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Abstract

Reducing the energy needs of existing buildings has a significant place in reducing global energy demands. High energy savings can 

be achieved with passive renovation suggestions in existing buildings. In this study, the effect of the proposed renovations for an 

educational structure in Safranbolu on the heating and cooling demands of the building was determined with a simulation program. 

Energy improvements of up to 70 percent have been achieved through passive improvement designs in orientation and insulation 

material. The highest energy saving (69.31 %) was realized through a scenario of rearranging spaces from the north side to the south 

side where the number of users is relatively high and selecting a 20 cm aerogel thermal insulation material. While the heating and 

cooling load, in accordance with the definition of a zero-energy building, could not be reached in this scenario, the study showed the 

importance of holistic decisions taken in the design phase of the building with respect to energy-efficient building design.
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1 Introduction
Today, the vast majority of buildings are not designed to 
function in harmony with the environment they are in; 
consequently, the increased need for energy and that this 
demand is not obtained from renewable sources disrupts 
ecological balances and increases environmental pollution.

The main factors affecting heating and cooling loads 
required to provide thermal comfort conditions in buildings 
are design parameters, such as the location of the building, 
the location of the building relative to other buildings, the 
direction of the building according to the sun and the dom-
inant wind directions, the building's form, and the optical 
and thermophysical properties of the building envelope.

The building envelope is the principal element con-
trolling energy losses in buildings as the walls are the 
interface between the building and the outer environment. 
For this reason, the building envelope is the first step in 
reducing energy losses and needs and the primary build-
ing element that can be developed within the scope of the 
architectural discipline. In the following stages, architec-
tural planning and material selections are implemented.

Retrofitting existing buildings for energy efficiency is 
especially important in reducing the energy use of building 
stock. The maximum energy efficiency is realized by the 
correct design and orientation during the building's design 
phase and selecting appropriate materials to be used in 
the shell. However, the existing building stock, which was 
not designed with energy efficiency considerations during 
the design phase, is also indispensable. Therefore, ener-
gy-efficient retrofitting of the existing building stock is as 
important as the energy-efficient design of the structure. 

Retrofitting old buildings (or not old but whose ther-
mal performance is insufficient) is essential in decreasing 
energy consumption and improving indoor comfort. The 
first step towards the goal of achieving Net Zero Energy 
Buildings (NZEBs) has been the reduction of the energy 
demand through increasing the thermal resistance in the 
walls and roof, and the use of high-performance glazing in 
windows for thermal insulation is commonly considered 
the primary energy efficiency measure taken in most build-
ings (Martinez, 2017; Moreno et al., 2019). Once the decision 
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for retrofitting is taken, thermal insulation is a robust solu-
tion as it increases the overall thermal resistance of the 
building envelope (Martinez, 2017). Many of the traditional 
insulation materials, such as polyisocyanurate (PIR) or poly-
urethane (PUR), can provide adequate performance levels; 
however, the use of these materials to achieve the required 
retrofit performance results in significant loss of internal 
room space (Carty, 2017). Vatin et al. (2019) compared the 
thermal insulation characteristics of PIR, mineral wool, car-
bon fiber and aerogel, conducting experiments to determine 
the thermal conductivity of these materials. As a result, car-
bon fibers and aerogel panels were identified as having the 
lowest thermal conductivity. This result can be important for 
manufacturers of materials, building owners and building 
designers when choosing suitable insulation materials and 
correctly predicting the thermal and energy performance of 
the buildings and their energy efficiency (Vatin et al., 2019).

