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Abstract

Due to the increasing energy consumption in the world, energy efficiency has become the most important
issue in sectors with high energy use such as industry, transportation, agriculture and construction. In many
countries, the energy consumed in housing composes a large part of the total energy consumption. In Turkey,
about 20% of total energy consumption is utilized in residential buildings and about 60% of this energy is
used for heating. The energy consumed in residence buildings can be reduced by measures to decrease the
heating and cooling loads. For this purpose, the main objective of this study is to investigate the effect of
ventilated walls on the energy and cost performance of buildings. The energy and cost efficiency of 27
different ventilation walls with 3 different insulation thicknesses, 3 different ventilation gap thicknesses and
3 different cladding materials were compared with the reference wall. For a family of 3, a flat with a 2 + 1
plan was chosen for investigation and the flat is located in Trabzon, which represents the moderate-humid
climate region. Flat plans with different ventilated walls were modeled using DesignBuilder energy
simulation software and monthly/annual heating and cooling loads were obtained. Then, life cycle cost
analysis has been conducted to investigate the cost effective ventilated wall types. Although the high initial
investment costs of the investigated ventilated walls increase the life cycle costs, it has been observed that
they provide energy savings in buildings.
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1. Introduction

In the last decades, increasing energy consumption
due to problems such as population growth,
technological developments, climate change and
global warming is the most important subject for
countries. Therefore, energy-efficient building
design has been the focus of various research
studies in the construction industry. Most of the
energy demand in buildings is to balance heat gain
and loss in order to maintain the thermal comfort of
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the interior zones. For this, building envelopes are
of great importance in the final annual energy
demand of buildings. For example, in buildings
used for residential purposes, the heat lost through
building envelope are respectively 25% in roofs,
25% in windows and doors, 20% in building
structural system and 15% in walls. Also, the heat
gains are 25 - 35% in roofs, 25 - 35% in windows,
15 - 25% in walls, 10 - 20% ground floors, and 5 -
25% air infiltration [1]. Taking into consideration
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that, 80% of the total building stock in Turkey is
residential building [2], fewer heat losses and gains
are converted in reduced primary energy demand at
the state level.

The energy performance of buildings can be
increased with active and passive energy strategies.
Using solar panels, improvements to heating,
ventilation and air conditioning (HVAC) system,
etc. are used as active measures, and increasing
insulation thickness on the building envelope, using
glass with low thermal conductivity are also
implemented as passive measures [3]. With the
increasing interest in passive measures in recent
years, many researchers have examined the effects
of changes in the building envelope on energy use.
Generally, these studies have focused on the
embodied energy used in the construction phase,
and the operation energy required for HVAC, hot
water and devices. Optimization techniques have
been developed to reduce the embodied energy by
using less concrete during the construction phases
of buildings [4]. In a similar study, an optimization
method was developed to reduce the embodied
energy and carbon dioxide (CO2) emissions of the
column [5].

The operation energy consumed by the
buildings during their life cycle is more than the
embodied energy [6]. Several studies are reported
in the literature for building envelope materials and
parameters to reduce operation energy. Among
these studies, changing the different parameters of
the building envelope in a reference building and
finding the scenario with the most energy efficient
combinations are a topic of great importance [7-10].
For example, Mirrahimi et al. [11] showed that
building envelope parameters (window/wall ratio,
wall type, building orientation, glazing, etc.) have a
significant effect on energy savings and thermal
comfort in a hot-humid climate. Jalilzadehazhari et
al. [12] aimed to achieve a trade-off solution
decision making in the selection of design
alternative where three types of energy-efficient
windows and five types of ground floors, roofs, and
external wall constructions were considered as
optimization variables. Altun et al. [13] examined
the effects of insulation improvements on annual

energy savings, life cycle cost savings and life cycle
carbon footprint and achieved improvements of
75%, 70% and 73%, respectively. Later on, Aydin
and Biyiklioglu [14] presented that the energy
savings achieved by insulation
thicknesses determined by life cycle cost analysis
(LCCA) varies between 12.9% and 21.5%
depending on the degree-day regions. In another
study on insulation thickness, it was found that

