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Abstract

Designers aim to build nearly zero energy buildings and positive energy buildings to comply with
regulations. However, due to many variables affecting the energy performance of buildings, energy-efficient
building design is a challenging task. Among the proposed methods, simulation-based systems are promising.
The proposed simulation-based systems are not suitable for the construction sector because of the long
optimization periods. The primary goal of this study is to emphasize the necessity of standalone software
packages in solving usability problems and to provide a tool for designers and architects to incorporate into
their daily works. To demonstrate the advantages of standalone software a test study was conducted to find
a cost-optimal configuration for a typical residential building. In addition, the obtained cost-optimal design
was compared to the energy-optimal design obtained in previous studies and it was seen that the outcomes
are in parallel with the results of previous studies. It was observed that the optimum insulation thickness
obtained from the case study is significantly higher than the limiting values in the national regulation. The
results of the parametric analysis demonstrated that wall type, window area, and window type have the
highest influence on thermal performance. The results of the study have confirmed that stand-alone software
performs optimizations faster overcomes the shortcomings of simulation-based optimization systems
comprising integrated multiple software packages.
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1. Introduction

1.1. Background

Energy  Information  Administration  (EIA)
published the International Energy Outlook 2016
[1] report, which presents estimations regarding
energy usage between 2015 and 2040. In the report,
it is estimated that total energy consumption in
buildings will increase by 32% and energy
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consumption in the world will increase by 28% [2].
Therefore, CO2 emissions are predicted to increase
by an average of 0.6% per year between 2015 and
2040. Some resources reported that building
occupants are responsible for consuming 40% of
the total energy consumed globally [3, 4].
Approximately 40% of the material used in the
world is used for the construction of housing
projects and about 50% of the total energy
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consumed in the buildings is used for air
conditioning [5]. European Union targets to convert
all buildings into nearly zero-energy buildings by
improving buildings' energy efficiency by 2020 [6].
Therefore, the number of studies in the area of
building energy optimization sharply increased [7].
Researchers proposed various simulation-based
optimization methods to satisfy conflicting criteria
and design energy-efficient buildings. In the vast
majority of the studies, the developed systems
consist of the integration of several software
packages. The most popular way of developing a
simulation-based optimization system is to couple a
building simulation program and an optimization
program [8]. The most typical strategy of the
simulation-based optimization method is presented
in Fig. 1.

Green buildings reduce the energy required for
heating and cooling, minimizes environmental
impacts, and provides a healthier and more
comfortable environment to occupants. Green
building design is a hard task, which necessitates
expertise in different branches of engineering for
decision-making and finding optimum design
solutions [9, 10]. The initial costs of the
technologies used in green building design are
relatively higher. Therefore, green buildings are not
preferred by contractors and clients aiming for short

term profits [4]. On the other hand, in the long term,
the right material selections and design processes
significantly reduce the life cycle cost (LCC) of the
buildings.

1.2. Related studies

Although recently the number of studies in the
fields of building energy simulations and
optimization methods significantly increased the
first studies in this area were published in the
1970's. A pioneering article published in the '70s
aimed to optimize the energy efficiency of office
buildings using simulation-based optimization
methods [11]. Then, Bouchlaghem et al. [12]
conducted a study using the simplex method and
non-random complex method to optimize the
passive thermal performance of the buildings. The
number of studies related to building energy
efficiency sharply increased in 2005 [8].
Chantrelle et al. [13] developed a multi-criteria
optimization tool by combining TRNSYS and a
genetic algorithm optimization method. The study
aimed to optimize the design parameters of a
building renovation. Bambrook et al. [14] proposed
a simulation-based optimization system to

minimize CO2 emission and life cycle costs of a
home in Sydney.
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Fig. 1. Typical strategy of simulation-based optimization method
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Hamdy et al. [15] combined the IDA ICE (building
performance simulation program) and a genetic
algorithm optimization method to minimize CO,
emissions and investment costs of a two-story
house. He reported that with 26% lower initial
costs, 32% less CO; emissions could be achieved.
Sahu et al. [16] proposed a simulation-based
optimization method consisting of a combination of
a thermal model and Genetic Algorithm (GA) to
design energy-efficient buildings. Gong et al. [17]
published an article presenting optimal passive
designs for buildings in 25 representative cities in
China. Hamdy et al. [18] carried out a study on the
optimization of a single-family building in Finland.

