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Abstract — Energy efficiency in buildings requires an optimization process to reduce energy needs without
sacrificing comfort conditions. In this study, a residential building was considered and optimum envelope
design options were determined by the particle swarm optimization. Two case were created to evaluate the
design options depending on the building orientation. It is shown that the optimum envelope design
depending on the building orientation partially affects the energy consumption and has a significant effect
on thermal comfort. Finally, it has been shown that the optimum solutions by sensitivity analysis were also

applicable in Adana climate conditions.
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I. INTRODUCTION

While the global energy consumption originating
from buildings is between 20-40%, this rate is 35%
in Turkey according to the data of the General
Directorate of Energy Affairs [1,2]. Despite their
high energy consumption values, buildings also
have a high saving potential. Energy saving in
buildings requires an optimization process that
meets the objectives in many areas such as climate
conditions, user parameters, and material properties
without sacrificing comfort conditions.

Some important studies in the literature for the
aforementioned reason are as follows: Ferrara et al.
[3] stated optimum solutions that maximize thermal
comfort conditions with a slightly smaller increase
in energy consumption in a school building.
Delgarm et al. [4] investigated multi-objective
optimum design options according to many
envelope design parameters such as building

orientation, sunshade and window size, glass, and
wall properties. As a result, they emphasized that the
annual total building energy consumption decreased
by 1.6-11.3% and that climatic conditions were
important in determining the building energy
performance. A similar study was done by Tuhus-
Dubrow and Krarti [5]. They [5] observed that
rectangular and trapezoidal-shaped buildings
performed best in the five different climatic zones.
On the other hand, Lartigue et al. [6] presented
multi-purpose optimum design options to reduce
energy demand and increase daylight saving time.
As it can be understood from some other important
studies [7-9], the literature shows that the most
important factor in building energy saving is the
envelope design parameters of the building, and
more study needs to be done in this regard. For this
reason, this study was carried out to increase the
number of studies on the optimization of building
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envelope design. In this study, it is aimed to create
design options and decision support for different
purposes for a residential building located in a warm
climate zone. More specifically, in this study, the
effect of building orientation on the envelope design
was investigated. For this purpose, firstly, the
optimization process was carried out for the same
architectural design features in every orientation of
the building. Then, this optimization process was
repeated for four different orientations of the
building. Finally, a sensitivity analysis was
performed to determine the effect of climate on
optimum solutions.

Il. PROBLEM DESCRIPTION

A single-family, villa-type residential building is
considered for the building envelope optimization
problem. The isometric view of the building is given
in Fig. 1. EnergyPlus© (v8.4) program was used to
model the building features and the HVAC system.
The building was located in Mersin (36.4° N, 33.9°
E), where is a warm climate zone. Here, the annual
heating and cooling degree-days are 789 and 874,
respectively. Typical Meteorological Year (TMY)
climate data was used.

‘
Fig. 1 Isometric view of the building.

The building form tends to increase heat transfer.
There is a mezzanine room and two balconies on the
first floor, changing the rectangular form of the
building. The building’s floor height is 2.8 m and its
gross volume is 360.4 m3. In addition, the outer wall
surface area is 166.2 m? and the window area is 28.1
m?. The ratio of the window surface area to the wall
surface area is 0.124 m?m? for the south facade,
0.083 m?/m? for the north facade, 0.195 m?/m? for

the east fagade, and 0.191 m?/m? for the west facade.
The sample building floor plan is given in Fig. 2.

The building was air-conditioned with two
different HVAC systems placed in each zone. A
packaged terminal air conditioner (PTAC) with a
COP value of 3 was used as the cooling system, and
a natural gas-fired baseboard hot water system
operating with 90% efficiency was used as the
heating system. The parameters for the building,
such as occupancy density, internal heat gains, etc.
were taken from a previous study of the authors
[10]. Table 1 is summarized these parameters.
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Fig. 2 Floor plan of the building.

Table 1. Characteristics of the building system.

Parameters Unit
Comfort 20 (heating) °C
temperature 23 (cooling) °C
HVAC Heating Baseboar  Efficienc
supply d y=0.8
Cooling PTAC COP=3
supply
Schedule Weekdays 5p.m.—8am.
Weekend 8am.—5p.m.
Ventilation 0.8 (natural) hrt
People density 0.05 Perszo
n/m
Lighting W/m?
h 10
density
Other W/m?
) 25
equipment

Two cases were examined within the scope of the
study. It was aimed to determine common and
different optimum envelope design solutions for
each orientation of a building for case#1 and case#2,
respectively. Thus, a methodology is developed to
determine optimum design options based on the
building orientation.