optimum

optimum thickness glass wool and rockwool
insulation materials reduce fuel consumption by
approximately 70% and 40% [15]. According to
Ozalp et al. [16], the effect of wall building material
on heat losses is much higher than insulation
material. Some researchers analysed the impact of
innovative facade (double skin fagade, BIPV
fagade, opaque ventilated fagade, greenery systems
etc.) in the energy performance of the building by
numerical or experimental methods. In these
studies, it was concluded that the pros and cons of
implementing this typology of walls in buildings
with different climate conditions [17-19].
Aldawoud et al. [20] investigated the effects of
different design scenarios on the airflow and energy
performance of an office building with a double
skin facade in Dubai city. The scenarios were
compared with traditional curtain wall systems and
it was seen that the energy performance varies
according to the construction characteristics and the
width of the air gap. A potential reduction of 22%
in annual cooling energy consumption has been
achieved. Few studies related to the performance of
ventilated fagade have shown a reduction of 20-
40% of cooling energy demand. However, this
reduction is correlated to parameters as thermal
performance of the layers, insulation status of the
inner facade, the height and the width of the air
cavity, the type of ventilation, the climatic context,
solar exposure, and wind status [21-24].

As can be understood from the current literature,
there are few studies on the innovative wall in
Turkey. The aim of this study is to determine the
energy performance and life cycle costs of
ventilated walls on residential buildings located in
moderate-humid climate regions of Turkey. Energy
and cost-efficient design alternatives of ventilated
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walls are focused on obtaining by changing the
insulation thickness, ventilation gap thickness and
cladding material.

2. Methodology

In the study, a high-rise residential project with a
2+1 floor plan for a family of three is used in
Turkey, which comprises a total of two flats. The
studied building is located in Trabzon, in climate
region II, in a moderate-humid climate. The effects
of ventilated walls with different insulation material
thickness, different ventilation gap thickness and
different cladding materials on the heating and
cooling loads of the buildings compared to the
reference wall were investigated. In this context,
energy performance analysis has been made by
keeping constant all parameters except wall
construction types. Heating and cooling loads,
which correspond to different wall types, were
calculated monthly and annually by the
DesignBuilder, dynamic  building  energy
simulation software. Then, for each ventilated wall
type, the life cycle costs were calculated by
summing the initial capital investment and the
annual energy operational cost. Finally, the energy
and cost efficiency of the wall construction types
according to obtained heating and cooling loads

were investigated and the most suitable alternative
was determined in Trabzon.

2.1. Building information

The investigated building consists of 8 floors and 2
flats on each floor. Each flat is 108.6 m?. A flat,
thermal zones, has one living
room+kitchen, one toilet, two bedrooms and two
bathrooms. The floor plan and zones for two flats
are shown in Fig. 1. The height of flat is 2.8 m.
Investigated building was located in Trabzon, in
Climate Region II, representing the moderate-
humid climate of Turkey. Meteorological data for
Turkey's moderate-humid climate are obtained
from the Turkish State Meteorological Service [25].
The study made taking into account the
intermediate floor. The physical properties and heat

with  six

transfer coefficient values (U-value, W/m?K) of the
partition wall, ceiling and floor components are
given in Table 1, listed from the outer to the interior
surface. The ceiling and floor constructions are the
same because the investigated flats are on
intermediate floors. The windows (3 + 13 + 3 mm)
for each apartment created using different concrete
mixtures are the same on all facades and the
window/wall ratio is 30%.

Fig. 1. Flats model
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Table 1. Properties of materials and building components

Materials Thickness Den51t3y Spf;;g‘;g? : coflgzggility U-valzue
(mm) (kg/m?) (kg K) (W/mK) (W/m?K)
Gypsum plaster 20 1000 1000 0.40
Partition wall Brick 85 1700 800 0.84 2.618
Gypsum plaster 20 1000 1000 0.4
Carpet 20 200 1300 0.06
. Mortar 40 2800 896 0.88
Ceiling Concrete 140 1800 1000 1.35 1246
Gypsum plaster 20 1000 1000 0.4
Gypsum plaster 20 1000 1000 0.4
Concrete 140 1800 1000 1.35
Floor 1.347
Mortar 40 2800 896 0.88
Carpet 20 200 1300 0.06

The flats were considered the home of a family
of three with two working adults and a studying
child. Equipment such as miscellaneous (television,
refrigerator etc.) and computer were assumed to be
used in the flats. All zones in the flats are heated
and cooled. Natural gas is used for heating and air
conditioner running on electricity is used for
cooling. Heating and cooling setpoint temperatures
are 18°C and 22°C, respectively.

