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ABSTRACT OF THE THESIS 

Whole Year Optimization of Building Thermal Properties  

by 

Homa Naeimi 

Master of Science in Engineering Sciences (Mechanical Engineering)  

University of California, San Diego, 2014 

Professor Jan Kleissl, Chair   

Along with improvement in buildings structure, developments in thermal design 

allow decreasing the energy demand of heating, cooling, and air conditioning of 

buildings. This thesis distinguishes and optimizes design elements that are essential in 

minimizing building heating/cooling loads. Optimum designs vary significantly for 

different areas due to different meteorological conditions between locations and seasonal 

changes at the same location. Considering the typical meteorological conditions at two 

sites, a genetic algorithm optimizer is coupled with annual simulations of building energy 

demand to minimize building energy use.  



x 

 

The results present significant deviations between annual optimum design and ideal 

design for hot or cold season. The findings emphasise the importance of year-long 

simulations in optimal thermal design of buildings.  
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1 Introduction  

Structural and thermal design of buildings is essential in minimizing the high 

energy demand of urban areas for heating, cooling, and ventilation. However simulation 

of buildings as thermal systems consists of numerous factors and the variety of choices 

for structural materials rapidly expand. Thus, it is an involved task for the designers to 

ensure the use of optimum material choice. Very often there is no one solution for all. 

Case by case, building behaviour needs to be studies under the specific meteorological 

conditions of the particular location. Yet in many areas weather conditions vary over a 

wide range. In these cases the best structural and thermal design solutions may differ for 

each season. Therefore, a further step for the designer is to consider meteorological 

conditions over the course of the year. The goal of the present work is to develop an 

approach to create location-specific optimum design solutions to minimize the annual 

energy demand for air conditioning based on the characteristics of the building and 

typical meteorological conditions of the area. 

A general whole building energy simulation mainly based on ASHRAE (2001) 

model is presented in chapter 2. The simulation is designed to be compatible with a 

heuristic optimizer. Chapter 3 discusses the elements of this genetic algorithm based 

optimizer. In chapter 3.2 choosing the right structural and thermal properties to be 

optimized are discussed. Once the design variables of interest are selected the energy 

model is coupled with the optimizer as the fitness function of the genetic algorithm. 

Convergence of the optimizer results into a set of design variables that are optimum
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 choices for year-long typical meteorological conditions and minimizes the annual energy 

demand of the building.  

This model can be applied to a specific case by inputting general building 

characteristics and local meteorological conditions. In Chapter 4 two different cases in 

Denver, Colorado and Las Vegas, Nevada are discussed. In both cases annual energy 

demands during a typical meteorological year are simulated and the optimum structural 

and thermal designs of the building are created. Chapter 5 presents the conclusions.
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2 Heat Balance Energy Model  

2.1 Basic Concept 

In this chapter, approaches employed in estimating various means of heat 

exchange through the building envelope are discussed.  The desired output of the energy 

model is the annual consumption of energy for air conditioning while the inputs are the 

local meteorology and structural and thermal specifications of the building. 

The three basic considered means of heat exchange are radiation, conduction, and 

convection. The heat balance is modeled on the outside (Eq. 2-1) and inside (Eq. 2-2) 

surfaces of the building while the conduction heat transfer through the wall interconnects 

the outdoor and indoor heat balances. 

𝑞"𝑠𝑤𝑟 ,𝑜𝑢𝑡 + 𝑞"𝑙𝑤𝑟 ,𝑜𝑢𝑡 + 𝑞"𝑐𝑜𝑛𝑣 ,𝑜𝑢𝑡 − 𝑞"𝑐𝑜𝑛𝑑 ,𝑜𝑢𝑡 = 0, (2-1) 

𝑞"𝑠𝑤𝑟 ,𝑖𝑛 + 𝑞"𝑙𝑤𝑟 ,𝑖𝑛 + 𝑞"𝑐𝑜𝑛𝑣 ,𝑖𝑛 + 𝑞"𝑐𝑜𝑛𝑑 ,𝑖𝑛 = 0,  (2-2) 

where q”swr is the solar shortwave radiation flux, q”lwr is the long wave radiation flux, 

q”conv is the convection heat flux, and q”cond is the conduction heat flux.  

The ASHRAE (2001) iterative sequence is employed to solve heat balance 

equation on every surface. The main solution of this sub-routine is indoor and outdoor 

surface temperatures of every building face. The solutions iterate until the heat exchanges 

are balanced for every surface. The equations are integrated with an hourly time step for a 

typical meteorological year (TMY) 

The primary convergence criteria is the accuracy of the heat balances on both 

control volumes. That is how accurately do the left sides of equations 2-1 and 2-2 equal 
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to zero. Once the indoor, outdoor surface temperatures are known a third control volume, 

the indoor air heat balance, is considered to solve for the consumption of energy for air 

conditioning (Pedersen et al., 2003) 

2.2 Energy exchange with building outdoor environment 

The building interacts with its surroundings through various means of energy 

exchange. Balanced heat transfer across and through the outdoor surfaces of the building 

are formulated in equation 2-1. Every contributor to this balance is considered separately 

in the following.  