Improving the building envelopes requires a very thick 
insulation application. However, new and innovative ther-
mal insulation can perform with relatively less insulation 
depth (Filate, 2014). Berardi, 2017, determined that aerogel 
blankets are already showing their effectiveness in retrofit-
ting projects, while the development and adoption of aero-
gel enhanced rendering and aerogel incorporating glaz-
ing systems is progressively being used (Berardi, 2017). 
Berardi (2018) carried out a successive study to investigate 
the benefits of using aerogel-enhanced systems for the ret-
rofitting project of an educational building as a case study. 
The study was based on a reliable model of the build-
ing and showed that significant energy savings could be 
achieved but with a high initial cost due to the uncompeti-
tive pricing of aerogel. While assessing a building retrofit 
intervention towards the NZEB target, life cycle costing 
matrices should be considered, more than simple payback 
time (Berardi, 2018; Giuseppe et al., 2017).

Filate (2014) conducted a building simulation study into 
an energy refurbishment concept for an office building 
using nanogel / aerogel insulation plaster and new windows. 
The results showed that using 5 cm thick aerogel insulation 
boards could improve heat loss through external walls by 
71 %. The same results can be obtained by using 11.5 cm 
and 7.6 cm thick mineral wool and rigid PUR / PIR insula-
tion boards, respectively. It was also found that a combined 
retrofitting of only the walls and windows results in a 26 % 
reduction in total energy loss, including a 38 % reduction 
in base space heating demand; replacing the single glazed 
windows by air-filled double glazed insulating cuts the 
energy lost through the windows by 53 % (Filate, 2014).

Sadeghifam et al. (2016) investigated the results 
of cooling loads of wall material retrofitting in coun-
tries with a tropical climate using Building Information 
Modeling (BIM) tools. The research used a public building 
as a case study in a hot region climate. The methodology 
of the research was based on the comparison of alternative 
physical specifications of wall components. Eight types of 
wall constructions were assessed. The results show that 
BIM applications, due to its parametric design ability, can 
effectively help in optimizing wall construction types in 
tropical climate areas before the construction phase .

Moreno et al. (2019) examined the validation of the 
energy balance between comfort in net-zero energy build-
ings through building energy simulation using BIM tools. 
Their methodology depended firstly on reducing the 
energy demands through increasing the thermal resis-
tance in walls and roofs by using high-performance glaz-
ing in windows. Other steps were conducted to achieve the 
goal of NZEB, such as thermal and photovoltaic solar pan-
els. The results show that air infiltration into the building 
and properties of the glazing system are the main factors 
affecting energy performance. The use of a low U value 
envelope, triple glazing and external shading systems 
minimizes cooling loads (Moreno et al., 2019).

Ozarisoy and Altan 2019 carried out research to deter-
mine low energy design strategies for retrofitting an exist-
ing residential complex in Cyprus. The study focused on 
the energy performance of the existing residential build-
ings before and after the retrofitting phase as base scenario 
models. The researchers used BIM applications to carry 
out their work. The Autodesk Revit 2017 plug-in Green 
Building Studio energy performance analysis software 
was used for simulation. Some limited scenarios were 
evaluated, such as PV models and a ventilated façade. 
Energy site data were recorded and compared. The results 
of electricity, fuel and energy use of the prototype house 
at pre-retrofitting and post-retrofitting stages, showed a 
significant decrease in energy consumption through the 
life-cycle of the building (Ozarisoy and Altan, 2019).

Yang et al. (2019) studied aerogel glazing systems' ther-
mal and daylight performances, conducted on a large atrium 
building project in a cooling dominant climate examining 
eight aerogel glazing samples. The results emphasized that 
the application of silica aerogel glazing can significantly 
reduce envelope total heat gain of a large-scale atrium 
building in a cooling dominant climate (Yang et al., 2019). 
Moreover, due to the excellent thermal performance, sil-
ica aerogel has a much higher selling price (75.24 US $ m²) 
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than other standard insulation materials, resulting in a lon-
ger payback time (3.54 years) than other solutions (0.22 
years for EPS and 0.07 years for XPS) (Yang et al., 2019). 
Experimental studies were carried out by Martinez (2017) 
examining the effect on building interiors of using super 
insulation materials for energy retrofitting of façades. The 
research showed the feasibility of using these materials in 
enhancing the building envelope. Martinez (2017) also con-
cluded that using 0.015W/mk of service conditions could be 
projected to achieve highly insulated assemblies as low as 
0.15 W/mk with insulation thickness of approximately 10 cm 