A. Particle Swarm Optimization

In this paper, PSO was used, which was first
introduced by Kennedy and Eberhart [11,12] and
later developed by Clerc and Kennedy [13] with a
contraction coefficient algorithm. PSO is a
population-based optimization method inspired by
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the social behavior of bird and similar species.
Particles in the population randomly generated by
the PSO algorithm update their velocities (v) and
positions (x) using Egs. (1) and (2), respectively.

vt = X[vf + ot (piy — xi) + 205 (g —

x()] (1)
xf1 = xk 4kt 2)
where i is the number of particles and k is the
number of iterations. ¢; and ¢, are randomly
generated number values between 0 and 1. Learning
coefficients were taken as c¢; =c, =2.05 as
suggested by Ref. [14]. PSO performance is
improved by controlling the particle velocity with
the contraction factor y and can be found with Eq.

(3) [15].

2 .
2= ovaraa T @4 ©)

where w = c;+c,. Particles update their velocity
and position according to the best solution in the
population. In this way, the generations are updated
and the optimum values are determined. In the PSO
algorithm, the number of particles and generations
is limited to 20. GenOpt® (v3.1) software, which
can work on a based simulation, was used to solve
the optimization problem. GenOpt was chosen
because it can work integrated with EnergyPlus.
More detailed information can be found in Ref. [16].

B. Decision Variables

The optimization problem is handled with six
different continuous values depending on the
insulation thickness, glass surface area, sunshade
properties, and two different discrete values
depending on the reflectivity ratio of the surfaces, as
well as different building topologies for the wall,
roof, and window. Thus, a total of 11 optional,
discrete, and continuous values were considered as
decision variables. Value ranges and other details
for different decision variables in Tables 2 and 3
were shown.

C. Objective Function

In this study, it is aimed to minimize the
building’s primary energy need due to the annual
heating and cooling load. Therefore, the weighted

sum method is used to obtain an optimum single
solution. Accordingly, the objective function (F) is
defined as follows:

o 2 Si®-FE
min: F(X) £ w Xi—4 N@-Y @) “

where X is the decision variables vector, and f; (%)
and f, (%) represent the heating and cooling loads,
respectively. N and U upper indices show upper and
lower limit values, respectively. Finally, the
objective function weight (w) were taken equally,
namely w = 0.5.

Table 2. Independent parameters in the building envelope

design.

Parameter Initial value  Range Units
Wall construction WC1 WC1, WC2, nl/a
typology WC3
Roof  construction RC1 RC1, RC2 n/a
typology
Window typology w1 W1, W2, W3, nla

w4
Thickness of 0.015 Max. U=0.66 m
insulation on wall W/m?K [17]
Thickness of 0.02 Max. U=0.43 m
insulation on roof W/m?K [17]
Width of glazed area 1.6 05-34 m
Height of glazed area 1.2 0.5-2.0 m
Depth of overhang 0.3 0.0-1.0 m
shading
Slope of overhang 90 0-90 deg
shading
Wall reflectivity 0.3 0.01, 0.02- -
0.90
Roof reflectivity 0.3 0.01, 0.02- -
0.90

Table 3. Envelope and window types description (m).

Item Layers?

WC1 Plaster 0.02, EPS 0.015, Brick 0.19, Gypsum plaster 0.02

WC2 Plaster 0.02, Gas concrete 0.20, Gypsum plaster 0.02

WC3 Plaster 0.02, Polystyrene foam 0.015, Brick 0.19, Gypsum
cardboard plate 0.008, Gypsum plaster 0.02

RC1  Sandy-pebbly mosaic 0.01, Cement screed 0.05, EPS
0.02, Reinforced concrete 0.1, Gypsum plaster 0.02

RC2 EPDM, Cement screed 0.05, Polystyrene foam 0.02,

Concrete 0.1, Plasterboard 0.008, Gypsum plaster 0.02
SHGC T U-

value
w1 PVC 0.04; Glass 0.003, Air 0.762 0.812 3.122
0.006, Glass 0.003
W2 PVC 0.04; LowE glass 0569 0.745 2371
0.006, Air 0.006, Glass
0.006
W3 PVC 0.04; LowE glass 0.568 0.745 1.761
0.006, Air 0.013, Glass
0.006
W4 PVC 0.04; Glass 0.003, Air 0.682 0.738 2.143

0.006, Glass 0.003, Air
0.006, Glass 0.003

2The layers were ordered from outside to inside.

229



International Journal of Advanced Natural Sciences and Engineering Researches

D. Constrains

The following two important constraints were
applied to reduce building energy consumption
values: (i) overall heat transfer coefficients that
should be accepted as the maximum value for the
building elements by the TS825 [17], and (ii)
thermal comfort is guaranteed. The maximum
overall heat transfer coefficients defined according
to the TS825 [17] were given in Egs. (5) and (6) for
the wall and roof, respectively.

Upau < 0.66 (5)
Uroor < 0.43 (6)

where U is the overall heat transfer coefficient.

