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ABSTRACT

With worldwide energy consumption and energy cost rising significantly in the building sector, there
has been a pressing need to reduce energy consumption. Energy consumption for heating and cooling
purposes in buildings can be reduced using appropriate building envelope components in terms of
thermo-physical-optical and dimensional properties (total heat transmission coefficient of wall and
window elements, coefficient of absorption, reflection and transmission, window - wall ratio and time

lag and amplitude diminishing factor of opaque clements) according to climate conditions in carly
design stage.

This study investigates the influence of building energy performance and building economy of wall
base layer changed in various wall construction alternatives in hypothetical building model in
Trabzon. Turkey, having moderate-humid climate by employing EnergyPlus, detailed building heat
transfer simulation software according to different window-wall ratios. During investigations, brick
(inner leaf, outer leaf) and concrete (heavyweight, lightweight, medium and acrated) base layers are
used in the wall constructions with and without insulation. Yearly and monthly net energy flows of
these wall constructions is determined according to reference-opaque and %15, %30, %45, %60 of
window wall ratio building models. Finally, all of the investigated alternatives are compared with
reference-opaque building model and appropriate building envelope alternatives in terms of energy

and economic efficiency according to local climatic conditions are offered designer in early design
stage.
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1 INTRODUCTION

Energy consumption worldwide is increasing due to increasing population, migration to large cities
and improvement in standard of living. To maintain the standard of living in industrialized countries
and to improve the situation in developing countries, energy can be used much more efficiently and
also more use of renewable energy made. The most important of the energy strategy of a country is
energy saving. Because of the limited energy-sources and environmental pollution coming from using
the fuels, energy saving has become compulsory.

Turkey is one of the world’s fastest growing energy markets. Its energy demand has grown rapidly
almost every year and is expected to continue growing. On the other hand, meeting energy demand is
of high importance in Turkey. Energy cost saving is vital for Turkey which imports most of the energy
it uses. 66% and 73% of the total energy demand were imported in 2000 and 2010 respectively, it is
suggested that 77% of the total energy demand will be imported in 2020 in Turkey [S6zen.2005]. It is
estimated that the building sector consumes about 30 - 40% of total energy in Turkey, which is
comparable to that of the transport sector and that of the industrial sector [Keskin.2008]. Therefore,
considerable attention is currently been paid on reducing the energy demand for heating and cooling
purposes in buildings. There are many parameters affecting heating and cooling loads in buildings
which can be grouped into two main categories: (1) the optical (solar radiation transmittance) and
thermal properties of the building envelope components; and (2) the meteorological data [Shariah et
al. 1997]. Building envelope components -external wall, windows- are the interface between its
interior and the outdoor environment and these components should be designed according to the
outside environmental conditions and indoor thermal comfort requirements to reduce space heating
and cooling, energy use and costs.

Calculations of heating and cooling loads in the building envelope have been the subject of many
rescarchers. Takeda [Takeda.1979] investigated the characteristics of heating and cooling loads in
apartments in Japan. Bruna et al. [Bruno et al.1979] discussed various methods of determining the
heating and cooling requirements of buildings. Shariah et al. [Shariah et al. 1996] calculated cooling
and heating loads for air-conditioned and heated buildings for three different cities in Jordan. They
were analysed insulation effect of buildings for four combinations of wall and ceiling insulation. Lam
ct al. [Lam et al.2005] investigated energy performance of the building envelopes in terms of the
overall thermal transfer value-OTTV. Lindberg et al. [Lindberg et al.2003] gathered S-year measured
data for analyses of building energy consumption and thermal performance of exterior walls. They
were uses these data in calculated heating and cooling loads of six identical test buildings, having
exterior walls that are constructed of different building materials. Energy conservation measures in
various types of building and their economics have been studied by several authors. Ouyang et al.
[Ouyang et al. 2009] used an urban existing residential building in China and analysed the economic
benefits of certain energy-saving renovation measures through the simplified Life Cycle Cost method.
Their study was based on the energy-saving effects of those measures calculated by thermal
simulation, which they finally revised by applying the actual heating and cooling loads of the subject
building. Nikolaidis et al. [Nikolaidis et al. 2009] investigated economic analysis and evaluation of
various energy saving measures in the building sector, focusing on a domestic detached house in
Greece.Ucar et al. [Ucar et al. 2010] calculated optimum insulation thickness of the external wall for
four cities from four climate zones of Turkey, energy saving over a lifetime of 10 years and payback

periods for the five different energy types and four different insulation materials applied externally on
walls.