A feasibility study of using silica aerogel as insulation 
for buildings was conducted by Huang (2012), using the 
life-cycle cost analysis method (LCCA). Silica Aerogel 
with the lowest thermal conductivity value of 0.0144 W/mk 
was used. The results showed that the material used could 
help reduce the annual heat loss of a building by 50.90 % 
and results in about half of the annual costs compared with 
other insulation types (Huang, 2012). 

In addition to increasing the thermal conductivity resis-
tance of the building envelope in retrofitting works, small 
arrangements that will not affect the facade setup can also 
have significant effects on interior design. The use of heat-
ing and lighting systems are two major factors that influence 
energy consumption in buildings (Mardookhy et al., 2014), 
both of which relate to building orientation. In arranging to 
boost solar gain, especially in cold seasons, it is imperative 
to accurately position a building to receive a substantial solar 
contribution (Carbonari et al., 2002; Wong and Fan, 2013). 
Pacheco et al. (2012) claim that enhancing building orienta-
tion and form can sustain energy savings of 36 %. Moreover, 
good orientation, location and landscape facilities may 
reduce energy consumptions by 20 % (Spanos et al., 2005).

This study investigated possible energy-efficient 
renewal strategies in a training structure in Safranbolu, 
Turkey, through the scenarios established. The effect of 
the renewal strategies selected on the energy performance 
of the building was determined with a dynamic simulation 
program. The study is expected to shed light on the ener-
gy-efficient renovation of buildings in a cold climate zone.

2 Materials and method
2.1 Materials
In the study, a school located in Safranbolu was chosen to 
study energy retrofitting strategies in an existing building. 
Due to the large number of workshop classes in the build-
ing, a concentrated energy requirement was observed due 
to the devices used in the workshops.

As shown in Fig. 1, a case study was conducted on 
Safranbolu vocational high school, which is an educa-
tional public building located in Safranbolu city in Turkey 
at 41-degree 16-minute northern latitude, and 32-degree 
41-minute eastern longitude. The building belongs to 
Karabük University and is a three-story building with sur-
face area of 2300 m². The basement, ground and first floors 
were considered the main floors of the building and are all 
represented in the case study of the research.

The ground floor contains the main lobby, other educa-
tional activities (classrooms), as well as the student affairs 
room and services rooms as shown in Fig. 2. The first floor 
contains computer laboratories, classrooms, administra-
tive and academic offices at the south elevation, while 
the basement floor contains mainly storage areas, elec-
trical room, bathrooms and some educational activities 
rooms (classrooms and a carpentry workshop).

The construction system of the building relies on a struc-
tural skeleton of columns, beams and slabs. Reinforced 
concrete can be considered as the main structural material 
of the building. However, the main structural material of 
exterior and interior walls is aerated concrete blocks. The 
construction type of the walls, roof and floors consist of the 

Fig. 1 Safranbolu Vocational High School Building

Fig. 2 Ground floor plan of the existing building
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traditional system of construction used in Turkey, and the 
insulation and coating are the most commonly used mate-
rials in Turkey in compliance with the Turkish standards of 
thermal insulation in buildings (Atmaca, 2008). The glaz-
ing type used is aluminium framed reflective glass. The 
main entrance of the building faces west. Table 1 shows 
the construction materials used in the building components 
with their thermal properties.

