly profile to give a ground temperature 

profile that matches closely with the ambient temperature. Also, a randomizing coefficient was added to 

give a small amount of fluctuation, but no more than ±0.5°C in either direction of the sinusoidal profile. 

Since we expect that our heat gain through the floor to be minimal, this estimation of the ground 

temperature should not affect the results greatly. 

 

Test Facility Results 

 

Using the test facility design described in table (XXXX), a series of simulations were performed to 

determine the effects of adding insulation or reflective outer coatings to the building on the total and 

relative energy savings. From (March 1st to October 1st) the test surface is the roof, and the rest of the 

year the test surface is the south wall. Results are reported in terms of total heat gain in kWthermal and 

the equivalent electrical kW necessary to remove the heat gain can be found by dividing by the COP of 

the air conditioner. Savings are reported in absolute kW and as a percentage of total heat gain of the 

reference building, where applicable (No savings when heating is needed). It is necessary to report the 

results of adding thermal protection in relation to the original amount of insulation or reflectivity 

because there is a reducing marginal benefit for every unit of added thermal protection. For example, 

adding 5cm of polystyrene (≈0.15 W/m.K) to a concrete wall (≈0.18 W/m.K) will save much more energy 

per unit insulation that adding it to a moderately insulated wall (≈2.1 W/m.K). In the case of reflecting 

coatings, though, it is more important to place the coating on the surfaces that receive the most amount 

of insolation, maximizing the savings effect of the coating. For example, in the northern hemisphere, the 

southern facing surfaces and roof are the most insolated surfaces and would benefit the most from a 

reduced absorptive value.  

 

Adding Insulation 
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The addition of insulation on the test surfaces was performed for several simulations, where in general 

the heat flux through the test wall decreased with increasing R-value. Figure (XXXX) shows how the 

maximum heat load, average daily heat load, average thermal energy savings, and total thermal energy 

saved, relative to the original R-value of the test wall.  

 

 

Figure 7 – Results of added insulation on heat gains and energy savings 

 

As is expected, the overall maximum and average hourly heat load decrease with increasing R-value, and 

the rate of change is decreasing as well, meaning there is a decreasing marginal heat savings for every 

unit of R-value added. For any given material, with a known thermal conductivity, the corresponding R-

value can be found by adjusting the thickness of the material, so that many materials can be compared 

to one another based on insulating effect, shown in Figure (XXXX). Assuming a fixed price for each unit 

of material, an optimum thickness can be determined to maximize Savings per unit cost. An 

approximate local price for standard building materials is shown in Table (XXXX), along with their 

thickness for optimal energy savings per unit cost.  
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Figure 8 – Chart of Material thicknesses needed to give a certain R-value 

 

Adding Reflective Coating 

 

The savings that result from the addition of a reflective paint to a surface are due to the insolation that 

is reflected away from the building envelope. These savings are directly proportional to the amount of 

incident radiation, assuming the source is spectrally distributed similarly to a black body source (i.e. the 

sun). Unless the paint layer is thick enough or has a very low thermal conductivity, there will be no 

savings during the night, where thermal conduction dominates the heat transfer. Simulations were 

performed on the reference building, where the absorptivity of the test walls was varied and the results 

are shown in Figure (XXXX). 
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Figure 9 Results of lowered surface absorptivity on heat gains and energy savings 

 

There is a linear relationship between the decrease in a surface’s absorptivity and the decrease in both 

maximum heat gain and average hourly heat gain, as well as a linear increase in both Average hourly 

Daytime Savings and Total Energy Savings over the year. It is worth noting that these averages are 

determined only during the daytime, since the savings are derived from the reduced absorption of solar 

irradiation.  

 

Validation vs. TRNSYS Software 

 

In order to verify that the CSEM software was accurately calculating the heat gains through the designed 

test facility, a comparison was simulated against TRNSYS building software. To ensure both software 

programs will be comparable, they first needed an identical set of input parameters. The TRNSYS 

program works wonderfully for pre-designed setups and weather input files, but become very 

problematic when a custom design and weather data file are used. Instead, a model was designed to 

approximately the same parameters as the test facility design in TRNSYS, where the CSEM software 

made up the difference in values by using the TRYNSYS weather data file and exact R-values. Another 

problem with TRNSYS was that there was no possibility to change the R-value of a surface over the year 

once the simulation is started, so as a result the CSEM simulation is modified so that the roof is the only 

testing surface throughout the year, with all other surfaces highly insulated. Both programs ran over a 

full year, and their results are plotted in Figures (XXXX) and (XXXXX).  
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By subtracting these two surface plots, the 

Figure (XXXX), and a side view in Figure (XXXX)

TRNSYS predicts that the heat gain will be greater in the morning and less at night, compared 

CSEM model. This may be caused by the more complex algorithms that TRNSYS uses to calculate heat 

gains due to shallow angle insolation.
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Figure 10 – Simulation results from CSEM software 

Figure 11 – Simulations results from TRNSYS software 

By subtracting these two surface plots, the error between these two simulations can be visualized in 

, and a side view in Figure (XXXX). Much of the deviation occurs during sunrise and sunset. 