2.2.1 Conduction  

One of the most important heat transfer processes in the building energy balance 

is conduction through the building envelope. There have been numerous approaches to 

estimate this process.  Recently, the state space method has received more interest. The 

method originally was derived from state space theory to evaluate long-time solutions of 

transient heat conduction (Ceylan, 1980) 

Seem (1987) used the State space method to model transient heat conduction 

through the building envelope. He uses the basic state space representation for a 

continuous, linear, time-invariant system as: 

𝑑 𝒙

𝑑𝑡
= 𝑨𝒙 + 𝑩𝒖, 

(2-3) 

𝒚 = 𝑪𝒙 + 𝑫𝒖,  (2-4) 

where x is the vector of state variables, t is the time, A, B, C, and D are the matrices of 

constant coefficients, u is the vector of inputs, and y is the vector of outputs. 



5 

 

 

Here the same approach is used based on the two node formulation. The first node 

is located on the outdoor surface of the wall and the second node is at the same height on 

the indoor surface of the wall. Seem (1987) assumes that the conduction heat transfer is 

one dimensional, continuous in time, transient in nature and materials are homogeneous 

and have constant thermal properties. Based on these assumptions the energy balance on 

the two nodes result in a set of differential equations: 

 
𝐶
𝑑𝑇1

𝑑𝑡
= 𝑜  𝐴  𝑇𝑜 − 𝑇1 +

𝑇2 − 𝑇1

𝑅
,

𝐶
𝑑𝑇2

𝑑𝑡
= 𝑖  𝐴  𝑇𝑖 − 𝑇2 +

𝑇1 − 𝑇2

𝑅
,

  (2-5) 

where C is the thermal capacitance, ho is the outdoor convection heat transfer coefficient 

of the wall, hi is the indoor convection heat transfer coefficient of the wall, A is the area, 

R is the thermal resistance, To is the outside temperature, Ti is the inside temperature, T1is 

the temperature of node 1, T2is the temperature of node 2, R is the thermal resistance, C 

is the thermal capacitance.  

Thermal resistance and capacitance can be found as: 

𝑅 =
𝐿

𝑘𝐴
, 

(2-6) 

𝐶 =
𝜌𝑐𝐿𝐴

2
, 

(2-7) 

where L is the depth of wall, k is the thermal conductivity of wall, ρ is the density, and c 

is the specific heat.  

Using equation2-6 the above system of equations can be formulated in state space 

representation as:  
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𝑑𝑇1

𝑑𝑡
𝑑𝑇2

𝑑𝑡

 =  
−

1

𝑅𝐶
−
𝑜𝐴

𝐶

1

𝑅𝐶
1

𝑅𝐶
−

1

𝑅𝐶
−
𝑖𝐴

𝐶

  
𝑇1

𝑇2
 +   

𝑜𝐴

𝐶
0

0
𝑖𝐴

𝐶

  
𝑇𝑜
𝑇𝑖
 , 

(2-8) 

 
𝑞"𝑐𝑜𝑛𝑑 ,𝑜

𝑞"𝑐𝑜𝑛𝑑 ,𝑖
 =  

0 −𝑖
𝑜 0

  
𝑇1

𝑇2
 +   

0 𝑖
−𝑜 0

  
𝑇𝑜
𝑇𝑖
 . 

(2-9) 

There are different possible methods to solve for the surface temperatures in the 

above system. Generally when multilayer slabs and large number of nodes are considered 

conduction transfer functions are used to solve the above system (Seem, 1987). Here, 

with only two thermal nodes considered, a simple single step iterative method is 

sufficient.  

2.2.2 Convection  

The Building Load Analysis and System Thermodynamics (BLAST) model is 

employed to estimate the convection heat transfer across outdoor wall surfaces. BLAST 

combines a number of previous experimental and analytical studies in a single model. 

Therefore it is one of the most comprehensive among present methods (Mirsadeghi, 

2013). The model provides a relatively simple yet accurate estimate of the convective 

heat flux by distinguishing between natural and forced convection. The convective heat 

transfer coefficient is defined as (Walton, 1981):  

𝑐 = 𝑓 + 𝑛 , (2-10) 

where hc is the convection coefficient, hf is the forced convection coefficient, and hn is the 

natural convection coefficient.   

hf is calculated from a correlation based on wind tunnel experiments conducted by 

Sparrow et al. (1979):  
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𝑓 = 2.537 𝑊.𝑅. 
𝑃𝑉𝑎𝑧
𝐴

, (2-11) 

where W is 1.0 for windward surfaces and 0.5 for leeward surfaces, R is the surface 

roughness, P is the wall perimeter and Vaz is the modified wind speed defined as:  

𝑉𝑎𝑧 = 𝑉𝑜  
𝑧

9.14
 

1/𝛼

, 
(2-12) 

where Vo is the wind speed, z is the building height and α is the terrain dependent 

coefficient. 