2.2. Building wall scenarios

In order to examine the effects of ventilated walls
on annual heating and cooling loads and life cycle
cost of buildings, the energy and cost performances
of the reference and ventilated walls
compared. Therefore, 27 different types of
ventilated walls were obtained by using 3 different
thickness (50-80-100 mm) insulation material
(rockwool), 3 different thickness (50-100-150 mm)
ventilation gaps and 3 different types of cladding
materials (wood, stone and green). The reference

WeEre

and ventilated walls used in this study are illustrated
in Fig. 2. The abbreviations of examined ventilated
walls according to the changing layers are shown in
Table 2. The thermal properties of the materials are
also given in Table 3.

2.3. Life cycle cost analysis

In the study, LCCA was used to find the cost
efficiency of the investigated wall types. LCCA

determines the most cost-effective option among
different
purchasing, operating, maintaining/repairing and
disposing of equipment [26]. To evaluate the life
cycle cost of equipment, all future costs during the
unit life, with the exception of the initial capital
investment of the project, are discounted to the
present value. The life cycle cost (LCC) formula is
shown below:

alternatives for the total cost of

LCC=1+M-R-O+R-RV (1)

Square-meter unit prices of the wall materials in
this study were obtained from the Republic of
Turkey Ministry of Environment and Urbanisation
and from the material companies in Turkey. While
unit prices of the wall materials are shown in Table
4, Table 5 gives the initial capital investment for the
investigated walls. Each flat has an external wall of
90.725 m? and initial capital investments were
calculated taking into account the quantity of the
external wall. Within the scope of the study, only
the initial capital investment and operating costs
were taken into consideration, as the certain data on
maintenance and repair costs were not available in
the Republic of Turkey Ministry of Environment
and Urbanisation and Turkish material companies.
When calculating operating costs, annual energy
expenditures were used. In the calculations made
for a period of 30 years, energy expenditures are
calculated using the present worth analysis method
and a 15% discount rate.
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Interior Interior

Gypsum plaster (20 mm) Wood/Stone cladding material

Rockwool (50 mm) Brick (85 mm)

Brick (135 mm) Ventilation gap (50-100-150 mm)

Gypsum plaster (20 mm) Rockwool (50-80-100 mm)

Brick (135 mm)

Exterior Gypsum plaster (20 mm) __ | Exterior

a) Reference wall b) Wood and stone ventilated wall

Interior

Plant (100 mm)

Soil (100 mm) __|

Felt (5 mm) |

PVC sheet (10 mm) __|

Ventilation gap (50-100-150 mm)—

Rockwool (50-80-100 mm) | Exterior

Brick (135 mm) |

Gypsum plaster (20 mm) __|

¢) Green ventilated wall

Fig. 2. Walls used in the study

Table 2. Abbreviations and changing layers of walls

Wall types Rockwool thickness (mm) Ventilation gap thickness (mm) Cladding materials
VW-1 50 50 Wood
VW-2 50 100 Wood
VW-3 50 150 Wood
VW-4 80 50 Wood
VW-5 80 100 Wood
VW-6 80 150 Wood
VW-7 100 50 Wood
VW-8 100 100 Wood
VW-9 100 150 Wood
VW-10 50 50 Stone
VW-11 50 100 Stone
VW-12 50 150 Stone
VW-13 80 50 Stone
VW-14 80 100 Stone
VW-15 80 150 Stone

VW-16 100 50 Stone
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Table 2. Cont’d
VW-17
VW-18
VW-19
VW-20
VW-21
VW-22
VW-23
VW-24
VW-25
VW-26
VW-27