The study indicated that
environmental goals do not necessarily contradict.
A review study was published by Costa-Carrapigo
et al. [9] to investigate the implementation of
genetic algorithm optimization methods in the
optimization of building retrofitting strategies
towards energy efficiency. Another review study
was carried out by Kwong et al. [19] to analyze
tropical buildings and their energy improvement
potentials. Asadi et al. [20] combined TRNSYS,
GA, and ANN to develop an optimization system.
Murray et al. [21] proposed a method that combines
a GA optimization method and a static energy
simulation model to assist designers who undertake
retrofitting projects. Karaguzel et al. [22] proposed
an integrated system consisting of GenOpt and
EnergyPlus aiming to reduce optimization time.
Ferrara et al. [6] and Ascione et al. [23] offered
optimization methods to minimize energy costs and
maximize the thermal comfort of the buildings. In a
study published by Kim et al. [24], an optimization
model was proposed which minimizes energy
consumption and satisfies thermal comfort by
selecting green systems. The study aimed to
provide a model for designers to select optimal
green systems considering energy consumption,
economic and environmental impacts, and thermal
comfort.

Fonseca et al. [25] proposed a methodology to
evaluate building energy and comfort performance
while considering life cycle cost. Gagnon et al. [26]
developed an integrated system to compare an

financial and

NSGA II optimization and a hierarchical
optimization technique performance in minimizing
the carbon footprint of building energy
consumption and materials. The results of the study
indicated that the NSGA 1II optimization
methodology is better in identifying the optimal
designs. Mahdavi [27] conducted a study to
emphasize the necessity and long-term benefits of
building simulations. The results of the study
demonstrated that although building simulation is a
valuable methodology in competent hands the long-
term benefits are limited.

1.3. Objectives of the study

As mentioned earlier, green buildings are not
preferred in the construction sector due to their high
initial costs. In this context, the number of studies
showing the importance of the life cycle costs of
buildings and the use of correct thermal design
should be increased. The previously conducted
studies demonstrated that the integration of
optimization tools and simulation tools make up a
powerful methodology for finding building thermal
designs that minimize building life cycle costs [8].
On the other hand, simulation-based optimization
methods have many difficulties such as; coupling
efficiency, labor and expertise requirements, long
runtimes and non-user-friendly simulation software
[20, 28, 15].

To overcome these difficulties a tailor-made
standalone simulation-based optimization software
package (E-Mat) developed and presented by the
authors in a previous study is utilized [29]. A small
module, which calculates the life cycle cost of the
buildings is coded and embedded to developed
software. The objectives of the study are to test the
modified software on a residential building in
Istanbul, to compare cost-optimal and energy-
optimal designs for the building and to demonstrate
the efficiency of the software for building life cycle
cost optimization. The main goal of this work is to
emphasize the necessity of standalone software in
thermal design and LCC optimization of buildings.
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2. Methodology

As mentioned above, a standalone system
developed by the authors on the Matlab platform
was utilized in this study. The software is developed
on a single platform, and it is easy to embed new
modules to the main software. A life cycle cost
calculation code is embedded into original software
to calculate and minimize the life cycle cost of the
buildings. The strategy used in the utilized software
package is presented in Fig. 2. Different from the
other systems in the literature the proposed
optimization method is a standalone software built
on a single platform. The proposed methodology
provides a highly usable and fast system integrating
building simulation, life cycle cost calculations, and
genetic algorithm optimization. The heat balance
method is used for energy simulation. To find the
optimal thermal configuration a genetic algorithm
optimization method is employed. Financial
calculations are conducted using life cycle cost
analysis.

The stages of the methodology can be
summarized as follows;
I. Preparation and insertion of input data

consisting of latitude, longitude, the geometry

of the building, building orientation, user
requirements, weather conditions, cost data and
optimization constraints.

II. The optimization module (GA) manages the
optimization process from the first step to the
end. In the first step of the GA process, a
population is created from random individuals
and in the succeeding steps of the GA; the new
generations are diversified using crossover,
elitism, selection, and mutation to avoid local
minima.

I11. The output of the GA consisting a number of
building envelope configurations are transferred
to the thermal simulation module. The thermal
simulation module completes the calculations
and transfers output to LCC module. The
objective function of the optimization module is
the LCC module.