The present study deals with the determination of the effect on building energy performance and
building economy of wall base layer changed in various wall construction alternatives used in a
hypothetical building model in the moderate-humid climate regions of Turkey.

A
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2METHOD

For this study, five one storey hypothetical building models were conceived. These building models
were to be subjected to the climate of Trabzon, Turkey (Climate Region II}, a moderate-humid
climate. the models had respectively reference-opaque window wall ratio of 15%, 30%, 435%, 60%.
Each model (10 m x 10 m x 3 m) was simulated by means of the EnergyPlus simulation software
using various wall construction alternatives having either a brick (inner leaf, outer leaf) or concrete
(heavyweight, lightweight, medium and aerated) base layer. In these models, the net energy flows
(heat gain/loss) from the HVAC system, infiltration, occupancy, lighting and power devices were
ignored. The simulation model only considered the net energy flows through building elements. Data
related to energy flows from interior conditions were later determined in these models. To investigate
the effect of the various wall constructions and window wall ratios on the total net energy flows, all
parameters except the base layer of wall were kept constant. In all of these buildings models, the
widows were consider to be double-glazed unit having a clear glass and the void between glass panes
filled with air. The total net energy flow through these wall constructions was calculated on a monthly
and well as a yearly basis by means of the software. For each building model, a total twelve
simulation outputs were obtained for the different wall construction alternatives that either had or did
not have insulation. Next, the initial capital investment of each wall construction alternative was
calculated according to the unit price per square meter. The life cycle cost (LCC) was determined for
the reference-opaque building model by summing the initial capital investment to the present value of
energy costs of the wall construction alternatives. In Turkey, since costs related to maintenance,
repair, and replacement are not determined by institutions or firms, these costs were the same for all
of the wall construction alternatives. Finally, the energy and economic efficiency of the wall
construction alternatives were discussed according to window wall ratio.

2.1 EnergyPlus Simulation Software

As a dynamic building energy model, EnergyPlus can predict heating and cooling energy loads and
indoor environmental conditions by using the heat balance method in which is solved a one-
dimensional dynamic heat conduction equation that is used to model heat transfer through the
envelope and partition elements [Crawley et al. 2008]. Details in respect to the use, applicability and
operation of the EnergyPlus building systems simulation module can be found in Crawley et al.
[2008] and Fumo et al. [2010]. In this study, only yearly and monthly net energy flows —(negative
values are heating load, positive values are cooling load) through the building envelope are calculated,
and other parameters such as heating and cooling system and plant sizing, occupancy comfort are not
included. There are several studies that have been performed by using EnergyPlus simulation

software, some examples of which include those reported by Eskin and Tiirkmen [2007], Chan et al.
[2008] and Macka et al [2010].

2.2 Building Location and Meteorological Data

Trabzon (pop. of 975,137) is located in the Black Sea region (39.72° N latitude and 41° E longitude)
and in Turkey is referred to as being in Climate Region 11 which is a moderate-humid climate [Online
1]. Meteorological data for Climate Region II are given in Table 1. This climate zone is spread over

an area of 4685 km?, and Trabzon itself is 30 m above the mean sea level.

Table 1. Meteorological data for Climate Region 11 [Online 2].

JAN | FEB |MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC

Dry bulb temp ("C) 5.7 48 7.2 122 1 167 1 216 | 240 | 242 | 208 | 164 | 113 7.8
Dew-point temp. ('C) 23 -0,6 3,0 5.8 114 | 143 1179 192 | 137 10,5 6,9 5.0
Wind speed (m’/s) 47 5.4 4.1 41 43 3.9 5,7 5,6 49 42 4.0 55
Wind direction 1306 | 1720 | 1507 | 1524 | 1287 | 1266 | 54,8 | 80,2 | 76,1 | 102,0 | 1660 | 103.0
Atmos. pressure (Pa) 101,9 | 1012 | 1014 1 1007 | 101,71 | 100,9 | 100,7 | 101,0 | 101.1 | 161,2 | 101,5 | 101.8