100
100
50
50
50
80
80
80
100
100
100

100
150
50

100
150
50

100
150
50

100
150

Stone
Stone
Green
Green
Green
Green
Green
Green
Green
Green
Green

Table 3. Properties materials used in the ventilated walls

Material Density (kg/m®) Specific heat capacity (J/kg K) Thermal conductivity (W/mK)
Wood 720 1680 0.14

Stone 2300 1000 1.8

Plant 110 1880 0.14

Soil 1460 880 1.28

Ventilation gap 1.2 1012 0.023

Rockwool 100 710 0.033

Brick 1700 800 0.84

Gypsum plaster 1000 1000 0.4

Table 4. Unit prices of wall materials

Material Unit price ($/m?) *
Gypsum plaster 4.606
Brick 85 mm 6.301

135 mm 7.062
Rockwool 50 mm 11.782

80 mm 13.515

100 mm 14.953
Wood cladding 18.123
Stone cladding 23.091
Green cladding 156.852

*VAT and labour are included in the prices. Exchange rate (selling): 1 Dollar ($) =7.6505 Turkish Liras (TL) was announced on 23

December 2020 by the Central Bank of Turkey.

Table 5. Total capital investment of all wall types ($)*

Rockwool
50 mm 100 mm
Wood 47.875 51.046
Cladding Stone 52.844 56.015
Green 180.303 182.036 183.474
Reference 28.057

* The total capital investments of the other 18 combinations are the same costs given above because prices do not change with

ventilation gap thicknesses.
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Unit prices of electricity and natural gas for
Trabzon were obtained to calculate annual energy
expenditures from the websites of distributor
companies [27, 28]. Other factors using in the
LCCA are shown in Table 6.

3. Results and discussions

Heating and cooling loads and related life cycle
costs were obtained for the flats examined with the
simulation. With these data, evaluations are made
for the energy and cost effective ventilated wall
types in Trabzon, with a moderate-humid climate.

3.1. Energy performance

In this section, the monthly heat gains/losses and
annual heating and cooling loads of the building
through investigated wall types were analysed
according to the cladding materials. The values in
the heat gains/losses figures demonstrate the
average monthly net energy flows through the
walls. Net energy flows were obtained by summing
heat gains/losses for each month from the
simulation results.

3.1.1. Wood cladding ventilated wall scenarios

When the performance of the wood cladding walls
in terms of monthly heating and cooling loads was
examined, it was found that they lost less heat
compared to the reference wall, as seen in Fig. 3.
Annual energy savings between 58% (VW-1) and
82% (VW-9) were achieved with wood cladding
ventilated walls. The heat losses rates during the
heating period (from the beginning of October until
the end of March) are similar to the annual rates.
Fig. 4 shows the annual heating and cooling
loads of wood cladding ventilated walls. Compared

Table 6. Parameters used in the LCCA

to the reference wall for all walls, the heating and
cooling load requirement decreases between 3-9%
and 9-13%, respectively. When analysed annually,
energy savings up to 11 percent are achieved. VW-
9 is the best performance wood cladding ventilated
wall in terms of heating and cooling loads.

3.1.2. Stone cladding ventilated wall scenarios

As shown in Fig. 5, stone cladding ventilated walls
show better performance in terms of heat loss
compared to reference walls. During the heating
period and all months, fewer heat losses were
achieved, ranging from an average of 58% (VW-
10) to 82% (VW-18).

Considering the contribution of stone cladding
ventilated walls to annual heating and cooling
loads, it is seen that they reduce the total load
between 6% and 11%. As can be seen in Fig. 6,
there has been a decrease up to 8§90.23 kWh in
cooling load and 988.37 kWh in heating load. This
shows that stone cladding ventilated walls
performed better performance than the reference
wall, according to energy saving.

3.1.3. Green cladding ventilated wall scenarios

When the heat gains/losses of the green cladding
ventilated walls are examined, VW-27 reduces the
heat loss during the heating period by 84%. They
also reduce heat losses in all months between 63%
and 82%. The heat gains/losses of these walls as
regards the reference wall are shown in Fig. 7.