TRNSYS predicts that the heat gain will be greater in the morning and less at night, compared 

This may be caused by the more complex algorithms that TRNSYS uses to calculate heat 

gains due to shallow angle insolation. Overall, the average error between CSEM and TRNSYS 
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flux, and these results confirm that the CSEM model should perform well in predicting real world heat 

gain in the proposed buildings. 

buildings should be detected and fixed easily with the help from the software models. 

Figure 12

 

Figure 13 – Maximum hourly error profile between Simulation software
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hese results confirm that the CSEM model should perform well in predicting real world heat 

gain in the proposed buildings. Also, systematic errors during the calibration of the multiple test 

ildings should be detected and fixed easily with the help from the software models. 

12 – Full year error profile between Simulation software 

Maximum hourly error profile between Simulation software
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Conclusion & Discussion 

 

In this thesis, the design of a building material test facility was proposed. Simulation software was 

developed to accurately describe the heat gains and cooling requirements of several different building 

models. This software was checked against existing TRNSYS software for accuracy.  

 

  



36 

 

Bibliography 

Abdou, A. A., & Budaiwi, I. M. (2005). Comparison of Thermal Conductivity Measurements of Building 

Insulation Materials under Various Operating Temperatures. Journal of Building Physics , 171-184. 

Al-Ajlan, S. A. (2006). Measurements of Thermal Properties of Insulation Materials by using Transient 

Plane Source Technique. Applied Thermal Engineering , 2184-2191. 

ASHRAE. (2001). ASHRAE Handbook CD - 2001 Fundamentals - Ch.8 Thermal Comfort.  

Berger, X., Buriot, D., & Garnier, F. (1984). About the equivalent radiative temperature for clear skies. 

Solar Energy 32 , 725-733. 

Central Intelligence Agency. (2009). CIA World Factbook.  

Clausius, R. (1850). Ueber die bewegende Kraft der Wärme und die Gesetze, welche sich daraus für die 

Wärmelehre selbst ableiten lassen. Annalen der Physik und Chemie , 384. 

Gueymard, C. A., & duPont, W. C. (2009). Spectral effects on the transmittance, solar heat gain, and 

performance rating of glazing systems. Solar Energy 83 , 940-953. 

Hasan, A., & Sirén, K. (2002). Theoretical and computational analysis of closed wet cooling towers and its 

applications in cooling of buildings. Energy and Buildings 34 , 477-486. 

International Energy Agency. (2008). Electicity/Heat in United Arab Emirates in 2008. OECD/IEA. 

International Standards Organization. (2007). ISO 10456, Building materials and products - Hygrothermal 

properties - Tabulated design values and procedures for determining declared and design thermal values. 

ISO. 

Iqbal, I., & Al-Homoud, M. S. (2007). Parametric analysis of alternative energy conservation measures in 

an office building in hot and humid climate. Building and Environment 42 , 2166-2177. 

Jankovic, V. (2011). The Other Climate: A History of Indoors and Small-scale Atmospheres. Paris, France. 

Kusuda, T. (1999). Early History and Future Prospects of Building System Simulation. Rockvill, Maryland. 

Lienhard IV, J. H., & Lienhard V, J. H. (2000). A Heat Transfer Textbook, Third Edition. Cambridge, MA: 

J.H. Lienhard V. 

Medina, M. A. (2000). On the performance of radiant barriers in combination with different attic 

insulation levels. Energy and Buildings 33 , 31-40. 

Monarch Instruments. (2003, July 17). Table of Total Emissivity. Retrieved July 18, 2011, from 

www.monarchinstruments.com 

Paroscientific, Inc. (2011, November 22). Digiquartz Dew Point Calculation. Retrieved December 6, 2011, 

from http://www.paroscientific.com/dewpoint.htm 



37 

 

Radhi, H. (2011). Viability of autoclaved aerated concrete walls for the residential sector in the United 

Arab Emirates. Energy and Buildings . 

Rode, C., & Grau, K. (2003). Whole Building Hygrothermal Simulation Model. ASHRAE Transactions: 

Symposia. 

Rozanna, D., Salmiah, A., Chuah, T. G., Medyan, R., Thomas Choong, S. Y., & Sa'ari, M. (2005). A Study on 

Thermal Characteristics of Phase Change Material (PCM) in Gypsum Board for Building Application. 

Journal of Oil Palm Research , 41-46. 

Van Der Maas, J., & Maldonado, E. (1997). A new thermal inertia model based on effusivity. 

International Journal of Solar Energy 19 , 131-160. 

Wolkoff, P., & Kjærgaard, S. K. (2007). The dichotomy of relative humidity on indoor air quality. 

Environment International 33 , 850-857. 

 