The natural convection coefficient is defined as (Walton, 1981): 

𝑛 = 1.810 .
 ∆𝑇
3

1.382 + |𝑐𝑜𝑠𝜑|
 , (2-13) 

where ∆𝑇 is the surface/air temperature difference 𝜑 is the surface tilt. 

Once the convection coefficient is known the convective heat transfer from the outside 

surface of the wall to the surrounding air is calculated as: 

𝑞"𝑐𝑜𝑛𝑣 ,𝑜 = 𝑐   𝑇𝑠 − 𝑇𝑎𝑖𝑟  , (2-14) 

where Ts is the outdoor wall surface temperature and Tair is the outdoor air temperature. 

2.2.3 Shortwave radiation  

Heat gain from solar radiation largely depends on the incidence angle of the solar 

beam and the radiation intensity. To measure the incidence angle, ASHRAE (2001) 

formulation is employed to track the solar position over time. Incidence angle with every 

building face is measured in every hour based on local time, date, building geometry, and 

location specifications.   
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To estimate solar radiation intensity, the general framework of sky model 

introduced in ASHRAE Handbook of Fundamentals (ASHRAE 2001) is used. However 

instead of calculating the direct and diffuse radiation from solar and atmospheric 

specifications, the values are directly inputted from recorded TMY data. 

ASHRAE formulates the solar heat gain as: 

𝑞"𝑠𝑤𝑟 ,𝑜 =  1 − 𝐴𝑙𝑏𝑒𝑑𝑜 𝐸𝑡 , (2-15) 

where Albedo is the reflection coefficient of the outdoor surface of the wall Et is the 

incident total irradiance and is formulated as: 

𝐸𝑡 = 𝐸𝐷𝑁𝑐𝑜𝑠𝜃 +  𝐸𝑑 +  𝐸𝑟 , (2-16) 

where EDN is the direct normal irradiance, 𝜃𝑖𝑠 𝑡𝑒 incidence angle, Ed is the diffuse sky 

irradiance, Eris the reflected solar irradiance and is defined as: 

𝐸𝑟 =  𝐸𝐷𝑁 𝐶 + 𝑐𝑜𝑠𝑍 𝑅𝑔
1 − 𝑐𝑜𝑠𝜑

2
 , 

(2-17) 

where C is the seasonal constant, Z is the Zenith angle, Rg is the ground reflectivity, 

and𝜑𝑖𝑠 𝑡𝑒surface tilt angle.   

Ground reflectivity is often taken to be 0.2 for typical mixture of ground surfaces 

(ASHRAE, 2001).As mentioned earlier the direct and diffuse irradiance are extracted 

from typical meteorological data of the specific location.  

2.2.4 Long wave radiation  

Long wave radiation heat exchange mainly depends on surface temperatures, 

spatial orientation of the building, and materials thermal properties (Pedersen et al., 
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2003). To estimate the heat exchange of the building and its surrounding through long 

wave radiation the model presented in ASHRAE Toolkit for Building Load Calculations 

(2003) is employed:  

Long wave radiation can be categorized into heat exchange with the urban 

surroundings, sky, and ground. It is assumed that all the surfaces are gray, opaque and at 

a uniform temperature with even distribution of energy flux. Then the long wave 

radiation heat exchange is determined as (Pedersen et al., 2003): 

𝑞" =  𝜀𝜎[𝐹𝑎𝑖𝑟 (𝑇𝑎𝑖𝑟
4 − 𝑇𝑠𝑘𝑦

4 ) + 𝐹𝑠𝑘𝑦 (𝑇𝑠𝑘𝑦
4 − 𝑇𝑠𝑜

4 ) + 𝐹𝑔𝑟𝑑 (𝑇𝑔𝑟𝑑
4 − 𝑇𝑠𝑜

4 )], (2-18) 

where ε is the emissivity of the wall, σ is the Stephen-Boltzmann constant, Fair is the view 

factor of the wall to the outdoor air, Fsky is the view factor of the wall to the sky, Fgrd is 

the view factor of the wall to ground, Tair is the outdoor air temperature, Tsky is the sky 

effective temperature, Tgrd is the outdoor ground surface temperature, and Tso is the wall 

outdoor surface temperature. 

This correlation requires a measure of sky and ground temperature and their 

corresponding view factors seen by the building faces. Sky temperature is estimated 

based on the TARP model assuming the sky as a black body (Walton, 1983).  