Direct normal radiation (W/m*) | 397 30,2 40,7 70,7 1043 1 1320 | 1588 | 1352 1 1176 65,0 38,9 21,2
Horiz. diffuse radiation (W/m*) | 32 ] 42,5 68,1 82,8 96,5 95,0 85,8 80,6 63,0 538 36,4 30,5
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2.3 Hypothetical Building Model Details

The dimensions of the five single storey hypothetical building models used for the purpose of
determining energy costs, was 10 m x 10 m with height of 3 m. For simplicity, it was supposed that
these model plans had a thermal zone of 100 m® of unconditioned space; a summary of these different
models and their associated window-wall ratios (WWR) are given in Figure 1.

o NS >
10m 1om N 10m 0w 10m
B1- reference B2-15% WWR BA-30% WWR B4-45% WWR B5.60% WWR

Figure 1. Five building models investigated.

Two types of wall construction alternatives were investigated: those with and those without insulation,
The exterior walls without insulation consisted of three layers of material: a 240 mm base layer, on each
side of which was a 20 mm thick plaster layer. The exterior walls with insulation consisted of four layers
of material: a 190 mm base layer on either side of which was a 20 mm thick plaster layer, , and a 50-mm-
thick insulation layer located on the outer surface of the wall. Hence, the overall thickness of both types
of wall construction alternatives was the same. For all wall types, the plaster and heat insulation layers
were gypsum and expanded polystyrene (EPS) respectively [Manioglu.2002]. In this study, six wall
construction alternatives were investigated according to the type of “base layer” of each of the respective
wall construction types; these were: WB1, WB2, WCI, WC2, WC3 and WC4. The respective thermo-
physical and dimensional properties of the various wall construction alternatives investigated in this
study are given Table 2. The values of heat transmittance coefficient (U-value) for walls WB1, WB2,
WCI, WC2, WC3 and WC4 and in which insulation is used are, respectively: 0.54, 0.57, 0.61, 0.39, 0.52
and 0.43 W/m’K [Online 2]. Since it was the effects of the different wall construction alternatives on
building energy performance that was of interest, the selection of types and number of windows, as well
as the type of floor and roof constructions used in all of the building models were kept constant; values
for thermo-physical and dimensional properties of these components are likewise given in Table 2.

2.4 Life Cycle Cost Analysis

The life cycle cost (LCC) is the total cost of ownership of machinery and equipment, including the
cost of maintenance, repair, replacement, and operation. As such the LCC is a summation of cost
estimates from inception to disposal of both the equipment and their operation over the life of the
building, accrued annually, with consideration given to the time value of money [Barringer.2003]. For
the evaluation of a unit in terms of LCC, all future costs during the unit life were discounted to the
present value, except for the initial capital investment of the project [Manioglu.2002]. The following
formula was used to calculate yearly heating and cooling energy consumption costs of a wall.

Ccnr = Qh,c/COPh,c X C ng.el (1)

Where Qy, or Q. are heating and cooling load, COP, or COP, is the coefficient of performance of
heating or cooling system and Che or C, are the cost of natural gas and electricity in TL/kWh. The
present value of the cost of energy consumption over a life time of n years is determined using the
present worth factor (PWF) defined as [Dombayci et al, Bolatiirk. 2006].

PWF = 1/r x (1- 1/(1+1)") (2)
LCC = (C. x PWF) + G (3)

Where C; is the initial capital investment of a wall construction. The alternative with the lowest LCC
is the most economic alternative. Factors used in the LCC analysis in this study are given in Table 3.
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Table 2. Thermo-physical and dimensional properties of the building model components[Online 21

Thermal Specific
- Wall . Thickness .. heat Density
Building components . Materials (Jayers) conductivity .ol 3
construction code (mim} (W/mK) capacity | (kg/m’)
' (J/kg K)