IV. At the end of each step, the GA evaluates the
results of the LCC calculations. The
optimization process is terminated if one of the
termination criteria is met and the optimization
module outputs a result. The cycle repeats to the
maximum number of generations if the
termination criteria are not met.
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Fig. 2. Proposed standalone simulation-based optimization system
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2.1. Financial calculations

The cost data for each component of the envelope
were acquired from the Ministry of Environment
and Urbanization. The costs of energy resources
(natural gas and electricity) are obtained from
provider companies. The global cost function
presented above is utilized as the objective function
of the genetic algorithm optimization module. For
life cycle cost analysis, a global cost method
presented in European Standard EN15459 was
utilized [30]. The proposed method takes into
consideration the components costs and financial
parameters affecting the life cycle costs of the
buildings. In the methodology presented in
EN15459, the lifetimes of building envelope
components are assumed to be equal to buildings'
lifetime. In addition, according to the standard, the
building envelope components do not require any
maintenance.
The global cost equation can be written as;

Q=U+Z
7

2.2. Heat balance calculations

T

Z (Ca,i(j) X Rd(i) - Vf,‘r(j)) (l)

i=1

In this study, an energy simulation software named
E-mat developed by the authors in a previous study
is utilized. The thermal simulation module
implements the heat balance method to calculate
heating and cooling loads of the buildings. The heat
balance method enables designers to calculate solar
and internal heat gains of buildings in detail.
Compared to other methods the number of
assumptions made in the heat balance method is
lower. Thus, the results of the thermal simulations
made based on the heat balance method are more
accurate. The formulation of the heat balance
method was first published by Pedersen et al. [31]
and accepted to be the most robust method. The
heat balance equations utilized in the thermal
simulation module of the optimization software are
presented below.
The heat balance equation for inside surfaces:

Qiwx + Gw + QGws + G + Gor T Loonw =0 (2)

The heat balance equation for outside surfaces:

q&sol + q,[fWR + Qconv — qi{o =0 (3)
The remaining equation for the heat balance
method comes from air heat balance equation:

Qeonv T qce + Qv + Qsys = 0 4)

2.3. Genetic algorithm optimization

The genetic algorithm (GA) is inspired by the
evolution of living organisms and used to generate
solutions for search and optimization problems.
The GA is a meta-heuristic optimization method
and belongs to the class of evolutionary algorithms
[32, 33]. Other search methods focus on a single
solution while the GA focuses on a generation of
solutions and the user can determine the size of the
generation. John Holland firstly revealed the
principles of GA in the 1960s and he was accepted
as the pioneer of GA. Due to technological
limitations at the time the GA algorithm could not
be used at its full potential. With the developments
in computer technology and the availability of
powerful computers, the barriers to using GA have
been eliminated. Studies conducted by Goldberg et
al. [32] in the field of GA optimization have been a
milestone. At present, the GA optimization
technique has been accepted as a powerful and
quick metaheuristic method solving optimization
problems by finding global optima [34].

The selected efficiency measures are converted
to integer and float variables, which can be
processed by the GA optimization tool. The
constraints of the optimization problem can be
determined according to architectural limitations,
client requests, governmental regulations, and laws.
The optimization module (GA) generates a random
population at the first step of the optimization
process. Each individual in the population consists
of an envelope configuration for the building. The
members of the population are sent to the thermal
simulation module. At this step of the process, a
parallel computing method is implemented to speed
up the optimization process. The thermal
simulation module conducts 4 simulations at a time.
The energy simulation module runs the calculations
and returns the annual energy consumption for each
alternative configuration. The results of the energy
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simulations are utilized by the life cycle cost
module for financial calculations. GA optimization
tool receives the results of the LCC calculations and
evaluates the fitness of each alternative. If one of
the termination criteria is not satisfied the
optimization tool generates a new population using
operators such as mutation, elitism, crossover, and
selection. The steps explained are repeated until one
at least one of the termination criteria is met.

3. Test case — LCC optimization of a residential
building
The test study was conducted to measure the
flexibility of the software and to demonstrate how
it performs when an additional module is added.
The selected case also provides an opportunity to
compare  cost-optimal  and
configurations. In order to achieve determined

energy-optimal

objectives, a reference building used in a previous
study has been selected by the authors [29].
Approximately %50 percent of the buildings in
Istanbul are 5 to 6 story buildings [35]. Therefore,
it can be said that the reference building selected
represents the majority of the residential buildings
in Istanbul. The objective of the optimization
process is to find a cost-optimal envelope
configuration for the reference building that also
satisfies the needs of the residents.

15.5m
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3.1. The reference building

A real 5-story residential building used by the
authors in a previous study was selected for the test
case. By selecting a building from a previous study
an opportunity was created for the authors to
compare energy optimal and cost-optimal
configurations. The building is located in Istanbul
has 5 normal floors and an attic. A representative
model of the building is presented in Fig. 3. The
ground floor is (15m x 20m) 300 m? and as can be
seen in Figure 3 the other floors are 17.5 m? larger
than the ground floor. Each story is 3.20 m high
from floor to ceiling. The building is heated if the
inside temperature is below 21 °C and cooled when
it is above 24°C [36]. The building has no
mechanical ventilation. In this study, for the
internal heat gain calculations lighting loads,
occupancy, and kitchen appliances are taken into
consideration. The occupancy schedules
internal loads are obtained from the American
Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE 55-2004 and
ASHRAE 189.1) standards [37]. Due to the
limitations of the software the simulated buildings
are regarded as a single thermal zone. On the other
hand, a single zone simplifies the calculations and

and

significantly shortens the optimization runtime.
This simplification increases the user-friendliness
and practicality of the software and also greatly
shortens the calculation period.