It can be seen from Fig. 8 that green cladding
ventilated walls reduce the annual heating and
cooling load between 8% and 14% and between
10% and 13%, respectively. VW-27 reduces the
total load by 11% and is obtained as the best
energy-saving green cladding ventilated wall.

Analysis type

General LCCA-non-federal, no taxes

Beginning date

Study period

Planning/Construction period
Discount rate

Fuel type

The unit cost of natural gas (for 2020)
The unit cost of electricity (for 2020)

2018
30 years
2 years
15%
Natural gas and electricity
0.0245 $/kWh *
0.0898 $/kWh *

* VAT is included in the prices
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Fig. 3. Monthly heat gains/losses through wood cladding walls
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Fig. 4. Annual total building cooling and heating loads for wood cladding walls
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Fig. 8. Annual total building cooling andheating loads for green cladding walls

3.1.4. Comparing all scenarios in terms of energy
performance
As shown in monthly heat gains/losses Figs., all
ventilated wall types reduce heat losses compared
to the reference wall. The decrease in heat losses
during the heating period will result in less energy
consumption. All ventilated wall types provide
between 58% and 84% energy savings during the
heating period. The same percentage of savings has
been obtained in the total annual heat gain/loss.
VW-9 wall as a wood cladding wall, VW-18 wall

as a stone cladding wall and VW-27 wall as a green
cladding wall give the best results in terms of
annual heat losses in ventilated walls. These 3
ventilated walls prevented heat loss at
approximately the same rate. In addition, most
ventilated wall types have heating gains in August
and September in the cooling period (from the
beginning of April until the end of September).

All ventilated walls have higher energy
performance than the reference wall for cooling and
heating loads. The most energy-saving ventilated
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wall types for each cladding material and their
cooling and heating loads are shown in Fig. 9. It
was obtained that ventilated walls reduce the
cooling load between 3% to 14% and the heating
load between 9% to 13%. VW-27 shows the best
performance in terms of cooling and VW-3, VW-6,
VW-9, VW-15, VW-18 and VW-27 provide the
lowest energy need in terms of heating. In addition,
the investigated ventilated walls cause between 6%
and 13% higher total annual energy savings. The
annual energy savings of VW-24 and VW-27 is the
highest compared to other wall types.

From these results, it is observed that cooling
load decreases as the thickness of the insulation
material and ventilation gap increases and as the
cladding material changes from wood to green. In
terms of heating loads, it is seen that a definite
conclusion cannot be reached among the cladding
materials. However, it is concluded that the heating
load decreases as the insulation thickness and
ventilation gap increase.

3.2. Economic and energy performance of all
scenarios

In this section, it is aimed to achieve cost effective
ventilated wall combinations as well as energy. For
this, LCCA of each ventilated wall was carried out.
The annual energy expenditures of the wall types
used in the study obtained from the annual loads for
heating and cooling are given in Table 7.

9000
8000
7000

6000

Annual Loads (kWh)

5000

4000
VW-9

7890,06
6732,96

Reference
8695,85
7731,72

Cooling
Heating

Table 7. Annual energy expenditures of all wall types ($)

Wall types Annual energy expenditure ($)
Reference 970.6893
VW-1 929.4771
VW-2 910.9972
VW-3 892.4602
VW-4 918.2224
VW-5 899.7527
VW-6 881.2670
VW-7 910.7639
VW-8 892.3002
VW-9 873.8190
VW-10 921.9221
VW-11 903.5129
VW-12 885.0199
VW-13 910.7333
VW-14 892.3108
VW-15 873.8467
VW-16 903.2841
VW-17 884.8705
VW-18 866.4891
VW-19 889.2993
VW-20 871.2611
VW-21 853.2636
VW-22 878.3945
VW-23 860.3767
VW-24 842.4180
VW-25 871.1349
VW-26 853.1831
VW-27 835.2289
VW-18 VW-27
7805,62 7452,65
6743,35 6761,5

Fig. 9. Annual total building cooling and heating loads for reference and ventilated walls
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Energy expenditures decrease between 4% and
14%, equivalent to the decreasing annual load.
Thus, cost savings up to 135.4604 $ per year can be
achieved compared to the reference wall.