2.2 Method
In order to see the effect of energy-efficient retrofitting 
strategies in the selected building on the energy perfor-
mance of the building, the selected case was modelled and 
simulated with a BIM application. A 3D BIM model of 
the original building and the scenarios were created with 
Revit Architecture BIM Software from imported CAD 
drawings and modelled in the software by parametric 

Table 1 Thermal properties of construction materials

Layer Thickness (m) Thermal conductivity 
ɣ W / (m.K)

W
al

ls

Ex
te

rio
r

Coating brick 0.015 0.54

Heat insulation / rock wool 0.05 0.045

Waterproof-epoxy 0.0008 0.035

Exterior plaster 0.02 0.51

Aerated concrete blocks 0.2 0.2

Interior plaster 1 0.01 0.5

Interior plaster 2 0.01 0.5

Interior wall painting 0.0092 0.72

Total thickness 0.315

In
te

rio
r

Interior plaster 0.03 0.5

Aerated concrete blocks 0.15 0.2

Interior plaster 0.03 0.5

Total thickness 0.21

Fl
oo

rs

Granite tiles 0.015 3.49

Cement mortar 0.025 1.4

Sea sand 0.05 1.2

R.C slab 0.23 2.5

Total thickness 0.32

R
oo

f

Aluminium sheet 0.007 230

Heat insulation / glass wool 0.06 0.05

Bitumen rolls 0.002 0.19

Waterproof-epoxy 0.001 0.035

R.C. slab 0.15 2.5

Roof plaster 0.02 1

Interior plaster 0.008 0.5

Interior painting 0.002 0.72

Total thickness 0.25

C
ol

um
ns

Reinforced concrete 0.60*0.60 2.5

G
la

zi
ng

 ty
pe Aluminium framed reflective glass

Description: The glazing type used is an 
aluminium frame with reflective glass 

6-12-6 double glass with a U value of the 
middle space

"Double glass" with 12 mm air gap 12 mm- U = 3.70**

** TS 825 (Turkish standards of building insulation materials) (Atamca, 2008)
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design principles, taking into consideration the common 
thermal properties of materials in the Turkish standard 
booklet (Atmaca, 2008). In the second step, an energy ana-
lysis model of the base model and scenarios were prepared 
in Revit Architecture BIM Software and exported to the 
Green Building Studio (GBS). Consequently, the energy 
analytical models were simulated, and schedules of hea-
ting and cooling loads, conditions, spaces, types of rooms 
and spaces were prepared. Accordingly, the energy con-
sumption was analyzed in a BIM application tool (GBS). 
In the final step, to optimize the energy usage of the case 
study, the results were analyzed and compared to the ori-
ginal existing building model's results.

In the study, some limited successive scenarios are 
assumed to examine the efficient energy modelling using 
BIM and to examine the possibility of reaching the 
NetZero-energy building concept (max. 15 kWh for heating 
and cooling per square meter) through high-performance 
insulation material retrofitted to the exterior walls, roof and 
basement of the building. The scenarios are as follows.

2.2.1 Mirroring the interior function
This scenario assumes mirroring the interior function, in 
other words, moving the educational spaces and the most 
used functions facing the northern façade in the existing 
building, to face the southern façade as shown in Fig. 3, so 
that it may result in reducing the total heating and cooling 
demands to a lower value. The mirroring process was held to 
the three stories of the building as the most heated and cooled 
spaces were located on the northern side of the building.

2.2.2 Thickness of heat insulation material 
This scenario involves changing the thickness of heat 
insulation material in the existing building compo-
nents (external walls, basement and roof), which was 
rock wool, with a material that has a thermal conductiv-
ity ɣ  equal to 0.045 W/mK from 5 cm to 20 and 40 cm, 
respectively and then comparing the total heating and 

cooling demands for each case compared to the base 
model as shown in Fig. 4.

2.2.3 Type and thickness of heat insulation material
This scenario assumed changing the type of heat insulation 
material in the external walls, basement and roof construc-
tion. The existing heat insulation was 5 cm thick rock wool 
with thermal conductivity ɣ equal to 0.045 W/mK accord-
ing to the Turkish standards of building insulation materi-
als (Atmaca, 2008). The new material is aerogel panel, which 
is a super high insulation material with thermal conductivity 
ɣ equal to 0.013 W/mK (Özçelik et al., 2017) with the same 
thickness as the base model (5 cm), 10 and 20 cm thicknesses 
in external walls, basement and roof construction. 