c)

North

East

South

Fig. 3. a) Plan of the normal floors b) Plan of the ground floor c¢) Orientation and representative 3d model of the building
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3.2. Preliminary works

At the preliminary stage of the optimization works
the user needs to collect material data from the
construction sector. In addition, data for weather
conditions and financial calculations are required.
In this study, material prices and properties were
obtained from the database of the Ministry of
Environment and Urbanization. The preparation of
the database requires too much labor and a long
period of time. However, the database formed can
be used in multiple projects. The properties of the
windows selected for optimization process are
presented in Table 1.

Four different types of walls and roofs were
selected. By changing the insulation thicknesses
different versions of the walls and roofs were
created. The main material for the external walls is
brick. Insulation materials widely used in the sector

Table 1. Properties of the window alternatives

such as rock wool, aluminum composite panels,
expanded polystyrene foam and cement-bonded
particleboards were selected. The roofs selected
mainly consist of heat insulation materials such as
extruded polystyrene (XPS) foam board, rock wool,
and gravel. In the database of the software, two
different types of foundation cross-sections were
defined. Rock wool was preferred for heat
insulation. The service lives of the roofs, outer
walls, and slabs are estimated to be 30 years and
were assumed to require no maintenance. The
properties of the walls, roofs, and slab foundations
which are defined in the software database are
presented in Fig. 4, Fig. 5, and Fig. 6 respectively.
By changing the insulation thicknesses, different
alternatives for the building components were
determined. The insulation thickness ranges are
shown in Fig. 4, Fig. 5, and Fig. 6.

Frame Alternatives Glasses Space Between Glasses (m)
Without Joints

Wooden Frame Single Glazing 0.006

Polyvinyl Chloride 2-Chamber Joint Double Glazing 0.009

Polyvinyl Chloride 3-Chamber Joint Double Glazing 0.012
Aluminum Frame Low-E 0.016

Aluminium Frame With Insulation Bridge

WALL TYPEI
2mim Cement Plaster =
100mm Brick Wall =

20mm Gypsum Plaster = = 30mm - Glmm

WALL TYPE N

20mm Cement Mlaster =
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= 20emim - 100mm EPS [nsulation

WALL TYPEN

Himm Cement Plaster =
100mm Brick Wall =

20 Gypium Plaster = |
LAt

S0mimi- L00mm EFS
= Thermal Insulaticon

= 20mm Cerment Plaster

WALL TYPE IV

20mm - 100rmm EPS
» Thaermal [Insulation
= dmrm Aluminum
Camp. Panel

20mm Cement Plaster =
100mm Brick Wall =

20mm Gypsurn Plaster «
. S

Fig. 4. Layer properties of the selected walls
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Fig. 5. Layer properties of the selected roofs
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Fig. 6. Layer properties of the selected foundations

Due to dense housing in the urban areas the size
(geometry) and the orientation of the building are
assumed to be constant. The variables used at the
optimization process are; exterior walls, windows,
foundation, roof, wall absorption coefficient, and
roof absorption coefficient. The list of optimization
variables and their boundary conditions are
presented in Table 2. Wall types, roof types,
window types were defined as discrete variables.

The window area, roof absorption coefficient, and
wall absorption coefficient are continuous variables
in the optimization. By altering the insulation layer
thicknesses presented in Figs. 4, 5, and 6 the ranges
of wall type, foundation type, and roof type
parameters were determined. The window type
parameter range was determined based on the
number of combinations of window properties
presented in Table 1.
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Table 2. Genetic algorithm lower and upper boundary
conditions

. . Lower Upper
Optimization Variables Limit Limit
Wall Type 1 459
Roof Type 1 340
Foundation Type 1 14
Window type 10 54
Wall Absorbance Coeff. 0.2 1
Roof Absorbance Coeft. 0.2 1
South Fa;cade Window 9,16 32256
Area (m?)

North Fe;cade Window 92,16 32256
Area (m?)
East Faczade Window 64.32 22512
Area (m®)
West Fa;;ade Window 64.32 22512
Area (m°)

The window sizes were set to vary from 20% to
70% of the total surface area due to a lack of
statistical data on buildings' geometry. The
windows without frames are excluded from the
components database therefore the window lower
boundary was set to 10. The reason is the
contractors do not use windows without joints in
residential buildings. The absorption coefficients of
walls and roofs were assumed to range from lightest
to darkest color.