External WBI *Brickwork (inner leaf) 190 0,62 800 1700
wall WB2 *Brickwork (outer leaf) 190 0,84 800 1700
without insulstion WC1 *Conerete (heavyweight) 190 1,63 1000 2300
i i WC2 *Concrete (lightweight) 190 0,19 1006 600
; § WC3 *Concrete (medium) 150 0,51 1000 1400

e wC4 *Aerated concrete 190 0,24 1000 750

o =

% | Common material “Expanded Polystyrene-EPS 50 0,04 1400 Is
P?* | Common material | ' Gypsum Plaster 20 0.4 1000 1000
Clear glass 6 1 750 2500
Windows 2,7 Air gap 12 2,49 1008 1232
Vinyl, PVC frame 20 0,17 900 1390

Carpet/textile flooring 20 0,06 1300 200
- 1347 Mortar 40 0,88 896 2800
0ot : Concrete, Medium density 140 135 1000 1800
Gypsum plaster 20 0,4 1000 1000
Bitumen, felt/sheet 20 0,23 1000 1100

MV Stone wool 50 0,035 840 150
Roof 0,382 Plaster/dense 20 0.5 1000 1300
Concrete /aerated 140 0,16 840 500
Gypsum plastering 20 40 1000 1000

3 RESULTS AND DISCUSSION

For the building models investigated in this study and which are located in Trabzon (TR), , the net
monthly energy flows through walls, windows, floors and roofs were obtained from simulation.
Evaluations related to the results obtained were performed in consideration of monthly net energy
flows through the different wall construction alternatives and in accordance to the respective window-
wall ratios. Finally, the calculated LCC of each wall construction alternative with insulation were

compared in relation to the building model Bl (reference wall) by using the method described in
Section 2.4,

Figure 2 shows that only cooling loads occur for wall construction alternatives with and without
insulation in reference building B1; insulation contributes to heating energy savings during the
heating period. In terms of cooling energy savings, wall constructions with lightweight, aerated and
medium concrete (WC2, WC4, WC3) respectively provide 46%, 39% and 20% more energy savings
than heavyweight concrete (WC1-reference wall construction} in alternatives without insulation. In
alternatives with insulation, alternatives WC2, WC4 and W(C3 provide 21%, 16% and 7% more
energy savings than WB2, the reference wall construction.

In contrast to B1, only heating loads occur in wall construction alternative B2 - 15% WWR (Table 4)
without and with insulation. They contribute cooling energy savings during the cooling period. In
terms of heating energy savings, concrete wall constructions with lightweight, aerated and medium
concrete (WC2, WC4, WC3) respectively provided 50%, 43% and 23% more energy savings than the
heavyweight concrete construction (WC1- reference wall) in alternatives without insulation. In
alternatives with insulation, WC2, WC4 and WC3 provided 55%, 51% and 28% more energy savings
than WC1, the reference wall construction.

For the wall construction alternative B3- 30% WWR (Table 4) without and with insulation, again,
only heating loads occurred. These contributed to cooling energy savings during the cooling period.
In terms of heating energy savings, concrete wall constructions having lightweight, aerated and
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Table 3. Factors used in the life cycle cost analysis.

Analysis type General LCC analysis-non-federal, no taxes,
Beginning date for LCC 2010

Study period 30 years

Planning/Construction period 2 years

Service date 2012

Discount rate 8% [Daouas. 2010]

Life of walls 60 years

Fuel type Natural gas, electricity

The unit cost of natural gas 0,07368 TL/KWh (for 2009)

The unit cost of electricity 0,1983 TL/kWh (for 2009)

Cooling system performance coefficient 2,93 [Daouas. 2010]
*Current Exchange rate (2010); 1TL=US$0.6811
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Figure 2. Monthly net energy flows of wall construction alternatives without and with insulation in
reference building (B1) — kWh [Online 2].

medium concrete construction (WC2, WC4, WC3) respectively provided 55%, 48% and 26% more
energy savings than heavyweight concrete construction (WCl-reference wall construction} in
alternatives without insulation. In alternatives with insulation (i.e. WC2, WC4 and WC3) 18%, 14%
and 9% more energy savings were provides as compared to WB2, the reference wall construction.

As was the case for B3, only heating load occurred for wall construction alternative B4 - 45% WWR
building (Table 4) either with or without insulation and these likewise contribute cooling energy
during the cooling period. In terms of heating energy savings, concrete wall constructions with
lightweight, aerated and medium concrete (i.e. WC2, WC4, WC3) respectively provided 59%, 52%
and 29% more energy savings than the reference wall construction of heavyweight concrete (WC1) in
alternatives without insulation. In alternatives with insulation (WC2, WC4 and WC3) 23%, 18% and
8% more energy saving were provided as compared to WB2, the reference wall construction.