𝑇𝑠𝑘𝑦 =  𝜀𝑠𝑘𝑦
4  𝑇𝑎𝑖𝑟 , (2-19) 

where Tair is the outdoor air dry bulb temperature, εsky is the sky emissivity and is 

calculated as:  

𝜀𝑠𝑘𝑦 =  0.787 + 0.764 ln 𝑇𝑑    1 + 0.024𝑁 − 0.0035𝑁2 + 0.00028𝑁3 , (2-20) 

where Td is the dew point temperature and N is the cloud cover.  
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The effective mean ground temperature can be very complex to estimate accurately. 

Instead a simple approach used in BLAST and TARP models is employed; the mean 

ground temperature is simply assumed to be equal to the outdoor air temperature 

(Walton, 1983). 

To measure the view factors of different building faces TARP correlations are used 

(Walton, 1983):  

𝐹𝑠𝑘𝑦 =  
1 + sin𝜑

2
 . sin(

𝜑

2
), 

(2-21) 

𝐹𝑔𝑟𝑑 =
1 − sin𝜑

2
, 

(2-22) 

where𝜑is the surface tilt angle. 

The sum of the view factors seen by a surface equals unity. Therefore Fair, the view factor 

to the surrounding air is calculated as: 

𝐹𝑎𝑖𝑟 = 1 − (𝐹𝑔𝑟𝑑 + 𝐹𝑠𝑘𝑦 ). (2-23) 

2.3 Building Indoor Heat balance  

The indoor and outdoor heat balances are interconnected by conduction through the 

walls. In Section 2.2.1 simultaneous solution of the differential equations representing 

conduction in both control volumes are discussed. Various elements contribute to the 

building indoor energy balance. In the present context the most dominant factors are 

accounted for. The secondary means of indoor heat generation such as occupants and 

equipments are ignored. Taking into account the interior thermal properties and projected 

area of the glazing, solar heat gain by interior surfaces is estimated using the similar 
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approach discussed in Section 2.2.3 for outdoor surfaces. The remaining dominant 

contributing factors to the interior heat balance are long wave radiation and convection 

heat transfer (equation 2-2). 

2.3.1 Indoor convection heat transfer 

The interior convection heat transfer is a result of air movement at the interior 

surfaces of the building. This air motion is both natural and forced.  

To estimate the natural convection ASHRAE(2001)correlation based on wall orientation 

and temperature difference is employed: 

𝑛𝑖 =  
1.31 𝑇𝑠𝑖 − 𝑇𝑟𝑜𝑜𝑚  0.33 for a vertical wall,

1.52  𝑇𝑠𝑖 − 𝑇𝑟𝑜𝑜𝑚  
0.33for a horizontal wall,

  
(2-24) 

where Tsi is the wall indoor surface temperature, Troom is the indoor room temperature and 

hci is the indoor natural convection coefficient.   

To accurately estimate the heat transfer through forced convection, various 

specifications of the HVAC system as well as precise room surface temperature profiles 

are required. However, a series of recent experimental correlations show little deviation 

between experimental results and less detailed estimates of the heat exchange (Pedersen 

et al., 2003). Therefore, here a simpler correlation based on required ACH (Air Change 

per Hour) is used (Pedersen et al., 2003, ASHRAE 2001).ASHRAE standard 

62recommends a ventilation air requirement of 0.35 ACH(ASHRAE, 2001). 

𝑓𝑖 =  
walls   0.19 𝐴𝐶𝐻0.8,

floor   0.13 𝐴𝐶𝐻0.8,

ceiling 0.49 𝐴𝐶𝐻0.8.

  

(2-25) 
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The natural and forced convective heat transfers together provide an estimate of the total 

indoor convective heat transfer: 

𝑞"𝑐𝑜𝑛𝑣 ,𝑖𝑛 =  𝑐𝑖  𝑇𝑠𝑖 − 𝑇𝑟𝑜𝑜𝑚  , (2-26) 

𝑐𝑖 = 𝑛𝑖 + 𝑓𝑖 , (2-27) 

where hci is the indoor convection heat transfer coefficient.  

2.3.2 Fenestration  

The means of heat exchange through fenestration are short wave radiation, 

conduction, and convection. Solar heat gain coefficient (SHGC) of the fenestration 

controls the amount of the net shortwave radiation that is transmitted indoor.  

𝑞"𝑠𝑤𝑟 ,𝑖 = 𝑆𝐻𝐺𝐶.  𝐸𝑡, (2-28) 

where formulation of Et, the incident total irradiance is discussed in section 2.2.3. 