3.3. Financial parameters

Natural gas and electricity are used for heating and
cooling in the building respectively. Natural gas
unit prices required for financial calculations were
obtained from IGDAS Istanbul Gas Distribution
Industry and Trade Inc.(IGDAS). The average
annual rise of natural gas prices is determined to be
12.32%. Information regarding the electricity price
was acquired from Turkish Electricity Distribution
Corporation (TEDAS). The average annual price
rise is determined to be 11.98%. The inflation rates
required for financial calculations are acquired
from Central Bank of Turkey (TCMB). The LCC
of the reference building were
conducted based on the values presented in Table 3.

calculations

Table 3. LCC calculation parameters

Calculation Period (Years) 30

Interest Rate (%) 11.11
Inflation (%) 8.35
Yearly Electricity Price Raise Rate (%) 11.98
Yearly Natural Gas Price Raise Rate (%) 12.32
Natural Gas Price ($/kWh) 0.023

Electricity Price ($/kWh) 0.110

3.4. Genetic algorithm parameters

Before starting the optimization process the users
need to determine certain parameters for the GA
optimization operators. The parameters can be
listed as; the objective function of the problem,
mutation and crossover probability, size of the
population, constraints of the problem, tolerance
function, number of generations, variables and
variable boundary conditions. The boundary
conditions determined for the test case are
presented in Table 3. The walls, roof, slabs, and
windows were selected based on the market and
sector research. The boundary conditions of the
window areas at each facade of the building were
determined considering architectural limitations
and the governmental regulations.

The options required for GA optimization are
presented in Table 4. There is not a best practice
method for solving each problem using a genetic
algorithm optimization technique. Therefore, the
options of the GA tool are set based on user
experience and trial and error. The optimization
toolbox terminates due to a number of reasons; the
determined number of iterations, the time limit, the
maximum number of iterations without any
improvement and the penalty value.

Table 4. Genetic algorithm options

Options Value
Maximum Generations 100

Selection Default Stochastic Uniform
Population Size 100

Crossover Function Constraint Dependent
Tolerance Function Value 1.00E-08

Elitism Probability 0.05*Population Size

Default value: 0.8
Constraint Dependent

Crossover Probability

Mutation Function
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For the selection process of the GA optimization
stochastic uniform function is selected which is the
default function of the MATLAB optimization
toolbox. The stochastic uniform function lays a line
and the line is divided into sections. Each section
represents an individual of the population and the
length of the section is proportional to its fitness.
At each generation randomly an individual is
selected as a parent individual for the next
generation. For each individual, the probability of
being selected as a parent individual is directly
dependent on their fitness.

3.5. Optimization results

A relatively old personal computer with an Intel i7-
2600 CPU and 16GB of RAM was utilized for the

The cost-optimal configuration
selected by the GA optimization software is
demonstrated in Table 5 and the layer properties of
the cost optimal components are demonstrated in
Table 6. On all facades of the residential building,
window areas are almost the smallest size possible
and the recommended window type is PVC
with double Low-E glazing. The
optimization software selected the smallest window
areas possible for all facades. The cost-optimal roof
and walls have minimum solar absorbance values
(0.2). The software reduced the cooling loads by
selecting the smallest windows and lightest colors
possible for the walls and roof.

envelope

windows

Table S. Optimization result for reference building

optimization runs. The software ran 10000 building Desthen Vardbiles Selected
. . . Components/Values
energy simulations for the optimization process.
The optimization process took approximately 210 External Wall Type 153
minutes. Utilizing a computer with better Roof Types 17
configuration may  slightly increase the Slab Type 1
optimization speed. The process of genetic Window Type 36
algorithm optimization convergence is presented in Surface 1 - Window Area (m?) 92.38
Fig. 7. The optimization process was terminated Surface 2 - Window Area (m?) 92.40
after completing maximum number of generations. Surface 3 - Window Area (m2) 64.84
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Fig. 7. Genetic algorithm process
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Table 6. Layer properties of the selected building components

Selected Wall Properties (153)

Materials Thickness (mm)  Conductivity W/(m.K)  Density (kg/m®)  Specific Heat kJ/(kg.K)
Gypsum Plaster 20 0.73 1600 0.84

Brick Wall 100 0.73 1922 0.84

Cement Plaster 20 0.72 1860 0.84

Thermal Ins. (EPS) 100 0.03 22 1.5

Cement Plaster 20 0.72 1860 0.84

Selected Roof Properties (17)