As was evident for B2 and B3, for construction alternative B5- 60% WWR (Table 4) without or with
insulation only heating loads were evident thus contributing to cooling energy savings during the
cooling period. In terms of heating energy savings, wall constructions with lightweight, aerated and
medium concrete construction (WC2, WC4, WC3) provided 62%, 55% and 32% more energy saving
respectively than the reference wall construction of heavyweight concrete (WC1) in alternatives
without insulation. In alternatives with insulation, WC2, WC4 and WC3 provided 24%, 19% and 8%
more energy savings than WB2 the reference wall construction.

6 XII DBMC, Porto, PORTUGAL, 2011
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In all of the investigated building models without and with insulation, walls with concrete
construction (WC2, WC3, WC4) owing to their low thermal conductivity were shown to have a better
energy performance than walls with brick construction (WB1, WB2). Only, WCl (heavyweight
concrete) due to its high thermal conductivity was generally lower in encrgy performance than brick
construction (WB1, WB2). However it is evident from the information provided in Table 4 (and Fig.
2) that WC1 nonetheless provided the highest energy performance for a few months during the
heating period in wall construction alternatives having insulation. As well, for all alternative wall
constructions (B2, B3, B4, and BS), as might be expected, the net energy flows of wall alternatives
with insulation are lower than alternatives without insulation.

In Table 4, the percentage of energy performance (%) and yearly net heating and cooling loads (kWh)
of wall construction alternatives without and with insulation using building models are given.
Whereas cooling loads only occurred for building model B, heating loads occurred in building B2,
B3, B4 and B5. The total wall area of building models affected yearly heating and cooling loads.
Figure 7 shows the variation in yearly heating and cooling loads of wall construction alternatives with
insulation in relation to the total wall area of the building. In B1 (reference building) without windows
(wall area = 120 m?) the yearly heating load is not evident. By decreasing wall area (from 120 m’ to
102, 84 and 66 mz), yearly heating loads increased in buildings B2, B3, B4 in which window wall
ratios ranged between 15% and 45%. This study has shown that the window area in building models
not surprisingly change the yearly heating loads. When the wall area of a building model (B5-
60%WWR) is smaller than 50 m’ the yearly heating loads decrease and differ from other building
models (B2, B3, B4).

Table 4. Comparing the percentage of energy performance (%) and yearly net heating and cooling
loads (kWh) of wall construction alternatives using building models [Online 2].
Wall construction alternative

Building model Without insulation With insulation
WC2 WC4 WC3 WBI WB2 WCI | WC2 WC4 WC3 WBI WB2 WCI
Ref B1(%) 46 39 20 15 9 * 21 16 7 4 * 3
' BI(kWh) 736 826 1092 1154 1238 1362 | 428 453 505 522 541 527

o B2(%) 50 43 23 16 7 % 53 51 28 28 27 %

IS%WWR B2(kWh) =77 -87 118 -129  -143  -153 -40 -44 -64 -64 -65 -88
30%WWR B3(%) 55 48 26 20 12 % 18 14 9 4 * 4
o B3(kWh)  -329 378  -539 582 642 731 | -i66  -175 185  -194 203  -194
459 WWR B4(%) 59 52 29 23 14 * 23 18 & 4 * 7
B4(kWh)  -405 470 -695 -756  -842 983 | 206 219 244 254 266 248
c0vwwr  B3(%) 62 55 32 26 16 * 24 19 8 5 * 4
B5(kWh)  -361 423 644 705 794 948 | -182  -195 220 229 240 2230

* Reference wall construction alternatives
NOTE: positive values (+) refer yearly cooling load, negative values (-) refer yearly heating load

3.1 The Life Cycle Costs Of Wall Construction Alternatives with Insulation

The LCC of each wall construction alternative for the reference-opaque building model with
insulation is calculated using values in the Table 3 according to equation 1, 2 and 3. Unit prices
Turkish Lira) per m” of the wall construction for the alternatives evaluated in this study were obtained
from the Ministry of Public Works and Settlement (Turkey). In accordance with the total wall area in
the reference building, a total of six initial capital investments were calculated. The unit supply prices
for wall construction alternatives are given in Table 5 as are the total initial capital investment of the
reference wall, yearly energy costs, discounted value of energy, and present value of such costs.