The amount of conduction heat exchange through the fenestration depends on a set of 

characteristics of the fenestration summarized as U-factor. ASHRAE (2001) formulates 

this portion of heat exchange through fenestration as: 

𝑞"𝑓𝑒𝑛 =  𝑈𝑓 𝑇𝑟𝑜𝑜𝑚 − 𝑇𝑎𝑖𝑟  , (2-29) 

where q”fenestration is the heat flux through fenestration and Uf is the U-factor.   

2.3.3 Long wave radiation  

Among the available methods to approximate the long wave radiation heat 

exchange inside a room The Mean Radiant Temperature with balance (Walton, 1980) 

provides a good compromise between accuracy and simplicity. The MRT/bal method 

analyzes radiation exchange of each surface of the room with a fictitious surface 
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(Underwood, 2004). In general in this approach it is possible to include the effect of 

furniture, equipments, and view factors. However in the present work due to the lack of 

building indoor design details the radiation exchange is estimated for an empty room 

enclosure.  

MRT/bal method formulates the radiation flux between the two surfaces as:  

𝑞"𝑙𝑤𝑟 ,𝑖𝑛 =  𝜎 𝐹𝑀𝑅𝑇 (𝑇𝑠𝑖
4 − 𝑇𝑀𝑅𝑇

4 ), (2-30) 

where the MRT view factor,𝐹𝑀𝑅𝑇 , area of the fictitious enclosure,𝐴𝑀𝑅𝑇 , the MRT 

emissivity,𝜀𝑀𝑅𝑇 ,and the MRT temperature,𝑇𝑀𝑅𝑇  ,are specified as: 

𝐹𝑀𝑅𝑇 𝑖 =
1

1 − 𝜀𝑖
𝜀𝑖

+ 1 +
𝐴𝑖(1 − 𝜀𝑀𝑅𝑇 𝑖)
𝐴𝑀𝑅𝑇 𝑖𝜀𝑀𝑅𝑇 𝑖

, 
(2-31) 

𝐴𝑀𝑅𝑇 𝑖 =  𝐴𝑗

𝑁

𝑗≠𝑖

, (2-32) 

𝜀𝑀𝑅𝑇 𝑖 =  
𝐴𝑗 𝜀𝑗

𝐴𝑀𝑅𝑇 𝑖

𝑁

𝑗≠𝑖

, (2-33) 

𝑇𝑀𝑅𝑇 𝑖 =  
𝐴𝑗𝜀𝑗𝑇𝑗

𝐴𝑀𝑅𝑇 𝑖𝜀𝑀𝑅𝑇 𝑖

𝑁

𝑗≠𝑖

, (2-34) 

where the summations include all the surfaces in the enclosure except the surface i where 

i = j. A is the surface area, ε is the long wave emissivity of the interior surface, N is 

number of surfaces in the enclosure, and T is the surface temperature of the interior 

surface.  



14 

 

 

2.4 Heating and cooling load  

The past sections discussed the measure of heat exchange through the building 

envelope. Using the iterative solution method presented earlier, for every hour the inside 

surface temperature of every face of the building is measured. However the main 

objective is to measure the amount of energy required to maintain the indoor temperature 

at the desired levels of 19 degrees of Celsius in hot seasons and 23 degrees of Celsius in 

cold seasons. To do so a third control volume, the room air heat balance, is considered. 

The contributing factors to this control volume are convective heat transfer with room 

surfaces, natural infiltration, and air conditioning system. Therefore the heat balance in 

the third control volume provides a measure for the air conditioning energy demand: 

𝑞𝐻𝐶 =  𝐴𝑤𝑎𝑙𝑙 .𝑞"𝑐𝑜𝑛𝑣 ,𝑖𝑛   + 𝑞𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐴𝑔𝑙𝑎𝑧𝑒 𝑞"𝑓𝑒𝑛𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 , (2-35) 

where qHC is the air conditioning energy demand, Awall is the non-glazed area of the walls, 

q”conv,in is the natural and forced convection heat flux across interior walls, qinfiltration is the 

energy exchange through infiltration air flow, Aglaze is the glazed area of the wall, and 

q”fenestration is the heat flux through fenestration.  

The Natural infiltration is uncontrolled passage of outside air through the building 

structure and is calculated as:  

𝑞𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  𝑉 𝑐𝑝𝜌𝑎𝑖𝑟  𝑇𝑎𝑖𝑟 − 𝑇𝑟𝑜𝑜𝑚  , (2-36) 

where𝑉 is the indoo-r volumetric flow rate, cp is the specific heat of air, and ρair is the 

density of air. 

𝑉 is found as: 
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𝑉 = 𝐴𝐶𝐻.𝑉, (2-37) 

where ACH is the air changes per hour and V is the indoor volume of the room. 