Materials Thickness (mm)  Conductivity W/(m.K)  Density (kg/m®)  Specific Heat kJ/(kg.K)
Gypsum Plaster 20 0.73 1600 0.84

Concrete Slab 200 1.5 2400 0.8

XPS Foam Board 100 0.03 30 1.5
Protective Concrete 50 0.68 897 0.84

Gravel 30 0.36 1840 0.84

Selected Slab Properties (1)
Materials Thickness (mm)  Conductivity W/(m.K)  Density (kg/m®)  Specific Heat kJ/(kg.K)
Screed 50 1.4 1200 0.84
Foundation Slab 500 1.5 2400 0.8
Protective Concrete 50 0.68 897 0.84
Blockage 150 0.36 1840 0.84
The objective of the optimization problem can life cycle cost. The cost-optimal envelope

be described briefly as minimizing the LCC of the
reference building while keeping the building at an
acceptable range of temperature. The building with
optimal configuration estimated to consume
26,635 kWh of electricity for cooling and 47,320
kWh of natural gas for heating. The calculated LCC
for the reference building with the optimal
configuration is 407,578$. The initial cost of the
building envelope is 236,2418. The results of the
case study demonstrated that the operating costs of
the building are a significant part of the building's
life cycle costs. Therefore, the optimal building
configuration has components with thick insulation
materials.

3.6. Parametric studies

In this study, a parametric study is conducted to
demonstrate the effects of each parameter on the

configuration acquired from the test case was used
and in each simulation, a single parameter is
changed while all other variables kept constant. The
purpose of the parametric runs is to find out the
influence of the design changes on building life
cycle costs. The results showed that the parameters
most influential on the life cycle cost are external
walls, window types and window area oriented to
the northeast.

In building component database there are
mainly 4 types of external walls and by varying the
insulation thicknesses, the number of external walls
was increased to 459. To conduct the parametric
studies 2 walls from each wall type one with the
lowest insulation thickness and the other with the
highest insulation thickness were selected. The
parametric runs were carried out by changing the
external wall type while keeping all other variables
constant and the results are presented in Fig. 8.
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Fig. 8. External walls parametric analyzes results

The result of the parametric studies showed that the
external wall variation has a remarkable impact on
the energy demand and life cycle cost of the
building. Since external walls have no effects on
infiltration, ventilation and solar radiation, cooling
loads are almost not affected by the external wall
variation. Although selecting walls with higher
insulation reduces the heating loads of the
buildings, after a certain level the types of the wall
with high insulation have a significant negative
effect on life cycle costs.

The building component database consists
mainly of 6 types of windows and by varying the
glass type, the number of windows was increased to
54. However, for the test case, 45 of the windows
were used because windows without joints cannot
be used for residential buildings. PVC window
types (WinT19 — WinT27) were selected as a
representative part of the parametric runs and the
results of analyzes are presented in Fig. 9. From the
Fig. 9, it can be seen that the window selection has
a remarkable impact on the energy demand of the
reference building. The window selection has a
significant effect on the amount of solar radiation
entering to reference building. In addition, using a
single glazing greatly increases the energy demand
of the building. Low emissivity glazing shows the
highest insulation performance. Therefore, the
developed software selected windows with Low-E

glazing to reduce the heating loads of the reference
building. Low-E glasses are relatively expensive
but reduce the life cycle cost of the building. The
influence of windows on heating loads and cooling
loads considerably affects the LCC of the reference
building.

The architectural design of the building is an
effective factor, which has an essential impact on
building energy consumption. The window area is
a determining factor in the amount of solar radiation
entering to reference building. Increasing the
window area raises the amount of solar radiation
entering the building. Solar radiation reduces the
heating loads and increases the cooling loads of the
building. In addition, windows with low U-value
increase the heating and cooling loads of the
buildings. In the test case; the window areas are
assumed to be between 20% and 70% of the total
facade area. After running all the parametric runs
for window areas it was seen that the most effective
facade is the one to the northeast direction. The
results of the parametric runs carried out for the
northeast facade are presented in Fig. 10. It can be
seen that there is a linear relationship between
energy demand and the northeast facade window
area. The Northeast facade of the building receives
a notable amount of solar radiation. Therefore, the
optimization software reduced the size of the
windows to the lowest limit possible.
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3.7. Verification of the model

To measure the reliability of the developed
simulation software a verification analysis was
conducted. In the verification analysis, the results
of the E-Mat were compared to results obtained
from widely used commercial software EnergyPlus.
To conduct validation analysis the LCC-optimal
design obtained was simulated utilizing EnergyPlus
and the monthly cooling and heating loads were
compared by calculating the validation metric
coefficient of variation of the root mean square
error (CVRMSE). Fig. 11 demonstrates the E-Mat
versus EnergyPlus simulated energy consumption
for the reference residential building and from the
figure, it can be seen that simulated energy use
patterns were quite similar. According to ASHRAE
guidelines, the acceptable range of CVRMSE for

monthly validation is +£15% [38]. The calculated
CVRMSE values for monthly cooling and heating
loads are 4.0% and 6.7% respectively. Therefore,
the results demonstrate that the E-Mat satisfies the
requirements of ASHRAE and has an acceptable
level of accuracy.