3 Results
After the building was modelled, the energy simulation in 
Revit was conducted, as shown in Fig. 4. The models-base 
model and scenarios- were exported as a gbXML file format 
to the GBS and simulated by determining the location and 
weather station of the existing building. The results concen-
trated on the total annual heating and cooling demands of 
kilowatt-hours per meter squared in the following scenarios.

3.1 Mirroring the interior functions
The assumed strategy of mirroring the internal functions 
was designed and simulated. The 3D BIM model of the 
new scenario was prepared in the Revit Architecture BIM 
software by mirroring the spaces of the base model. Both 
models were then simulated on the GBS platform. The 
results showed that by mirroring the spaces, the total heat-
ing and cooling demand reduced from 61.68 kWh/m² in 
the base model to 55.20 kWh/m² in the suggested scenario, 
as shown in Fig. 5. The annual total heating and cooling 
demand were reduced by 10.51 % by moving energy inten-
sity spaces north to south.  In addition, the heating load of 
the existing building was 52.26 kWh/m², and the cooling 
load was 9.42 kWh/m²; with the internal functions mir-
rored, the heating and cooling load changed to 42.64 and 
12.56 kWh/m², respectively.

3.2 Thickness of heat insulation material
The assumed scenario of heat insulation thicknesses of 
the existing material (rock wool) was prepared in separate 
models in the Revit Architecture BIM Software and simu-
lated on the GBS platform. 20 and 40 cm thicknesses were 
applied to the models separately. The results were then 
compared to those of the base model. The results show that Fig. 3 First scenario of mirrored spaces of ground floor plan
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changing the thickness of rock wool insulation material 
from 5 cm in base model to 20 and 40 cm reduced the total 
heating and cooling demands from 61.68 kWh/m² to 51.26 
and 44.40 kWh/m², respectively, as shown in Fig. 6. Using 
20 and 40 cm rock wool as insulation material in building 
components, the building's annual total heating and cooling 
demands were reduced by 16.89 % and 28.01 %, respectively

In addition, as shown in Fig. 6, the heating load of the 
existing building (rock wool 5 cm) was 52.26 kWh/m², and 
the cooling load was 9.42 kWh/m². While the thickness of 
rock wool was changed to 20 and 40 cm, the heating and 
cooling load changed to 40.32 kWh/m², 32.31 kWh/m² and 
10.94 kWh/m², 12.09 kWh/m², respectively.

Fig. 4 Workflow

Fig. 5 The results of mirroring the interior energy intensity spaces Fig. 6 The results of increasing thicknesses of heat insulation
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3.3 Type and thickness of heat insulation material
The assumed strategy of varying heat insulation material 
type and thickness from rock wool to high-performance 
insulation material were designed, and both scenarios were 
simulated on the GBS platform. When the results were com-
pared, they showed that by changing the heat insulation type 
from the existing (rock wool) in the base model to high-per-
formance insulation material (aerogel panels) with the same 
thickness (5 cm) for both in the building components, the 
total heating and cooling demands will be reduced from 
61.68 kWh/m² to 31.14 kWh/m² as shown in Fig. 7.

Furthermore, the results indicated a reduction of 
49.51 % in heating and cooling demands. Similar results 
were detected by Huang (2012) of reduction in annual 
heat loss of approximately 50.90 % by using silica aerogel 
with thermal conductivity equal to 0.014 W/mK as insula-
tion material, thus reducing the annual cost of heating to 
about half (Huang, 2012). 