This model is applied on an arbitrary three story commercial building with 900 m
2
 

floor area, 11.4 m height and 40% glazing on every face. Same geometry of building is 

considered at two different sites, Denver Colorado and Las Vegas, Nevada. For each case 

the simulation models the energy consumption for one typical meteorological year on 

hourly intervals. The meteorological records are extracted from 1991-2005 National 

Solar Radiation Data Base. These data are recorded at Denver International Airport 

(39.83N 104.65W) and Las Vegas McCarren International Airport (36.08N 115.15W).        
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3 Optimization  

3.1 Genetic Algorithm   

A Genetic Algorithm (GA) is employed to find the optimum set of structural 

characteristics which minimize heating and cooling demand of the building. An 

advantage of this optimization method for the present objective is that design variables 

can be easily added or removed from the routine. 5 design variables are considered: 

thermal conductivity of the walls, k, albedo of the outdoor surfaces, surface roughness of 

the outdoor faces, Rf, U-factor of the fenestration, Uf, and solar heat gain coefficient of 

the fenestration, SHGC. A GA algorithm is employed and customized for the designed 

energy model as the fitness function. 

a. Population: There are various studies on population size and the compromise between 

efficiency and effectiveness. Very often the population size is chosen based on the string 

length or the number of design variables. For this energy model as the fitness function a 

linear dependence of the population size on number of design variables (Goldberg, 1992) 

proved adequate. The population size is set to be 15 times the number of design variables. 

A random binary number generator is used to create the initial population.  

b. Evaluation: Table 3.1 demonstrates evaluation of associated energy consumption for 

each chromosome. In the example shown, only the first two design variables including 

thermal conductivity of the walls and outdoor surfaces albedo are considered. Each 

chromosome is broken into N binary segments where N represents the number of design 

variables. Then each binary segment is converted to its decimal value, scaled into user 
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defined ranges, and inserted into the energy model where annual consumption of energy 

(fitness value) is calculated. Fitness value represents how fit a chromosome is in 

minimizing energy demand.  

Table 3.1 Evaluation process of a two variable chromosome,  

1. Initial chromosome   1 0 1 1 0 0 1 1 1 0  

           

2. Partitioning    var 1 (1 0 1 1 0)   var 2 (0 1 1 1 0) 

             

3. Conversion to decimal   13     14   

             

4. Scaling    0.87     0.49   

           

5. Evaluation     881.00 kW/m
2
    

 

c. Elite Selection: To ensure the survival of the best individual during selection, elitist 

strategy introduced by Jong (1975) is used. The strategy isolates the top 3-5% of the 

population with highest fitness values: the elites. Elites stay unchanged through the 

selection and cross-over. Once the new generation is formed, the elites replace the 

weakest individuals of the new generation.     

d. Selection: A general approach of roulette wheel selection (RWS) is applied to mate 

chromosomes with higher fitness values. RWS used to employ a probability distribution 

in which selection probability of an individual will be directly related to its fitness value 

(Reeves, 2003). 

e. Cross-Over: The information in parent chromosomes is swapped through one-point 

cross-over to create the children or the next generation of the population.  At a random 
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point through the length of the binary chromosomes the digits are swapped between the 

mates.  

f. Convergence: Steps 2-5 are repeated until convergence is reached. The convergence is 

monitored by measuring improvements in the best fitness value from one generation to 

the next. Once the improvements drops lower than a user defined level the convergence is 

reached. The secondary stopping criterion is the maximum allowed number of iterations.  

3.2 Design variables selection  

Controlling the amount and direction of the net heat exchange enables the designer 

to take the most advantage of the outdoor meteorological condition while efficiently 

maintaining the desired conditions indoor. Structural design variables are the means to 

this objective. To efficiently modify the net heat exchange and eventually minimize the 

energy demand for air conditioning, the most effective design variables should be 

selected. The focus should be on design variables that primarily target the more dominant 

means of heat exchange. Moreover these variables should be feasible to adjust, have 

significantly different ideal values during hot and cold seasons, and ultimately have most 

dominant effects in the final amount of energy consumption. 

To distinguish these design variables generic building energy exchange behaviour 

is modeled and direction of the heat exchange through the building envelope and 

different means of heat exchange are presented in Figure 3.1.  During sunlight hours, net 

shortwave radiation is the most dominant factor. However, in a complete 24hr period the 

convection heat transfer dominates the net heat exchange. In general net long wave 
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radiation plays a relatively insignificant role and conduction heat transfer has a steady, 

considerable effect throughout the year.  

 

Figure 3.1 Means of net heat exchange of building with surroundings, for 24 hour periods every 

30days of a year 

Once the significance of each mode of energy transfer is measured, the direction 

of transfer for each mode is observed. During the cold season energy loss by conduction 

heat transfer through the walls tends to lower the indoor air temperature to below the 

comfort levels and result in heating load and vice versa during the hot season. That is 

conduction heat transfer is always in the undesired direction of heat exchange. Therefore 

the indoor air should be isolated from the conduction heat transfer with the outdoor 

surfaces as much as possible. During the cold season net shortwave radiation and during 

the hot season the convection heat transfer across the walls are the opposing modes to the 

energy losses through conduction heat transfer.    