4. Discussion

The integration of optimization software and
commercial simulation software is the common
method used by the researchers working in this field
[3, 6, 24, 39]. The methods used in the literature
have high computational cost and building a new
model is time-consuming [40, 41, 42]. In addition,
architects and designers can not fully integrate these
methods into their daily works [43].
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In this study, a standalone building optimization
tool is utilized to conduct life cycle cost
minimization process. Using a general genetic
algorithm optimization method greatly reduced the
required expertise and preparation work for the
analysis. The parameters of the genetic algorithm
such as population, crossover fraction and mutation
probability can only be decided by experience and
trial runs [39]. The computational loads of
equivalent problems in the literature are presented
in Table 7 to compare with the performance of the
current study. To accelerate the optimization
Matlab’s  parallel were
implemented. In addition, using a computer with
better configurations (CPU with more than 4 cores)

programming codes

or clustering multiple computers may reduce the
processing time.

A test case was conducted to measure the
efficiency of the software and acquire the cost-
optimal envelope configuration for the reference
building. The objective of the test case is the
minimization of the life cycle cost of the reference
building. Conforming the results of similar studies
in this field of study the initial cost of the optimal
configuration is slightly higher than the minimum
cost of the envelope configuration [6, 44]. Similar
to other studies, the optimum
configuration has the smallest window area
possible and the software selected high-efficiency
windows with relatively higher cost [3, 6, 45]. In
addition, the developed optimization software
recommended insulation thicknesses similar to
other studies that aimed to optimize reference
buildings located in Turkey using commercial
software [46, 47, 48, 49].

envelope
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Table 7. Computational loads of equivalent problems in the literature

Article CPU

Calculation Time for
Equivalent Problems

Problem Features and
Number of Variables

Naboni, et al. [50]

Balijepalli and Khaparde, [51]
Negendahl and Nielsen, [52]
Carlucci, et al. [53]

Schwartz, et al. [54]

Ascione, et al. [23]

Dual core
Intel Core 17
Intel Core i7
Intel Core i7

Dhariwal and Banerjee, [54] Intel Core i7

Intel Xeon E5540

Quad core Intel processor server

8 hours
More than 50 hours

11 variables

11 variables

- 3 days

- 13 hours
9 variables 10 hours
10 variables 70 days
11 variables 27 hours

The optimization software selected walls with a
relatively lower cost and thicker insulations.
Choosing thicker insulation to a certain point does
not make a remarkable impact on the life cycle cost
of the building. The reason is, walls with thick
insulation and built with relatively low-cost
materials have a higher benefit-cost ratio. Due to
the high cooling costs of the building the
optimization software has taken measures to reduce
cooling loads.

The reference building used in the test case is a
S-story residential building that was tested in a
previous study [29]. In this way, the opportunity to
compare  cost-optimal  and
configuration was created and the results are

energy-optimal

presented in Table 8. In the previous study, the
software prioritized reducing the cooling loads.
However, study software prioritized
reducing heating loads to minimize LCC. The
reason is, the unit price of natural gas used for
heating is lower compared to electricity. Thus, the
GA tool has selected small windows, Low-E
glazing, and light-colored walls and roof to reduce
cooling loads. Although the total energy used for
the air conditioning of the reference building is

in this

remarkably higher than energy-optimal buildings,
the life cycle cost of the building is lower. Using a
more efficient cooling system may change the
results of the optimization process. The simulation
results of the energy-optimal and LCC-optimal
designs are presented in Table 8.

Using the results of the case study, parametric
runs for each design variable is carried out to
determine the influence of the design variables on
energy consumption. In parallel with the literature,

the results showed that the thickness of the
insulation has an important influence on the thermal
performance of the residential building [3, 39].
Insulation materials with average thickness and
performance  provide  satisfactory  thermal
performance. The slab of the building consists of a
very thick concrete layer, which provides a
satisfactory thermal resistance. Therefore, the
insulation thickness in the slab has very little effect
on the thermal performance of the building. In
accordance with other studies in literature, the
parametric analysis showed that there is a linear
relationship between the window size and solar
radiation entering buildings, which directly affects
cooling and heating loads [3]. Similar to other
studies the current study showed that glazing
selection is one of the most effective factors in
building design because the windows have very low
thermal masses [6, 20, 39]. For this reason,
selecting windows with high thermal performance
(Low-E) is very important. In addition, similar to
other studies the results of the parametric runs
demonstrated that the roof type and absorbance
moderately affect the
performance of the buildings (Ferrara et al. 2014).