Building energy performance needs to be
increased  without ~ compromising  comfort
conditions. Therefore, the objective function was
constrained to a maximum of 15% of the predicted
percent of dissatisfied (PPD) proposed by Fanger
[18] and later standardized by the ISO. PPD is
determined by Eq. (7).

PPD = 100 — 95exp(—0.03353PMV* —
0.2179PMV?) (7)

E. Sensitivity Analysis

A sensitivity analysis was conducted to determine
the effect of climate on the optimum solutions
reached in a given climatic condition. Sensitivity
analysis was carried out for Adana, Antalya, Izmir,
and Mugla located in the warm climate zone. In the
analysis, the sensitivity index was given in Eq. (8)
was used [19].

of = (fmax - fmin)/fmax (8)

I11. SIMULATION RESULTS AND DISCUSSIONS

In this study, optimum design solutions for the
envelope of a residential building were determined.
In this context, two cases were created to evaluate
the effect of building orientation on the architectural
design of the envelope. In Fig. 3, the optimization
process of a residential building in case#l and
case#2 is presented in each iteration. Here, each
iteration shows the building envelope design
solutions. According to the objective function
defined by Eqg. (4), the optimum energy

consumption value was 391.4 KWh/m?/y for case#1
and 380.7 kWh/m?/y for case#2. Accordingly, the
total energy consumption value of the building was
decreased by 8.6% and 11.1% in the case#1 and
case#2, respectively. However, while the thermal
discomfort was 14.9% in case#l, this value was
12.3% in case#2. While the case#2 partially was
reduced the energy consumption value of the
building compared to the case#l, it was more
effective in the rate of thermal comfort. It has been
concluded that the envelope designs to be made
according to the building directions can increase the
thermal comfort as well as reduce the energy
consumption value of the building.
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Fig. 3 The optimization process of the building envelope

design at each iteration: (a) for case#1 and (b) for case#2.

(%

Table 4 shows the optimum design solutions for
the building envelope. For optimum designs, D2
type wall without additional thermal insulation was
determined. However, a D3 type wall was proposed
for the west facade in the case#2. This was due to
the thermal mass of the wall, as well as the tendency
of the outside air temperature to increase and
decrease during the day, and the effect of solar
radiation on the west facade. As a matter of fact, the
same was true for the window type. In the case#1,
the roof insulation thickness was approximately 1
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cm less than case#2, and the reflectivity ratio was
0.9. Moreover, in the case#2, the wall surface
reflectivity ratios are 0.82 for the highest south
facade and 0.10 for the lowest east facade. Other
proposed design parameters were summarized in
Table 4.

Table 4. Building envelope optimum design solutions.
Parameter Case#tl Case#2 Units
S E W N
WeC2 WC2 WC3 WC2 nla

Wall
construction
typology
Roof
construction

typology
Window W3 W3 W2 W3 W3 n/a

typology

Thickness - - -
of
insulation
on wall
Thickness
of
insulation
on roof
Width  of
glazed area
Height of
glazed area
Depth  of
overhang
shading
Slope of
overhang
shading
Wall
reflectivity
Roof
reflectivity

WC2

RC1 RC2 RC2 RC2 RC2 nla

0.021 - m

0.07 0.078 0.078 0.078 0.078 m

1.17 145 109 105 058 m

1.24 2890 135 177 174 m

0.46 017 034 098 099 m

21.2 544 506 446 299 deg

0.51 082 010 067 042 -

0.90 08 08 08 08 -

Fig. 4 shows the results of the sensitivity analysis.
Accordingly, it is seen that the obtained optimum
solutions were more applicable in Adana climate
conditions compared to other regions. In Antalya
climatic conditions, the standard deviation was the
highest with 0.0629.

0.08

0.06

% 0.04

0.02

0.00

Ad::ma Antlalya Izrlnir Mulgla
Fig. 4. Sensitivity indexes of optimum envelope design for
different warm climate regions.

IV.CONCLUSIONS

Buildings have a significant share of global and
national energy consumption and the necessity of
reducing this is widely known. Energy efficiency in
buildings requires an optimization process to reduce
energy needs without sacrificing comfort
conditions. In this study, a single-family villa-type
residential building was considered and optimum
envelope design options were determined by the
PSO algorithm. Two cases were created to evaluate
the design options depending on the building
orientation. While the annual optimum energy
consumption value for case#1 was 391.4 KWh/m?/y,
thermal discomfort was determined as 14.9%. For
case#2, the optimum annual energy consumption
and thermal discomfort are 380.7 kWh/m?/y and
12.3%, respectively. As a result, it was shown that
the optimum envelope design depending on the
building orientation partially affects the energy
consumption (2.7%) and has a significant effect on
thermal comfort (2.6%). Finally, it has been shown
that the optimum solutions by sensitivity analysis
were also applicable in Adana climate conditions.
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