Structural and thermal properties that are feasible to adjust and target the heat 

exchange modes of interest are distinguished and the five most effective of these 

properties are selected as design variables. Table 3.2 presents the selected variables and 

the expected means of heat exchange they affect. Walls thermal conductivity and 
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windows U-factor are selected to minimize the conduction heat transfer. Albedo of the 

outdoor surfaces, solar heat gain coefficient, and roughness of the outdoor surfaces are 

selected to adjust net shortwave radiation and convection heat transfer as opposing 

factors to conduction heat transfer.  

Table 3.2 Means of heat exchange affected by optimization design variable  

Effective Design Variable  Means of Heat Exchange  Range 

Walls thermal conductivity, k Conduction through non-glazed 

surfaces  

0.10-2.00 

(W/mK) 

Albedo of the outdoor surfaces, Albedo Shortwave radiation received by 

non-glazed surfaces 

0.10-1.00 

Roughness of the outdoor surfaces, Rf Convection away from non-glazed 

surfaces 

1.00-2.20 

U-factor of the fenestration, Uf Conduction through glazed surfaces 1.42-7.10 

(W/m
2
K) 

Solar heat gain coefficient, SHGC Shortwave radiation transmitted or 

conducted by glazed surfaces 

0.10-1.00 

 

For each of the design variables a feasible range is defined (table 3.2). The initial 

population of the optimizing algorithm is created within these ranges. 
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4 Results  

4.1 Validation 

To validate the model multiple approaches are employed. First, convergence of 

indoor and outdoor energy balances, equations 2-1 and 2-2, is monitored (Figure 4.1 and 

4.2). After 2 iterations the results deviate on average 3.43 Wm
-2 

from the exact solutions. 

Second, the estimated annual consumption of the energy for air conditioning is compared 

with the results obtained from detailed EnergyPlus model of the same building. The 

EnergyPlus model is created using US. Department of Energy file generator. The 

maximum deviation with the results obtained from EnergyPlus is 12%. Lastly, the 

evolution of the optimizer is monitored to ensure convergence of the results and to ensure 

that the best solution survives until the last generation (Figure 4.3). 

 

Figure 4.1 Convergence of heat balance on outdoor surfaces for the same days as in figure 3.1 
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Figure 4.2 Convergence of heat balance on indoor surfaces for the same days as in figure 3.1 

Figure 4.3 Convergence of fitness value towards minimum value  
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Table 4.1 Structural and thermal properties of the base case building 

Effective Design Variable  Value for a 

Typical Building  

Ideal value for 

hot season  

Ideal value for 

cold season  

Walls thermal conductivity, k 1.10 (W/mK) 0.10 (W/mK) 0.10 (W/mK) 

Albedo of the outdoor surfaces, 

Albedo 

0.30 1.00 0.10 

Roughness index of the outdoor 

surfaces, Rf 

1.52 2.20 1.00 

U-factor of the fenestration, Uf 4.54 (W/m
2
K) 1.42 (W/m

2
K) 1.42 (W/m

2
K) 

Solar heat gain coefficient, SHGC 0.40 0.1 1.00 

 

4.3 Case I: Denver, Colorado 

Denver with latitude of 39.7 degrees north and elevation of 1609 meter has a 

dominant cold climate with a short hot summer season. The heat exchange patterns of the 

base case building are modeled under the typical meteorological condition of this 

location. The direction of the heat exchange through the building envelope is presented in 

figure 4.4 by tracking the outdoor surface temperature of building faces, outdoor air dry-

bulb temperature, and the desired indoor temperature. Figure 4.5 presents different means 

of the heat exchange and the effectiveness of each mean.   

From early June to mid September (cooling season) the desired direction of heat 

exchange is facing outward and vice versa for the rest of the year. Figure 4.6 provides the 

time series of energy usage of the building for 24 hrs for every 30 days of the typical 

meteorological year. The total energy usage is 882 kWh/m
2
of floor area where about 81% 

of this amount is consumed for heating and the remaining 19% for cooling.   
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The energy model of the base case building is coupled with the optimizer and the 

optimum values of the design variables are estimated. The results are listed in table 4.2. 

Figure 4.6 presents the annual consumption of energy in the same building with the 

considered design variables replaced with the optimum values. Figure 4.6 also 

demonstrates the decrease in the rate of energy consumption. The total percent of energy 

saved is 17.4%.  