The results of the test study and parametric
analyzes demonstrated the efficiency of the
proposed method and software in solving complex
optimization problems. Utilizing a standalone
software instead of using an integrated system

coefficients thermal

eliminated coupling procedures and problems.
Thus, a standalone energy optimization software is
required which performs analyses faster and
outputs reasonably accurate results.
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Table 8. Energy-optimal and LCC-optimal simulation results

Energy-Optimal (Yigit & Ozorhon 2018)

LCC-Optimal

Case 1 Case 2 Case 3 Case 4 Test Case
Budget Limit (US $) ~235,000 ~247,000 ~280,000 ~313,000 No Limit
Cooling Load (kWh) 40,957 46,716 42,413 43,924 26,635
Heating Load (kWh) 26,840 18,864 20,900 19,346 47,320
Envelope Cost ($) 234,907 246,180 270,342 270,500 236,241

5. Conclusions

The decisions made at the design stage have a
critical impact on the life cycle cost of the
residential buildings. As a consequence of building
design’s multi-disciplinary structure, making
decisions about the design, system, and material
selection are challenging tasks. The duty of the
designers is to minimize the life cycle costs and
design energy-efficient buildings by optimizing the
building envelope. On the other hand, while
achieving the above-mentioned goals designers
must satisfy the resident's needs and governmental
regulations. In this study, the authors utilized a
standalone software prototype conducting the
optimization process in order to demonstrate the
effectiveness of standalone software. The objective
function of the optimization process was to
minimize the LCC of the residential building. The
software utilizes a GA technique to carry out the
LCC minimization process. It was aimed to
emphasize the necessity of standalone software to
optimize the energy performance of buildings. A
case study was conducted to present the
effectiveness of standalone software providing
cost-optimal configurations for the buildings. In
addition, the results of the case study were
compared to a previous study conducted by the
authors.
The results of the study show that:
The standalone software prototype used in this
study is extremely efficient in reducing the labor
and time needed for the energy optimization of
the buildings. The proposed method also
eliminates the integration problems of
optimization and simulation tools.

The methodology presented can be adapted to
perform various optimization problems and
provides a tool for designers and architects to
integrating their daily works. Therefore, apart
from the numerical results of the test study, the
most important conclusion of this study is
related to the effectiveness of the proposed
methodology.

The optimization process returned a thermal
design similar to the designs recommended in
the previous studies. In addition, in parallel with
the previous studies, the results of the case study
indicated that the insulation thicknesses
recommended by the local regulations are not
sufficient.

The results demonstrated that the developed
software definitely accelerates the complex
optimization process of the buildings. Although
the more detailed commercial simulation tools
are slightly more accurate, E-Mat's is a capable
software that can be integrated to designers'
daily workflow for its practicality and speed. In
addition, as a further study, the developed
software can be optimized and transferred to a
faster platform (other than MATLAB) to reach
simulation speed, which lets researchers
conduct building energy optimization under
uncertainty. Although the optimized parameters
were limited to building envelope properties
due to the scope of the study, the flexibility of
the software allows wusers to alter/add
optimization parameters for future studies. The
utilized standalone software is adaptable to
other cases and capable of supporting further
research concerning the life cycle cost and
energy efficiency of the buildings.
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Nomenclature

Cai(j) Annual cost of each element at each year

Ce Present value of the global cost

Cl Investment Costs

R, (1) Discount rate

qce Convective part of the internal loads

Qronv Convection flux exchange with outdoor air

Qeonv Convection heat transfer from walls to
zone air

q Sensible load due to ventilation and
infiltration

Qi Conduction flux through walls

ko Conduction heat flux into the wall

qaiwr Net long-wave-length radiation flux
exchange with the air and surroundings

Qws Long-wave radiation flux from equipment
in the zone

Qwx Long-wave radiant exchange flux between
zone surfaces

Qiol Transmitted solar radiation from windows
to inside surface

Qsys Heat transfer from heating system

Qéw Net short-wave radiation flux from lights
to surface

Qusol Absorbed direct and diffuse solar radiation
heat flux (shortwave)

Vr2(j) Value of each element at the end of the

calculation
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