Aerogel panels, which are a high-performance insulation 
material, have a ɣ value of 0.013 W/mK. The cost of this sce-
nario will be extremely high and impractical, but the author 
is attempting to examine the possibility of aerogel to achieve 
NZEB. Fig. 8 shows the results compared to the base model 
with 5 cm rock wool and 10 and 20 cm aerogel panels. The 
results showed that changing the heat insulation thicknesses 
and type will reduce the total heating and cooling demands 
from 61.68 kWh/m² in the base model to 26.83 kWh/m² for 
10 cm and 21.67 kWh/m² for 20 cm aerogel panels.

3.4 All scenarios
In the study, retrofitting suggestions such as replacing 
important sections by mirroring, changing thicknesses and 
the type of insulation materials were presented, and these 
scenarios were examined separately in the simulation 

program. The results were then compared to those that 
resulted from the base model simulation. When these sug-
gestions are taken together, more effective outcomes can be 
obtained in reducing energy requirements. When the loca-
tions in the north are placed to the south, and by changing 
the thermal insulation material with 10 cm aerogel pan-
els, the total heating and cooling demands will be reduced 
from 61.68 kWh/m² to 22.75 kWh/m², as shown in Fig. 9. 
Consequently, this is a 63.12 % reduction in total heating 
and cooling energy consumption. Moreover, in addition 
to modifying the orientation of the voids, with the use of 
20 cm aerogel, the total heating and cooling demands will 
be reduced from 61.68 kWh/m² to 18.93 kWh/m², which is 
a 69.31 % reduction in energy consumption. 

4 Conclusion
Using BIM simulation programs, the study analyzed var-
ious insulation material and design scenarios thought to 
reduce energy consumption due to heating and cooling 
loads, such as changing the orientation of spaces with 
small interventions, increasing the existing thermal insu-
lation thicknesses and changing the type of thermal insu-
lation material. 

In summary, the data obtained demonstrate that:
• The transfer of spaces with a high number of users 

from the north to the south fronts resulted in a 
10.51 % reduction in the heating and cooling demand 
of the building under the cold climate conditions of 
Safranbolu, Turkey.

• While increasing the thickness of the 5 cm rock wool 
material in the existing structure to 20 cm and 40 cm, 
the demand decreased by 16.89 % and 28.01 %, 
respectively.

Fig. 7 The results of changing the type of heat insulation

Fig. 8 The results of changing the type and thickness of heat insulation
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• When the 5 cm rock wool was replaced with 5 cm 
aerogel panels, which is a more innovative thermal 
insulation material, the heating and cooling demand 
decreased by 49.51 %. 

• When the thickness of the aerogel panels was 10 cm 
and 20 cm, the decrease in the demand for heating 
and cooling was 56.51 % and 64.87 %, respectively. 

• When the spaces with practical use in the north are 
placed to the south, and by changing the thermal 
insulation material with 10 cm aerogel panels, the 
decrease in the total heating and cooling demands 
was 63.12 % and 69.31 % for 20 cm aerogel panels.

• When data obtained through passive design applica-
tions, such as orientation and changing of insulation 
materials, types and thicknesses are examined, it can 
be concluded that heating and cooling demands can 
be reduced by up to 70 %. Nevertheless, there is still 
a long way to go in reaching net zero energy build-
ings. For existing buildings to reach the category 

of zero-energy buildings, they should be supported 
with both active and passive energy designs. 

Furthermore, this study can also conclude that the most 
effective way to achieve a zero-energy building is through 
the design phase of the building. 

The design phase, in which the structure's orientation, 
the insulation material used, and passive and active energy 
systems are planned, is critical. If the energy-efficient 
design criteria are ignored at this stage, severe problems, 
including cost, scaffolding, and building damage in the 
subsequent conversion of the building into an energy-effi-
cient building. Therefore, in the design phase of the build-
ing, determining the energy efficient building design cri-
teria, simulating the energy analysis and design scenarios 
of the building is vital.

Using BIM simulation software system can reduce both 
the number of building stock that needs to be retrofitted 
and their additional costs.

Fig. 9 The results of all scenarios
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