Figs. 10, 11 and 12 show the total annual loads
and related life cycle costs of 9 combinations in
each cladding material. All wall types are more
expensive than reference wall as regards LCCA.
VW-3, VW-12 and VW-21 have been obtained as
the most suitable wall type in each combination of
cladding materials. Especially since the initial
investment cost of green walls is much higher than
other walls, the life cycle cost of green cladding
walls is even more than 100% than other wall types.

According to these Figs., it is seen that the most
effective ventilated wall types for each coating
material in terms of energy and cost are not the
same. Fig. 13 shows the total loads and life cycle

11000
VW-9
10500 | u
|

10000

9500

Life Cycle Cost (8)

9000

8500
14500 15000

costs of the best combinations of each different
cladding ventilated wall compared to the reference
wall. VW-9 is the best energy combination with an
11% reduction, while VW-3 is the cheapest
alternative in wood cladding ventilated walls. Also,
VW-18 saves 223.67 kWh more energy annually
than VW-12, which is the cheapest alternative in
stone cladding ventilated walls. Similarly, although
the VW-27 consumes 2% less energy than VW-21
in green cladding ventilated walls, the life cycle
cost is approximately 169.27 $ more. These results
show that the life cycle costs of walls with 50 mm
rockwool and 150 mm ventilation gap are less than
other combinations and that walls with 100 mm
rockwool and 150 mm ventilation gap are the most
energy efficient walls. According to the type of
cladding material, the life cycle costs are listed as
green, stone and wood from expensive to cheap.

Reference

[ ]

15500 16000 16500

Total Load (kWh)

Fig. 10. Annual total loads and life cycle costs of wood cladding wall combinations and reference

11500
VW-18
11000 A

10500
VW-12
10000

9500

Life Cycle Cost (S)

9000

8500
14500 15000

Reference

9

15500 16000 16500

Total Load (kWh)

Fig. 11. Annual total loads and life cycle costs of stone cladding wall combinations and reference
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Fig. 12. Annual total loads and life cycle costs of green cladding wall combinations and reference
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Fig. 13. Comparison of energy and economic alternatives of the ventilated walls

4. Conclusion

In the study, in order to investigate the effect of
ventilated walls on energy and cost performance in
buildings was studied on an apartment designed for
a three-person family in a moderate-humid climate
zone. By wusing different insulation material
thickness, different ventilation gap thickness and
different wall cladding material, 27 walls were
obtained and the energy and economy performance
of each wall type was examined and compared to
the reference walls. The following conclusions are
drawn:

» Heat losses decrease between 57% and 84%
compared to the reference in all examined wall
types. VW-9, VW-18 and VW-27 walls of each
cladding material are the best walls in terms of

heat losses. These walls have a 100 mm
rockwool and a 150 mm ventilation gap.

For heating and cooling energy savings, all
investigated ventilated wall types are more
efficient than the reference wall. The cooling
and heating loads are reduced between 3% and
14% and 9% and 13%, respectively.
Considering annual energy consumption, the
examined walls consume between 6% and 13%
less annual energy.

When the annual energy expenditures are
analysed, it is seen that the energy cost is
reduced between 41.2122 $ and 135.4604 $.
Increasing insulation material thickness and
ventilation gap decreased heating and cooling
loads. While green cladding material is the most
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effective material in reducing cooling loads,

wood is the most efficient material in terms of

the heating load.

= As aresult of the LCCA, it was found that the
high initial investment costs, as in the case of
green cladding walls, caused the ventilated
walls to be economically ineffective compared
to the reference wall.

Consequently, it has been determined that the
analysed wall types are energy efficient, although
not economically efficient in the moderate-humid
climate zone. In the future, studies can be
performed for other climate zones in Turkey. In
addition, similar studies can be made for other wall
types that are thought to be energy efficient.
Performing energy optimization by using other
parameters that affect the energy performance of
buildings can provide more information about
energy efficiency.
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1

Initial capital investment
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