Data related to maintenance/repair and replacements are not presently available from the Republic of
Turkey Ministry of Public Works and Settlement. Thus, these data are ignored in the LCC, and only
the initial capital investment and energy costs are used. In Table 5, the yearly energy costs calculated

for the reference building using net energy flows calculated in the Section 3.1 and according to
equation 1 and 2 are also given.
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Figure 3. Variation in yearly heating and cooling loads of wall construction alternatives with
insulation according to building model’s total wall area [Online 2].

Table 5. Cost of wall construction alternatives units/m” (TL) [Material unit price, 2010].

Wall Supply price  Total initial Yearly Present
construction /m*(TL) capital energy value of
alternative-with investment* costs* energy cost®

insulation /m” /m’
WBI 69,63 8355 35,23 396,69
WB2 71,63 8595 36,53 411,26
WCl 65,51 7861 35,57 400,42
WC2 100,58 12069 28,89 325,24
wWC(C3 94,32 11318 34,11 384,05
WC4 96,61 11593 30,62 344,74

* for wall construction alternatives with insulation used in the reference-opaque building model-B1

The present value of yearly energy costs given in Table 5 are based on a present worth factor =11.25
(Equation 3). By summing present values of energy costs and the initial capital investment for wall
construction alternatives with insulation, the LCC of each wall construction alternative is determined as
shown in Figure 4. The fact that the lowest LCC is the most economically efficient alternative was
accepted in the evaluation of LCC. As shown in Figure 4, WC1, WB1, WB2, WC3 and WC4 provided
33%, 29%, 27 %, 6% and 4 % more cost savings, respectively, as compared to WC2, the reference
building model-B1. As well, although operational costs of energy efficient alternatives are lower than
other alternatives, their LCC are high because of great difference among initial capital investments.

In Table 6 a comparison is given of results from both the energy and economic performance of wall
construction alternatives with insulation investigated of this study as compared to the reference
building model-B1. As is evident, the lightweight concrete wall construction alternative (WC2) is an
energy efficient performance alternative but having the lowest performance in terms of economic

efficiency. If considering both energy and economic efficiency, the medium concrete wall
construction (WC) provides good overall performance.

4 CONCLUSIONS

With energy consumption rising significantly in the building sector in Turkey, building owners and
designers at the early design stage are forced take measures to minimize energy usage in buildings. In
this context, building authorities should know those building envelope alternatives that cause a
significant part of energy consumption for a building according to climate conditions. The method
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Figure 4. Life Cycle Costs of wall construction alternatives with
insulation in reference-opaque building model-B1.

Table 6. Comparing of energy and economic efficiency performance of investigated
wall construction alternatives with insulation in reference building model-B1.

Wall construction Energy Efficient Economy Efficient
alternatives Performance Performance

WBI oee veuse

WB2 . vese

WCl e senese

wWC?2 sensse .

wWC3 asee ose

WC4 sesen .

*s++e denotes: best performance, demotes:* poorest performance

presented in this study provides the yearly heating and cooling loads for alternative sets of
construction types that included: different window wall ratios, various brick and concrete wall
construction alternatives without and with insulation. The different model construction types were
subjected moderate-humid climate conditions of typical of the Trabzon region in Turkey. The energy
usage was calculated only for those wall construction alternatives having insulation and the LCC of
these were compared to a reference building. Using this method, a designer and building owner in the
carly design stage can determine energy and economic efficient alternatives among various wall
constructions types that might be used in such a climate region. It was determined on the basis of the
result from this study that concrete wall construction alternatives (WC2, WC4, WC3), with the
exception of the heavyweight concrete wall construction (WC1), were more energy efficient than
brick wall construction (WB1, WB2). However, in respect to the LCC analysis, it appeared that
heavyweight concrete wall (WC1) and brick wall constructions (WB1, WB2) were more
cconomically efficient than concrete walls WC2, WC4 and WC3. Since all evaluations were
performed on a limited area (100 m”), it should be understood that values of energy consumption and
LCC in larger buildings will change depending on expected heating and cooling loads.
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