Table 4.2 Structural and thermal properties of optimized building design in Denver  

Design Variable  Optimum Value 

Walls thermal conductivity, k 0.10 (W/mK) 

Albedo of the outdoor surfaces, Albedo 0.18 

Roughness of the outdoor surfaces, Rf 1.21 

U-factor of the fenestration, Uf 1.42 (W/m
2
K) 

Solar heat gain coefficient, SHGC 0.85 

 

The optimum values of thermal conductivity of the walls and the U-factor are 

found as the lowest value of their range. This was expected as minimizing the amount of 

undesired heat exchange is achieved by minimizing thermal conductivity of the walls and 

fenestration.  Optimum values for albedo and SHGC are found as low as 0.18 and as high 

as 0.85 respectively. These values decrease heating load by absorbing and transmitting 

inward a large fraction of the net shortwave radiation received by the building. Likewise 

the optimum value for the roughness of the outdoor surfaces is relatively low to decrease 

heat loss through convection heat transfer. Although most of these optimum values are 

different from the ideal values solely for the hot or for the cold season (table 4.1) in most 
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of the cases they are closer to the desired values for cold season. This was expected since 

in this specific location for a typical meteorological year 81% of the energy is consumed 

for heating. Yet, if a building be designed exclusively based on winter conditions the 

cooling load can increase up to 20%.    

 

Figure 4.4 Outdoor surface temperatures of the building located in Denver representing 24 hour 

periods every 30days of a year   

 

Figure 4.5 Means of net heat exchange of the building located in Denver with surroundings, for 

24 hour periods every 30days of a year 
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Figure 4.6 Comparison of energy consumption of the building located in Denver before and after 

optimization, for 24 hour periods every 30days of a year   

4.4 Case II: Las Vegas, Nevada 

In the second case a location with more balanced heating and cooling load is 

considered. During a typical meteorological year in Las Vegas, the base case building 

consumes a total of 668 kWh/m
2 

of floor area energy for air conditioning where 53% of 

this value goes toward heating and the remaining 47% for cooling. Outdoor surface 

temperatures and outdoor air temperature presented in figure 4.7 suggest the direction of 

the heat exchange through the building envelope. Figure 4.8 presents different means of 

the heat exchange and the effectiveness of each mean.  
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high intensity of direct solar irradiance peaking at 1060 W/m
2
 at this site. Therefore, 

higher value of SHGC would dramatically increase the cooling load at this site.        

Table 4.3 Structural and thermal properties of optimized building design in Las Vegas 

Design Variable  Optimum Value 

Walls thermal conductivity, k 0.10 (W/mK) 

Albedo of the outdoor surfaces, Albedo 0.45 

Roughness of the outdoor surfaces, Rf 1.51 

U-factor of the fenestration, Uf 1.42 (W/m
2
K) 

Solar heat gain coefficient, SHGC 0.32 

 

Figure 4.9 presents the annual consumption of energy in the same building with 

the considered design variables replaced with the optimum values. The total percent of 

energy saved is 21%. If the same building was designed solely considering winter 

conditions, the cooling load would increase up to 19% and the total air conditioning 

energy consumption by 6%.  

 

Figure 4.7 Outdoor surface temperatures of the building located in Las Vegas, representing 24 

hour periods every 30days of a year   
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 Figure 4.8 Means of net heat exchange of the building located in Las Vegas with surroundings, 
for 24 hour periods every 30days of a year 

 

 

Figure 4.9 Comparison of energy consumption of the building located in Los Vegas before and 
after optimization, for 24 hour periods every 30days of a year 
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Optimizing albedo and SHGC reduce the energy consumption by 0.1% and 0.8% 

respectively.      

Table 4.4 Effectiveness of design variables in minimizing energy demand for air conditioning  

Design Variable  Energy consumption 

(kWhr/m
2
) 

Percent decrease 

Base case 668.92 - 

Optimized walls thermal conductivity  596.39 10% 

Optimized albedo of the outdoor 
surfaces 

668.29 0.1% 

Optimized roughness of the outdoor 

surfaces 

666.92 0.2% 

Optimized U-factor of the fenestration 608.90 9% 

Optimized solar heat gain coefficient 663.60 0.8% 
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5 Conclusion  

In both cases studied designing the thermal and geometrical characteristics of a 

building based on meteorological conditions of the entire year improves the energy 

consumption behaviours.  However in locations where winter heating is similar to 

summer cooling such as in Las Vegas estimating the optimum variables is critical. Since 

the best values may not be obvious and yet have significant effects on minimizing the 

energy demand of the air conditioning systems throughout the year. 

Although heat gain from shortwave solar radiation is the most dominant means of 

heat exchange, sensitivity analysis of the design variables shows thermal conductivity is a 

more effective variable than albedo and SHGC. Therefore optimizing conduction heat 

transfer that is improving insulation properties of the building is the most effective 

approach in minimizing the energy demand for air conditioning. Also convection heat 

transfer and heat gain form shortwave solar radiation has opposing effect and should be 

specifically designed to create the desired direction and amount of heat exchange.  
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